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Preface 

The ACCM Conference series started in 2013 with the ACCM-2013, ACCM-2015, ACCM-
2017 and ACCM-2019 successfully held in Sydney, Brisbane, Geelong, and Hobart, 
respectively. Supported by the Australian Association for Computational Mechanics (AACM), 
ACCM conference has become a flagship event for the Australasian Computational Mechanics 
Community.  

ACCM 2021 is the fifth Australasian Conference on Computational Mechanics, which was 
held at Western Sydney University from Dec. 13-15, 2021. It has brought together over 150 
researchers at the forefront in many fields of Computational Mechanics to discuss the recent 
advances in computational methods and applications of numerical modelling techniques in 
various areas across different disciplines. 

The conference received over 150 extended abstracts. All extended abstracts included in this 
proceeding were reviewed by experts in the area of Computational Mechanics. To respond to 
the travel restrictions due to the COVID-19 pandemic, the conference was run in flexible hybrid 
modes with both physical and online participation. 

On behalf of the ACCM 2021 Local Organization Committee, I thank all who have supported 
us to make this conference happening in this difficult time. We wholeheartedly thank all the 
members of the Advisory Committee, International Technical Committee and National 
Organization Committee for their great support. We sincerely thank all authors for submitting 
their quality research work to ACCM 2021, and all reviewers for reviewing the extended 
abstracts. Special thanks to the five distinguished keynote speakers for sharing their exciting 
research findings with us. I would also like to express my sincere gratitude to all the sponsors 
who have provide generous support to ACCM 2021. 

Yixia (Sarah) Zhang 

Chair of ACCM 2021 
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A special thank you to Prof Grant Steven for his generosity to donate $300 for 
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PLENARY PRESENTATION 

Computational design of lightweight structures and materials for 

crashworthiness 

Prof. Qing Li, University of Sydney 

Abstract: Structural safety and energy efficiency signify two important yet competing aspects 

for modern vehicles in aerospace, automotive, railway and nautical engineering. 

Computational design provides an effective approach for developing crashworthy light-

weighting materials and structures. This talk depicts a range of novel computational algorithms 

for deterministic and/or nondeterministic optimisation with crashing and blast criteria. A 

variety of innovative designs are presented for metallic, fibre-reinforced polymer (CFP) 

composite and hybrid materials and structures under different crashing/impact load cases. The 

design methodology is anticipated to be applicable in range of new developments, such as 

electric vehicle, drone, protective devices etc.   

Prof. Qing Li received his PhD in aerospace engineering with a 

Golden Jubilee Prize from the University of Sydney in 2000. He 

was a postdoc fellow at Cornell University USA 2000-01, an 

Australian Research Council (ARC) Australian Postdoctoral 

(APD) Fellow in 2001-03 and a Future Fellow in 2013-17. 

Professor Li’s research has focused on computational design and 

multidisciplinary optimisation. He has been contributing on 

computational optimisation of highly nonlinear and time-

dependent multifunctional materials and structures mainly for 

mechanical and biomedical applications. Professor Li is named as 

a Clarivate “Highly Cited Researcher” and top 50 Australia’s 

Research Leaders in Engineering and Computer Science in 2020. 

He has served in the editorial boards for several leading journals in 

his field, including Structural and Multidisciplinary Optimization, Biofabrication, International 

Journal of Mechanical Science, etc. Professor Li is the Vice President of International Society 

of Structural and Multidisciplinary Optimization (ISSMO), the Executive Committee of 

International Society of Biofabrication (ISBF), and the General Council of International 

Association for Computational Mechanics (IACM). He is the Secretary of Australian 

Association for Computational Mechanics (AACM).  
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PLENARY PRESENTATION 

Numerical modelling for the design of rockfall mitigation systems for civil 

and mining applications 

Prof. Anna Giacomini, The University of Newcastle 

Abstract: An appropriate management of rockfall risk is paramount in both civil and mining 

applications. Rockfall represents one of the major natural hazards, threatening human life along 

pivotal national transportation networks, recreation coastal areas and popular scenic walking 

paths. In the context of mining environments, safety of workers and machineries in all mine 

areas affected by rockfall has to be rigorously managed. Appropriate mitigation measures 

become necessary to reduce the risk to an acceptable level and minimise any potential economic 

loss in the production caused by an event. Several empirical and numerical approaches have 

been proposed to design various active and passive rockfall protective structures over the last 

four decades. The lecture will present recent developments of the discrete element method 

(DEM) and the finite element method (FEM) to simulate the impact of falling rocks against 

rockfall protection systems, such as draperies, rockfall barriers and dumping modules, to 

investigate their energy absorption capacity and efficiency. The models have been calibrated 

and validated by comparing numerical predictions with laboratory and field scale experimental 

findings. Results show the models’ capability to adequately simulate realistic rockfall scenarios 

and accurately assess the residual rockfall hazard associated to the modelled structures, 

providing a valid tool for future mitigation designs. 

Prof. Anna Giacomini received her PhD in 2003 from 

the University of Parma, Italy, and joined the University 

of Newcastle in 2005. She is currently Professor in Civil 

Engineering at the University of Newcastle and, since 

May 2019, along with her full time research and teaching 

academic role, she is also the Director of the Priority 

Research Centre for Geotechnical Science and 

Engineering in the College of Engineering, Science and 

Environment of the University of Newcastle. Anna has 

been working in the field of rock mechanics and rockfall 

analyses for more than 20 years. Adapting to the new 

Australian Environment, she has extended her extensive 

research experience in rockfall analysis and rock 

mechanics from civil engineering to mining. Since 2009, 

she has been leading several major research projects 

through industry and government funds on rockfall hazard and mitigation developing new 

designs for engineered barriers to protect valuable major corridors, infrastructures, and 

recreational areas from rockfall hazards. Anna’s contribution to science in rock mechanics and 

rockfall analysis has been recognised by several awards such as the recent 2019 John Booker 

Medal from the Australian Academy of Science and the 2019 Best Practice Industry 

Engagement Award she received from the Newcastle Institute for Energy and Resources. Anna 

has published over 150 scientific works, she serves as Editorial board member of four 

prestigious International Journals in the field, as reviewer for several national and international 

funding bodies and many international journals in the rock mechanics and engineering fields. 
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A collaborative learning framework for energy-efficient buildings 

Prof. Gianluca Ranzi, University of Sydney 

Abstract: A large proportion of greenhouse gas emissions is generated by energy consumption 

in buildings. It is expected that, in coming years, the combined effects of population growth, 

urbanization, global warming and income growth will have an enormous impact in terms of 

increased energy demand. Extensive research is underway throughout the world in different 

disciplines to develop sustainable technologies and methodologies that will meet these future 

energy demands. In this context, this contribution intends to present a computational 

framework that can be implemented at building and precinct levels to minimise the impact of 

the building energy consumption and to exploit a wider use of renewables. Particular features 

of the proposed framework rely on the implementation of collaborative filtering strategies to 

assist building occupants in supporting energy-efficient behaviours and in the setting up of a 

federated learning approach to enhance the energy load forecasting. An effective 

implementation of these approaches requires consideration for the needs of the specific 

buildings within their urban and climatic context.  

Prof. Gianluca Ranzi is a Professor in the School of Civil 

Engineering and Director of the Centre for Advanced 

Structural Engineering at The University of Sydney. His 

research interests range from the field of structural engineering, 

with focus on computational mechanics, behaviour and design 

of concrete and composite steel-concrete structures, to 

architectural science, heritage conservation and mitigation 

technologies for urban heat island effects. He is an active 

member of national and international engineering committees, 

e.g. Standards Australia, ACI and IABSE, and has published 
over 200 publications, including six textbooks. 
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PLENARY PRESENTATION 

Challenges and solutions for water security in a vulnerable catchment in 

Coastal Cities 

Professor Hong Zhang, Griffith University 

Abstract: River catchments are important economic, environmental, and social resources that 

support aquatic life, fisheries, recreational activities, agriculture, trade, and industry. However, 

over the past century industrialisation and urbanisation have substantially altered the natural 

characteristics of many river catchments. Hydrological extremes such as floods and droughts 

apparently exacerbate water quality issues worldwide. This talk presents a novel holistic 

modelling framework that is developed based on advanced sensing technologies and 

computational techniques, to simulate the hydrodynamics and transport processes of complex 

and dynamic catchment, riverine and estuarine systems. The developed model can be used to 

identify catchment hotspots such as sources of nutrients and sediments and flood-prone areas, 

and finally to assess climate change impacts using downscaled climate models. The outcomes 

of this research will facilitate government agencies for strategic plans to support a resilient, 

productive, liveable and growing regions. 

Prof. Hong Zhang received her PhD from the Centre for 

Water Research, The University of Western Australia. She 

then worked at the Tropical Marine Science Institute, 

National University of Singapore for several years before 

joining Griffith University in 2003. Prof. Zhang has enriched 

expertise in numerical modelling of complex water resource 

and coastal systems. She has published over 180 technical 

articles and led a number of national and international 

projects to support government agencies for better 

development and management decisions. She has editorial 

roles in international journals and is a current member of 

ARC College of Experts.  
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Machine-Learning based Computational mechanics as a powerful tool for 

engineering and science 

Professor YuanTong Gu, Queensland University of Technology, Australia 

Abstract: In recent years, a new paradigm of Machine-Learning based or data-driven 

computational mechanics is proposed and has been attracting increased research effort. This 

talk reports recent research in the speaker’s group for machine-learning-based computational 

mechanics. It has proven that, with the aid of the Machine-Learning techniques, computational 

mechanics is a powerful tool for engineering and science. The challenges and future directions 

of computational mechanics are also discussed. 

Professor YuanTong Gu is Head of School of Mechanical, 

Medical and Process Engineering at Queensland University of 

Technology (QUT), and Director of Australian ARC Industrial 

Transformation Training—Joint Biomechanics.  He was a 

prestigious Australian Research Council (ARC) Future 

Fellow. Prof Gu is a world-renowned expert in computational 

mechanics and mechanical engineering. Prof Gu’s research 

interests include Computational mechanics, Mechanical 

engineering, Biomechanics, Multiscale modelling, 

Nanomechanics, and Energy and environment engineering. He 

has secured more $20M research fund in relevant fields. He 

authored more than 350 refereed journal publications and one 

popular book. Most of his publications are in highly ranked 

journals including Nature Communications, Advanced Functional Materials, Nano Letters, 

International Journal for Numerical Methods in Engineering, and Computational Mechanics. 

His publications have been attracted more than 12K citations in Google Scholar. He was Editor-

in-Chief for Australian Journal of Mechanical Engineering, and is Associate Editor for two 
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Abstract. The large-eddy simulation (LES) model has attracted significant attention in reproducing 
relevant flow physics and comprehensive insights into multiphase flow turbulence. However, much 
less is known about LES models’ performance for non-Newtonian multiphase flows, which restricts 
their use for industrial-scale applications. The present paper demonstrates a numerical study on the 
performance of the LES models for predicting hydrodynamics of a manure-based biogas digester. A 
Euler-Euler based computational fluid dynamics (CFD) model is developed for non-Newtonian liquid 
in OpenFOAM. Sub-grid scale (SGS) zero-equation and one-equation LES models are used along 
with the bubble-induced turbulence (BIT) model to capture gas-liquid turbulence. The newly 
developed model is employed to evaluate the flow physics of the digester in a shear-thinning 
environment. Good agreement was observed in liquid axial velocities of the experimental and zero-
equation and one-equation LES models. Furthermore, both LES models showed consistent gas 
movement throughout the digester. These results indicate that LES models can safely be used for non-
Newtonian multiphase flow simulations for industrial applications.

Keywords: LES, non-Newtonian, multiphase, gas bubble 

Introduction 
Gas-liquid multiphase flows encountered in industrial applications (including chemical, petroleum 
and process engineering industries) are typically non-Newtonian fluids [1]. Such fluids are highly 
viscous relative to classical fluids. The viscosity or the stress tensor depends on the shear rate, solid 
sludge concentrations, and in many cases, on the viscoelasticity [2]. As a result, flow fields generated 
in a non-Newtonian environment remain mainly in the complex transition regime, i.e., from laminar 
to the turbulent flow, rather than in the fully turbulent or laminar regime exhibited by the classical 
fluids. A better understanding of these flow physics is of utmost importance in optimizing industrial-
scale applications [3].  
Sub-grid scale (SGS) large-eddy simulation (LES) is expected to be a highly accurate numerical 
method in predicting such non-Newtonian flow fields compared to the Reynolds Averaged Navier-
Stokes (RANS) models [1].  However, the LES turbulence has found markedly less attention in 
simulating non-Newtonian multiphase flows despite its importance.  
Therefore, this study aims to fill this gap by simulating the non-Newtonian multiphase flows 
(including gas, liquid and solid sludge) of a gas-mixed, anaerobic digester, using zero-equation [5] 
and one-equation [6] LES models. This incorporates an Euler-Euler based multiphase model 
developed for non-Newtonian fluid and the mono-dispersed bubble diameter model, reflecting gas 
bubble volume change with pressure.   

Overview of the Physical Problem 

The anaerobic digester is simulated considering the experimental cases provided by Karim et al. [4]. 
Computed tomography (CT) and computer radioactive particle tracking (CARPT) methods were 
employed to predict time-averaged liquid axial velocity of the digester. The diameter and liquid height 
of the digester were about 0.2024 m and 0.222 m, respectively. The digester was concentrically 
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mounted with a draft tube, diameter of about 0.044 m. The gas was injected through a pipe, diameter 
of 0.005 m, positioned at the center of this draft tube. A schematic of the physical problem is shown 
in Fig.1.  

Fig. 1 Schematic of the gas-lift digester used in this study. Here, Hl is liquid height, and D and H 
are the digester diameter and height, respectively. 

Numerical Methods 
The continuity and momentum equations were resolved using Euler-Euler approach of OpenFOAM, 
where the phases are assumed as ‘pseudo-continuum’ and inter-penetrating to each-other. The liquid 
was considered as shear-thinning and the viscosity followed the power-law equation [3]. The 
interfacial momentum exchange between the gas and non-Newtonian liquid were comprised of drag, 
lift, virtual mass, and turbulent dispersion forces. The bubble-induced turbulence (BIT) model was 
used in the zero-equation [5] and one-equation [6] SGS LES models for considering bubble 
movement effect on the turbulent eddies. Further details of the solution method, and boundary and 
initial conditions may be found in Ahmmed et al. [3].  The simulation was conducted at the gas 
flowrate of 0.028 m3/hr and bubble diameter of 5 mm.  

Results and Discussion 
Figure 1 (a) shows the time-averaged axial velocity in liquids using zero-equation and one-equation 
LES models along with the experimental results of Karim et al. [4] at h = 0.1875 m. Here, h represents 
height measured from bottom of the digester. Figure 1 (b) and 1(c) show the time-averaged gas 
volume fraction at the x-z plane predicted by zero-equation and one-equation LES models.  
As can be seen, the axial velocity profiles are similar to the experimental observations. In both cases, 
the upflow appears inside the draft tube (i.e., 0 < r/R < 0.2) followed by a flow recirculation with 
separation point (i.e., velocity becomes zero and then negative towards the wall). Followed by these 
velocity features, the gas bubbles contained mostly along the draft tube regions. Being released from 
the injector, the gas bubbles traveled toward the liquid surface, forming gas plume. The width of the 
gas plume increased with axial distance from the injector. In comparison with the zero-equation 
model, the plume width was higher in the case of one-equation model, which was mainly attributed 
to the higher radial dispersion combining with lower upflow velocity of the liquid.        
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Fig. 2 Comparison of the numerical and experiment results [4] of time-averaged liquid axial 
velocity (a), and gas volume fractions using zero-equation (b) and one-equation (c) LES models. 

Here, r/R represents the non-dimensional radial distance, and R is the digester radius. 

Conclusions 
In summary, the SGS zero-equation and one-equation LES models were used in Euler-Euler approach 
for simulating non-Newtonian multiphase flow turbulence of a digester. The liquid viscosity was 
considered as the power-law liquid. The results showed both LES models could reasonably reproduce 
the experimental observations. This indicates that the SGS LES models can be used for detailed 
understanding of the non-Newtonian multiphase flow turbulence in industrial-scale applications. 
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Abstract. Indirect tensile strengths of rocks can be determined using Brazilian disc tests. The 
configuration of the load contacts influences on failure mechanisms, and the strengths. This study 
focuses on Brazilian tests on transversely isotropic rocks to identify failure conditions for a range of 
load contact types and anisotropy angles by experimental and analytical methods. Stress fields are 
coupled with a transversely isotropic failure criterion to analytically determine crack initiation 
locations under a range of load contact types and anisotropy angles. Then, experimental 
observations through digital image correlation (DIC) for transversely isotropic Hawkesbury 
sandstone are compared with the analytical results. It is found that there is a good agreement 
between the experimental results and analytical solutions and anisotropy angles affect the locations 
of the crack initiations.

Keywords: Transversely isotropic sandstone; Brazilian test; analytical study; load configuration; 
digital image correlation. 

Introduction 

Rocks with anisotropy exhibit different properties in different directions [1]. Rocks are much 
weaker under tensile loading than compressive loading. Tensile strength is important to determine 
the load bearing capacity and consequently damage accumulation. Among direct and indirect 
laboratory methods to obtain tensile strength, the Brazilian test is broadly applied because of its 
simple specimen preparation, experimental set-up and data reduction [2]. In the Brazilian test, a 
compression load is diametrically applied on a disc shape specimen through flat platens or curved 
jaws. According to plane elasticity theory, an indirect tensile strength (σt) along that diameter at the 
onset of failure can be determined using the equation σt = 2W/πDt, where W is the maximum 
(failure) load, D is the disc diameter and t is the disc thickness, when the rock is assumed isotropic, 
homogeneous and linearly elastic until the onset of failure [3]. For transversely isotropic rocks Chen 
et al. [4] proposed that σt may be determined using the equation σt = -qxxW/πDt , where qxx is stress 
concentration factor in the x direction (i.e perpendicular to the load direction) and depends on the 
anistropy angle (φ), that is the angle between the load direction and the normal of the transversely 
isotropic plane. qxx also depends on the transversely isotropic elastic properties as well as the 
contact load length. The validity of the equation also requires that the crack initiates at the disc 
center. It looses its validity if crack initiation takes place near a load contact because it implies that 
a local shear failure occurs there prior to a tensile failure along the diameter [5]. Therefore, it is 
important to confirm crack initiation takes place at the disc center to use the above equation.  

This study addresses the failure mechanisms and crack initiations of a transversely isotropic 
sandstone when subjected to Brazilian tests, analytically and experimentally. Brazilian tests are 
conducted on disc specimens of one type of sandstone considering different orientations of the 
transversely isotropic planes (φ = 0°, 45° and 90°) and different load configurations, involving the 
loads being applied via flat platens and across finite strips with lengths controlled by wooden 
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cushions placed between the load applicators and discs. Digital image correlation (DIC) is used to 
identify crack initiations. To enable comparrisons with the experiemental observations, an 
analytical technique to assess the stress distributions in transversely isotropic discs under different 
load configurations is coupled with a transversely isotropic failure criterion to identify the 
theortetical locations of crack initiations.  

Experimental Study 

Hawkesbury sandstone, which exhibits transverse isotropy, is used in this study. It is a 200 m 
deep geological unit that underlies the Sydney basin. A total of 17 specimens were tested with three 
anisotropy angles φ = 0°, 45° and 90°. Three different load configurations were used, including flat 
loading platens and flat loading platens combined with wooden cushions (3 mm and 5 mm lengths). 
During the tests, a camcorder camera was employed to capture images at 25 frames per second with 
a resolution of 1920×1080 pixels. Subset size and the subset spacing as the DIC parameters, were 
calibrated to optimise the image analysis, as detailed in [6].  

Analytical study 

The stress distribution throughout a transversely isotropic disc, with uniform pressures acting 
across narrow and diametrically opposite contact strips, is given in [4] and used in this study. The 
modified Hoek–Brown failure criterion, adapted for transverse isotropy [7], is used to link stress 
distributions to failure and crack initiation locations. A ‘mobilised strength’ is also adopted [8], 
being a measure of how much of the intrinsic strength has been used up at any point in the disc’s 
stress field. When a disc is at the onset of failure a contour plot of mobilised strength is insightful as 
the maximum value illustrates where a crack initiates. Using these analytical procedures it is 
observed that as the contact load length increases, the location of maximum mobilised strength 
shifts from the load contacts to the disc centres, for all anisotropy angles. 

Comparison Between Experimental and Analytical Results 

Crack initiation for discs under loading via flat platens: According to experimental results, the 
first detectable crack initiation locations are somewhere between the load contacts and the disc 
centres on the loaded diameters (Fig. 1a). The analytical results (Fig. 6 in [8]) show that crack 
initiations should occur near the load contacts for very small load contact lengths. For larger load 
contact lengths the crack initiation locations are nearer the disc centres for all anisotropy angles. 
These theoretical determinations form agreement with the experimental observations because the 
load contact lengths of a disc under loading via flat platens starts of being very small and localised 
near the load contacts. When loading is continued, and consequently the load magnitude increses, 
the load contacts cause the rock to deform and the load to be spread across a larger length reducing 
the stress concentrations locally. So, cracks are observed nearer the disc centres away from the load 
contact areas, also confirmed using DIC. 

Crack initiation for discs under loading via flat platens with small wooden cushions: Cracks 
initiate between the disc centres and load contacts for discs with 0o and 90o anisotropy angles, 
matching analytical results. For φ = 45o crack initiations take place closest to the centre of disc 
specimens, again in good agreement with the analytical results (Fig. 1b).  

Crack initiation for discs under loading via flat platens with big wooden cushions: For all 
anisotropy angles crack initiations take place at the centres, or close to centres, in agreement with 
the analytical results (Fig. 1c). 

Summary 

The locations of crack initiations determined experimentally through DIC were compared with 
analytical results for a transversely isotropic sandstone. The experimental results show good 
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agreement with analytical results for discs under different contact load lengths. When the contact 
load lengths are small, for planes parallel and perpendicular to the loaded diameter, crack initiations 
almost always locate between the discs center and the load contacts. For inclined anisotropy planes, 
cracks initiate at the discs center. However, for larger contact load lengths, the crack initiations of 
all anisotropy angles always locate at the disc centers.  

a) Flat
platens

b) Small wooden
cushions 

c) Big wooden cushions

DIC analysis 
(normal 

strain 
contours) 

DIC 
analysis 

(normal 
strain 

contours) 

Analytical 
analysis 

(normalised 
mobilised 
strength) 

DIC analysis 
(normal 

strain 
contours) 

Analytical 
analysis 

(normalised 
mobilised 
strength) 

φ = 0o 

φ = 45o 

φ = 90o 

Fig. 1 a) Normal strain contours based on DIC analysis and normalised mobilised 
strength based  on analytical analysis at crack initiation for discs with different 
anisotropy angles and loaded using a) flat platens, b) flat platens against small 

wooden cushions, c) flat platens against big wooden cushions. Red dashed lines 
enclose regions signifying the location of crack initiations
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Abstract. 3D concrete printing (3DCP) attracted significant attention in recent years as a new 

manufacturing technology for construction industry. Among key requirements for successfully 

printing cementitious materials, the buildability is one of the critical properties of the material but it is 

still hard to be predicted accurately. In this study, to simulate the 3DCP process, a series of 

three-dimensional (3-D) finite element models are developed to predict the buildability of 

cementitious materials by using 3DCP. These devised models can simulate the whole layer-by-layer 

3DCP process and describe interactions of adjacent printed layers by using cohesive elements, which 

is employed at the first time. For comparison, other methods describing interlayer interactions 

reported in literature are also implemented and the cohesive element method is found much effective 

and efficient compared to other methods. The obtained numerical results are further validated by 

comparing them with those data available in literature and they demonstrate that the prediction of the 

material buildability can be improved by using the devised finite element models.    

Keywords: 3D concrete printing (3DCP), buildability, finite element (FE) model, interlayer 

interaction, cohesive element method 

Introduction 

3D concrete printing (3DCP) process has environmental and economic benefits when compared with 

traditional cast-in-place concrete process, such as no formwork, building innovative structures with 

complex geometries, accelerating the construction process, and saving of on-site labour [1]. 

Pumpability, extrudability, buildability, and open time are four key requirements of cementitious 

materials by using the 3DCP technology [2]. The buildability is defined as the ability of 3D printed 

cementitious materials to keep their geometrical stability during the layer-by-layer 3DCP process 

under sustaining and increasing loads. It is dependent on yield stress, viscosity, and structuration rate 

and the yield stress and viscosity are expected to be high while the structuration rate is low. 

Satisfactory buildability guarantees adequate early strength and stiffness of the 3D printed material to 

retain its geometry. Several investigations were conducted to improve the buildability of concrete. 

However, it remains hard to predict whether a product of 3DCP can be printed without excessive 

deformation or collapse. To overcome this difficulty, numerical modelling and simulations were 

developed for simulating the 3DCP process. Wolfs, et al. [3] developed a two-dimensional (2-D) 

finite element model by adopting a time-dependent material model based on their experimental work. 

On top of the numerical work [3], Ooms, et al. [4] devised a three-dimensional (3-D) finite element 

model to investigate the material buildability, considering different inter-layer contact conditions. By 

numerically simulating the 3DCP process, expensive and repetitive experiments can be avoided. 

In this study, the 3D finite element models are developed to simulate the 3DCP process in a layer 

by layer manner by using the model change technology. The time-dependent material model is 

utilised to describe the material’s structuration. To describe the interlayer interactions, the cohesive 

element method is employed as the new feature of these model along with other two interaction 

methods including tie constraint and contact-based interaction. A case study of a 50-layer ring 

structure is studied to show the effectiveness of the devised 3D FE models. The numerical results are 

validated by comparing with those data available in literature.   
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 3D FE Modelling of the 3DCP Process 

Fig. 1 shows the 3-D FE model developed by using 8-node 3-D solid element C3D8 available in the 

commercial finite element analysis package - Abaqus for the 50-layer 3D printed concrete ring 

structure [4]. The 50-layer ring structure has an external diameter of 270 mm and an internal diameter 

of 230 mm with a layer thickness of 10 mm. The boundary conditions of these models including a 

load from gravity and the fixed bottom surface of the first layer. A small damping factor is adopted as 

an automatic stabilisation mechanism. The mesh size was determined via conducting a mesh 

sensitivity analysis.  

Fig. 1: The devised 50-layer 3D FE model and its (a) geometrical shape and (b) FE mesh 

    To describe the concrete’s structuration behaviours, the time-dependent material model was 

adopted [3] and the Mohr-Coulomb material model was also utilised to simulate its plastic behaviours 

material. The values of key material parameters can be found in Table 1.  

Table 1 The time-dependent material of the 3D printed material [3] 

 (kg/m3) E(t) (kPa) C(t) (kPa)  ( )  ( ) 

2079 1.2t + 77.9 0.3 0.058t + 3.05 20 13 

    To simulate the layer-by-layer 3DCP process, the model change technology available in 

Abaqus/Standard was employed, which allows the elements to be added into the simulation process 

layer by layer as the well-known element birth and death technology. This layer-wise addition of 

segments of concrete followed the printing sequence along a predefined print path. To describe the 

interactions between adjacent layers, three methods were proposed in literature to simulate the 

interaction between layers, including (a) tie constraint (or building one part with several partitioned 

layers), (b) contact-based interaction (or called contact pairs), and (c) contact-based interaction with 

cohesive behaviour and damage modelling. In this study, the fourth method [5] is proposed with 

contact-based interaction using cohesive elements - zero-thick 8-node 3-D cohesive element 

(COH3D8) available in Abaqus to simulate the interaction between adjacent printed filaments and to 

investigate anisotropic mechanical behaviours of 3D printed concrete. The interface elastic behaviour 

and damage evaluation were also defined in the devised FE models by traction separation law. The 

solver used is Abaqus/Standard to run the simulation.  

Results and Discussion 

Consider the similarity between methods (b) and (c), only methods (a), (c), and the new method are 

discussed. The numerical results of the proposed FE models with the cohesive elements including 

stress, strain and displacement were found comparable to those results in literature [3, 4]. In 

particular, the numerical results showed that the numbers of failure layers by using the interaction 

methods (a), (c), and the new method are 46, 44 and 43.75, respectively.  However, considering the 

experimental work with a collapse failure at 29 layers, the current models stills need to be further 

improved. Figs. 2(a)-(d) provide the simulated 3DCP process of the 50-layer ring structure at 

different stages of 5, 10, 20, and 40 layers, respectively. The maximum stress is found in the bottom 

layer due to the gravity loading and it increases when the number of the layers increases. In Fig. 2(d), 

the 40-layer ring structure bulges in its bottom half and shows a trend to have a potential collapse 

failure.     

(a) (b) 
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Fig. 2: The simulated 3DCP process of the 50-layer ring structure. 

Summary 

In this study, the 3D finite element models have been developed to simulate the layer-by-layer 3DCP 

process with the model change technology. To investigate the interlayer interactions, the cohesive 

element method was employed as the new interaction model compared with other two interaction 

methods including tie constraint and contact-based interaction. The case study of the 50-layer ring 

structure showed the new interaction model can help improve the prediction of the buildability of the 

concrete materials. The numerical simulations extracted the stress, strain and displacements as well as 

the number of layers when the collapse failure happens. The devised FE models with the new 

cohesive element method have obtained very close results compared to those numerical results in 

literature although they still have large discrepancies with the experimental ones.    
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Abstract. In this work, a massively parallel explicit solver is developed for performing impact-
induced delamination analysis. The problem domain is discretised using balanced octree meshes, 
where repeating cell patterns are exploited for the pre-computation of element matrices, which not 
only requires less memory but also significantly increases the efficiency of the approach. The scaled 
boundary finite element method (SBFEM) is employed to directly handle octree cells in terms of 
polyhedral elements, eliminating the hanging nodes issue. Thus, an automatic mesh generation and 
a local refinement of the spatial discretisation are easily achieved. An element-by-element (EBE) 
approach is utilised to efficiently handle all matrix operations. Here, the reduced number of unique 
octree patterns in a balanced octree mesh are exploited to perform group-wise matrix computations. 
This approach avoids a global matrix assembly, allows better cache utilisation, and aids associated 
memory-bandwidth limited computations, resulting in significant performance gains. The parallel 
computation is carried out using a mesh-partitioning strategy and implemented by means of the 
message passing technique. It is shown that the developed solvers can efficiently simulate large 
structural problems with more than a billion unknowns and allows for massive scaling with more 
than ten thousand cores in a distributed computing environment. 

Keywords: Octree mesh, Explicit solver, Parallel processing, Impact-induced delamination, Scaled 
boundary finite element method. 

Introduction 

Impact-induced fracture analysis has a wide range of engineering and defence applications in 
aerospace, manufacturing, and construction sectors. Examples include composite laminates used in 
aircraft structures subjected to collision with runway debris, the sandwich panels under the impact 
of dropped or flying objects, etc. The impact events can be categorised as low-velocity and high-
velocity impacts. Under the low-velocity impact loading, the transmitted kinetic energy is 
accommodated well beyond the point of impact. On the other hand, the high-velocity impact creates 
a highly localised response in the target, resulting in energy dissipating over a much smaller region. 

The simulation of high-velocity impact-induced fracture phenomena in composites is a fairly 
complicated process. It requires modelling instantaneous contact between the impacting bodies, 
impact-induced wave propagation, and delamination at the weak interfaces. Although core/matrix 
crushing and fracturing are also common, they are not modelled in the present work. The cohesive 
interface element modelling is commonly used for capturing delamination under impact loading [1]. 
Here, a traction-separation relation is utilised, which allows modelling the onset of delamination 
using strength-based criteria and capturing the propagation using fracture energy-based criteria. 

Impact-induced cohesive fracture/delamination simulations generally require a fine discretisation 
to model the non-linear behaviour arising from instantaneous contact-condition and cohesive-crack 
propagation. Additionally, capturing a realistic response of structures with complicated shapes  
(e.g., sandwich panel) requires three-dimensional modelling, which can lead to a large number of 
unknowns to solve. Therefore, developing an efficient local mesh refinement procedure along with 
a parallel solver can help obtain an accurate solution in a feasible time. 
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Methodology 

In the present work, an octree-based parallel explicit solver previously developed by Zhang et al. 
[2] is extended for performing impact-induced cohesive delamination simulations. The structure of
a balanced octree mesh is exploited to carry out efficient local-mesh refinement near the interfaces
and automatically capture complex geometrical shapes. Within the mesh, unique octree cell and
interface element patterns are identified. The master-element matrices of each pattern are
pre-computed, which consume only a small amount of memory. The element matrices of the
individual elements can be obtained by means of a simple scaling operation related to the element
size. The internal force vector is computed from the contributions of the elastic strain in octree-cells
and the cohesive separations in interface elements using the element-by-element (EBE) technique.
Here, the global sparse matrix-vector multiplication operation is recast into a dense matrix
multiplication operation by grouping the elements of same pattern. This approach reduces the
memory footprint of the explicit solver, enables an efficient calculation of the nodal force vectors
through better cache utilisation, and supports a massively parallel computation with thousands of
cores in a distributed computing environment.

Results 

We consider a sandwich panel with two cover sheets and a foam core [3], shown in Fig. 1a. The 
outer dimension of the panel is 288 mm × 288 mm × 57.6 mm (denoted as 1×1 panel), and the 
thickness of the cover sheet is 4.8 mm. The foam-core material is aluminium with the following 
properties: Young's modulus Ea = 70 GPa, Poisson's ratio νa = 0.3, and mass density ρa = 2700 
kg/m3. The cover-sheet material is steel with the following properties: Es = 210GPa, νs = 0.3 and    
ρs = 8050 kg/m3. The foam core is assumed to be bonded to the cover sheet using a thin layer of 
adhesive AV138. Further, the cohesive interface of the adhesive bond is assumed to follow a linear 
traction-separation law with the following parameters: fn = 40 MPa, fs = ft = 30 MPa, Gcn = 300 
N/m, and  Gcs = Gct = 600N/m. The value of penalty stiffness is kept as Kn = Ks = Kt = 45000 
GPa/m. We mirror the 1×1 panel twice along its section. The first mirroring operation creates a 2×2 
panel with an outer edge length is 576 mm. The second mirroring operation creates a 4×4 panel 
with an outer edge length of 1152 mm.  

Table 1 Mesh properties of the sandwich panels 

Model name No. of elements No. of DOFs 

1×1 13,682,061 67,104,564 

2×2 54,728,244 268,129,533 

4×4 218,912,976 1,071,934,908 

(a) Mesh of the 1×1 model showing interfaces (b) Boundary condition and impact area

Figure 1 Sandwich panel 
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(a) Displacement contour at 0.65 ms (b) Interfacial damage contours at 0.54 ms

Figure 2 Response of 4×4 sandwich panel 

The sandwich panel is discretised using an octree mesh, as shown in Fig 1a. The mesh properties 
of the three sandwich panel sizes are listed in Table 1. A uniformly distributed impact load is 
applied over a small square area of side length b = 48 mm at the centre of the top cover sheet      
(Fig. 1b). The load profile is a triangular-shaped impulse with an amplitude of 25 MPa applied for 
50 µs. The explicit time integration based on the central difference scheme is used to solve the 
dynamic equilibrium equation. 

The magnitude of the displacement response and the interfacial delamination between the foam-
core and cover sheet due to the impacting load are shown in Fig. 2. It is observed that the damaged 
area is mostly concentrated around the impacting region due to the high-velocity impact condition. 

The computational time study of the impact-delamination analysis in sandwich panels is shown 
in Fig. 3. The CPU time is obtained for the first 1000 time steps of the analysis. It is observed that a 
consistent scaling is obtained for all the panel sizes over a large range of the number of CPU cores. 
For Ncores ≤ 48 (single compute-node), the efficiency tends to decrease due to memory bandwidth 
limitation on a single compute node. For Ncores > 48 (multiple compute nodes), the efficiency 
increases due to the cache-effect [2]. All the simulations were carried out using Gadi – A 
supercomputing facility provided by NCI Canberra. 

(a) Total CPU time (b) Relative efficiency

Figure 3 Computational time study (Strong scaling) 
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Abstract. The effectiveness of a novel method of modelling the entrainment effect of droplets on the 

airflow in the print gap of inkjet printers is investigated. This novel dispersed-phase continuum (DPC) 

method is based on a continuous smooth field of the force exerted by the droplets on the airflow. 

Numerical analyses performed using the DPC method are compared against those computed by the 

classic Particle-in-Cell method (P-in-C). Two-dimensional tests indicated that estimating the droplet 

deceleration improves the DPC model correlation to the classic P-in-C method. Further three-

dimensional analyses also demonstrated that this novel method effectively predicts the steady mean 

airflow while taking 50 times less computational time to reach a converged solution. 

Keywords: particle-in-cell method, dispersed-phase, droplets, inkjet, dispersed-phase continuum 

Introduction 

The expansion of inkjet technology to printed circuit board manufacture, additive manufacturing, or 

even further within the graphics sector, remains limited by the restrictive print gap height (H) with 

which inkjet printers can operate  [1,2]. Small print gaps prevent the printer from accommodating 

media with variable or large thickness and increase the likelihood of the media striking the printhead 

and damaging the nozzles. At high print gap heights (H  > 1 mm), however, the print quality is likely 

to be compromised due to the misplacement of satellite droplets which tends to create printing defects 

such as tiger-stripes, wood-grain and/or sand-dunes [2–5]. 

Fig. 1: a) printing of a grey scale on a A4 page showing the tiger-stripe problem; b) printing of a 

grey scale on a A4 page showing vertical strikes; c) schematic of the physics in the print gap.  

The tiger-striping defect is associated with the instability of the vortices in the print-zone  [2–5]. 

These vortices are created by the entrainment effect induced by the relative motion between the ink 

droplets and the surrounding air and, at specific operating conditions, they become unstable.  The 

satellite droplets have lower Stokes number (S ≤ 1) and can be periodically misplaced on the paper, 

while the main droplets (S~10) tend to have a ballistic trajectory  [3–5]. The periodic misplacement 

of satellite droplets on the media induces the optical variation observed in Figures 1a and 1b. 

Previous studies [3,4] have used the classic particle-in-cell (P-in-C) method to model the interaction 

between droplets and air; this model tracks the droplets motion over time [6], which increases the 

computation cost. Therefore, we propose and investigate the effectiveness of a novel dispersed-phase 
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continuum (DPC) method to model the entrainment effect. This novel method assumes that the force 

exerted by the droplets can be approximated by a smooth continuous field. This eliminates the need 

of tracking the droplets, which is expected to reduce the computational cost.  

Methodology 

Both models solve the momentum (Eq. 1) and continuity (Eq. 2) equations for incompressible laminar 

flow and assume the droplets to be point forces.  

𝜕𝒖

𝜕𝑡
+ 𝒖 ∙ ∇𝒖 = −

1

𝜌
∇𝑝 + 𝑭(𝒖𝒑 − 𝒖) + 𝜐∇2𝒖.   (1) 

∇ ∙ 𝒖 =  0.   (2) 

where u is the flow velocity vector, t is time, p is pressure, ρ is the air density, υ is the air kinematic 

viscosity, up is the droplet velocity, and the body-force (F) represents the force exerted by the droplets 

on a fluid volume, which is equal to but of opposite sign to the drag the droplets experience. In both 

methods, the drag force is modelled with Stokes’ law multiplied by an empirical correction factor (φ) 

determined by White [7] (Eq. 3), which comes from a fit to experimental data in regimes of Reynolds 

number, 𝑅𝑒𝑑 =  
(𝒖𝑝−𝒖) 

𝜐
 ,  less than 20000. Here, d = droplet diameter. This covers the range of values 

investigated in this study, which is approximately 4 ≤ Red ≤ 16. 

𝜑(𝑅𝑒𝑑) =
𝑅𝑒𝑑

4(1+√𝑅𝑒𝑑)
+

𝑅𝑒𝑑

60
.   (3) 

The P-in-C method, implemented in the OpenFOAM solver reactingParcelFoam, computes the 

body-force as the summation of the forces exerted by k punctual particles on a given cell and time-

step (Eq. 4). The position of the k-th particle is given by the kinematic equation of motion and 

Newton’s law is used to compute the particle velocity, which are further described in [6].  

𝑭 = 3𝜋υ ∑ 𝛿(𝒙 − 𝒙𝑝
𝑘)(𝒖 − 𝒖𝑝

𝑘){1 + 𝜑(𝑅𝑒)}𝑘 .   (4) 

In the DPC method, due to the separation of length scales (droplet diameter, droplet spacing and 

airflow structures), the dispersed phase can be treated as a continuum. Thus, F is a smooth continuous 

field given by the force exerted by the droplets (Eq. 5).  The number density (n), given by 𝑛 =
σf

W
, 

depends on the nozzle density (σ), the firing frequency (f) and the droplet ejection velocity (W). A 

priori, the droplet velocity was set as constant, disregarding the droplet deceleration. Cells with 

minimum size of 0.075 mm were used in both methods as it accurately captured the mean airflow. 

𝑭 = 3𝜋𝑛υ(𝒖𝑝 − 𝒖){1 + 𝜑(𝑅𝑒)}.   (5) 

Results 

Fig. 2: P-in-c (left) and DPC (right) 2D model comparison of velocity magnitude contour. Paper 

moving from left to right.  

A test with paper speed (Up) = 0.41 m/s, H = 3 mm and n = 82.9 m-3 in a 2D model indicated that, 

due to the assumption that the droplets have constant velocity, the DPC method overpredicts the 

airflow velocity magnitude. To improve the DPC method accuracy, the final droplet velocity is 

estimated by computing the deceleration that a single drop experiences when travelling in still air for 
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a distance H. When the droplet deceleration is estimated and implemented into the DPC method by 

assuming that the droplets linearly decelerate from the ejection velocity to the estimated final velocity, 

an excellent correlation is observed between the two methods as Fig. 2 shows.  

When the 3D simulations are performed, it is seen that, for a case with Up = 0.41 m/s, H = 3 mm and 

n = 2.33 m-3, both methods correlate well as they show a flow field that approximates a standing wave 

(Fig. 3). The P-in-C method, however, exhibits airflow unsteadiness resultant of the disturbances 

created by the instantaneous motion of the droplets across the cells. It is believed that this unsteadiness 

does not cause the tiger-stripes problem: this printing defect is characterized by periodic 

misplacement of droplets and the spottiness does not present a distinguished fundamental frequency. 

It is believed that the standing wave predicted by these methods is responsible for inducing the optical 

density variation seen in Fig.1b. The lateral velocity pushes the satellite droplets together, 

concentrating them at a specific wavelength. Both models show a wavelength of approximately 7.5 

mm, while the wavelength presented in Figure 1 varies from 6 to 8 mm.  

Fig. 3: 3D model comparison - a) comparison of the velocity profile; b) P-in-C velocity contour on 

a xy-plane at z = -1.5 mm; c) DPC velocity contour on a xy-plane at z = -1.5 mm.  

Due to the steady nature of the mean airflow, the DPC method can be performed with a steady-state 

simulation, which significantly reduces the computational cost. The steady DPC method takes less 

than 1 hour to reach a converged solution across 96 cores, while the P-in-C method can take up to 42 

hours to simulate 0.15 s.  Similar results are observed for n = 1.97 m-3 and 1.55 m-3 demonstrating 

that the DPC is an effective method to predict the mean airflow in the print gap of inkjet printers.  
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Abstract. Screening is an important process for many industries. It is used for the separation of 

granular particles. This paper presents a numerical study on an inclined vibrating screen. The flow 

and passing of particles on the screen are numerically studied based on discrete element method 

(DEM). A process model is proposed to predict the particles passing rate based on Machine Learning 

(ML). The ML model is trained based on DEM simulation data. The ML model is then used to 

analyse the cut size of passing particles under different vibration conditions. 

Keywords: Particle passing, vibrating screen, DEM, machine learning 

Introduction 

Screening is a technique to classify granular materials based on particle size. Inclined vibrating 

screenings are commonly used in a variety of industrial sectors, including mining, pharmaceutical, 

recycling, and agriculture [1, 2]. In general, an incline screen consists with a surface of deck with 

apertures of different sizes and shapes [3], and a mixture of particles will be vibrated on the deck. 

Therefore, this process includes complicated particle-particle and particle-wall interactions, which 

are difficult to study by experiments. Recently, the discrete element method (DEM) has been 

increasingly used in this field. Particles flow along various screen was analysed by DEM under 

vibration condition [4, 5].  

The performance of an inclined screen depends on a wide range of factors like particle size 

distribution, dimensions of the screen, aperture of screen, inclination angle of screen, vibration 

condition, particle shape, open area, and thickness of the bed on the screen [1, 5, 6]. Optimization of 

working parameters, and prediction of screen results were analysed with machine learning or 

artificial neural network [7-9]. The artificial intelligence helps to optimise the controlling parameters 

of screen and predicts the result. Analysis of particles passing from the screen deck helps to 

understand sieving from the screen, to optimise the feeding condition and control parameters. 

Combining DEM with artificial intelligence is creating new path of screening research. 

In this work, DEM and machine learning investigation are conducted for inclined vibrating screen. A 

process model is proposed to predict the passing rate of particles as a function of operational 

parameters. The process model is developed based on machine learning of DEM simulation data. 

Furthermore, the trained ML model is used to predict the cut size as a function of vibration condition 

and inclination angle. 

Discrete Element Method (DEM) 

In DEM, the motion of each particle is governed by Newton’s second law. Object-Oriented 

Programming (OOP) has been used in a numerical scheme to make the study of complex screen decks 

vibrating under various conditions easier [1, 2]. For particle , its translational motion and rotational 

motion are determined by: 

(1) 
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(2) 

where ,  ,  and  are the translational and angular velocities, the mass and the moment of 

inertia of particle , gravitational acceleration is g,  is the vector pointing from the centre of 

particle  to the contact point of it with the particle j.  and  are the normal and tangential contact 

forces respectively.  

Simulation condition and process model 

Fig. 1 shows the simulated screening processes. The mixture of particles is fed from left side onto the 

screen. Particles pass through the decks and report the underflow or flow along the screen and report 

to the overflow, as shown in. The deck consists of a flat surface uniformly perforated with square 

apertures of size 3.5 × 3.5 mm spaced 3.0 mm apart. The left side of the deck is the feed end, while the 

right side is the discharge end. The length, width (in the x direction), and thickness of the deck are 600 

mm, 26 mm, and 2 mm, respectively [2]. Periodic boundary conditions are applied in the x direction 

(front and rear) to reduce the computational effort. The particles size distribution, material properties 

and feed rate are listed in Table 1. 

Fig. 1 Snapshots of simulation using vibrated inclined screen (A=2.0mm, f =30.0Hz and ). 

Table 1 List of simulation parameters. 

Particle density, (kg/m3) 7500 

Vibration frequency (Hz), f 20, 25, 30, 40, 50 and 60 

Vibration amplitude (mm), A 1.5, 2.0, 2.5 and 3.0 

Vibration motion Sinusoidal, both along y and z directions. 

Incline angle (°), θ 5, 11, 15, 17, 22 

Under the steady state a process model is assumed to predict the passing rate of particles based on 

machine learning. For a segment j of an inclined screen, the input flow , the overflow 

and the passing flow  are all constant, where di is the size of ith component, Ii ,  and Pi are 

the rates of input flow, overflow and passing of ith component, respectively. We assume the passing 

rate is dependent on the input flow, vibration conditions and inclination angle, then a function to 

predict the passing rate is {Pi}. 

Results and discussion 

In this study, machine learning is used to DEM results obtained under different conditions. The input 

variables are di, A, f, and overflow or the feed to the screen (ni) as the particle size of the mixture. The 

output is Pi as the particles passing along the screen. To train the database, 716 simulation cases are 

considered. The database is used to train different ML models, including linear, SVM and GPR 

regression (ML) models. The squared exponential GPR regression model shows the best 

performance. This model is used to predict the performance of the screen under different conditions. 

22



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

The separation or cut size is obtained at d25 (25%), d50 (50%) and d75 (75%). The cut-size remains 

always less than the size of the screen aperture. Fig. 2 represents the cut sizes during passing from the 

screen under the effect of A, f and  using machine learning model. In Fig. 2(a), 20Hz is effective for 

passing and cut sizes are higher than the larger vibration frequency. Similarly, for the increment of 

inclination angle cut size decreases in Fig. 2 (c). On the other hand, in Fig. 2(b), cut size increases 

with the increment of A and remains maximum for A=2.5mm for d25 and d75. For A=3.0mm, the cut 

sizes again decrease.   

Fig. 2 Cut size as a function of f , A and  for d25, d50 and d75 (for given feed) 

Summary 

The machine learning model is shown to be effective for modelling the optimization of parameters 

proposed in current theories of particle passing from screen with the data support of DEM 

simulations, which can be used to model the related different industrial screening processes such as 

sieving and mixing.  

Acknowledgements 

The authors are grateful for the financial support from Australian Research Council (IH140100035), 

and the international PhD scholarships from Western Sydney University. 

References 

[1] K. Dong, A. Yu, I. Brake, DEM simulation of particle flow on a multi-deck banana screen,

Minerals Engineering, 22 (2009) 910-920.

[2] K. Dong, B. Wang, A. Yu, Modeling of particle flow and sieving behavior on a vibrating screen:

from discrete particle simulation to process performance prediction, Industrial & Engineering

Chemistry Research, 52 (2013) 11333-11343.

[3] E.R. Wolff, Screening Principles and Applications, Industrial & Engineering Chemistry, 46

(1954) 1778-1784.

[4] G. Asbjörnsson, M. Bengtsson, E. Hulthén, M. Evertsson, Model of banana screen for robust

performance, Minerals Engineering, 91 (2016) 66-73.

[5] P.W. Cleary, Industrial particle flow modelling using discrete element method, Engineering

Computations, 26 (2009) 698-743.

[6] M.L. Jansen, J.R. Glastonbury, The size separation of particles by screening, Powder Technology,

1 (1968) 334-343.

[7] Z. Li, K. Li, X. Ge, X. Tong, Performance optimization of banana vibrating screens based on

PSO-SVR under DEM simulations, Journal of Vibroengineering, 21 (2019) 28-39.

[8] B. Zhang, J. Gong, W. Yuan, J. Fu, Y. Huang, Intelligent Prediction of Sieving Efficiency in

Vibrating Screens, Shock and Vibration, 2016 (2016) 9175417.

[9] Z. Zhao, M. Jin, F. Qin, S.X. Yang, A novel neural network approach to modeling particles

distribution on vibrating screen, Powder Technology, 382 (2021) 254-261.

(a) (b) (c) 

23



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University

A multiscale modelling tool linking microstructure to the complete 

tensile stress-strain response of Ti-6Al-4V 

Fatemeh Azhari1, a *, Chris Wallbrink2, b, Zoran Sterjovski2, c, Bruce R. 
Crawford2, d, Adrian Menzel2, e, Dylan Agius2, f, Chun H. Wang3, g, Graham 

Schaffer1, h 
1 Department of Mechanical Engineering, The University of Melbourne, VIC 3010, Australia 

2Defence Science and Technology Group, VIC 3207, Australia 

3 School of Mechanical and Manufacturing Engineering, University of New South Wales, Sydney, 
NSW 2052, Australia 

afatemeh.azhari@unimelb.edu.au, bchris.wallbrink@dst.defence.gov.au, 
czoran.sterjovski@dst.defence.gov.au, dbruce.crawford@dst.defence.gov.au, 

eadrian.menzel@dst.defence.gov.au, fdylan.agius@dst.defence.gov.au, 
gchun.h.wang@unsw.edu.au, hgraham.schaffer@unimelb.edu.au 

Abstract. A multiscale crystal plasticity finite element (CP-FE) model has been developed that uses 

the microstructure as the basis to predict the complete tensile stress-strain response of Ti-6Al-4V 

manufactured by selective laser melting. Two techniques were used to create a representative 

microstructural volume element (RVE) from electron backscatter diffraction images. Working from 

these RVEs, the CP-FE method was used to predict the complete tensile stress-strain response of the 

material, including damage post necking. For the first time, crack-band theory was incorporated into 

the CP-FE model to accurately predict ductility and to minimize mesh size sensitivity, which is a 

common issue in existing models. The model was calibrated using one sample and validated against 

a second sample with a different microstructure and properties. The accuracy of the stress-strain 

responses predicted using both RVE types was evaluated. The new multiscale model provides a 

basis for a comprehensive computational tool to enable the rational design of new materials

Keywords: Multiscale Model; Crystal plasticity; Finite element; Tensile behavior; Titanium. 

Introduction 

Multiscale crystal plasticity finite element (CP-FE) modelling frameworks are increasingly being 

used to fast-track materials innovation, qualification and integration by linking computational 

models across different length scale. In a CP-FE model, a representative volume element (RVE) is 

first created from the microstructure of the material being modelled. The RVE is then discretized 

into several three-dimensional (3D) elements and the mechanical response is predicted from the 

local stress and strain values calculated at the integration points of these elements. Most CP-FE 

models predict the stress-strain response up to the onset of necking; only a few include damage post 

necking [1-4]. Existing CP-FE models also suffer strong mesh sensitivity, particularly close to the 

onset of necking and final failure.  

The aim of the current study was to develop an experimentally validated CP-FE model that can be 

used to predict the complete stress-strain response of selective laser melted (SLM) Ti-6Al-4V (Ti-6-

4) until failure. To overcome mesh sensitivity, we introduce crack-band theory (CBT) into the

model. The damage model proposed in [5] was used in this study to capture the material softening

behaviour after necking. Two techniques for developing a 3D RVE were used and evaluated.

Experimental Testing 

A Renishaw AM 400 machine and plasma torch atomized Ti-6-4 grade 23 powder were used to 

fabricate a set of SLM Ti-6-4 test parts. The intact build was stress-relieved at 593°C for two hours. 
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Two samples were then removed from different locations of the build plate and vacuum annealed at 

913°C for three hours. Standard cylindrical tensile specimens were machined from these bars such 

that the tensile load direction was the same as the build direction. The specimens were tested to 

failure. For microstructural analysis, a 3 mm thick disc of 10 mm diameter was sectioned from two 

additional cylindrical samples built adjacent to each tensile bar. 

Representative Volume Element 

Two image-based techniques were used to create an RVE from the microstructure of the annealed 

SLM Ti-6-4 specimens. The first method reconstructs a realistic RVE from a series of parallel 2D 

EBSD images and therefore includes the inherent microstructure characteristics of the titanium 

alloy. To generate this RVE, multiple, parallel EBSD images were captured for each annealed SLM 

Ti-6-4 specimen by automated serial sectioning. The 3D EBSD scans were then transferred to the 

DREAM.3D software and 3D realistic 16×16×16 µm3 RVEs were constructed for both specimens 

(Fig. 1). The second method uses three orthogonal EBSD images to capture key information of the 

microstructure and create a statistically equivalent RVE (SERVE). The DREAM.3D software was 

used to generate 16×16×16 µm3 3D SERVEs from both specimens (Fig. 1). A MATLAB script was 

developed to prepare the generated RVEs for the CP-FE simulation and discretize them into eight-

node linear brick elements. The boundary conditions were chosen by assuming symmetry. 

Realistic RVE 1  

(from Specimen 1) 

Realistic RVE 2 

(from Specimen 2) 

SERVE 1   

(from Specimen 1) 

SERVE 2 

(from Specimen 2) 

Fig. 1 The realistic RVEs and SERVEs created from two annealed SLM Ti-6-4 specimens. The 

SERVE represents the key microstructure statistics, not the microstructural image. 

Crystal Plasticity Finite Element (CP-FE) Model 

The equations governing the crystal plasticity kinematics describe the geometrical aspects of the 

crystal mechanics in terms of the crystallographic slip rate. The constitutive models define the slip 

rate as a function of stress and the microstructural state of the material. In this study, a viscoplastic 

power-law was used to describe the slip rate as function of the resolved shear stress and the 

material’s resistance to slip. The hardening model proposed by Peirce et al. [6] and Asaro [7] was 

used. The damage accumulation in the material is incorporated using a model proposed by Kim and 

Yoon [5]. To eliminate the mesh-sensitivity of the predicted ductility, CBT which was originally 

proposed in [8] for concrete materials was used. The constitutive equations were applied through a 

FORTRAN UMAT subroutine linked with ABAQUS. The CP-FE simulation was performed on the 

meshed RVE and the stress-strain response was calculated using a Python script which homogenizes 

the local stress and strain values at the integration points of the elements over the RVE volume. 

Complete Tensile Stress-Strain Results 

In Fig. 2, the stress-strain curves predicted by the CP-FE simulation on the SERVEs and realistic 

RVEs constructed from Specimens 1 and 2 are compared with those obtained from experiment. The 

CP parameters were only calibrated for SERVE 1; other RVEs were used to validate the CP-FE 

model. There is a close match between the calculated and experimental curves for both specimens. 

The close match between the predicted stress-strain results of the SERVEs and realistic RVEs 
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generated from both Specimens 1 and 2 indicate that the realistic RVE can be replaced by the 

SERVE for an annealed SLM Ti-6-4 material, thus reducing the experimental burden. 

Fig. 2. Global stress-strain curves from CP-FE simulations and experimental test. Specimen 1 was 

used for calibration, Specimen 2 for validation. 

Summary 

A new modelling capability was developed to predict the complete tensile behaviour of SLM Ti-6-

4. This is a necessary component of a comprehensive, multi-scale ICME tool that may enable the

closer coupling of materials design, product design and manufacturing, and accelerate product

innovation and materials development.
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Abstract 

In this paper, the one-dimensional (1D) time-dependent behaviour of the reconstituted Eastern Creek 

and bentonite-Sydney sand mixture soils is studied. A 1D creep model based on the isotache approach 

is presented for the soils using a collection of compression lines in terms of the visco-plastic strain 

rate. Two sets of 1D multi-staged loading (MSL) creep tests were conducted on the saturated samples 

under oedometric conditions. The model predictions and comparison with experimental data are 

presented to demonstrate the application of the model. 

Keywords: Clay, Creep, Time-dependant, Isotache model 

Introduction 

Time- and strain rate-dependent behaviour of soils is crucial in assessing the long-term behaviour of 

many geotechnical engineering structures such as tunnels, natural slopes, bridges, and excavations. 

One-dimensional standard oedometer tests are generally conducted to investigate the creep 

characteristics of soils and predict their time-dependent behaviour in long term. Following the work 

of Šuklje [1], Leroueil et al. [2] showed that the time-dependent behaviour of clayey soils subjected 

to one-dimensional compression can be described by a unique stress-strain–strain rate relationship. 

Since then, this approach has received extensive attention in long-term compression analysis of 

geomaterials, e.g. [2-10]. In this paper, the 1D time-dependent behaviour of the reconstituted Eastern 

Creek and bentonite-Sydney sand mixture soils is studied. A 1D creep model based on the isotache 

approach is presented for the soils using a collection of compression lines in terms of the visco-plastic 

strain rate. 

Creep Tests  

A strain-controlled constant rate of strain oedometer apparatus (CRS device) from GDS Instruments 

Ltd was used to conduct the creep laboratory tests. The results of multi-staged oedometer creep tests 

carried out on the reconstituted Eastern Creek and bentonite-Sydney sand mixture soil samples are 

shown in Fig. 1. 

From the creep test results, it is possible to obtain the effective stress-specific volume relations at 

different strain rates since the pore water pressure was measured in these tests (see Fig. 2).  

Isotache Model for the Soils 

The isotache model presented in this study is suitable for the simulation of one-dimensional creep 

oedometer tests on clayey soils. To describe the undrained creep and stress relaxation tests, the visco-

plastic strain rate is used to define the isotache lines instead of the total strain rate, i.e. 

𝜎𝑣 = 𝜎𝑝𝑟 × (
𝜀�̇�
𝑣𝑝

𝜀�̇�𝑟
𝑣𝑝)

(
𝐶𝛼𝑒

𝐶𝑐−𝐶𝑟
)

(1) 
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(a) (b) 

Fig. 1. Results of the multi-stage creep tests on saturated samples of (a) the reconstituted 

Eastern Creek soil and (b) bentonite-Sydney sand mixture under oedometric conditions 

(a) (b) 

Fig. 2. The isotache lines in terms of strain rate, obtained from the multi-staged oedometer 

creep test results on the samples of (a) the reconstituted Eastern Creek soil and (b) bentonite-

Sydney sand mixture 

Simulation Results 

Fig.s 3 and 4 present the simulation results of the multi-staged creep tests obtained using the isotache 

model. The isotache line corresponding to the visco-plastic strain rate =1 × 10−6 𝑚𝑖𝑛−1 is selected

as the reference line. The soil compression parameter (𝐶𝑐) changes by the change of the vertical 

effective stress and strain rate, while the secondary compression coefficient (𝐶𝛼𝑒) only changes by 

the change of the vertical effective stress. Recompression index (𝐶𝑟) was constant based on the 

consolidation test results. The reference and simulated isotache lines are all located on the creep side, 

i.e. at the left side of the end of the primary consolidation (EOP) line in the specific volume-the

vertical effective stress plane. The figures also compare the simulation results with the creep test

results. It can be observed that the creep model can precisely predict the isotache lines.

Summary 

This paper presents a 1D rheological model for the evolution of compression lines with respect to 

viscoplastic strain rate. Two sets of 1D multi-staged loading (MSL) creep tests were conducted on 

the reconstituted Eastern Creek and bentonite-Sydney sand mixture soils for the verification of the 

model. The simulation results and comparison with the experimental data are presented, 

demonstrating that the creep model can precisely predict the isotache lines. 
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Fig. 3. Simulation results of the creep oedometer tests on the reconstituted Eastern Creek soil. 

Fig. 4. Simulation results of the creep oedometer tests on the bentonite-Sydney sand mixture. 
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Abstract. The performance of polymer electrolyte membrane fuel cells (PEMFCs) is greatly 

influenced by the residual water content generated during the cell operation, and a comprehensive 

understanding of water management is critical for elevating the efficiency of PEMFCs [1]. The liquid 

accumulation at the interfacial gaps between PEMFC components account for a substantial part for 

water flooding which impedes subsequent electrochemical reaction of hydrogen and oxygen [2]. In 

this study, the liquid transport and accumulation at the interfacial region of micro-porous layer (MPL) 

and catalyst layer (CL) of PEMFC is investigated numerically. The contacting membrane layers are 

featured with surface roughness and pore size distribution that are comparable to real MPL and CL 

properties. Different levels of compressive stress derived from fuel cell assembly pressure are applied 

on the MPL/CL components resulting in different interfacial morphology, and the corresponding 

influences on the liquid accumulation at the interface as well as within MPL/CL components is 

analysed. The effects of compression on the pore size distribution are further incorporated to reflect 

the change of MPL/CL pore structure. The wettability of MPL/CL material is adjusted to simulate 

the contact angle variation resulted from different working temperature during the start-up phase of 

cell operation.  Finally, the liquid transport and accumulation at the MPL/CL interface are compared 

with available experimental observations, and a numerical framework is proposed for optimising 

compressive stress that best facilitates the water management. This study provides a parametric 

assessment on identifying the appropriate compressive stress for cell assembling and design of 

PEMFCs. 

Keywords: PEMFC; contact mechanics; surface roughness; pore size distribution; lattice Boltzmann 

method. 
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Fig. 1 (a) Structure and core components of a PEMFC; (b) The rough surface of MPL and CL is 

reconstructed and the surface contact under various compression loading is modelled using the finite 

element method. The resulted MPL/CL interfacial morphology is further implemented in LBM for 

multiphase flow simulation; (c) Liquid saturation in MPL with four different compression stress at 

contact angle 140° and 100° is presented respectively. The results suggest that the liquid saturation 

decreases with the increase of normalized compression stress, and increasing hydrophobicity assists 

the liquid drainage in MPL. 
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Abstract. This work presents a study on quantifying the spurious wave reflection phenomenon that 

arises from the multi-scale coupling between the Discrete Element Method (DEM) and the Boundary 

Element Method (BEM). The analysed coupling is formulated at the interface. Hence, no overlap 

exists between the methods. In this coupling, the strong formulation is used to enforce equilibrium 

and compatibility equations at the interface. This approach is simple to implement and requires only 

a few modifications to the original formulation of the methods. However, this approach introduces a 

spurious wave reflection at the interface due to the abrupt change in scale and discretisation. The 

same effect is observed in coupling the DEM with other continuum methods. Therefore, this work 

proposes an approach based on the kinetic and strain energy of the reflected wave to quantify how 

detrimental this phenomenon is to the overall solution. 

Keywords: Spurious wave reflection, Discrete Element Method (DEM), Boundary Element Method 

(BEM), Multi-scale analysis, Strong interface coupling, Wave propagation. 

Introduction 

Multi-scale modelling allows for solving problems that have different behaviours at different scales. 

The Discrete Element Method (DEM) is an excellent method for multi-scale analyses since it can 

model on the micro-scale and meso-scale. Several multi-scale models couple the DEM with the Finite 

Element Method (FEM) where the FEM models the macroscopic behaviour, and the DEM represents 

the micro- and meso-scale. Even though the FEM-DEM coupling is an interesting tool, it has 

limitations regarding the representation of wave propagation in infinite domains since none of those 

methods can accurately model infinite media. To cope with this problem, a multi-scale method 

coupling the DEM with the Boundary Element Method (BEM) is being investigated in this work. The 

BEM is an established numerical method that performs exceptionally well in infinite domains 

problems [1]. Previous attempts used the static formulation of the BEM [2-4], which does not capture 

the wave propagation in the BEM subdomain. In the work of Malinowski et al. [5], the DEM and the 

dynamic BEM are combined in a multi-scale method. However, their formulation relies on an FEM 

layer. The results indicate spurious wave reflections at the BEM-DEM interface. This reflection is 

introduced due to the abrupt change in the discretisation that occurs at the interface. This work aims 

at extending the knowledge on this phenomenon. 

BEM-DEM Coupling 

DEM. The DEM formulation aims to solve Newton’s second law of motion 

𝑚𝑝
d2𝑢𝑝

d𝑡2
= 𝑓𝑝 + 𝑓𝑝

𝐶 (1) 
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for each particle 𝑝 in the particulate, where 𝑚𝑝 is its mass, 𝑢𝑝 its displacement, 𝑓𝑝 the external force

applied upon it and 𝑓𝑝
𝐶 is the resultant contact force. The contact forces are calculated through the

contact laws, which determines a relationship between the contact force and the gap/overlap between 

neighbouring particles. 

BEM. The BEM formulation used herein uses the Convolution Quadrature Method (CQM) [6] to 

solve the convolution integral that arises from the Duhamel integral principle. By doing so one can 

write 

𝒇𝐵
(𝑛)

= 𝒇𝐵(𝑡 = 𝑛∆𝑡) = ∫ 𝑲∗(𝑡 − 𝜏)𝒖(𝜏)
𝑡

0
≈ ∑ 𝒘𝑛−𝑘(�̂�

∗, ∆𝑡)𝒖𝐵
(𝑘)𝑛

𝑘=0 (2) 

where the second equality states the Duhamel integral, in which 𝑲∗ is the time domain response of

the system for an applied unit impulse and �̂�∗ is its Laplace transform, and the third equality is shows

how the CQM transforms the convolution into a weighted sum whose weights depend solely on the 

time step and the Laplace-domain solution. 

Coupling. To perform the coupling, it is necessary to cast Eq. (1) and (2) into the form 

𝑲𝒖(𝑛) = 𝒇(𝑛) + 𝒉(𝑛) (3) 

where, 𝑲 is the dynamic stiffness matrix, 𝒖(𝑛) is the displacement vector, 𝒇(𝑛) is the force vector and

𝒉(𝑛) is the history effect vector at the time step 𝑛. In order to make this possible, the DEM requires

the modification of the time integration scheme from the “leapfrog” to the Central Difference (CD) 

method and the BEM requires a simple rearrangement of Eq. (2). 

Quantification of spurious wave reflection 

The quantification of the spurious wave is simpler if the total energy of the system is constant. If an 

input of energy is introduced in the DEM subdomain, after a certain amount of time, part of this 

energy is transmitted into the BEM region and a smaller amount is refrained in the DEM subdomain 

in the form of a spurious wave. The effect of the spurious wave can be assessed as the energy of the 

reflected wave divided by the energy of the original wave. 

The total energy is composed by strain and kinetic energy. In the BEM, both energies can be 

calculated in any point of the continuum, while in the DEM, the particles store the kinetic energy and 

the interactions store the strain energy, i.e., 

𝐸𝐵 = ∫
1

2
𝜌 (

d𝑢𝐵

d𝑡
)
2
+

1

2
𝐸 (

d𝑢𝐵

d𝑥
)
2
d𝑉

𝑉
 (4) 

𝐸𝐷 = ∑
1

2
𝑚𝑝 (

d𝑢𝑝

d𝑡
)
2

𝑛𝑃
𝑝=1 + ∑

1

2
𝑘𝑖(𝛿𝑖)

2𝑛𝐼
𝑖=1 (5) 

where 𝐸𝐵 is the total energy on the BEM subdomain, 𝑢𝐵 is the displacement at a point inside the BEM

subdomain, 𝐸 and 𝜌 are Young’s modulus and the mass density of the continuum, respectively, 𝐸𝐷 is

the total energy on the DEM subdomain, 𝑘𝑖  is the stiffness of the 𝑖-th interaction and 𝛿𝑖 is the relative

displacement of its neighbouring particles. 

Results and discussions 

The infinite homogeneous rod shown in Fig. 1(a) is analysed with the multi-scale BEM-DEM 

method. Its first five meters are modelled with the DEM, the remaining with the BEM. The initial 

condition applied to it is shown in Fig. 1(b). The energy in the DEM subdomain is shown in Fig. 1(c) 

for different discretisation in space and time. The energy in the DEM subdomain when it is discretised 

with 71 particles using Δ𝑡 = 10−2 ms is shown as a solid blue line. The result obtained using a smaller

time step (Δ𝑡 = 10−3 ms) while the spatial discretisation is kept fixed is shown as an orange dashed

line. Lastly, the result obtained using 151 particles and Δ𝑡 = 10−3 ms is shown as dotted green line.

The energy of the reflected wave in the first model is represented as the second plateau in the graph. 
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The effect of the reflected wave is reduced by either using a smaller time step or increasing the 

discretisation. 

(a) 

(b) (c) 

Fig. 1 Infinite homogeneous rod example: (a) properties, (b) initial condition, (c) energy stored in 

the DEM subdomain. 
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Abstract. Various turbulence models have been adopted to simulate vortex-induced vibration (VIV) 
and the associated wake vortex streets. The most commonly used turbulence models, namely the 
Reynolds-Averaged Navier-Stokes (RANS)-based codes are inherently poor in simulating the flows 
with massive separation such as VIV. On the other hand, although scale-resolving simulations such as 
large eddy simulation (LES) can provide more accurate results, they are computationally unfeasible in 
most practical applications. As a solution in between, a hybrid RANS-LES model, which combines 
the advantages of both RANS and LES methods, can offer a good balance between accuracy and 
computational cost. In the present study, a hybrid RANS-LES turbulence model, namely the 
stress-blended eddy simulation (SBES) method, is proposed to simulate the VIV of an 
elastically-mounted rigid cylinder at subcritical Reynolds numbers within a coupled fluid-structure 
interaction (FSI) framework. To illustrate the efficiency and accuracy of the proposed method, the 
results obtained by using this method are compared with the experimental data and the RANS 
simulation results. Three-dimensional (3-D) numerical results show that the SBES model can 
accurately simulate the VIV and capture the wake vortex modes.

Keywords: Hybrid turbulence model; SBES, VIV; FSI. 

Introduction 

When a flow passes a bluff body such as a cylinder it may cause wake vortex shedding, which in turn 
leads to the transient fluctuating forces and vibrations to the body. This phenomenon is known as the 
vortex-induced vibration (VIV). When the periodic forces induced by vortex shedding occur at a 
frequency close to the natural frequency of the structure, synchronization or lock-in phenomenon 
occurs. This phenomenon is associated with large amplitude oscillations of the body and may threaten 
the overall stability of the whole structure. VIV is thus recognized as a main cause of damage in many 
structures such as subsea pipelines and marine risers 

Extensive research efforts have been also made to accurately capture the VIV by using numerical 
simulation tools. Most previous numerical models failed to capture the maximum VIV amplitude, and 
for those models captured the maximum amplitude, certain limitations exist. It is thus imperative to 
develop more reliable models for VIV simulation with improved accuracy and affordable 
computational cost. Very recently, a hybrid RANS-LES approach, the Stress-Blended Eddy 
Simulation (SBES), was proposed (Menter, 2018). This method consists of a direct combination of 
RANS and LES models using a built-in blending function, and allows for more flexible combination 
of RANS and LES methods than DES. The accuracy of SBES model has been recently shown in the 
simulations of vane pressure side film cooling, segmental orifice plates and bluff-body stabilized 
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flames. However, the efficiency of using this model to simulate VIV of a cylinder with low 
mass-damping ratio has not been reported in the open literature yet. 

In the present study, the SBES turbulence model is adopted to simulate the responses of an 
elastically-mounted rigid cylinder subjected to VIV. 3D computational fluid dynamics (CFD) 
simulations are carried out by developing a coupled Fluid-Structure Interaction (FSI) framework. 
Numerical results are compared with the widely-used RANS  model and experimental 
data. 

FSI numerical framework 

Due to the strong interactions between the motion of the cylinder and the surrounding fluid, VIV is 
normally investigated through a coupled FSI framework. In this framework, the fluid motion 
equations are solved by FLUENT finite volume (FV) solver and the estimated hydrodynamic loads 
are transferred to the mechanical part as vibrating forces on the cylinder. Within the same calculation 
time step, the structural dynamics equation is then solved by the ANSYS Mechanical solver, which in 
turn causes mesh deformation in the fluid part. This procedure continues up to reach a converge 
solution. 

The SBES turbulence method (Menter, 2018) is used to simulate the flow over the oscillating 
cylinder in the present study. In this method, the continuity and momentum equations can be written 
as follows (Menter, 2018): 

Results and discussion 

The experimental work carried out by (Khalak and Williamson, 1999) is adopted as the benchmark to 
validate the numerical model in the present study. In the experimental study, the Reynolds number 
varied from 2000 to 12000, which corresponds to the normalized velocity varying from 2 to 12. Fig. 1 
shows the 3-D rectangular computational domain of the test, in which D is the diameter of the 
cylinder. 

Figure 2 shows the maximum normalized amplitude responses  of the cylinder 
obtained by the SBES and RANS models respectively. It can be seen that the figure has three 
distinguishing features: (i) The three response branches observed in the test by Khalak and 
Williamson (1999), namely the initial branch , the upper branch  and the 
lower branch , can be well captured by using the SBES model. (ii) Not only the 
branches, the SBES model can also correctly capture the maximum amplitude. As shown in Figure 2, 
the normalized maximum amplitude obtained in the tests was 0.97 (Khalak and Williamson, 1999), 
and the corresponding value obtained by the SBES model is 0.99, which is in excellent agreement 
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with the experimental result. For the RANS model, the maximum value was only 0.84 due to the 
inherent shortages of this method. Moreover, this maximum response does not occur at the same 
reduced velocity in the tests as discussed. (iii) Under the very high reduced velocities , the 
amplitudes predicted by the SBES model are higher than the test results. This is because of the 
influence of damping ratio. 

 
Fig. 1 Numerical model and computational domain of the cylinder 
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Fig. 2 Comparisons of the normalized maximum amplitudes between the experimental data, SBES 
and RNAS SST  model. 

Summary 

A hybrid LES-RANS turbulence model namely the SBES method is adopted to simulate the flow over 
an elastically-mounted rigid cylinder in the present study. The numerical results demonstrate the 
superiority of the SBES model over the other numerical models in terms of the level of accuracy and 
computational effort. 
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Abstract. This paper investigates the impacts of natural convection in deep aquifers on thermal 

efficiency of kilometres deep coaxial borehole heat exchangers (CBHEs). Using a 3D coupled heat 

and mass transport numerical model, it is concluded that heat transfer via thermo-induced natural 

convection can significantly contribute to the CBHE’s thermal efficiency, whose extent varies 

based on the aquifer’s permeability, heat exchanger’s depth and the carrier fluid inflow rate. 

Keywords: Deep geothermal, natural convection, coaxial borehole heat exchangers, numerical 

modelling, heat and mass transport. 

Introduction 

Deep borehole heat exchangers can be utilised for geothermal extraction from up to a few 

kilometres below the surface using conventional closed U-loop or coaxial borehole heat exchangers 

(CBHEs). Even though still nascent, the application of deep borehole heat exchangers has recently 

gained some attention. The thermal yield of such systems has been investigated through 

computational simulations, analytical analysis, and full-scale experiments. While single or double 

U-loop pipes are the most common configuration used for shallow borehole heat exchangers, 

coaxial borehole heat exchangers are the most studied types in deep geothermal systems – owing to 

better thermal and hydraulic processes (Kohl et al., 2000). In CBHEs, heat delivery is achieved via 

a centred coaxial pipe and the carrier fluid flow via an annulus (see Figure 1-right). Despite the 

recent knowledge advancement in deep geothermal extraction via borehole heat exchangers 

(BHEs), the existing studies mainly involve conductive heat transfer in the ground, neglecting the 

effects of groundwater and heat convection (natural or forced) within the aquifer on the thermal 

efficiency of deep BHEs. Given the fluctuations in groundwater density at high temperatures, the 

role of natural convection in deep saturated formations could be crucial in evaluating the ultimate 

thermal yield of deep BHEs, hence necessitating further studies. To test this hypothesis, a 3D finite 

element model is developed to capture heat and mass transport in non-homogeneous ground 

encompassing a 5 km coaxial borehole heat exchanger. In addition to the coupled heat transfer and 

fluid flow in the ground and the carrier fluid in the CBHEs, the model accounts for natural 

convection in deep saturated formations – a widely overlooked phenomenon in heat transfer 

mechanisms in porous media. The ultimate goal of this study is to evaluate the extent to which the 

thermal performance of deep BHEs is affected by natural convection. This encompasses accounting 

for groundwater parameters’ temperature dependency, the resultant buoyancy in groundwater and 

the effects of gravity. To identify scenarios in which natural heat convection might play a critical 

role in deep CBHEs, parametric studies are undertaken for various ranges of permeability, carrier 

fluid velocity and CBHEs depth.  

Heat and mass transport modelling in and around deep coaxial borehole heat exchangers 

To capture the effects of density-driven groundwater flow and natural convection on the heat 

transfer process and the consequent temperature distribution in the aquifer, several inter-

dependencies are prescribed: i) the groundwater flow is coupled to the heat transfer occurring in the 

aquifer via Darcy velocity, ii) groundwater density is made (aquifer’s) temperature dependent, iii) 
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CBHE’s wall and carrier fluid temperatures are coupled to the aquifer and the impervious layers’ 

temperatures. Error! Reference source not found. illustrates the system’s geometry and set-up to 

investigate the heat transfer processes around and inside a 5 km-deep CBHEs. The 5-km deep 

model encompasses four different domains: i) the ground, ii) the fully saturated formation (aquifer), 

iii) the coaxial borehole, and iv) the carrier fluid. The aquifer (1150 m in depth) sits between two

relatively impervious layers, 3500 m and 350 m deep, respectively. With 0.38 m outer and 0.19 m

inner diameters, the coaxial borehole heat exchanger extends 4,650 m below the surface. The inner

pipe wall (centred pipe) is 0.03 m thick. Thermal continuity is considered as the boundary between

the CBHE’s annulus and the ground.

Figure 1. A schematic of the CBHE and the surrounding layered ground 

The carrier fluid circulating inside the coaxial boreholes is modelled as a turbulent incompressible 

flow (Wilcox, 1998). The Reynolds-averaged Navier-Stokes (RANS) equations are implemented 

for conservation of momentum, as well as the continuity equation for conservation of mass. Heat 

exchange within the CBHE, carrier fluid, the surrounding ground and groundwater is captured by 

coupling and solving the equations for conductive and convective heat transfer with fluid flow in a 

porous medium (aquifer). Groundwater flow in a fully saturated formation is described by Darcy’s 

Law (details can be found in Bidarmaghz (2014)). The 3D numerical model is developed and 

implemented in the finite element package COMSOL Multiphysics to evaluate the relevant 

parameters of the governing equations - temperature, velocity, and pressure. A depth varying (Z, in 

km) initial temperature, representing an average geothermal gradient of 45°C/km encountered in 

many geothermal-prompt sites around Australia, and a constant temperature of 20°C is applied at 

the top surface boundary of the model. The heat carrier fluid inflow is initially set at 2.5 kg/s. 

Results and discussions 

This work – for the first time – investigates the contribution of natural convection in deep aquifers 

to the thermal efficiency of deep coaxial borehole heat exchangers. The numerical model developed 

here is used to study the effects of the spatial variability of the ground, the aquifer and the carrier 

fluid temperatures resulting from the continuous heat extraction via CBHEs. Various scenarios of 

carrier fluid inflow rate, aquifer’s permeability (K) and CBHE’s depth are considered in this study 

to identify situations in which neglecting the natural convection in the aquifer might have a 

profound impact on the total thermal yield of CBHEs. It was concluded that increasing the inflow 

rate for a given CBHE depth has a more significant impact on the thermal efficiency when the 

aquifer’s permeability is high (Figure 2a). This is mainly associated with the large variations in 

groundwater density, hence the resultant temperature gradient in highly permeable aquifers. As the 

portion of CBHE depth embedded in a permeable layer increases, the thermal performance of the 
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CBHE has shown more sensitivity to the aquifer’s permeability (e.g., the 2 km model), and it was 

observed that a CBHE installed in a highly permeable aquifer could have up to 57% (Figure 2b, 

170 kW vs 108.9 kW) higher thermal yield than a case in which permeability is low or natural 

convection is overlooked. This indicates that natural convection has a more pronounced effect on 

CBHEs than the carrier fluid inflow rate in CBHEs engaging more of an aquifer along its depth. 

This is in contrast with the behaviour of longer CBHEs and less relative engagement of the aquifer 

(e.g., 5 km model), in which the natural convection and carrier fluid inflow rate could have a similar 

effect on the system’s efficiency (43% vs 45% increase in thermal yield, as shown in Figure 2a).  

Figure 2. A comparative illustration of a) CBHEs 50-year thermal yield, b) the aquifer’s 

contribution to the CBHE’s total thermal yield.  

Summary 

The main conclusive observation of this work is that depending on the system’s depth, the extent of 

ground temperature variations and its permeability, heat transfer via natural convection can 

significantly contribute to the CBHE’s thermal yield and efficiency. Having reliable knowledge of 

this phenomenon – for example, via numerical modelling – one can accurately determine how other 

system parameters variations, such as inflow rate and depth, could influence the final thermal yield. 
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Abstract. The functionally graded material has become a hot topic in structural engineering research. 

This paper explores the nonlinear dynamic buckling of the functionally graded plate (FGP) under 

axial linearly increasing load. Through utilizing the first-order shear deformation theory (FSDT) and 

von-Kármán geometric nonlinearity, the dynamic governing equations are determined by Galerkin 

approach. The fourth-order Runge-Kutta method is leveraged to obtain the solution of the dynamic 

equations. The numerical study elucidates manifold effects of the Winkler-Pasternak elastic 

foundation, damping, boundary conditions, initial imperfection, loading speed and volume-fraction 

index on nonlinear dynamic buckling characteristics of the FGP. 

Keywords: Boundary condition, Functionally graded material, Nonlinear dynamic buckling. 

Introduction 

The functionally graded material was introduced during an aerospace project in 1984 [1]. It is 

characterized by a continuous gradient of material property along the thickness direction. This smooth 

gradation can effectively alleviate the residual stress and stress concentration of composites. Besides, 

the property of the FGP can be customized to satisfy diverse design requirements under different 

intricate circumstances. Due to these exhilarating merits, the investigations of the FGP witness 

comprehensive prosperities in contemporary scientific community.  

Based on higher-order shear deformation theory, Shen et al. [2] investigated the buckling and 

postbuckling behavior of composite plates. Yang et al. [3] reported the buckling behavior and free 

vibration of functionally graded porous plates through the Chebyshev-Ritz approach and first-order 

shear deformation theory. By employing the principle of virtual displacement, Wu et al. [4] derived 

the thermal buckling and post-buckling formulation of nanocomposite plates. Overall, there is still a 

lack of nonlinear dynamic buckling behavior of the FGP under various boundary conditions.  

Hence, this paper discusses the nonlinear dynamic stability of the functionally graded plate under 

different boundary conditions. The FGP is subjected to a linearly increasing load in the longitude 

direction. Through utilizing the first-order shear deformation theory (FSDT) and von-Kármán 

geometric nonlinearity, the dynamic governing equations are determined by Galerkin approach. The 

fourth-order Runge-Kutta method is leveraged to obtain the solution of the dynamic equations. The 

numerical study elucidates manifold effects of the Winkler-Pasternak elastic foundation, damping, 

boundary conditions, initial imperfection, loading speed and volume-fraction index on nonlinear 

dynamic buckling characteristics of the FGP. 

Formulation and Nonlinear Dynamic Buckling Analysis 

In this study, a FGP resting on the Winkler-Pasternak elastic foundation under axial linearly 

increasing load is investigated, as illustrated in Fig. 1. The geometry of the plate includes length a, 

width b and thickness h. The plate is postulated to be fabricated from an intermixture of metal and 

ceramic with volume fraction index k. The Poisson’s ratio is identified as constant. The elastic 

modulus and density indicates 
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Embracing the FSDT and von-Kármán nonlinearity, the dynamic equations are formulated as 
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where N, M, Q denote the force and moment resultants; 
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   ; 3(N m )wk and (N m)pk

are the Winkler and Pasternak foundation constants; u, v and w represent components of displacement. 

x and
y indicate rotations of transverse normal. Dd denotes the damping coefficient.

Fig. 1 The functionally graded plate on the Winkler-Pasternak elastic foundation. 

Under the simply supported boundary condition (SSSS), the deflection and initial imperfection are 
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For the clamped boundary condition (CCCC), the deflection and initial imperfection manifest 
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The axial linearly increasing compression with a loading rate (Pa s)tC  is determined as 
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(6) 

Substituting above equations into the governing equations and leveraging the Airy’s stress function 

as well as Galerkin approach, the nonlinear dynamic buckling equations (SSSS) are rewritten as 
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The equations for the CCCC can be deduced similarly. The static buckling load can be computed by 

neglecting the inertia and high-order terms. The fourth-order Runge-Kutta method is implemented to 

solve the above equations and the Budiansky-Roth criterion is employed to capture the critical 

buckling time. The buckling load is obtained from Eq. (6) regarding the buckling time. 

Numerical Study 

To verify the present study, the static and dynamic buckling loads are validated with existing 

references in Table 1 and 2. 
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Table 1 Validation of static and dynamic buckling loads (10
8 

Pa) (SSSS).

k 
Reference [5] Present 

Static Dynamic Static Dynamic 

1 0.1948 0.6194 0.1948 0.6195 

5 0.1285 0.5138 0.1285 0.5145 

Table 2 Validation of the static buckling load (10
5
 N/m) (CCCC).

b/a Reference [6] Present 

1 9.112 9.1586 

2 26.821 27.018 

(a) Effect of Winkler-Pasternak elastic foundation (b) Effect of damping

Fig. 2 Nonlinear dynamic buckling behavior of the FGP. 

(b) Effect of boundary condition (b) Effect of initial imperfection

Fig. 3 Nonlinear dynamic buckling behavior of the FGP. 

Fig 2-4 elucidate the influences of the Winkler-Pasternak elastic foundation, damping, boundary 

conditions, initial imperfection, loading speed and volume-fraction index on nonlinear dynamic 

buckling characteristics of the FGP. The parameters indicate 
10 37 10  Pa, =2702 kg/m , m mE ρ 

9 3 9380 10  Pa, =3800 kg/m ,  0.3,  0.008 m,  50 ,  =3 10  Pa sc c tE ρ h a b h c        . From the 

figure, the increase of elastic foundation modulus extends the buckling time and intensifies the 

44



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University

buckling load. The Pasternak foundation plays a more important role in mitigation of buckling 

behavior. The damping property consumes the system energy and attenuates the dynamic response 

after the onset of buckling. The clamped boundary condition restricts plate deflection and enhances 

the dynamic buckling load compared with the simply supported boundary condition. For the initial 

imperfection, it yields undesirable impact and accelerates the buckling behavior. The growth of axial 

loading speed tones up the buckling deflection and advances the buckling time. In terms of the 

volume-fraction index, the rise shortens the buckling onset time and diminishes the buckling load.  

(c) Effect of loading speed (b) Effect of volume-fraction index

Fig. 4 Nonlinear dynamic buckling behavior of the FGP. 

Summary 

The nonlinear dynamic characteristics and buckling behavior of the functionally graded plate under 

axial linearly increasing load are delved in this paper. Multifaceted effects of the Winkler-Pasternak 

elastic foundation, damping, boundary conditions, initial imperfection, loading speed and 

volume-fraction index are comprehensively examined. The present study extends the design of the 

FGP with enhanced stability performance under different conditions.  
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Abstract 

Matrix microcracking is usually the first form of damage in fibre-reinforced polymer (FRP) 

composite laminates. Their presence causes stiffness reduction and many other undesirable effects, 

such as very rapid degradation of the laminate resistance to gas permeation and leakage, limiting the 

application of the lightweight laminates in composite pressure vessels, cryogenic propellant tanks, 

etc. Experimental evidence has shown that the matrix microcracking in laminated composites is an 

inherently stochastic process due to geometrical inhomogeneities and microstructural randomness in 

multidirectional laminates; hence, the micro-scale is the appropriate damage scale for modelling the 

initiation and propagation of matrix microcracking. Existing analytical models cannot readily 

consider such randomness in microstructure and in failure evolution, due to the complexities involved. 

Consequently, these analytical models tend to lose prediction accuracy in the high crack density 

regime. They also cannot capture the ply stacking sequence effects on the microcracking of angle-ply 

laminates. In recent years, the computational micromechanics is emerging as a powerful tool to model 

the influence of the constituent behavior of the different constituents on the mechanical response of 

the fibre-matrix unit cell under analysis. However, the micro-mechanics model does not address the 

toughening effects of nano-scale fillers. Therefore, in this work we present a nano-micro-mechanics 

modelling approach to quantify the effects of nanofillers on the onset and progression of 

microcracking, where nano-toughening effects are modelled using analytical and computational 

models. The model predictions are found to correlate well with experimental results. 

Keywords: Microcracking; FEA; Micro-mechanics; Laminates 

Introduction and summary of results 

Lightweight fibre-reinforced polymer (FRP) composites are receiving strong interest in the 

development of cryogenic propellant vessels which requires high damage tolerance for composites. 

The major challenge facing the use of carbon fibre composites in cryogenic fuel tanks stems from the 

matrix microcracking and the resulting permeation leaks at cryogenic temperatures [1, 2]. 

Predicting the microcracking and the resulting thermo-mechanical properties degradation have been 

the subjects of numerous scientific studies, with the analytical methods by Nairn [3] and Varna [4], 

which were based on the complementary energy analysis of Hashin [5] showing good agreement with 

experimental observations. However, the evolvement of a predictive modeling tool based on these 

microcracking analytical theories for the damage analysis and design of composite pressure vessels 

needs to deal with multitudinous fitting parameters [6], such as microcracking toughness, thermal 

stresses, etc. More recently, a computational micro-mechanics approach [7, 8] using finite element 

analysis (FEA) enables a representation of the matrix cracking phenomena at micro-scale without 

relying on empirical observations. For such approach, however, there is not only a lack of validation 
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and verification with the macroscopic mechanical response obtained from experimental and analytical 

studies, but also a lack of multiscale composite design tool to perform the toughening effect analysis 

to the addition of nanofillers in multiscale fibre composites. 

Herein, we firstly present a quantitative comparison between the computational micro-mechanics 

modelling and analytical theories along with experimental evidence. The transverse cracking onset 

and progression results for cross-ply carbon fibre laminates obtained computationally using the 

properties of the matrix and the fibre-matrix interfaces in the present study show reasonably good 

agreement with experimental results and better describe the crack saturation phenomenon and the 

microcrack-induced stiffness reduction than analytical models (see Fig. 1). Then, the computational 

micro-mechanics is used here (see Fig. 2) to investigate the stacking sequence and thickness effects 

on the onset and progression of matrix microcracking for ultra-thin laminae embedded in 

multidirectional laminates (see Fig. 3). The model also allows a detailed study of the constraining 

effect of the uncracked plies, including the effects of stacking sequence for nominally equivalent ply 

layups from the viewpoint of lamination theory, and of the mechanism of crack suppression for very 

thin plies. The implications of these results for cryogenic applications of laminated composites are 

briefly discussed. Furthermore, a nano-micro-mechanics modelling approach is established to 

quantify the effects of nanofillers on the onset and progression of microcracking, where nano-

toughening effects are modelled using analytical and computational models. The model predictions 

are found to agree well with experimental results. A novel matrix-microcracking suppression 

technique for FRP composites using nano-scale fillers is proposed. 

Fig. 1 Modelling results for (a) crack density and (b) stiffness reduction. 

Fig. 2 (a) Representative FE micro-mechanics model; (b) onset of simulated matrix crack and 

experimental observation; (c) final cracking pattern at the end of the simulation. 
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Fig. 3 (a) Schematic view of the unit cell of a thin-ply sub-laminate; modelling results of the 

crack-opening displacement for different t1 when (b) t2 is fixed and (c) t2/t1 is fixed; modelling 

results of the matrix cracking onset strain for different t1 when (d) t2 is fixed and (e) t2/t1 is fixed; 
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Abstract. Topology optimization is a powerful technique for the conceptual design of engineering 
structures. In real-life applications, conventional compliance-based topology optimization may not 
fully satisfy industrial needs, e.g., the design of concrete structures. Based on the bi-directional 
evolutionary structural optimization (BESO) technique, we develop a simple and efficient method for 
controlling the maximum first principal stress in topology optimization. The algorithm employs the 
p-norm stress aggregation scheme to relax the local stress constraint into a global one. Lagrange
multipliers are adopted to find compromised designs considering both compliance and stress
constraints. The results of the 3D numerical example show that, compared to the conventional
solutions without considering the stress constraint, the proposed approach can significantly decrease
the stress level with a slight increase in compliance. The new algorithm shows great potential for the
topological design of concrete structures.

Keywords: Topology optimization, stress constraint, bi-directional evolutionary structural 
optimization (BESO), first principal stress.  

Introduction 
Topology optimization has undergone a remarkable development recently [1]. Most of the 

development on structural optimization has focused on compliance or other global response 
constraints such as displacement. However, stress-based topology optimization has been recognized 
as a challenging one caused by the “singularity” problem and local property of the stress field [2]. 

In previous works, almost all material failure constraints were based on the global p-norm stress, 
the local stress constraints, or the von Mises yield criterion [3]. These criteria can be used to predict 
the failure of metal materials. However, in civil engineering, building materials behave with different 
strengths in tension and compression. For instance, concrete and cement have high compressive 
strength but low tensile strength [4]. Tensile membrane and fibrous materials, e.g., cloth, steel cables, 
and nylon ropes, have high tensile strength but very low compressive strength due to buckling [5]. 
From a practical point of view, the different behaviors of materials in terms of tension or compression 
criterion could generate a unique optimization design [6].  

Therefore, controlling the principal stress is imperative in practical engineering applications. 
Despite the large quantity of existing research [7], topology optimization considering the maximum 
principal stress remains an open issue, where nonlinear stress behavior and topological oscillation 
would be induced during the form-finding process. To this end, finer finite element mesh, smaller 
evolution ratio (which is used to add or remove elements), and larger filter radius are commended. 

In this study, a BESO-based approach is developed for controlling the maximum first principal 
stress (FPS) in a compliance minimization problem, and a 3D numerical example is given to validate 
the method. 

Methodology 
For a design domain-containing linear elastic material that needs to limit FPS, the topology 

optimization problem for minimizing the structural compliance can be defined as: 
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where C is the structural compliance, K, U, and F are the global stiffness matrix, the global 
displacement, and load vectors, respectively. vi is the volume of the ith element, and Vf is the material 
volume required in the design. σ1

max, σi,1, and σ1
* are the maximum FPS in structure, FPS of the ith 

element and the critical value of FPS, respectively. 
To overcome the high computational cost difficulty of local stress constraint in optimization, the 

p-norm scheme is adopted to, and therefore, the design objective function introducing a Lagrangian
multiplier λ is modified by replacing the σ1

max with σpn, i.e.,

,λ σ= + ⋅ pnf C            (2) 
where 

1/
,11

( ) ,N p p
pn ii

σ σ
=

= ∑             (3) 
where positive p is the order of norm. When p tends to infinity, σpn = σ1

max [8]. 
In civil engineering, materials like concrete are more able to withstand compression. Hence, 

another aspect of FPS constraint is that negative FPS in the design domain will be neglected. Eq. (3) is 
rewritten as 
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Finally, the sensitivity of objective function can be derived as 
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u k u μ k u                 (6) 

where µj is the vector of adjoint nodal values of the jth element for p-norm function of FPS. 
After obtaining the sensitivity of the objective function, the BESO technique is adopted to solve the 

optimization problem described in Eq. (1) using the BESO-FPS method. The BESO method for 
topology optimization has been detailedly elaborated in [1].  

Numerical example 
In Fig. 1, a 3D L-bracket problem is optimized.  The structure is clamped at the top end, and a 

uniform load of 100 kN/m2 is applied to the 4 m length nearby the right end of the top edge. Vf = 40%, 
ER = 2% and σ1* = 4.0 MPa. The design domain contains 25,600 unit square elements, and the norm 
parameter p is set as 10. 
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Fig. 1 Initial structure 

According to the Fig. 2,  the proposed method could decrease the maximum FPS by about 27% 
while the compliance only increases by 2%.  It is expected that the proposed method shall be more 
efficient for 3D designs if the mesh would be refined, yielding more accurate stress estimation.  

Fig. 2 Optimal topologies attaching FPS fields in different cases. “BESO” means a basic BESO 
solution. “BESO-FPS” means the solutions of the present approach. 

Summary 
In this work, we have proposed the BESO-FPS method to minimize the structural compliance of 

continuum structures under constraints on both the maximum tensile FPS and the structural volume 
fraction. The local stress constraint is converted into a global constraint by using the p-norm function. 
A 3D numerical example demonstrates the effectiveness of the present approach.  
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Abstract. Fracture models are generally classified into two different categories, smeared models 

and discrete models. Phase field model is one of the smeared models, which is popular in recent 

years. Different from the conventional discrete models, phase field model does not require to track 

the crack surface as the crack propagation can be automatically simulated by minimizing the total 

potential energy function. However, in order to capture the crack propagation, phase field model 

requires an extremely fine mesh for the simulation. Therefore, in this research, an adaptive phase 

field modeling with scaled boundary finite element method (SBFEM) will be developed to 

efficiently simulate the fracture process. A hierarchical mesh generation algorithm, quadtree/octree 

mesh, will be applied in this research for the adaptive local remeshing. Moreover, it is possible to 

exploit the parallel processing techniques by using the SBFEM patterns, which will significantly 

reduce the computational cost. 

Keywords: Phase field model; Quadtree/Octree mesh; Scaled boundary finite element method. 

Introduction 

3D predictive fracture modeling including the crack initiation and propagation are still the parts of 

the challenges in solid mechanics. The existing models can be classified into two different 

categories, the discrete models and smeared models. In the discrete models, cracks are explicitly 

simulated as surfaces with discontinuities. Since that, the tracking for crack surfaces is required in 

these discrete models, which is tedious and leads to a huge computational cost. Furthermore, in 3D 

complex crack patterns, sometimes the crack surfaces are not trackable. Compared with the discrete 

models, the phase field model shows high performance in simulating the complicated fracture 

processes including the crack initiation, merging and branching in dynamic problems in both 2D 

and 3D geometries. The crack surfaces are automatically simulated by the evolution of an 

introduced ‘phase field’ value Φ. In phase field model, the crack paths are simulated with the phase 

field value Φ (1 for fully cracked state and 0 for uncracked state) as shown in the following Fig. 1 

[1]. 

Fig. 1 Phase Field Crack Regularization 
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However, there are still some limitations for phase field model. One of the limitations is the 

extremely fine mesh is required to apply the analysis. In phase field model, the crack width is 

regularized by the introduced length scale parameter l0. As this length scale parameter approaches 

zero, the crack simulation is closed to a real crack. Therefore, to resolve this length scale parameter, 

an extremely fine mesh is required which causes the huge computational cost. 

One of the possible approaches to address this limitation is to apply an adaptive mesh refinement 

strategy. Quadtree/Octree mesh is a hierarchical mesh generation algorithm in which the local mesh 

refinement is easily to apply by dividing each element into four/eight. The process of octree mesh is 

shown in Fig. 2. However, this mesh generation algorithm leads to the hanging nodes issue in the 

mesh needed to be handled. 

Fig. 2 Hierarchical Octree Mesh Generation 

Due to the high flexibility of the shape of sub-elements, the SBFEM is used in this study. In 

SBFEM, the sub-elements (shown in Fig. 3) can be arbitrary polygons (in 2D) or arbitrary 

polyhedral (in 3D) satisfying the scaling requirement, which is able to handle the hanging nodes 

issue. The scaled boundary coordinates are introduced as the circumferential coordinate (η) along 

the boundary and the radial coordinate (ζ). Fig. 3 [2] shows a typical 2D scaled boundary finite 

element. Moreover, the stiffness and mass matrices can be pre-computed for fixed number of the 

sub-element patterns, which will significantly increase the computational efficiency and can be used 

in parallel processing. 

Fig. 3 A Typical 2D Scaled Boundary Finite Element 

Therefore, phase field model, quadtree/octree mesh and SBFEM are highly complementary in 

simulating the fracture process. The aim of this research is to develop an adaptive phase field model 

for brittle fracture with SBFEM.  

Numerical Example 
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A numerical example is presented here to demonstrate simulation process of the proposed method 

for a simple L-shaped slab under static load. The geometry and boundary condition are given in the 

Fig. 4 (a). The experimental result from [3] shown in Fig. 4 (b) is used to compare with the 

simulation result. The crack propagation in phase field modelling and mesh evolution are presented 

in Fig. 5 (a) and Fig. 5 (b), which shows a good agreement result compared with the experiment 

result and simulation with standard finite element method with uniformed mesh [Ambati]. 

(a)                                                            (b) 

Fig 4 (a) L-shaped Slab Geometry. (b) Experimental Result 

(a)                                                             (b) 

Fig. 5 (a) Final Mesh of Phase Field Model (b) Final Phase Field Description of Slab 

Summary 

In this research, an adaptive phase field model with SBFEM is proposed to automatically simulate 

the crack propagation including crack initiation, merging and branching. The efficiency is improved 

by using a local adaptive remeshing strategy and parallel processing techniques. The accuracy of 

this model is demonstrated by a numerical example. 
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Abstract. Silicon (Si) is a promising electrode material for next-generation Li-ion batteries due to its 

ability to reversibly store a high concentration of Li ions. However, the large volume change and 

induced stress cause the pulverization of lithiated Si leading to poor capacity retention. A 

fundamental understanding of the lithiation mechanism and mechanical behaviour of Si anode is 

necessary to address the poor mechanical integrity of lithiated Si. Hereby, we use molecular 

dynamics simulations to investigate lithiated Si with a focus on lithiation mechanism, stress 

generation, mechanical property change and failure behaviour. The results show that 1) the lithiation 

process in Si anodes is controlled by the phase boundary movement and <110> is the preferential 

lithiation direction in crystalline Si; 2) The compressive stress is accumulated at the phase boundary 

of crystalline Si during lithiation, but amorphous Si can mitigate the stress by deformation; 3) The 

elastic modulus and fracture strength of lithiated Si decrease with increasing Li concentration; 4) 

Lithiated Si shows a transition from brittle fracture to ductile deformation during lithiation. These 

results provide some insight into the electrochemical/mechanical coupling and structure-property 

relationship in lithiated Si during charge/discharge cycles.  

Keywords: Molecular dynamics simulation; Silicon anodes; Li-ion battery; Mechanical behaviour. 

Introduction 

Silicon (Si) is a promising anode material for high-performance Li-ion batteries due to its high 

gravimetric capacity and abundance in the earth [1, 2]. However, Si displays large volume changes 

and severe induced stress during electrochemical cycling processes leading to pulverization and poor 

cycling retention [3, 4]. To overcome the challenge in Si anodes, it is essential to obtain a better 

understanding of Li-Si alloying mechanisms and associated mechanical behaviour. The lithiation 

mechanism controls the shapes of lithiated Si and affects its fracture. During lithiation, the fracture in 

crystalline Si is highly related to the anisotropic volume change due to the cracks on the surface [5]. 

But amorphous Si shows isotropic expansion and better fracture resistance than crystalline structures 

[6]. Additionally, compared with pure Si, the strength of lithiated Si decreases, but ductility is 

improved [7]. This softening effect induced by lithiation can also affect the fracture behaviour of 

lithiated Si at different Li concentrations [8]. Although the lithiation mechanism and mechanical 

behaviour are the keys to improve the electrochemical performance of Si anodes, so far, there is a 

limited understanding of these two aspects. Therefore, this study focuses on the lithiation mechanism, 

stress generation, mechanical property change and failure behaviour in lithiated Si. The outcomes are 

expected to help improve the electrochemical performance of Si anodes. 

Results and discussion 

One-direction lithiation simulations were carried on in amorphous Si and crystalline structures 

alone [100] and [110] lattice orientations. The charge distributions of Si in Fig. 1 (a) show the 

lithiation is realized by phase boundary movement, and the Si structures are decomposed in the phase 

boundary movement. Based on the simulation results, we measure the lithiation speed. Si[110] shows 

a higher lithiation speed than Si[100], because there are many atomic channels along <110> lattice 
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orientations. Those channels will help Li-ion diffusion during lithiation. Compared with crystalline 

Si, amorphous Si has the highest lithiation speed. According to the stress distribution along the 

lithiation direction, the compressive stress is accumulated at the phase boundary in crystalline Si 

during lithiation, but the increasing stress is not found in amorphous Si. For crystalline Si, Li ions 

insert into the crystal structures leading to large lattice distortion and compressive stress. And the 

compressive stress is accumulated at the phase boundary and slows down lithiation. But amorphous 

Si is easy to decompose during lithiation, form large phase boundary and release stress by 

deformation resulting in fast lithiation speed. 

Fig. 1 (a) The charge distribution of Si during lithiation for amorphous Si and crystalline Si alone 

[100] and [110] after 200 ps [9]. (b) Stress-strain behaviour of LixSi structures under uniaxial tension.

(c) Contribution of chemical bonds to the failure of LixSi structures under tensile stress [9]. (d)

Microstructural evolution of Li1Si and Li4Si at different strains.

The lithiation process changes not only the microstructures of Si anodes but also mechanical 

behaviour. Fig.1 (b) shows that the elastic modulus and fracture strength of lithiated Si decrease with 

increasing Li concentration, but the ductility is improved [9]. The evolution of mechanical properties 

depends on the chemical bonds in lithiated Si. The breakage of the chemical bonds of LixSi under 

tensile stress is shown in Fig.1 (c) [9]. When x < 2.5, the brittle fracture of Li-poor phases is 

dominated by the breakage of covalent Si-Si and mixed ionic-covalent Si-Li bonds, thereby 

exhibiting relatively high strength but limited plastic deformation. With continuously increasing Li 

content, Li-rich phases mainly consist of metallic Li–Li bonds, which are weaker than Si-Si and Si-Li 

bonds [10]. Therefore, the softening effect caused by lithiation is attributed to the formation of Li–Li 

bonds and the decrease of Si-Si and Si-Li bonds. Besides, the failure behaviour of LixSi shows a 

transition from brittle fracture to ductile deformation when x is around 2.5. Considering the snapshots 

of microstructure at different strains in Fig.1 (d), the brittle fracture of Li-poor phases is attributed to 
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nanoscale cavitation and void propagation. But the good ductility of Li-rich phases is attributed to the 

local rearrangement of Li ions caused by atomic rotation and stretching, because metallic Li-Li bonds 

are non-directional bonds and having the highest degree of freedom to rearrange under load.  

During delithiation, Si anodes show a ductile-to-brittle transition, because Li ions are extracted 

from Si-Li alloys. Compared with pristine Si, the number of 4-coordinated atoms decreases in the 

delithiated Si, but the over-coordinated and under-coordinated atoms increase. It indicates that the 

delithiated Si has a severer atomic disorder. The different microstructures change the failure 

behaviour.  Compared with pristine Si, delithiated structures show lower mechanical strength due to 

the abundant void nucleation sites and cavitation. The atomic disorder also improves ductility. 

Summary 

In this work, molecular dynamics simulation was used to investigate the lithiation mechanism and 

mechanical behaviour in Si anodes. Based on our research results, the conclusions are drawn here:  

1. The lithiation is controlled by the phase boundary movement in crystalline and amorphous Si.

<110> lattice orientation is the preferential lithiation direction in crystalline Si due to the atomic

channels along this direction. The different lithiation speeds along lattice orientations result in

anisotropic volume change in crystalline Si.

2. Compressive stress is accumulated at the phase boundary in crystalline Si due to the lattice

distortion caused by Li insertion. And it slows down the consequent lithiation process. However,

amorphous Si can mitigate the stress at the phase boundary through deformation. As a result,

amorphous Si shows a higher lithiation speed.

3. With increasing the Li concentration in lithiated Si, the elastic modulus and fracture strength are

reduced, but the ductility is improved, because of the increase of Li-Li bonds.

4. Lithiated Si shows a transition from brittle fracture to ductile deformation during lithiation. The

failure is attributed to nanoscale cavitation and void propagation, and the ductility of Li-rich

phases is due to the local rearrangement of Li atoms caused by atomic rotation and stretching.

5. Si-Li alloys show a ductile-to-brittle transition during delithiation with the reduction of Li

concentration. The pristine amorphous structure shows brittle fracture due to void propagation.

After one cycle, the delithiated Si shows an increased atomic disorder and a large number of void

nucleation sites, resulting in void coalescence under stress.
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Abstract. High thermal dimension stability is crucial for high precision applications where the 

surrounding temperature may fluctuate substantially. This study develops a novel 3D printed carbon 

fibre reinforced plastic (CFRP) composite lattice with high thermal dimension stability. The CFRP 

composite lattice is designed with a continuous carbon fibre reinforced polyamide (PA) mainframe 

interlocked with four short carbon fibre reinforced PA brim strips, fabricated via fused filament 

fabrication (FFF). Finite element analysis (FEA) models are established using continuum shell 

elements with thermo-elastic constitutive relations to describe the thermal behaviours of 3D printed 

layup characteristics by FFF. Specific experiments were performed to validate the design and 

modelling results. The results indicate that the CFRP composite lattices present high-level thermal 

dimension stability, where the effective CTEs are 4.6×10−6/℃ by experiments and 4.9×10−6/℃ by 

FEA, respectively. Mechanism analyses based on FEA show that a triangular mechanism between the 

mainframe and brim strips and a mainframe made of the cross-ply of unidirectional CFRP contribute 

to the high thermal dimension stability of the composite planar lattices. The outcomes demonstrate 

the capability enabled by 3D printing using continuous and short carbon fibres in constructing 

structural parts of high thermal dimension stability.

Keywords: Continuous carbon fibre; 3D printing; finite element analysis; coefficient of thermal 

expansion; thermal dimension stability. 

Introduction 

The thermal dimension stability relates to the coefficient of thermal expansion (CTE) of applied 

materials, thus in order to achieve thermal dimension stability for a structure, a proper structural 

assembly of different materials with varied CTEs was proposed [1-2]. For instance, by using two 

dissimilar either polymers [3] or metals [4], the structures of thermal dimension stability can be 

acquired with isotropic materials. However, it is well established that anisotropic composites such as 

continuous carbon fibre reinforced plastic (CFRP) composites can achieve much higher mechanical 

properties than their isotropic counterparts [5]. Thus, theoretical works on tailorable or zero CTE for 

composite laminates were performed based on the laminate theories. However, these studies were 

only raised for composite laminates with simple structural shapes (viz. square) and at the theoretical 

stage without experimental investigations. This study develops novel CFRP composite lattices with 

high thermal dimension stability via additive manufacturing using fused filament fabrication (FFF). 

Design methodology and experimental setup 

To achieve CFRP composites with thermal dimension stability in all planar directions, based on a 

stretched triangle-induced CTE mechanism [1], a novel configuration is developed; two categories of 
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components, i.e., the brim strips made of short carbon fibre (SCF) reinforced polyamide (PA) and a 

mainframe made of continuous carbon fibre reinforced PA, are designed to induce thermal dimension 

stability of a CFRP composite lattice. In this scenario, the design basically adopts the dual-material 

triangular CTE mechanism with large thermal expansion of the brim strips (of high CTE) and small 

thermal expansion of the mainframe (of low CTE) when the surrounding temperature fluctuates. 

Here, we adopted a cross-ply manner with a sequence of alternative 45°/135°, in the lattice 

coordinates, for direct 3D printing with FFF; this design especially balances the thermal performance 

of unidirectional continuous carbon fibres for a low CTE in the mainframe, being beneficial to 

symmetric behaviour of the whole composite lattice. Because dissimilar composite materials are 

utilised, an interlock design is adopted to integrate the mainframe and brim strips to construct the 

CFRP composite lattice.  

In this study, a Markforged® Mark II 3D printer with FFF was used for fabricating all CFRP parts 

of the composite lattice, as shown in Figure 1(a). The experimental tests were performed using a 

high-accuracy temperature-adjustable heating plate (with a heating speed rate of ~2 ℃/s, and a 

thermal camera with a thermal analysis system for monitoring the temperature distribution in the 

lattices, shown in Figure 1(b). Due to the same response in the x and y directions in the designed 

lattice owing to the symmetric characteristic induced by the 45°/135° cross-ply, in the following 

discussion, we only address the behaviours in x direction. To analyse the thermal behaviour and to 

measure the effective CTE of the designed lattices, digital image correlation (DIC) photographic 

analysis was implemented after data processing. Temperatures on the lattices’ surface were 

monitored and captured by the thermal camera for measurement. In addition, the heating plate surface 

was well cleaned with acetone to achieve good contact between the surface and the lattice. 

Finite element analysis (FEA) 

FEA models are performed for the CFRP composite lattices in accordance with experiments, and 

the meshwork for CFRP lattice can be seen in Figure 1(c). For the mainframe made of continuous 

carbon fibre reinforced PA, the fibre directions are assumed to be orthogonal linear elastic. Basically, 

the constitutive stress-strain relation can be calculated under a material Cartesian coordinate system 

as a function of both elastic modulus and thermal strain: 

= thεE (1) 

where σ is the stress vector, E is the stiffness matrix, and εth is the thermal strain produced by material 

thermal expansion that can be formulated as 

0

= 
iT

i
T

dTthε       (2) 

where α is the vector of orthogonal CTE properties, Ti and T0 are current and reference temperature, 

respectively.  
The strips made of short carbon fibre reinforced PA is treated as an isotropic material because of 

its short carbon fibres (less than 150 µm in average) and a nominal fibre volume fraction of SCF of 

10%, and meanwhile the cross-ply feature exerts effective reduction in anisotropy [6]. It is to note that 

the specific material properties for modelling the CFRP composites were experimentally evaluated. 

Fig. 1: (a)  Markforged® Mark II 3D printer, (b) CFRP lattice and experimental set-up and (c) FEA 

meshwork for CFRP lattice 
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Results and summary 

Based on measurement, the effective CTEs versus temperature were measured and shown in 

Figure 2. It can be seen that the effective CTE versus temperature is consistent between the 

simulation and experiment. Particularly, the final effective CTEs of the designed CFRP composite 

lattices is 4.6×10−6/℃, showing a near zero CTE capability and demonstrating high-level thermal 

dimension stability. Also, the effective CTE for CFRP composites from the simulation is 

4.9×10−6/℃, with a marginal discrepancy from the experimental result. Thus, all results proved the 

significant enhancement and design efficacy in thermal dimension stability of the CFRP composite 

lattice against thermal variation environment. 

Fig. 2: Effective CTE versus temperature of CFRP composite lattice 
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Abstract. Road tunnels during service life can be subjected to accidental internal gas explosions, e.g., 

Boiling Liquid Expansion Vapour Explosions (BLEVEs). It is therefore necessary to understand 

dynamic behaviours of road tunnels against internal gas explosions and identify characteristics of 

ground vibrations induced by gas explosions inside tunnels. In this paper, dynamic response of an 

arched tunnel subjected to an internal BLEVE is numerically investigated by using the software 

LS-DYNA. Ground vibrations of surrounding rock mass induced by the BLEVE are also evaluated. 

The results indicate that lining experiences more severe damage than rock mass. Meanwhile, a safety 

distance from the arched tunnel for adjacent RC structures is determined by comparing the 

BLEVE-induced ground vibrations with the allowable ground vibrations specified in AASTP-1. 

Keywords: Tunnel response; Internal gas explosion; Damage; Ground vibration 

Introduction 

Road tunnels have been constructed worldwide due to their abilities in reducing urban traffic 

congestion and improving transportation efficiency [1]. Accidental gas explosions inside road 

tunnels, e.g., Boiling Liquid Expansion Vapour Explosions (BLEVEs) induced by the burst of 

transported gas or fuel tankers inside tunnels, can severely threaten the safety of tunnel structures, the 

stability of surrounding geological media, and the safety of adjacent civil infrastructures. In order to 

avoid the catastrophic damage of tunnel structures and surrounding geological media, it is essential to 

investigate dynamic response of road tunnels subjected to internal gas explosions. It is also necessary 

to evaluate ground vibrations induced by gas explosions in tunnels for the safety design and 

protection of adjacent engineering structures. However, very limited studies investigated dynamic 

responses of tunnels and characteristics of ground vibrations under gas explosions inside tunnels. The 

present study numerically investigates the dynamic response of an arched road tunnel against an 

internal BLEVE and evaluates the ground vibrations of surrounding rock mass induced by the 

BLEVE. 

Numerical model 

Fig. 1(a-c) shows the finite element model details of the arched tunnel [2], including model 

domain, boundary conditions, geometric configurations of tunnel, characteristics of lining concrete, 

and arrangements of steel reinforcements. The solid elements with the size of 100 mm are used to 

mesh the rock mass and lining concrete near BLEVE by conducting mesh convergence tests. To 

improve computational efficiency of numerical model, the mesh sizes of rock mass and lining 

concrete increase with the increased distance from BLEVE centre. Beam elements with the size of 50 

mm are used to mesh the steel reinforcements. A quasi-static method [3] is used for the initialization 

of in-situ stress in rock mass. BLEVE loads induced by the burst of a 20 m3 liquefied petroleum gas 

(LPG) tanker (i.e., the tanker with a diameter of 2.4 m and the half length of 2.3 m) inside the arched 

tunnel are simulated by using Computational fluid dynamic (CFD) code-FLACS. Then, the simulated 

BLEVE loads are then applied onto the tunnel section in LS-DYNA. The first 8m section is divided 

into 8 segments with the interval of 1m and each segment is subdivided into 5 parts (i.e., A, B, C, D, 

and E). The corresponding BLEVE loads on each segment are shown in Fig. 1(d). 

The Karagozian & Case model (i.e., *MAT_72REL3), the piecewise elastic-plastic model (i.e., 

*MAT_24), and the Riedel–Hiermaier–Thoma (RHT) model (i.e., *MAT_272) are respectively
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employed to simulate the behaviour of lining concrete with the compressive strength of 25 MPa,  steel 

reinforcements with the yield strength of 300 MPa, and surrounding mudstone of tunnel. Strain rate 

relationships for steel rebars proposed by Malvar [4] and concrete developed by Hao and Hao [5] are 

respectively embedded into *MAT_24 and *MAT_72REL3 by using the keyword * 

DEFINE_CURVE in LS-DYNA. The calibrations of lining and rock mass have been conducted by 

the authors in previous study and is not repeated herein due to the page limitation. 

Fig.  1 Finite element model of road tunnel, (a) numerical model and boundary conditions, (b) 

cross-sectional lining concrete, (c) steel reinforcement, (d) BLEVE load applied on each segment. 

Result and discussion 

Fig. 2(a-b) shows the damage modes of lining and rock mass subjected to internal BLEVE. Lining 

and rock mass experience severe damage close to BLEVE centre. The most severe damage of lining 

and rock mass occurs near the corner due to stress concentration. Although the lining invert is closer 

to BLEVE centre than the lining arc, the lining invert experiences less severe damage than the lining 

arc due to the larger concrete thickness of the lining invert. Rock mass experiences less severe 

damage than lining. Therefore, more attentions should be paid to the lining subjected to internal 

BLEVE. 

To evaluate the ground vibrations induced by the BLEVE inside the arched tunnel, Fig. 2(c) 

compares the simulated ground vibrations with the allowable ground vibrations for reinforced 

concrete (RC) structures specified in AASTP-1 [6]. It can be found when the scaled distance is less 

than 0.86 m/kg1/3, the BLEVE-induced ground vibrations are greater than the allowable ground 

vibrations. However, when the scaled distance is over 0.86 m/kg1/3, the corresponding ones are lower 

than the allowable ground vibrations. That is to say, if a truck with a 20 m3 LPG tanker is allowed to 

pass a road tunnel surrounded by mudstone, a minimum distance of 9 m (i.e., corresponding to the 

scaled distance of 0.86 m/kg1/3 in this study) from the tunnel centre for adjacent RC structures should 

be given to ensure the safety of adjacent RC structures, or appropriate strengthening of the structures 

need be made to resist possible accident BLEVE inside the tunnel. 
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Fig.  2 Damage modes of lining and rock mass as well as ground vibrations of rock mass under 

internal BLEVE. (a) lining damage, (b) rock mass damage, (c) ground vibrations 

Conclusion 

This study numerically investigates the dynamic response of an ached road tunnel against an 

internal BLEVE and evaluates ground vibrations induced by the BLEVE. The results show the most 

severe damage occurs at the corner of lining and rock mass due to stress concentration. Meanwhile, 

the surrounding rock mass experiences less damage than lining. According to the allowable ground 

vibrations, a minimum distance of 9m from the arched tunnel is recommended for adjacent RC 

structures to safely resist the ground vibrations induced by the BLEVE of a 20 m3 LPG tanker inside 

the tunnel. 
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Abstract. A phase-field model has been implemented into finite-element method to simulate the 

fracture behaviour of rock-like brittle materials. In this approach, the sharp crack can be continuously 

smeared by introducing a phase-field variable. To validate the proposed model, a series of single-

flawed and double-flawed Brazilian disks made from 3D-printed rock-like materials have been 

simulated through a 2D time-independent phase-field model in Abaqus/Standard. More importantly, 

the phase-field model is innovatively modified to simulate the manifestation of wing tensile crack in 

the disks with inclined flaw, which is achieved by splitting energy release rates for tensile and shear 

crack modes. The numerical results are in good agreement with the experiments in terms of both 

initiation and propagation of cracks of different modes. 

Keywords: Brittle fracture, phase-field, finite-element method, rock-like materials 

Introduction 

Brittle fracture behaviour of rock-like material is of great interest in the engineering field. Besides 

crack monitoring approaches, numerical simulations for predicting brittle fracture are very important 

in many engineering applications and have been extensively developed over the last decades. Existing 

finite-element-based numerical modelling of fracture can be classified into two categories: 

discontinuous discrete approach and continuous smeared approach [1]. The continuous approach such 

as phase-field modelling in which the sharp crack can be diffused into its adjacent solid and the 

description of discontinuity is excluded, has received extensive attention in the last decade. In phase-

field modelling, the crack diffusion is described by using a new field variable. In this study, a 2D 

time-independent phase-field model is implemented for simulating brittle fracture. To demonstrate 

its capability, the developed model is used to simulate fracture behavior of a series of pre-flawed 3D-

printed rock-like Brazilian disks.  

Methodology 

Formulation The sharp crack is smeared by using a phase-field variable φ(x), where  φ = 1 and 

𝜑 = 0 represent fully cracked and intact materials respectively. The sharp crack can be continuously 

smeared by an exponential function: 

𝜑(𝑥) = 𝑒
−|𝑥|

𝑙⁄
. (1) 

where l is an adjustable length parameter to regulate the extent of diffusion. The smeared crack 

with infinitesimal l can perfectly represent the sharp crack. The phase-field approach is based on the 

variational approach proposed by Bourdin et al. [3] For any bounded domain ℬ with boundary 𝜕ℬ, 

the functional for relating crack surface and phase-field variable is given by: 

𝛤𝑙(𝜑) = ∫ {
1

2𝑙
𝜑2 +

𝑙

2
|𝛻𝜑|2}

ℬ
𝑑𝑉.     (2)       

The main idea of the phase-field method is to add the contribution of phase field into both strain 

energy and surface energy from traditional Griffith’s theory. The complete formulation of the phase-

field variable can be found in [2,3].  

Numerical Implementation A 2D time-independent phase-field model is implemented in the 

commercial finite element code Abaqus/Standard [4]. In order to incorporate phase-field variable into 

66



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

stress and strain fields, the embedded user subroutine platform in Abaqus is used, including UEL 

(user-defined element) and UMAT (user-defined material). 

The developed model is applied to simulate the brittle fracture behaviours of a series of 3D printed 

pre-flawed Brazilian disks, based on the experiment results by Sharafisafa et al. [5]. Figure 1(a) 

depicts the schematic of the pre-flawed disk under compressive load. The cross-section diameter and 

the thickness of the disk are 40 mm and 15 mm respectively. The cross-section of the prefabricated 

flaw is an 8 mm × 0.6 mm rectangle whose centre is located at the disk centre. The samples with the 

flaw oriented at  𝛼 = 90° and 45° will be simulated in this work. In addition, Young’s modulus and 

Poisson’s ratio of the disks are 1.35 GPa and 0.285 respectively. The finite element meshing for the 

case with 𝛼 = 90° is shown in Figure 1(b). The element type is CPS4R. The middle critical zone 

including potential crack propagation is discretised with smaller elements. As a result, the number of 

total elements for the disk with 𝛼 = 90° is around 21,000, while that for the disk with 𝛼 = 45° is 

around 55,000 which results from a larger critical zone with refined mesh inside. 

Fig. 1: (a) Schematic illustration of a pre-flawed disk [5], (b) finite element meshing in Abaqus 

Results and Discussion 

The simulation results for the disk with 𝛼 = 90° are demonstrated in Figure 2. The contour output of 

phase field for the whole disk intuitively shows the growth of the crack path, where the red elements 

with 𝜑 = 1 represent the smeared fully cracked zone.  

(a)            (b)       (c)       (d) 

Fig. 2: Results of the specimen with 𝛼 = 90° from (a) crack initiation (b) crack propagation (c) 

values of phase-field contour (d) experimental failure patterns represented by horizontal normal 

strain contour from [5] 

Figure 2(d) is the result measured from the experiment, which is the distribution of horizontal 

normal strain contour (𝜀𝑥) obtained using digital image correlation [5]. The red zone represents larger 

value of strain, which exactly shows the crack path in the disk. The simulation of crack pattern shows 

a good agreement with the experimental results. 
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The simulated crack contours for the case with 𝛼 = 45° and the corresponding phase-field value 

are shown in Figure 3 (a)-(c). The crack initiates at two notch tips and the initial crack direction is 

not vertical due to the shear effect introduced by the 45° flaw. Each of the crack growth tends to be 

closer to the vertical direction and will finally reach the point which is exactly above or below the 

corresponding notch tip. Figure 3(d) is the crack opening displacement (COD) from [5]. The crack 

initiation and the curved crack propagation are both as expected. 

(a)            (b)         (c)       (d) 

Fig. 3: Results of the specimen with 𝛼 = 45° from (a) crack initiation (b) crack propagation (c) 

values of phase-field contour (d) crack opening displacement (COD) at initiation from [5] 

In both cases, the crack initiates at both notch tips because the stress here reaches the critical value 

first. This is simulated by transferring strain energy of the elements at tips into surface energy, which 

is controlled by the energy release rate included in the formulation [2,3]. As for the crack propagation, 

the existence of Poisson’s ratio results in a pure tension crack mode in the case with 𝛼 = 90° and a 

combination of tension and shear crack modes in the case with 𝛼 = 45°. In addition, a pair of tensile 

wing crack can also be observed in the experiments on the case with 𝛼 = 45°. The propagation of 

wing tensile crack and shear crack are dependent on not only the properties of the rock-like material 

but also the inclination angle of the pre-existing flaw. The model can be further modified by splitting 

the energy release rates on tensile and shear cracks separately. The results of simulating tensile crack 

from the samples with different inclination angles will be further discussed in our future study. 
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Abstract. In recent years, the application of magnetorheological materials and technologies to 

vibration control of civil structures has garnered much interest. While a large portion of the research 

is focused on control strategies, many novel designs have been proposed to target the specific 

challenges presented by the application magnetorheological materials. Where this work presents a 

novel tuned mass damper which utilizes magnetorheological fluid, the insights gained from this 

semi-active device have been applied to produce a smart-passive alternative. Rather than solenoid-

based control of the magnetic field required to energize the magnetorheological fluid, shear 

thickening fluid is employed for is shear-rate dependent viscosity. This thereby mitigates the need 

for any such control effort. Through scale building vibration experiments, it is demonstrated that 

both devices are effective in attenuation of building vibration.

Keywords: Earthquake, Magnetorheological Fluid, Resonance, Shear Thickening Fluid, Tuned 

Mass Damper, Vibration Control. 

Introduction 

With natural disasters arising periodically due to seismic activity, there is a need for continued 

innovation and development in the field of seismic vibration control. With magnetorheological 

elastomer tuned mass dampers [1, 2] and base isolators [3] showing much promise in protection of 

buildings and other civil structures through variable resonance, the stroke limitation of these devices 

are their primary weakness [1]. Conventional magnetorheological fluid (MRF) dampers have been 

shown to attenuate vibration in buildings [4], however lacking the resonance shifting property 

which can further improve performance, particularly in tuned mass damper resonance seeking. 

As the first design presented in this work, a variable resonance magnetorheological-fluid-based 

pendulum tuned mass damper (MR-PTMD) is shown mitigate vibration effectively through semi-

active control. Improved vibration suppression is demonstrated via semi-active control of the device 

in scale building experiments. Based on this concept of semi-active resonance seeking, the MR-

PTMD can be tuned to provide optimal transmissibility, however, requiring control effort and 

electrical power consumption. To improve upon this device, a smart material which possesses 

similar behavior to MRF but does not require external energy input would be ideal. Shear 

thickening fluid (STF) is a convenient candidate, given it increases drastically in viscosity with 

increasing shear rate [5]. As such, we present the shear-thickening-fluid-based pendulum tuned 

mass damper (STF-PTMD) as the second design included in this work. The device is shown to 

produce a resonance shift which enables its smart-passive behavior through similar scale building 

experiments to those conducted for the MR-PTMD. 
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Working Modes 

MR-PTMD. Illustrated in Fig. 1(a), a rotary magnetorheological damper governs the flow of power 

between a pendulum mass and a torsional spring. Governing of this behavior produces a 

controllable shift in TMD resonance through control of damper torque, achieved through control of 

input current to the internal electromagnetic coils of the damper. This effectively allows the 

resonance of the device to be shifted from the minimum frequency, set by the pendulum mass, to 

the maximum frequency, from the combination of the pendulum and torsional spring stiffnesses. 

STF-PTMD. Where MRF is employed in the semi-active MR-PTMD, resonance seeking is 

achieved through essentially increasing MRF viscosity with excitation frequency by use of an 

electromagnet. Similarly, this can be achieved passively in a rotary shear-thickening damper, in 

absence of any control effort. With an alternative mechanical arrangement to avoid the need of a 

planetary gearbox, the STF-PTMD is illustrated in Fig. 1(b). Despite the mechanical difference 

between the two presented devices, the fundamental mechanism is identical, placing a pendulum in 

series with a torsional spring and a viscous rotary damper with a variable viscosity and hence 

variable damping torque. 

 

 

Fig. 1. Schematic diagram of the (a) MR-PTMD, and the (b) STF-PTMD. 

Results and Discussion 

Included in Fig. 2 are the transmissibility results for the MR-PTMD and STF-PTMD from 5-story 

and 3-story scale building frequency sweep experiments, respectively. Observed in the MR-PTMD 

results of Fig. 2(a) is a stark decrease in transmissibility and hence greater vibration attenuation 

when semi-active control is applied. This is in contrast to the passive-off scenario, representative of 

a PTMD tuned to the lower resonance setting the device is capable of, shown in green. Similarly, 

improvement is found from the passive-on case, representing the higher resonance setting of the 

device. Regarding the STF-PTMD, from Fig. 2(b), it can be seen that when no PTMD is employed, 

the building will vibrate erratically at resonance around 4 Hz. For the passive PTMD scenario here, 

similar to the passive-off case for the MR-PTMD, the lower resonance setting of the STF-PTMD is 

a poor match to the building’s resonant frequency and as such offers poor attenuation performance. 

With the adaptive tuning of the smart-passive STF-PTMD, however, substantial improvement is 

observed in transmissibility, particularly around the building’s resonant frequency. 
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Fig. 2. Top floor transmissibility of scale buildings fitted with (a) MR-PTMD, and (b) STF-PTMD. 
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Abstract. The present study investigates the effects of porosity and its associated distribution patterns 
on the low-velocity impact behaviour of porous bi-directional functionally graded plates composed 
of aluminium and zirconium oxide phases. To this end, a finite element model based on 2D 
quadrilateral isoparametric elements was developed. The third-order shear deformation theory was 
applied to analyse the kinematic relationships. The effective material properties of the plates were 
extracted using the rule of mixture, and the volume fractions of the constituent phases were derived 
from a bi-directional power-law model. Porosity was assumed to be distributed through the physical 
domain of the plates based on even and uneven distribution patterns in two distinct cases. To 
determine the contact force between the plates and a steel impactor, a two-degrees-of-freedom spring-
mass model was developed, and the governing equations of the plates were derived from Hamilton's 
principle. Using a parametric study, the effects of the porosity coefficients, the porosity distribution 
patterns, and the volume fraction of the constituent materials on the impact behaviour of the plates 
were analysed. It is found that the porosity and its relative distribution patterns, along with the volume 
fractions of aluminium and zirconium oxide phases, have a significant role in determining the impact 
behaviour of the plates. Furthermore, the even porosity distribution pattern leads to a greater 
transverse deflection of the plates, compared with the uneven pattern, for all the porosity coefficients. 

Keywords: Spring-mass model, low-velocity impact, functionally graded material, porous material. 

Introduction 

The advent of functionally graded (FG) materials during 1980s in Japan has paved the way to reduce 
stress concentration and delamination damage found in the layerwise composites [1]. Some physical 
aspects of this innovative class of materials, such as pores within the microstructure and its 
corresponding effects on the macro-mechanical behaviour of the functionally graded (FG) materials 
or composites need to be analysed comprehensively. Multifunctionalities and mechanical properties 
can be tailored and enhanced in composite materials by designing multi-directional FG composites. 
Numerous research efforts have been undertaken to study the static, dynamic, vibration and buckling 
behaviour of various FG composites [2-7]. A precise control over the material property variation and 
microstructure within the composite materials cannot be achieved during a manufacturing process. 
Consequently, the presence of pores within the microstructure can be an inevitable aspect of the 
fabrication process. To the best of the authors' knowledge, the potential influences of porosity and its 
associated distribution patterns on the impact behaviour of porous bi-directional functionally graded 
(PBDFG) plates have not been extensively studied. In the present study, the potential contribution of 
porosity and its distribution patterns to the low-velocity impact behaviour of the PBDFG plates are 
investigated.  

Basic Preliminaries and Methods 

Materials Modelling. The material properties of the rectangular PBDFG plates are determined so 
as to reflect the presence of the pores within the microstructure of the plates. The material properties 
of the plates are also assumed to vary in both the length (a) and thickness (h) directions. The material 
properties for the even and uneven porosity distribution patterns are given by Eq. 1 and Eq. 2, 
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respectively. In this model, the effects of the porosity are incorporated into the material properties of 
the plates as [6]:  

,
1
2 2

(1)

,
1
2 2

1
2
| |  (2)

where P denotes a typical material property, such as Young's modulus, and α represents the porosity 
coefficient. n and m are power indices for the variation of material properties, and subscripts M and 
C relate to the metallic and ceramic phases, respectively. The even and uneven porosity distribution 
patterns are schematically shown in Fig. 1.  

Variational Formulation. By applying Hamilton's principle, the governing equation of the 
dynamic motion of the PBDFG plates is obtained. Moreover, the third-order shear deformation theory 
is also applied to establish the kinematic model for the porous plates. Eq. 3 represents the Hamilton's 
principle based on the variational forms of the total energy function ( Π), kinetics energy ( ), strain 
energy ( ), and external energy ( ) imposed on the system due to the low-velocity impact event. 

Π 0 (3)

Finite Element Formulation. A finite element (FE) model based on 2D quadrilateral 
isoparametric elements (Q8) was developed to convert the partial differential equation governing the 
dynamic motion of the plate (Eq. 3) into a set of time-dependent algebraic equations. To determine 
the impact response of the plates, a fourth-order Runge-Kutta solution method was employed in the 
analysis, and an appropriate time step was properly chosen to keep the numerical error bound below 
an acceptable range. The governing equation of the PBDFG plates was obtained as: 

 (4)

in which M and K represent the global mass and global equivalent stiffness matrices,  denotes the 
nodal displacement vector, and  is the applied dynamic force vector due to the low velocity 
impact. 

Contact Force Modeling. A two-degrees-of-freedom spring-mass system integrated with the 
modified form of the Hertz contact theory was developed to find the contact force between the target 
PBDFG plates and a spherical steel impactor under the impact event [7]. A schematic of the spring-
mass system is shown in Fig. 2. The spring-mass system integrated with the linear form of the Hertz 
contact theory yields the contact force based on the linearized contact region stiffness (Kc

*), impact 
velocity (V), mode shapes (ϕ1 and ϕ2) and natural frequencies (ω1 and ω2) of the spring-mass system, 
as given by Eq. 5.  

∗ 1
sin

1
sin  (5)

Parametric Study 

By verifying the convergence and accuracy of the FE solutions and the applicability of the spring-
mass model, through comparative studies with available literature data [6,7-10], the effects of the 
power indices, porosity coefficients and associated distribution patterns on the impact behaviour of 
the PBDFG plate are investigated. Fig. 3 and Fig. 4 demonstrate and compare the fundamental natural 
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frequencies and contact force responses obtained from the present solution with those available in the 
literature. The accuracy and validity of the present solutions can be inferred from the results shown 
in Fig. 3 and Fig. 4. Furthermore, Fig. 5 and Fig. 6 show typical results for the effects of the porosity 
coefficients and its corresponding distribution patterns on the impact behaviour of the plates, obtained 
for two different levels of the power indices (m and n) of 0.2 and 4, with α= 0, 0.1 and 0.2 in the 
clamped boundary condition. The impact velocity is assumed to be V= 5 m/s, and the geometrical 
parameters of the plates are considered to be a=0.3 m, b=0.3 m, and h=0.01 m.  

Fig. 1 (a) Even porosity pattern (PBDFG-I 
plate), and (b) uneven porosity pattern 

(PBDFG-II plate). 

Fig. 2 The linearized two-degrees-of-freedom 
spring-mass model. 

Fig. 3 Comparison of the dimensionless natural 
frequencies of the stainless steel-silicon nitride 
rectangular PBDFG-I plate, with a=b=1 m, and 
h=0.1 m, in the clamped boundary condition, 
for different porosity coefficients and power 

indices. 

Fig. 4 Comparison of the contact forces for the 
isotropic rectangular steel plate, with a=b=0.2 

m, and h=0.008 m, impacted by a spherical 
steel impactor with R=0.01 m and V=1 m/s. 

Fig. 5 Effect of the porosity coefficient on the variation of the contact force response of the (a) 
PBDFG-I and (b) PBDFG-II plates. 
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Fig. 6 Effect of the porosity coefficient on the variation of the transverse deflection response of 
the (a) PBDFG-I and (b) PBDFG-II plates. 

Summary 

The analysis of the impact behaviour of the PBDFG plates showed that an even porosity distribution 
pattern leads to a smaller contact region stiffness and an enhanced out-of-plane flexibility of the 
porous plates, compared with those exhibited by an uneven porosity distribution pattern. Both the 
contact force and transverse deflection responses of the PBDFG plates have a higher sensitivity to 
the variation of the porosity coefficient for the plates with the even porosity distribution pattern. Also, 
the effects of porosity and its relative distribution patterns are more notable in the PBDFG plates with 
a metallic dominant phase of constituent materials.  Regardless of the type of porosity distribution 
pattern, an improved impact energy absorption characteristic is found for the PBDFG plates with a 
greater porosity coefficient. Eventually, for a given value of the porosity coefficient, it is noted that 
the peak contact force of the PBDFG-II plate is greater than the peak value of the PBDFG-I plate at 
both the levels of power indices.  
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Abstract. The vibration and end-stop impact have posed a threat to drivers’ health. To solve this issue, 

a variable damping and stiffness (VSVD) seat suspension based on magnetorheological dampers 

have been developed. The damping variability can reduce the vibration, and the stiffness variability 

can reduce the vibration and avoid end-stop impact. The experimental results demonstrate that the 

VSVD control works best among all the control strategies.

Keywords: Magnetorheological dampers, variable damping and stiffness, seat suspension, vibration 

control.  

Introduction 

Drivers of heavy-duty vehicles such as mining vehicles, freight trucks and agriculture vehicles are 

usually exposed to long-term serve vibration caused by road surface unevenness, which significantly 

threatens their mental and physical health. Semi-active seat suspensions based on MR dampers [1-3] 

have been developed to solve this issue. Normally, a semi-active suspension based on MR dampers 

can reduce the vibration amplitude by regulating its damping. Apart from varying damping, changing 

the stiffness of a seat suspension will shift its natural resonant frequency away from excitation 

frequency to avoid resonance. A low stiffness also means the vibration at the high frequency will also 

be attenuated due to the small transmissibility. However, to meet the loading requirement and avoid 

end-stop impact when the limited stroke is used out, the seat suspensions must be built with large 

stiffness. Out of these motivations, this paper presents a study of semi-active seat suspension based 

on variable damping and stiffness (VSVD) dampers. The proposed seat suspension can change its 

damping and stiffness according to different vibration excitations. The suspension is able to remain 

small transmissibility with a small stiffness in the small stroke range and prevent end-stop impact by 

applying a large stiffness in the large stroke range. Besides, the stiffness can also reduce the vibration 

by absorbing the energy and dissipating it through a spring unit. 

Working Modes 

The VSVD MR seat suspension demonstrated in Fig. 1(a) is designed and manufactured. This 

prototype is a modification of a commercial seat suspension, with an original linear damper removed 

and two identical VSVD MR dampers installed on its scissors structure. As indicated in the side view 

(Fig. 1(b)), the top plate and the bottom plate are supposed to connect with the seat and the car body, 

respectively. A scissors structure consists of beam 1 and beam 2 connecting the two plates. The right 

joints of beam 1 and beam 2 are sited respectively in two sliders mounted on the plates, and they can 

move simultaneously in the horizontal direction. A sping-cam system provides initial soft stiffness to 

the suspension. Through the scissors structure, the plates’ relative vertical movement is transferred to 

the angular rotation of the VSVD damper on one hand. On the other hand, VSVD dampers’ output 

torque TVSVD is also transferred to the suspension’s vertical damper force FVSVD. Hence, by regulating 

the damping and the stiffness of the VSVD damper, the damping and stiffness of the seat suspension 

can be controlled. 
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(a)  (b) 

Fig. 1. VSVD seat suspension. (a) photo (b) working mechanism. 

Results and Discussion 

Figs. 1 and 2 present the experimental results of the seat suspension under excitations signals of 

harmonic signal and bump signal and random signal, respectively. It is found in the harmonic signal 

test result (Fig. 2) that the VD and VS cases work better than Passive on case with smaller seat 

displacement and acceleration values. VSVD works best among all the cases. It has maximum 

reductions in seat displacement (63.53%) and in seat acceleration (61.95%), compared to Passive on 

case. Regarding the random signal test results, the seat displcament and acceleration results in the 

time domain (Figs. 3(a) and (b)) prove that the VSVD case has the best performance. VD case and VS 

case have also seen improvements compared to Passive on case. The seat acceleration in frequency 

domain (Fig. 3(c)) demonstrates that the main frequency of the vibration is found to be 1.63 Hz, at 

which the amplitude of VSVD case reduced 25.13% compared to that of Passive on case. 

(a)  (b) 

Fig. 2. Harmonic signal tests result (1.8 Hz). (a) seat placement, (b) seat acceleration. 

VSVD damper 
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(a)  (b) 

(c) 

Fig. 3. Random signal tests result. (a) seat placement, (b) seat acceleration in the time domain, (c) seat 

acceleration in the frequency domain. 
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Abstract. Macrocell corrosion of reinforcements has been recognised as one of the principal 

durability issues of reinforced concrete infrastructures in aggressive environment. The estimation of 

this electrochemical deterioration highly relies on accurate interpretations of corrosion cell conditions. 

In this study, a novel electrochemical model with self-consistency is presented for the investigation 

of chloride-induced macrocell corrosion of steel in concrete. In this model, the electrical resistivity 

of concrete is consistent with the diffusivity of ions in the pore solution, which avoids the error caused 

by the arbitrary assumption of the critical cell condition. The developed approach is validated against 

the reported numerical model by taking advantage of a numerical example. The present study is 

particularly significant for the evaluation of in-service performance of reinforced concrete structures. 

Keywords: macrocell corrosion propagation, electrochemical modelling, self-consistency 

Introduction 

This paper focuses on the examination of the propagation of macrocell corrosion of reinforced 

concrete structures under chloride attack. This corrosion scenario is an electrochemical process with 

two concomitant half-cell reactions separated spatially and a complete electrical circuit [1], as 

schematically demonstrated in Fig. 1. In literatures, numerous numerical methods have been reported 

on the basis of the electrochemical theory [2-4]. As an important constitution of the corrosion process, 

the current within concrete is extensively expressed by the traditional Ohm’s law in these models. By 

this means, the quantification of the electrical resistivity of the cementitious material (Rcon in Fig. 1) 

is pivotal. However, the significant parameter was universally assumed randomly while the range 

spanned by it is one of the greatest among all concrete properties [5], which impairs the effectiveness 

and robustness of existing methods.  

In this extended abstract, a novel electrochemical modelling method is developed to investigate 

the macrocell corrosion of the reinforcement in concrete exposed to chloride. Instead of the Ohm’s 

law, a new governing equation is exploited to interpret the current within concrete. The key property, 

electrical resistivity of concrete, is implied in the diffusivity of charged particles in the liquid phase 

so that no arbitrary quantification of it is needed, which highlights the self-consistency and superiority 

of the approach. The core formulation of the model will be briefly introduced in the following section. 

The validity of the numerical model will be validated against the model proposed by Yu et al. [2] by 

exploiting a designed numerical example.  

Fig. 1 Electrochemical mechanism of macrocell corrosion process in reinforced concrete 
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Methodology 

Current within concrete. Once the passive film on the surface of steel is destroyed by the 

accumulation of chloride, the corrosion enters the propagation phase. As illustrated in Fig. 1, the 

accurate expression of the current within concrete plays an important role in the electrochemical 

modelling of the propagation. In this model, this current is expressed as the result of the motion of all 

charged ions in the pore solution of concrete, given in Eq. (1). Moreover, the electrical circuit formed 

between the steel and concrete during the macrocell corrosion process stipulates that the macrocell 

corrosion current density imac is identical to the current flux at the steel-concrete interface, see Eq. (2). 

F i iz= i Q .     (1) 

macinterface
- i =i n .     (2) 

where i is the current within concrete (A/m2), F is Faraday’s constant (96488.46 C/mol), zi and Qi are 

the valance number (-) and flux (mol/m2·s) of the ith ion, respectively.  

    Flux of ions. In order to specify the current within concrete, the transportation of all ions in 

concrete has to be described. The well-known Nernst-Planck model is adopted to interpret the 

mechanisms of this mass transfer. The driving forces of the transfer considered in this study comprise 

diffusion, electro-migration and chemical activity coupling, as shown in Eq. (3). For the detailed 

definition of each modelling parameter in this equation, one may refer to Yu et al. [6]. 

L L L

d uiffusion
electro-mi

chemical activity co pling
gration

F
ln

R

i i
i i i i i i i

D z
D w c c w D w c

T
 

 
 

= −  +  +  
 
 

Q .     (3) 

Modelling 

     The present method is applied in a designed numerical example to investigate the macrocell 

corrosion of the rebar in concrete. In this case, the upper surface of the saturated concrete is exposed 

to the 50g/L of NaCl solution for the period of 100 weeks. To validate the developed model, the 

numerical framework proposed by Yu et al. (referred as Yu’s model in the following), which has been 

validated against various experiments [2], is chosen as the reference for comparison. The progress of 

the macrocell corrosion current density at the most corrosion-sensitive point of the steel and the 

distribution of chloride along the upper concrete cover at day260 are showcased in Fig. 2. According 

to Fig. 2, the results of present model and Yu’s model with exact resistivity ρ are almost same while 

the arbitrary assumption of the resistivity could affect the fidelity of Yu’s model adversely.  

(a)  (b)

Fig. 2 The comparison of the present model and Yu’s model: (a) progress of the macrocell 

corrosion; (b) chloride content along the upper concrete cover at day260   
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Summary 

The effective evaluation of the electrical resistivity of concrete is critical for the numerical 

modelling of the macrocell corrosion of the embedded steel rebar. A new numerical model where the 

resistivity and the mobility of solutes in pore solution are consistent is developed. In this way, the 

quantification of this key property is not required so that the error resulting from the random 

assumption of it is eliminated. The present model is proved to be valid by comparing with a reported 

modelling method that has been validated against diverse experiments.  
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Abstract. Granular packing is a fundamental problem to bridge particle properties and the effective 

behaviour of granular media [1]. The packing fraction (𝜙), i.e., the ratio of solid volume and total 

volume, is widely used as an index to reflect granular packing conditions. For mono-sized spherical 

assemblies in 3D, the value of 𝜙 is found to be around 0.55 under the random loose packing (𝜙𝑅𝐿𝑃), 

and around 0.64 under random close packing (𝜙𝑅𝐶𝑃), beyond which a certain degree of crystallisation 

can appear [2].Cohesion is of significance during the packing formation of granular materials under 

certain conditions. For fine particles, the cohesive force can be resulted from van der Waals, 

electrostatic, and capillary forces [3, 4]. The wet granular media at low water content characterise the 

high cohesion due to the attractive potential of the inter-particle liquid bridge at the pendular state 

[5]. To describe the effect of cohesion on granular materials, researchers have observed many 

phenomena, such as angle of repose, the velocity and granular temperature during wet granular flow, 

tensile strength of granular assemblies and granular packing. It is observed that the attractive inter-

particle potential can dramatically decrease the packing fraction by stabilising the structure at a 𝜙 

smaller than 𝜙𝑅𝐿𝑃  [4, 5].Therefore, precise control of cohesive granular materials is a practical 

problem in various applications [3]. This study uses the Discrete Element Method (DEM) to 

investigate the cohesive granular packing at a low volumetric water content of 0.05. The Hertzian 

contact model and liquid bridge model are used to simulate the normal inter-particle force, as 

illustrated in Fig. 1. The dissipative effect is realised through the Coulomb friction, rolling resistance 

and normal restitution coefficient. In DEM simulations, particles falling in a sequence, one by one or 

cluster by cluster, are set as the packing procedure, and the result of the packing fraction agrees well 

with that of experiments across a wide range of conditions [6]. A dimensionless index evaluating the 

ratio between kinetic energy and cohesion potential is adopted to predict packing fraction [6]. 

Through parametric study, e.g., varying falling height, surface tension and particle size, the 

consistency of the prediction using the energy ratio index is demonstrated, evidencing the 

effectiveness of this index. This numerical study extends the range of existing experimental packing 

scenarios and deepens the understanding of the dominating mechanisms in cohesive granular packing. 

Keywords: Discrete element method; cohesion; capillary bridge; granular packing. 
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Fig. 1 The illustration of the packing mechanism, inter-particle capillary force 𝐹𝑖𝑗
𝑐𝑎𝑝

 and a 

representative packing fraction 𝜙 during the packing formation. The particle insertion velocity (𝑣𝑖𝑛𝑠) 
is set for each inserted particle to control the falling energy. The colour of particles represents a 

uniform distribution of particle size, i.e., 𝑑 ± 5% . The packing fraction is calculated in a 

representative volume with depth H (shade in green) reducing the top and bottom boundary effects, 

and reaches an asymptote at around 30 of H/d. The term 𝑔 represents the gravitational acceleration. 
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Abstract. Various composites made of a matrix material featuring inclusions exhibit rate-dependent 
inelastic behaviour (“creep’’). On a microstructural level, creep is often primarily based on the matrix 
material, while the inclusions are assumed to deform only elastically. Because the microscopic 
behaviour of composites determines their macroscopic response, it is crucial to consider the complex 
microstructure in detail. For this purpose, the current paper employs of the scaled boundary finite 
element method (SBFEM) in combination with an advanced model for rate-dependent inelasticity. 
The SBFEM is chosen because it is ideally suited for the image-based analysis of composites, since 
meshes are directly generated from microstructural images by utilising an efficient quadtree-
decomposition technique. A non-linear constitutive model is implemented into the SBFEM by 
performing the stress update algorithm only at the scaling centre of the polytopal elements to increase 
the numerical efficiency. The constitutive model describes creep in martensitic steels at elevated 
temperatures by taking kinematic hardening and softening into account. It is used to analyse creep in 
a metal-matrix composite based on a microscopic image. 

Keywords: rate-dependent inelasticity, creep, scaled boundary finite element method, image-based 
analysis  

Introduction 
Nowadays, it is well-known that the macroscopic behaviour of composites is determined by their 

microstructure. Although homogenization approaches can be used to predict the macroscopic 
behaviour, in some cases, e.g., for crack propagation problems, crucial information is lost and 
therefore, it is inevitable to model the microstructure in detail. Microstructures can be visualized 
based on digital imaging technologies, and the resulting images are used for virtual testing within the 
framework of the finite element method (FEM). Within the FEM, complex structures are discretised 
into a set of sub-domains commonly referred to as finite elements. Creating a high-quality mesh, i.e., 
an assembled set of finite elements, represents a major challenge due to the complex geometries of 
microstructures.  

To reduce the meshing burden, one can exploit quadtree or octree meshing algorithms which, on 
the one hand, require a lower computational effort since the transition between geometrical features 
of different scales is handled efficiently, and, on the other hand, allow for a fully automatic mesh 
generation process [1,2]. As a drawback, when quadtree or octree methods are used within the FEM, 
hanging nodes (displacement incompatibilities) occur. To resolve this issue, the SBFEM can be 
applied to discretise complex structures with polytope elements. Within this semi-analytical method 
developed by Song and Wolf [3], the physical domain is divided into sub-domains, and subsequently 
the sub-domains are assembled to obtain a global system of equations, similar to the FEM. Within 
the framework of the two-dimensional SBFEM, hanging nodes do not exist. 

The current paper aims at using the SBFEM for the image-based analysis of composites, while 
considering a rate-dependent inelastic constitutive model for the matrix. This is of utmost importance 
because many matrix materials of composites, such as steel alloys, concrete, or polymers, exhibit 
creep. Up to the present, the SBFEM has mainly been combined with relatively simple constitutive 
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models such as J2 plasticity and linear isotropic hardening [4,5]. In contrast, the paper at hand presents 
the implementation of an advanced non-linear constitutive model into the SBFEM based on [6]. 

Implementation of an Inelastic Constitutive Model into the SBFEM 
Please note that introducing the basics of SBFEM is beyond the scope of this abstract. The 

interested reader is referred to Ref. [7] for further details. The implementation of the inelastic 
constitutive model is based on the principle of virtual work, which results in the following element 
stiffness relation for the load step 𝑗𝑗 + 1 [5]: 

𝑲𝑲Δ𝒖𝒖b = 𝒓𝒓ext
(𝑗𝑗+1) − 𝒓𝒓int

(𝑗𝑗) (1) 

with the inelastic element stiffness matrix 𝑲𝑲 and the external and internal load vectors 𝒓𝒓ext and 𝒓𝒓int, 
respectively: 

𝑲𝑲 = ∫ 𝑩𝑩T𝑫𝑫𝑩𝑩d𝛺𝛺𝛺𝛺 , 𝒓𝒓ext = ∫ 𝑵𝑵T𝒇𝒇td𝑆𝑆 + ∫ 𝑵𝑵T𝒇𝒇bd𝛺𝛺, 𝒓𝒓int = ∫ 𝑩𝑩T𝝈𝝈d𝛺𝛺𝛺𝛺𝛺𝛺𝑆𝑆 . (2) 

The vector Δ𝒖𝒖b denotes the displacement increments of the nodes at the boundary of an element, 
while 𝑩𝑩 is a strain-displacement matrix, 𝑵𝑵 is the matrix of shape functions, and 𝒇𝒇t and 𝒇𝒇b denote the 
vectors of traction and body forces, respectively. Equation 2 requires the current stress values 𝝈𝝈 as 
well as the consistent tangent operator 𝑫𝑫, which are both calculated during the stress update algorithm 
with the inelastic constitutive model.  

The non-linear constitutive model under consideration describes the mechanical behaviour of 
martensitic steels, which exhibit rate-dependent inelastic deformations as well as hardening and 
softening effects. Evolution equations for three internal variables, i.e., the inelastic strain, a backstress 
for kinematic hardening, and a softening variable, are formulated. Further details on the constitutive 
model are given in Ref. [8]. To increase the numerical efficiency of the approach, the stress update 
algorithm is only performed at the scaling centre of each element, as already discussed in Ref. [6]. 
To determine the stresses based on the prescribed strain increments, the non-linear coupled system of 
equations provided by the constitutive model must be integrated with respect to time, which can be 
done either based on the implicit/backward or explicit/forward Euler method. A detailed description 
of this procedure is provided in Ref. [6].   

Image-Based Analysis of Metal-Matrix Composite 
To present a potential application of the newly developed SBFEM implementation of a non-linear 

constitutive model, the current section analyses a metal-matrix composite (MMC) based on its 
micrograph. Figure 1 shows the micrograph, the extracted image, the generated mesh, and the results 
for the von Mises stress. For the analysis, the vertical displacement of the top edge is increased 
linearly under a constant strain rate of 10−6s−1 until a maximum displacement of 10−3mm is 
obtained. While the tungsten carbide aggregates are assumed to deform only elastically, the inelastic 
material model is used for the matrix. The stress results in Fig. 1 clearly show that the stresses 
concentrate in the aggregates and that the microstructure exerts a significant influence on the overall 
behaviour of the structure. Further details can be found in Ref. [6]. 

a) Micrograph [9]. b) Image. c) Quadtree mesh. d) Stress 𝜎𝜎vM [MPa].

Fig. 1 Micrograph, extracted image, quadtree mesh, and von Mises stress for a ferrous-based MMC 
with tungsten carbide [6]. 
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Abstract. The phase field modelling has been enriched by incorporating plasticity to predict capture 

material behaviour. This conference paper presents our recent studies on phase field fracture in elasto-

plastic solids, from variational formulation, numerical implementation to various applications for 

both quasi-statics and dynamics. Firstly, the phase field fracture coupled with classic plasticity is 

formulated in the variational framework for the energetic principles. Both the governing equations 

for the displacement field and phase field and elasto-plastic constitutive laws are derived in a rigorous 

manner. Secondly, the developed staggered algorithm is numerically implemented in commercial 

finite element code ABAQUS via UMAT(VUMAT) and UEL(VUEL). Last, the developed phase 

field models are used for multi-surface plasticity ductile fracture, quasi-brittle fracture and rate-

dependent and stress state dependent ductile fracture problems.

Keywords: Phase field fracture; Plasticity; Quasi-brittle fracture; Ductile fracture; Variational 

principle; Numerical implementation.  

Introduction 

Fracture is one of the most common failure modes for materials, and the prevention of fracture-

induced failure signifies a major criterion in engineering design. The original theory of fracture 

mechanics can be traced back to Griffith’s study on brittle fracture in the 1920s [1]. The basis of 

Griffith’s brittle fracture models is that if the energy release rate reaches a critical level, the crack will 

nucleate or propagate. Due to complexity of cracking processes in engineering practice, numerical 

methods played a rather significant role in fracture-induced failure analysis. 

In the mechanics community, various phase field approaches to brittle fracture have been 

developed recently. They originated from the variational formulation of brittle fracture by Francfort 

and Marigo [2] as well as the related regularised formulation by Bourdin et al. [3], which was found 

more suitable for numerical implementation. The phase field model for brittle fracture has 

demonstrated their superior ability of reproducing complex crack patterns, including crack initiation 

and determination of unknown crack paths [4]. The extension of phase field modelling has been 

carried out from brittle fracture to ductile fracture by incorporating plasticity, e.g., [5].  

This study presents the following contributions: (1) to derive the phase field formulation for 

fracture coupled with multi-surface plasticity in a variational framework, (2) to extend the 

implementation of phase field modelling to elasto-plastic solids in commercial software Abaqus via 

user subroutines, (3) is to develop a coupled phase-field fracture and plasticity model by suppressing 

the length-scale sensitivity for the application to quasi-brittle materials, and (4) to consider the effects 

of both stress state and strain rate on fracture behavior for the applications of ductile materials.  

Variational formulation for phase field modelling coupled with multi-plasticity [6] 

The existing studies were mainly based upon the assumed J2 plasticity. In the theory of plasticity, 

the yield function and strain hardening are of critical importance because they may considerably alter 

the stress state after yielding. Given the dissemination of J2 plasticity, there are no studies available 

in literature in which the effects of the shape of the yield surface have been examined for phase-field 
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fracture modelling systematically. The first contribution of this study is to derive the phase field 

formulation for fracture coupled with multi-surface plasticity in a variational framework. The unified 

yield criterion that could encompass many of other yield criteria is employed to explore the effect of 

the yield function. 

The evolution of a rate-independent system is simply governed by three energetic principles: 

namely energy balance, dissipation inequality and stability criterion. In addition, explicit 

irreversibility conditions for coupled damage-plastic problems may be prescribed as:�̇� ≥ 0, �̇� ≥ 0. 

All the governing equations and evolution laws for the coupled multi-surface plasticity- damage 

problems are summarized in Table 1. 

Table 1 Governing equations and evolution laws 

Equilibrium 

Equilibrium equation div 𝛔 = 𝐛   in 𝛺,   ( 𝛔 −  stress, 𝐛 −  body force) 

Boundary conditions {
𝐧 ∙ 𝛔 = 𝐭  on ∂𝛺s 

𝐮 = �̃�  on ∂𝛺h ,       (𝐭 −  traction, 𝐮 −  displacement, 𝐧 −

 outward normal) 

Plasticity conditions 

KKT conditions 

{

�̇�𝑖 ≥ 0 

𝑓̅
𝑖
𝑝(𝐮, 𝛾𝑖, 𝛾) ≤ 0

 𝑓̅
𝑖
𝑝(𝐮, 𝛾𝑖, 𝛾)�̇�𝑖 = 0 

 in 𝛺,    (𝑓̅
𝑖
𝑝

-ith plastic yield function, 𝛾𝑖-

ith plastic multiplier, 𝛾- plastic multiplier) 

Flow rule 
{
�̇�p = ∑ �̇�𝑖

p𝑁
𝑖=1

�̇�𝑖
p

= �̇�𝑖𝐚𝑖

 in 𝛺, (�̇�p-total plastic strain, �̇�𝑖
p
- ith plastic

strain, 𝐚𝑖- normal of 𝑓̅
𝑖
𝑝
)

Yield surface 𝑓̅
𝑖
𝑝(𝐮, 𝛾, 𝑑)≔ �̅�𝑖

eq
(𝐮, 𝛾) − 𝐻𝛾 − 𝜎𝑦, (𝜎𝑖

eq
- ith equivalent stress,

�̅�- hardening modulus, 𝜎𝑦- yield stress)

Damage conditions 

KKT conditions 

{

�̇� ≥ 0 
𝑓𝑑(𝐮, 𝛾, 𝑑) ≤ 0

𝑓𝑑(𝐮, 𝛾, 𝑑) �̇� = 0

  in 𝛺, (𝑓𝑑- damage yield function, 𝑑-

phase field damage) 

Yield surface 𝑓𝑑(𝐮, 𝛾, 𝑑): = −
1

2
𝑔′ (𝑑) 𝛆e: �̅� −

1

2
ℎ′(𝑑)�̅�𝛾2 − 𝑝′(𝑑)�̅�𝑦𝛾 +

𝑔𝑓

𝑙𝑐
(𝑙𝑐

2∆𝑑 − 𝑑),  (𝑔(𝑑), ℎ(𝑑), 𝑝(𝑑) – degradation functions) 

Boundary condition n ∙ ∇𝑑 ≥ 0   on ∂𝛺 

Numerical implementation of phase field fracture in elasto-plastic solids [7] 

Most of the previous implementations were based on in-house finite element codes, which may 

limit practical applications of phase field modelling for fracture in engineering practice. The second 

contribution of this study is to extend the implementation of phase field modelling to elasto-plastic 

solids in commercial software Abaqus. The phase field fracture problem in elasto-plastic solids is 

solved using a staggered algorithm which decouples the phase field and the displacement field. The 

staggered algorithm is implemented via Abaqus UEL(VUEL) and UMAT(VUMAT) subroutines. 

The system of equations is nonlinear due to the phase field crack and plasticity so that one must 

resort to incremental-iterative schemes. The Abaqus implementation is able to take advantage of its 

built-in nonlinear solver and its automatic time-stepping schemes. To decouple the phase field and 

displacement field, we adopt a staggered algorithm to solve the problem. The displacement field can 

be solved by freezing the phase field at the last load increment. Meanwhile, the phase field can be 

solved by freezing the displacement field and internal plastic parameters at the last load increment. 

The corresponding Newton-Raphson iteration may be written as 
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{
𝐮
𝑑

}
𝑛+1

= {
𝐮
𝑑

}
𝑛

− [
𝐊𝐮𝐮 𝟎

𝟎 𝐊𝑑𝑑]
−1

{
𝐫𝐮

𝑟𝑑}
𝑛

 (9) 

in which 

𝐊𝑖𝑗
𝐮𝐮 =

𝜕𝐫𝑖
𝐮

𝜕𝐮𝑗
= ∫ [(1 − 𝑑)2 + 𝑘]

Ω

(𝐁𝑖
𝐮)T𝐄epc𝐁𝑗

𝐮 d𝛺  (10𝑎) 

𝐊𝑖𝑗
𝑑𝑑 =

𝜕𝑟𝑖
𝑑

𝜕𝑑𝑗
= ∫ {𝑔𝑓𝑙𝑐(𝐁𝑖

𝑑)
T

𝐁𝑗
𝑑 + [

𝑔𝑓

𝑙𝑐
+ 2H ] 𝑁𝑖𝑁𝑗}

Ω

 d𝛺  (10𝑏) 

where 𝐄epc is the consistent Jacobian matrix.

To implement the solution in Abaqus, a two-layer structure is employed as shown in Fig. 1. Each 

layer shares the same nodes but contributes to the stiffness of different degrees of freedom (DOF). 

The elements in the first layer have two displacement DOFs for 2D or three DOFs for 3D problems, 

while the elements in the second layer have only one phase field DOF. The user-defined subroutine 

UMAT is called at each Gauss point for the first layer and UEL is called at each element for the 

second layer. The constitutive behaviour at the elemental Gauss points is evaluated in UMAT for the 

displacement field. Specifically, the stress and consistent Jacobian at Gauss points are evaluated for 

the plasticity model.  

Fig. 1 Two-layer structure of Abaqus subroutines 

A length-scale insensitive model for quasi-brittle materials [8] 

In all the phase-field models, the formulation requires a small positive length-scale parameter 𝑙𝑐 

characterising the width of the regularised crack. The solution is expected to converge to that of the 

original variational problem when 𝑙𝑐 approaches zero according to the 𝛤-convergence theorem. In 

principle, phase-field modelling for fracture coupled with plasticity would have more parameters, 

making it more flexible to capture the material behaviour. However, it remains largely unknown 

whether or not the coupled model is able to obtain a length-scale insensitive global response. The 

third contribution is to develop a coupled phase-field fracture and plasticity model by suppressing the 

length-scale sensitivity for the application to quasi-brittle materials. Fig. 2 shows a example of a 

notched beam under asymmetric three-point bending. 
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(a)  (b)

Fig. 2 Notched beam under asymmetric three-point bending (a) Geometry and loading condition; 

(b) Load-CMOD curves

Stress state and strain rate dependent ductile fracture 

Nevertheless, a constant threshold was widely used in the formulation of the driving force for 

ductile fracture in literature. Despite its effectiveness in determining fracture initiation, a constant 

threshold may not be able to capture the true fracturing behavior of materials under complex stress 

states and strain rate in real-life applications. The fourth contribution is to consider the effects of both 

stress state and strain rate on fracture behavior for the applications of ductile materials. The results 

will be presented in the conference. 
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Abstract. The use of pre-fabricated pre-furnished modular units for the construction of mid to high-
rise buildings has been promoted recently to enhance construction productivity. The 3D modular 
units are fabricated in a factory, fitted with electrical wires and fittings, insulation panels, non-load 
bearing walls, and then transported to the site of a building to form a permanent building. During 
the process of transportation, modules are lifted by a crane and placed on a truck-trailer. Moreover, 
such modules are lifted by a crane at the site of the building for assembly. During the lifting 
process, the modular units experience different horizontal and vertical movements, increasing the 
risk of damages to the non-structural elements of a modular unit. This paper aims to investigate the 
effect of the lifting process on the behaviour and performance of a modular unit during 
transportation and assembly. A series of displacement analysis is conducted on a modular unit 
during the lifting process to study the displacement and stresses at various locations of the modular 
unit.  

Keywords: Modular structures, lifting, crane, displacement analysis, non-structural elements. 

Introduction 

Modular construction is a modern style of construction method of building, in which the traditional 
form of a structure is divided into 3D modular units that are fabricated in factories and transported 
to the site of the building to build a permanent building [1]. The modular construction method has 
several advantages over the conventional one such as reduce wastage and construction time, 
increase productivity, and decrease labour effort and energy [2]. Compared to the traditional 
method of building construction in which the mechanical and electrical equipment are fitted on-site 
of the building, in modular buildings the fabricated units are pre-furnished, fitted with mechanical 
equipment, electrical wires and fittings, non-load bearing walls, and insulation panels in factories 
[3]. Then, the fully-decorated modular units are lifted with a crane in the factory for transportation 
[4]. Moreover, these modular units are lifted by a crane at the site of the building for the assembly 
of the structure. Fig.  1 shows the lifting process of a modular unit in a factory.  

Fig.  1 Lifting of a modular unit in a factory. 
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During the lifting process, a modular unit is moved in both vertical and horizontal directions by a 
crane. Hence, there is a risk of damages to non-structural elements such as non-load bearing walls, 
insulation panels, and mechanical and electrical equipment if the relative displacement at different 
nodes of a modular system does not lie within an acceptable range.  
This paper aims to investigate the effect of lifting a modular unit by a crane during the 
transportation and assembly process. The Finite Element (FE) model of a modular unit is developed 
in the FE software Abaqus, and a series of displacement analysis is conducted on the considered 
modular unit for the required analysis. Furthermore, a parametric study is performed to study the 
structural responses of a steel-framed modular unit lifted by a crane.  

Numerical study 

A modular unit having a dimension of 6.1, 2.05, and 3.4 correspondings to the width, length, and 
height of the module is considered for the lifting analysis. The columns, floor, and ceiling beams 
are made of steel C350 with the modules of elasticity 2e11 N/m2 and yield stress of 300e6 N/m2, 
respectively. The sections of columns, floor beams, and ceiling beams are SHS 150x150x6, 
200UB29.8, and 180UB16.1, respectively. The mathematical model of the modular unit is 
developed in Abaqus FE software in order to capture and monitor the responses accurately during 
the lifting process. Fig.  2 shows the 3D view of the developed model.  

Fig.  2. 3D model of the modular unit developed in FE Abaqus software. 

To perform a displacement analysis of a modular unit, the specification of an overhead crane is 
required. The specification of the overhead crane includes the capacity of the overhead crane, the 
maximum speed (vmax) of the lifting mechanism, the time length that the crane is needed to reach its 
maximum speed from the rest condition. Fig.  3 illustrates the time history of the velocity of an 
overhead crane during lifting process [5].  
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Fig.  3. Time history of the velocity of an overhead crane. 
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The contour of deformed shape of the modular unit, lifting with an overhead crane with the maximum speed of 20 m/s 
is shown in Fig.  4.  

Fig.  4. The contour of deformed shape of the modular unit.  

The obtained responses indicate that the maximum displacement at the middle of the floor beam 
relative to its corner is about 6mm, which lies within an acceptable range.  

Summary 

The goal of this paper is to investigate the structural response of pre-fabricated steel-framed 
modular units during lifting by a crane. A series of displacement analysis is performed on a case 
study modular unit. The results indicate that as the speed of the crane increases, the maximum 
relative displacement of the modular unit increases. However, the maximum responses of the 
structure lie within an acceptable range.   
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Abstract. The virtual modelling technique which integrates information from different sensors, 

experimental assets, physical models, as well as numerical simulation results, can implicitly be 

adopted to design and optimize the desired system to a superior performance level. In this paper, an 

advanced framework for the critical impact resistance of composite laminates is proposed by using 

the virtual modelling approach, with the aim to establish a non-deterministic prediction of capacity 

life prior to the accumulation of impact damage. The predictive framework includes the 

quantification of the uncertainties in impact prognosis, and reliability evaluations regarding system 

properties, operational coefficients, impacts and environment, as well as uncertainties in collected 

information and estimation models. Illustrative example has been incorporated to build virtual 

modelling framework and demonstrate the impact capacity for the structure component. Conclusions 

are drawn with respect to the effectiveness and practicality of the proposed approach as virtual 

modelling aided impact resistance prediction method. 

Keywords: Impact analysis, Virtual modelling, Uncertainty quantification, Damage prognosis. 

Introduction 

In this paper, the use of virtual modelling technique to predict the absorbed resistance of the 

composite structures impacted with low velocity is presented. The impact response of a composite 

structure is affected by various factors such as system properties, operational coefficients, impacts 

and environment, as well as uncertainties in collected information and estimation models. In the 

literature, Chang & Chang [1] studied the response of notched laminated composites possessing 

material and geometry nonlinearities subjected to in plane tensile loading and subsequently 

developed a progressive damage model. Wiggenraad et al. [2] used the Chang-Chang criteria for 

impact analysis of composite wing panels and found good prediction of impact force histories and in 

plane damage prediction when compared against experimental results. In Donadon et al. [3], a 

continuum damage mechanics-based model of impact prediction analysis was introduced. This 3-D 

model which would later be refined in Donadon et al. [4] was formed by a marriage of CDM and 

fracture mechanics approaches. In this particular research, the uncertain parameters are studied 

simultaneously within the virtual modelling framework with the help of the advanced machine 

learning technique [5]. By using the ML algorithm, an explicit regression function can be obtained to 

represent the relationship between the uncertain inputs and the structural responses. Subsequently, 

frequent, and fast damage prognosis can be conducted to virtually model the failure modes of 

impacted composites and then evaluate the impact capacity for the structure component during the 

impact process. 

In this extended abstract, a brief introduction of the proposed virtual modelling framework for 

impact prognosis of composite structure is described. The two main components of the approach are 

briefly introduced in the following sections. First, the Hashin damage model proposed for fiber 

reinforced composites is presented. Then, the novel machine learning technique named the extended 

94

mailto:cdi.wu-1@uts.edu.au
mailto:dw.gao@unsw.edu.au


Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

support regression is introduced. To demonstrate the accuracy and applicability of the proposed 

framework, illustrative experimental record is incorporated to build virtual modelling framework and 

demonstrate the impact capacity for the structure component. 

Methodology 

Hashin damage model 

The Hashin damage model given by Hashin et al. [6] is investigated to simulate the property 

degradation of orthotropic composites. The model is derived from the continuum damage mechanics 

(CDM) and different failure modes regarding fiber and matrix failure, and delamination phenomenon 

are included. Due to the page limitation, for the detailed definition of each parameter in Eqs. (1-4), 

one may refer to Hashin et al. [6]. 

Tensile fiber mode: 

2 211 12
11

12

( ) ( ) 1, 0
TX S

 
+ =   (1) 

Fiber compressive mode: 

11 11, 0cX = −   (2) 

Tensile matrix mode: 
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Compressive matrix mode: 
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+ − + =   (4) 

where 11  and 22 denote the stress components in fiber and transverse directions; 12  denotes the 

shear stress in the plane of fiber and transverse directions; tY , cY and tX , cX denote the tensile and 

compressive strength perpendicular and along the fiber direction; 12S  denotes the shear strength. 

Extended support vector regression 

After thousands of simulations of deterministic impact analysis based on the Hashin damage 

model, the collected structural response is considered as the training datasets for the machine learning 

technique to recognize the relation between outputs and input parameters. 

In this paper, the adopted extended support regression is a machine learning technique proposed 

by Feng el al. [7]. It is constructed based on the theory of classical support vector machine (SVM) and 

the doubly regularized support vector machine (DrSVM) and it offers notable practicability in 

handling nonlinear prediction problems. Due to the page limitation, for the detailed definition of each 

parameter in Eq (5), one may refer to Feng et al. [7]. 

ˆ ˆˆ ˆ( ) ( ) ( )T T

k k k k kf = − −x p q k x e G υ (5) 

where ,k kp q denote two positive kernelized parameters; k̂(x) denotes the kernel matrix; ˆˆ ,k ke G  

denote two matrix vectors; 
*

kυ  denotes the obtained solution. 

Modelling 

Experimental GFRP concrete beam 

In the modelling case, an experimental record of impact performance of a hybrid GFRP beam 

pultruded with concrete is studied [8]. The beam-impactor tests are carried out by using the drop 

95



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

weight machine as shown in Fig 1. By establishing the numerical modelling system, the impact 

responses of the beam are predicted and validated at various time steps. The uncertainty information 

the beam system is listed in Table 1. 

Table 1 Uncertain information of the impact test 

Random variables Distribution types Range 

EL(GFRP) Interval [27.5, 30.3] GPa 

ET(GFRP) Interval [3.33, 3.67] GPa 

XT(GFRP) Interval [0.28, 0.32] GPa 

XC(GFRP) Interval [0.30, 0.33] GPa 

In Fig 2, the failure behavior of the beam is predicted and compared with the experimental 

observations at drop height 450 mm. The predicted failure modes of beam are found to simulate well 

with the experimental records. 

Concrete 

GFRP 

Impactor 

Fig. 1 Numerical model of the impact test [8]. 

(a)                                                       (b) 

Fig. 2 (a) Experimental and (b) Predicted midspan displacement curves at drop weight at 300 mm 

and 450 mm. 

Summary 

In the experimental modelling example, the impact response of the GFRP beam predicting from 

the proposed method is compared to the experimental observation result and satisfactory alignment is 

identified from the comparison. Consequently, the new virtual modelling framework aided by 

machine learning technique for impact analysis of composite structures is verified effective against 

practical engineering problems. It is believed that the proposed framework can improve the accuracy 

and efficiency of the relevant structural failure evaluation process. 
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Abstract. Numerical methods including Computational Fluid Dynamics (CFD), and two- and three-

dimensional experimental approaches have been adopted to numerous alveolar geometry models 

over the past years to study and examine nanoparticle deposition on the alveolar walls. 

Understanding the particle kinematic trajectories and their interaction with the lung surface is 

imperative to both pharmaceutical and toxicological studies, especially nowadays with the 

escalation of the menacing COVID-19 virus. The current study introduced physiologically accurate 

dimensions of bifurcating alveolated ducts of the last few generations. Realistic breathing inhalation 

and exhalation velocity profiles were utilized to represent normal tidal breathing instead of the 

approximated and extensively used sinusoidal velocity profile. The geometry, meshing, and results 

were conducted using ANSYS 2021 R1, and a user-defined function was implemented to represent 

one full breathing cycle. In this work, the main objective is to determine the velocity range of the 

trapped particles on the alveolar walls, which is pivotal for biological and medical studies exploring 

the interaction between the drug/toxin and the alveoli surface. Results showed that the particle 

velocity magnitudes striking the alveoli surface varied from 0.5 µm/s to 1.5 µm/s.

Keywords: Computational Fluid Dynamics, realistic breathing profiles, nanoparticle deposition. 

Introduction 

Inhaled nanoparticles reach and deposit in the distant regions of the lungs through basic transport 

mechanisms. These include the gravitational force that submits the nanoparticles to sedimentation, 

the convection aerodynamic force that is generated from the inhaled airflow and is amplified by its 

corresponding chaotic mixing, and the Brownian diffusion force that randomly disperses the 

nanoparticles. A substantial amount of studies [1] has tackled these phenomena by examining the 

effect of airflow patterns on the particle paths and deposition. However, they have relatively 

neglected one major parameter; the particle velocity magnitude striking the alveolar surface upon 

deposition.  

Methodologies: 

Model Geometry: The geometry starts with two respiratory bronchioles in generation 18 and 

bifurcates at each generation till reaching the terminal generation 23 (Fig.1, left). Duct lengths and 

diameters from one generation to another are modified from Haefeli-Bleuer and Weibel [2]. In this 

geometry, an alveolus is idealized as a hemisphere having the same volume as the actual alveolus 

[3]. 
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Realistic breathing profile. The employed realistic breathing velocity profile (Fig. 1, right) is 

modified and scaled down from a mouth inhalation breathing profile [4]. 

Results. Velocity streamlines, vortex core locations, and particle paths were generated in ANSYS 

CFD-Post. For the sake of brevity and to focus on the main objective, only particle paths are 

presented. A group of 92 nanoparticles were released from the inlet where 16 of them escaped 

during exhalation and 76 were trapped on the alveoli surface (Fig. 2). 

Fig. 1: Simplified model of the distant generations of the lung (left).  Generation 18 realistic 

breathing velocity profile (right) 

Fig. 2: Particle trajectories during the inhalation phase 
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ANSYS sample file provides u, v, and w velocity vector components of the trapped particles. The 

velocity magnitude computed from these components shows that the particles hit the alveoli surface 

with velocities ranging from 0.5 µm/s to 1.5 µm/s. This calculated impaction mechanism will help 

in understanding the effect of toxic particles on the lung surface.   
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Abstract. In this paper, a finite element (FE) model is developed to study mechanical properties of 

3D printed continuous fibre reinforced composite (CFRC) laminate specimens. The effects of fibre 

volume contents on Young’s modulus of 3D printed CFRC tensile specimens are studied. The tensile 

specimens with different composite layups, fibre materials and fibre volume content are modelled. 

The FE model is verified by experimental results and demonstrated to be effective in predicting the 

mechanical properties of 3D printed CFRC tensile specimens.  

Keywords: Fused deposition modelling (FDM); 3D printing; Finite Element modelling; Fibre 

reinforced composite laminate; Fibre volume contents. 

Introduction 

Fused deposition modelling (FDM) technology is one of the popular 3D printing processes for 

polymers and nowadays it is also used to fabricate continuous fibre reinforced composite (CFRC) 

components. Finite Element modelling is widely used for getting acquire knowledge about such 

innovative and sustainable manufacturing processes [1]. For composite laminates, material 

parameters such as composite layup, fibre volume content, layer thickness, and fibre orientation 

attribute to their mechanical properties. On top of these material parameters, for FDM printed 

composite laminates, 3-D printing machine and process control parameters such as raster angle, built 

direction, hatching space, scanning speed and nozzle temperature also have important effects on the 

mechanical properties [2]. In this paper, a finite element model is developed for evaluating Young’s 

modulus of 3-D printed composite laminates and the effects of type of fibre, laminate layup, fibre 

volume contents are investigated. The selected fibre materials are carbon, glass and Kevlar combined 

with the same matrix material – nylon, respectively. The tensile test specimen is modelled as per 

dimension of experimental specimens, the modelling results are compared with those experimental 

data from literature [3] for verification.  

3D printed composite specimens 

A FDM-based composite printing process and its schematic are shown in Figures 1(a). The geometry 

of 3-D printed composite specimen for tensile test is shown in Figure 1(b). Three types of 3D printed 

fibre reinforced specimens (Type A, B, and C) with different layup are studied in this research are 

shown in Figure 1(c). 

Figure 1: (a) Schematic of FDM technology; (b) Composite specimen for tensile test (Unit: mm); and 

(c) Composite laminate with different layups (Type A, B, and C) [3].
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     The material properties of all these 3D printing matrix and fibre materials are listed in Table 1 [3]. 

Table 1: Material properties of selected composite materials [3] 

Material Elastic Modulus Poisson’s ratio Density 

E (MPa)  ρ (gcm-3) 

Nylon 940 0.35 1.1 

Carbon 54,000 0.3 1.4 

Kevlar 27,000 0.3 1.2 

Glass 21,000 0.3 1.5 

 The geometric settings of these specimens are also based on the experimental data from literature 

[3].  The actual thickness of the specimen is 4 mm. The layer thickness of nylon matrix (𝐿𝑡
𝑁𝑦𝑙𝑜𝑛

) is

0.125 mm.  The layer thicknesses of carbon fibre (𝐿𝑡
𝐶𝑎𝑟𝑏𝑜𝑛), Kevlar fibre (𝐿𝑡

𝐾𝑒𝑣𝑙𝑎𝑟) and glass fibre

(𝐿𝑡
𝐺𝑙𝑎𝑠𝑠) are 0.125 mm,  0.1 mm, and 0.1mm, respectively. The fibre volume contents in all type

specimen are given in Table 2. 

Table 2: Fibre volume content in composite specimens 

Fibre material Fibre volume content (𝑛𝑓𝑖𝑏𝑟𝑒 𝑙𝑎𝑦𝑒𝑟𝑠/𝑛𝑙𝑎𝑦𝑒𝑟𝑠) 

Type A Type B Type C 

Carbon fibre 2/32 16/32 28/32 

Kevlar fibre 4/40 20/40 36/40 

Glass fibre 4/40 20/40 36/40 

FE modelling of 3D printed composite tensile specimens 

The FE model was developed in this study to model the 3D printed CFRC composite tensile specimen 

as shown in Figure 1(b), to evaluate the Young’s modulus.  The specimen setup is shown in Figure 

2(a) with one side fixed and the other applied external tensile load. Finite element modelling of tensile 

test was conducted by using Abaqus software. C3D8R element, an eight-mode liner brick element, 

with reduced integration and hourglass control system, was employed. Elastic material model was 

employed for each material of the composites. Convergence study was conducted and a convergence 

was obtained with a mesh size of 2.5 mm in the mesh as shown in Figure 2(b). The stress and strain 

results of the Type B specimen as an example are shown in Figures 2(c) and 2(d). Young’s modulus 

is calculated based on the stress and strain value. 

Figure 2: FE modelling and results for Type B specimen: (a) Schematic of tensile testing specimen; (b) FE 

mesh of type B specimen; (c) Stress contour; and (d) Strain contour  
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Results and discussion 

The Young’s moduli of these 3D printed CFRC materials were extracted by using the proposed finite 

element modelling and obtained by using the classical laminate plate theory (CLPT) as well. Both 

results were compared with those from experimental work [3]. Table 3 shows variant differences 

between numerical, analytic results and experimental data. 

    For carbon fibre, both FEA and CLPT results have large discrepancies for Type A with 33% and 

34% respectively while they provided good accuracies on other two types with errors less than 10%. 

For Kevlar fibre, both FEA and CLPT results again have large discrepancies for Type A with 18% 

and 42% respectively though the FEA provided a much accurate result. They both provided good 

accuracies on other two types with errors less than 7%. For glass fibre, similar to the Kevlar fibre, 

FEA extracted a much better result for Type A with an error of 14% compared to that of 32% from  

CLPT. The CLPT result still kept a high percentage error of 17% for Type B compared to that of 8% 

from FEA. Both extracted good results for Type with errors less than 4%. According to these results, 

the CLPT analysis can be used for the cases with more fibre layers. In addition, the highest Young’s 

modulus was obtained in carbon fibre reinforced specimen compared to Kevlar and Glass fibres for 

all types of the laminates. Note that there are on-going work to include 3D printing machine and 

process control parameters in the FE model under development.  

Table 3: FEA results of Young’s moduli (GPa) for different fibre volume contents 

Specimens Type A Type B Type C 

Fibres Exp. FEA CLPT Exp. FEA CLPT Exp. FEA CLPT 

Carbon 7.6 5.1 5.0 25.3 27.5 30.01 51.7 48.1 52.01 

Kevlar 5.2 4.3 3.0 15.2 14.2 15.25 25.5 24.6 26.09 

Glass 3.7 3.2 2.5 10.3 12.0 12.05 19.6 19.2 20.32 

Conclusion 

In this study, a FE model has been developed to investigate the Young’s modulus of 3-D printed 

CFRC specimens. Young’s modulus of composite specimens with different composite layups (Type 

A, B and C), fibre material and fibre volume content has been investigated. The FE model was 

validated by both analytic and experimental results. It can be found that the developed FE model can 

effectively predict the Young’s modules of the composites and the number of fibre layers (laminate 

layup) greatly affect the mechanical properties of these fibre reinforced composite laminates. The FE 

model gave better predictions for the Type B and Type C specimens with more layers than the Type 

A with single layer. Moreover, the Young’s modulus of carbon fibre reinforced composites was found 

higher than those of the composites with Kevlar and Glass fibre. In the FDM technology, many other 

factors such as raster angle, layer thickness, and built orientation also affect the mechanical properties 

of 3D printed composite specimens, which are part of future work. 
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Abstract. Scaled Boundary Finite Element Method (SBFEM) is an emerging semi-analytical tool 

and offers several benefits over traditional approaches such as finite element method. The technique 

has been explored for the application of analysis of laminated composites. At first, SBFEM models 

are performed to capture the accurate stress behavior of thick laminates undergoing bending. 

Building upon the model, interface elements have been incorporated and the model is made to 

handle imperfect interfaces between the lamina as well as progressive delamination behavior. The 

work demonstrated that the use of SBFEM reduced the meshing complexities and computational 

cost by a significant amount. 

Keywords: SBFEM, Delamination, Cohesive zone modelling, Laminated Composites, Cylindrical 

bending 

Introduction 

Laminated composites are now widely used in almost every engineering sector. This has increased 

the need of having a robust and efficient technique to model their behavior. However, due to the 

fiber reinforcements and laminated structures, these materials intrinsically possess anisotropic and 

inhomogeneous characteristics, hence, various challenges are involved in their modelling. Use of 

traditional modelling technique such as Finite Element Method (FEM) requires a lot of 

computational effort. In this regard, a semi-analytical technique, Scaled Boundary Finite Element 

Method (SBFEM), appears to be promising technique to help reduce the computational cost and 

improve modelling efficiency. This work deals with the assessment of the SBFEM for the 

modelling of bending and damage phenomenon in case of laminated composites. 

Fig. 1. A typical discretization in Scaled Boundary Finite Element Method 

Methodology 

Scaling center 

Boundary nodes 

Scaled nodes 

Line element 
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Scaled Boundary Finite Element Method. SBFEM [1] is a semi-analytical tool which combines 

the benefits of the FEM and Boundary Element Method (BEM). In SBFEM, a problem domain is 

first be divided into several subdomains and then only the boundary discretization of the 

subdomains is performed in the form of line elements. Hence, discretization is reduced by one 

spatial dimension. Moreover, the boundaries are solved numerically, whereas radial direction is 

solved analytically, which provides an upper edge on accuracy, especially when dealing with 

cracks. A typical discretization of a random domain under the framework of SBFEM is shown in 

Fig. 1. 

Analysis of laminated composites. The focus of the present work is to model cylindrical bending 

in laminated composite plates (can be related to beam bending) and to extend it to incorporate 

progressive inter-ply damage, i.e. delamination. Modelling is performed under plane strain 

conditions and hence, no assumptions are made to describe the through thickness displacement 

behavior. This way, stress analysis can be performed without losing accuracy, even for thick 

laminated plates. By using a suitable interface element, stress analysis under bending conditions can 

be performed for the plates with interfacial imperfections as well. In order to model the 

delamination behavior, cohesive zone modelling (CZM) technique [2] is used. 

Fig. 2. Representation of accommodating smaller interface element along with larger bulk elements 

It is well known that while using CZM, size of the interface element must be small enough to 

capture the cohesive behavior accurately [3]. This in turn determines the size of the adjoining bulk 

elements. Consequently, a very fine mesh is required in the case of FEM to solve the model 

accurately. However, in the case of SBFEM, owing to its capability of handling hanging nodes 

easily, it is possible to use very small interface elements along with the bigger adjoining bulk 

elements as shown in Fig. 2. 

Table 1 Properties used for the modelling of DCB specimen. 

Geometric Properties Material Properties Interfacial Properties 

Length 150 mm 33.5   GPa 0.559  N/mm 

Thickness 25  mm 10.23 GPa 1 104  N/mm3 

Breadth 35  mm 4.26   GPa 15        MPa 

Crack length 4.2 mm 0.27 

Numerical analysis and Results 

To present the capabilities of SBFEM, an example of Double Cantilever Beam (DCB) is chosen 

here to present the results. A triangular traction-separation law is used for the cohesive elements. 

The geometric, material, and interfacial properties used to model the DCB are presented in Table. 1. 

Results obtained for the load-deflection response are presented in Fig. 3. A comparison of 

computational cost measured in terms of number of the elements is also presented in Table. 2 to 

demonstrate the suitability of SBFEM for such complex modelling. SBFEM is able provide 

accurate results for the DCB specimen with approximately 85% reduction in computational cost. 

Lamina-1 

Lamina-2 

Interface 
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Fig. 3. Load-deflection curve for the DCB specimen compared with various other models [4] 

Table 2 Comparison of number of elements used to mode DCB in different methodologies. 

Method No. of elements Type of element 

FEM (VCCT) [4] 15,000 CPE4 

FEM (CZM) [4] 2630 COH2D4, CPE4R 

XFEM (VCCT) [4] 4845 CPE4 

XFEM (CZM) [4] 2100 CPE4R 

SBFEM 144 S-Domains (4x4)

220 Cohesive elements

Conclusion 

The results of this work show that SBFEM, being a semi-analytical tool, is capable of providing 

accurate results with high computational efficiency. Therefore, it is expected that it will be able to 

offer similar cost savings in the case of three dimensional modelling as well, which can include 

complex strucutres as well as angle ply laminates. 
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Abstract. In this study, a fully coupled flow-deformation model developed based on the theory of 

multiphase mixtures is presented for the consolidation analysis of unsaturated soils. The effective 

stress principle which considers the suction dependency of the effective stress parameter is followed 

to ensure the coupling between the flow and deformation model. Particular attention is given to the 

effect of hydraulic hysteresis on the effective stress parameter and soil-water characteristic curve. 

The effects of initial suction and hydraulic hysteresis on the instantaneous settlement and long-term 

consolidation of unsaturated soils are investigated. 

Keywords: Consolidation, Unsaturated porous media, Effective stress, Hydraulic hysteresis. 

Introduction

Unsaturated soils are widely encountered in geotechnical engineering practice. They exhibit a 

complex behaviour due to nonlinearities associated with simultaneous flows of pore air and pore 

water. Consolidation of unsaturated soils involves the dissipation of excess pore pressures due to 

external loads toward permeable surfaces, resulting in the gradual settlement of the soil. Studying 

consolidation in unsaturated soils is of great importance in geotechnical engineering, e.g when 

assessing the rate of settlement of foundations and embankments on unsaturated soils. Terzaghi [1] 

developed a mathematical model for the one-dimensional consolidation of fully saturated soils 

based on the hypothesis of linear elasticity. However, the complex mechanical behaviour of 

unsaturated soils does not comply with the traditional theory of consolidation presented for the 

saturated state. The first attempts to address consolidation in unsaturated soils were conducted by 

Biot [2], Scott [3], Barden [4], and Fredlund and Hasan [5]. Several analytical solutions have been 

proposed to solve the partial differential equations for the consolidation of unsaturated soils [6-8]. 

Moreover, several advanced numerical studies have been conducted on the consolidation of 

unsaturated soils [9-11]. In most of these studies, the effect of hydraulic hysteresis on the 

instantaneous settlement and consolidation of unsaturated soils has been ignored. This paper aims to 

investigate the effects of hydraulic hysteresis and initial suction on the instantaneous settlement and 

consolidation of unsaturated soils. 

Governing Equations 

The theoretical approach adopted is based on the model proposed by Khalili et al. [12] and 

Shahbodagh et al.[13], addressing the suction dependency and volume change of the effective stress 

parameter. The effective stress tensor for unsaturated soils is expressed as  

𝛔′ = 𝛔net − 𝜒𝑠𝛅 = 𝛔 + 𝑝𝑎𝛅 − 𝜒𝑠𝛅  (1) 

where  is the suction,  is the total stress,  is the effective stress parameter,  is the 

Kronecker delta, and and are pore air and pore water pressures, respectively. The effective 

stress parameter is defined based on the unique relationship proposed by Khalili and Khabbaz [14] 

and Khalili et al. [15]. The effect of hydraulic hysteresis on the effective stress parameter and soil-

water characteristic curve is taken into account using the correlations for suction reversals presented 
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by Khalili and Zargarbashi [16]. Also, the effect of the void ratio on permeability and the 

dependency of the permeability on the degree of saturation is taken into account. 

The deformation model is obtained based on the linear momentum balance of a representative soil 

element. The flow models for fluid phases are derived from the combination of their momentum 

balance equations and their mass balance equations. Two groups of constitutive relationships 

including constitutive equations for volumetric deformation of air and water phases and the 

constitutive equations for the stress-strain relationship of the soil skeleton are considered to couple 

the flow-deformation model. Based on the theory of multiphase mixtures, the governing equations 

are obtained as 

𝑑𝑖𝑣 𝐃 ∇𝐮  − 𝜓𝑝 𝑤𝛅 −  1 − 𝜓 𝑝 𝑎𝛅 + 𝐅 = 0  (2) 

𝑑𝑖𝑣 
𝑘𝑟𝑤 𝐤

𝜇𝑤

 ∇𝑝𝑤 + 𝜌𝑤𝐠  = 𝜓𝑑𝑖𝑣𝐮 + 𝑎 11𝑝𝑤 − 𝑎12𝑝𝑎   (3) 

𝑑𝑖𝑣 
𝑘𝑟𝑎𝐤

𝜇𝑎

 ∇𝑝𝑎 + 𝜌𝑎𝐠  =  1 − 𝜓 𝑑𝑖𝑣𝐮 + 𝑎 22𝑝𝑎 − 𝑎21𝑝𝑤   (4) 

𝑎 11 = 𝑐𝑤𝑛𝑤 + 𝑎12 ,  𝑎 22 = 𝑎21 + 𝑐𝑎𝑛𝑎  ,  𝑎12 = 𝑎21 = −𝑛
𝜕𝑆𝑟

𝜕𝑠
 (5) 

where  is the drained stiffness matrix of the soil,  indicates the displacement vector of the soil 

skeleton,  is the body force per unit volume,  and  are the relative permeability of water and 

air, respectively,  is the intrinsic permeability of the soil,  and  are the dynamic viscosity of 

water and air, respectively,  and  are the density of water and air, respectively,  is the vector 

of gravitational acceleration, and and  are the volumetric content of water and air, 

respectively. The compressibility of air, , is given by  where  is the 

absolute air pressure and  is the atmospheric pressure. 

Numerical Simulations 

In this section, the performance of the proposed numerical framework is demonstrated through the 

simulation of the one-dimensional consolidation of an unsaturated porous medium. A boundary 

value problem consisting of an unsaturated elastic soil layer of 10m depth subjected to a uniform 

load is considered. The drainage and displacement boundary conditions are shown in Fig. 1a. Table 

1 shows the material parameters adopted for the analyses. The normalised water and air isochrones 

for pore water and pore air pressures at different times are shown in Fig. 1b and 1c. Fig. 2 shows the 

effects of initial suction and hydraulic hysteresis on the instantaneous settlement of unsaturated soil 

column. For the case with no hydraulic hysteresis, the instantaneous settlement of the unsaturated 

soil is greater for the soils with higher initial suction values (Fig. 2a). However, for the case with 

hydraulic hysteresis, the instantaneous settlement is greater for soils with lower initial suction 

values (Fig. 2b). Considering the effect of hydraulic hysteresis leads to less variation in suction, 

resulting in lower instantaneous settlement. 
Table 1. Material parameters considered for the numerical analysis 
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Fig. 1 Consolidation in unsaturated soil: a) Mesh representation and boundary conditions for the 1D consolidation 

problem b) Normalised pore water pressure c) Normalised pore air pressure varying with time and depth. 

Fig. 2 Effect of initial suction on the settlement a) Without hydraulic hysteresis b) Including hydraulic hysteresis c) 

Effect of hydraulic hysteresis on settlement of an unsaturated soil layer under a constant initial suction. 

Summary 

In this paper, a fully coupled hydro-mechanical model is presented for the simulation of the 

consolidation process in unsaturated soils. The coupling between solid and fluid phases is modelled 

through the effective stress principle taking suction dependency of the effective stress parameter 

into account. The effects of initial suction and hydraulic hysteresis on the instantaneous settlement 

and consolidation of unsaturated soils are particularly emphasised. 
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Abstract. This study virtually investigates various geometric features in the gauge section of 

cruciform specimens to characterize fibre reinforced composites subjected to biaxial tensile 

loadings. Efficient finite element simulation in the commercial software LS-DYNA is used to 

identify the optimal geometry so that damage initiates within the gauge region.

Keywords: Finite Element Analysis, Biaxial Testing, Cruciform Geometry, Composites. 

Introduction 

Fibre reinforced polymer (FRP) composites are widely used in a large range of applications 

thanks to their exceptional strength-to-weight ratio and high stiffness. Advances by the composite 

materials testing community in recent years have resulted in the ability to actively characterize the 

uniaxial response of FRP composites [1]. On the other hand, composite structures during their usage 

are often subjected to multiaxial loading conditions which leads to stress states that are more 

complex than those obtained in uniaxial load cases [2]. The study to characterize composites under 

multiaxial loading conditions seems to be a consistent gap in the existing literature due to various 

limitations. One such limitation is the lack of a suitable specimen geometry for multiaxial testing.  

Ideally, such geometry can be assessed virtually by means of simulation before costly and time-

consuming manufacturing and testing. Therefore, reliable and efficient simulation methods are 

required that incorporate the evolution of damage in FRP composites. 

Finite element (FE) simulation of progressive damage in FRP composites remains a challenging 

task due to the complex nature of multiple interacting failure mechanisms that are involved. 

Continuum Damage Mechanics (CDM) is the most popular computationally-oriented constitutive 

modelling framework that accounts for intra-laminar failure mechanisms in a smeared manner. The 

constitutive behaviour in FRP laminates is governed by damage variables that represent the damage 

onset and evolution parallel and perpendicular to the fibre direction. The resulting stress-strain 

responses allow for maintaining the continuity of the FE mesh while simulating the loss of stiffness 

due to damage. 

The COMposite DAMage Model (CODAM) [3], developed at the University of British 

Columbia, is an efficient sub-laminate based CDM material model. The second generation of this 

model (CODAM2) has been introduced [4] with a nonlocal regularization scheme to address both 

the mesh size and orientation dependencies. This version is available in the commercial explicit FE 

software, LS-DYNA, as the built-in material card MAT219.  

Cruciform Specimen Geometry 

Most planar biaxial testing rigs are designed to perform tests on flat cruciform specimens of 

different materials. Boehler et al. [5] state that the optimal cruciform specimen generates  

• homogenous stress and strain distributions in the test section

• the highest stress level in the test section where damage is expected
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The second condition is crucial to document reliable failure modes during biaxial loading, 

preventing failure along the arms or the corners. Previous studies showed that a cruciform geometry 

with a reduced test section thickness and slotted arms show homogenous stress or strain 

distributions in the test section. However, it is challenging to manufacture such a geometry made 

from FRP composites. Suzuki et al. [6] reported that the stress state in the test section (gauge 

region) of a composite cruciform specimen is not always directly linked to biaxial loads given at 

each tab, and parameters such as geometry and laminate properties do affect it. Thus, the authors 

proposed a simulation-based design model to study the relationships between geometry and 

mechanical properties to identify an optimized specimen geometry.  

The presented study focuses on optimizing the gauge region of the cruciform specimen by 

simulating geometries of different gauge thickness and shapes with the aim of reducing or 

eliminating failure away from the gauge region. 

Finite Element Simulation 

The CDM-based material model MAT219 in local form was applied to an initial cruciform 

structure based on literature. Hexcel’s Hex-Ply IM7/8552 carbon fibre reinforced polymer (CFRP) 

was selected since this aerospace quality material has been extensively studied and characterized in 

the literature, in particular the evolution of damage in [0/45/90/-45]4s laminates [7]. Table 1 shows 

elastic and strength input parameters to simulate progressive damage in these laminates through 

MAT219. 

Shell elements (2D quadrilateral, one integration point through the thickness) are used to model 

the specimen and the element size is restricted to 1mm x 1mm while using reduced integration. This 

enables one simulation to run in 20 – 30 minutes on a conventional computer using 16 CPUs. This 

increases the efficiency of the process which enables the simulation of multiple geometries within a 

short period of time. 

Table 1 Elastic and strength properties for uni-directional IM7/8552 CFRP in tension [7] 

Longitudinal Modulus Transverse Modulus Shear Modulus Poisson’s Ratio 

161 GPa 11.4 GPa 5.17 GPa 0.32 

Longitudinal Strength Transverse Strength 

2608 MPa 81 MPa 

Results 

This study first considers a baseline cruciform specimen with uniform thickness of 4mm in 

multiaxial load cases where all four arms are subjected to equal tensile loads. The same loading 

condition is applied to a cruciform specimen with thicker arms of 8mm and gauge region of 4mm. 

Various shapes of the gauge region (rectangular, diamond, round) are virtually investigated. Fig. 1 

shows a comparison between the baseline geometry and a thin rectangular gauge section. It can be 

seen that damage in Layer 1 (0 deg ply) differs significantly. The baseline specimen fails in the 

arms while the reduced thickness in the gauge section leads to failure in the centre of the cruciform.  

This shows that the design of the cruciform is vital to obtain meaningful data to document and 

characterize the mechanical response of composites in multiaxial loading conditions. 
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Fig. 1 Fibre damage in 1st layer (0 deg ply): Specimen of uniform thickness 4mm (left); Specimen 

of variable thickness 4mm gauge region, 8mm arm region (right) 

The presented results show that FE simulation can help identify the optimum cruciform 

geometry for improving planar biaxial testing of composites. Recommendations are given about 

suitable gauge section shapes considering manufacturing feasibility. 

Summary 

This study shows that the cruciform specimen for planar biaxial testing can be virtually 

optimized by using efficient and well calibrated computational finite element models to simulate 

various geometrical features. It is shown that it is possible to achieve failure within the gauge 

section for the true characterization of the mechanical response of composites subjected to 

multiaxial loads. 
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Abstract. Particle fragmentation is a common phenomenon in large loading compaction. This work 
conducted the discrete element method (DEM) based simulations to study its effect on energy 
distribution. Particle fragmentation model based on a force criterion and an Apollonian fragments 
replacement method was implemented to the DEM to simulate particle breakage in compaction 
directly. The model was compared with physical experiments. Analysis on the energy indicated the 
elastic energy tends to stable at larger stress and the plastic energy gradually increases with the stress. 
Besides, the breakage energy only accounted for 2% of the total input energy and more than half of 
the input energy was to overcome the friction between particles during particle rearrangement. 

Keywords: DEM, particle breakage, energy distribution, compaction. 

Introduction 
Compression of granular matter is a traditional method that is widely applied to various fields, such as 
pharmaceutical engineering, civil engineering, agricultural engineering, mineral engineering and 
powder metallurgy[1, 2]. During the compression process, the total input energy is stored in the form 
of elastic energy in the grains and dissipated by breakage, friction and redistribution. Better 
understanding of how the energy dissipates during compression is necessary to establish the relation 
between particle breakage and mechanical behavior of the soil [3, 4]. 

The calculation of the energy components during compression of crushable particles has been 
studied for decades.  Bolton et al. [5] used DEM bond sphere model to analyze the energy distribution 
during a crushing test performed on a single particle, the breakage energy was calculated as the elastic 
energy stored at the contacts before bonds failed. They found that the breakage energy was about 10% 
of the input energy. On the other hand, Afshar et al. [6] found that the breakage energy accounts for 
30% of the input energy for similar simulation method. Subsequently, DEM simulation of sample 
(with a set of agglomerates) was further studied. Wang et al. [4] used DEM bond sphere model to 
study the distribution of energy. They found energy is mostly dissipated by particle redistribution and 
inter-granular friction. Similar results were also found by other researchers [6, 7]. While the energy 
analysis show above were mainly based on the agglomerate, the studies on energy distribution for 
DEM replacement sphere method during the compaction process are still limited. 

This work is to develop a DEM model with an accurate replacement sphere breakage model to 
simulate the compaction process. The energy distributions at different stress are analyzed based on 
the distribution of force. and the energy component includes elastic energy, plastic energy, breakage 
energy and redistribution energy are also investigated during the compaction.  

Simulation method and conditions 
DEM model. The particle motion includes translational and rotational motions were governed by 
Newton's second law of motion. The details of the can be found in our previous study [8].  
Breakage model. The particle experiences plastic deformation and is subject to breakage when the 
induced normal stress is larger than its strength, given by [9], 

σ = F/Ap ≥ σlim = σlim,0 (d/d0)-3/m (1) 
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where m is a parameter related to particle material properties, which is often obtained based on single 
particle breakage experiments, σlim,0 is the mean limiting strength of the particles at d0. A reference 
particle size d0 was defined as particle strength depends not only on materials but also on particle size. 
AF is the contact area. Through trial and error, we observed that m = 10 and σlim,0 = 3.5 GPa at d0 = 2 
mm could well predict particle breakage for silica sand under compaction. In the simulations, when a 
particle broke, it was replaced by smaller fragments (spheres in the work) of different sizes. The 
second generation of Apollonian sphere packing algorithm was used in the work.  

A simulation began with the random generation of spheres inside a cylindrical container. After a 
stable packing was formed, a loading plate moved from the top at a speed of 0.05 m/s until the 
prescribed pressure was reached. The silica sand with density 2650 kg/m3, Elastic modulus 46.8 GPa, 
Poisson ratio 0.3, Sliding friction coefficient 0.3, Yield pressure 3.5 GPa were used in the simulation. 

Results and Discussion 
Force network. The force distribution is pivotal for understanding the energy dissipation during the 
compaction. Fig. 1 shows the development of force network with various compaction stress. The 
compaction process can be divided into three stages based on the force distribution. At stage I for the 
stress smaller than 10MPa, the large force gradually accumulated near the top plane, and less particles 
were broken. At this stage, most of input energy was stored in the elastic energy and dissipated by 
particle rearrangement. At stage II (10-50MPa), the particles are gradually broken from top to bottom 
due to the transmission of contact force, the breakage energy increases while the most of input energy 
is still dissipated by the rearrangement of newly generated particles. At stage III for the stress larger 
than 50 MPa, the larger forces are gradually concentrated near the top plane with the increasing of 
compaction stress because almost all low strength particles were broken. At this stage, the breakage 
energy gradually decreases and the most of input energy dissipated by plastic deformation and 
particle rearrangement.    

0 MPa
10 MPa

30 MPa 50 MPa 100 MPa

Fig. 1 Force network at different stress. Line thickness is proportional to the magnitude of the forces 

Energy distribution. The complete energy balance equation was given by [7, 10] 
ΔW = ΔΨe + ΔΨp + ΔΨs + ΔΨr                                          (2) 

In which ΔW is input energy, ΔΨe, ΔΨp, ΔΨs and ΔΨr are the elastic energy, plastic energy, breakage 
energy and redistribution energy, respectively. The input energy is defined as ΔW = Fvdt , V, F and dt 
are the compaction velocity, total force at top plane and timesteps, respectively. The elastic energy is 
stored at the contacts between particles, is the integral of product of elastic force and elastic 
displacement. The plastic energy is the energy dissipation caused by plastic deformation, defined as 
the integral of product of plastic force and plastic displacement. The breakage energy is the energy 
needed to create new material surfaces when particles break, is defined as [3], Ψs = ΓdS/(Vs(1 + e)), Γ 
is the surface free energy, and is a constant during the compaction, dS is the increment of the surface 
area after particle break, Vs and e are the particle volume and void ratio. The redistribution energy is 
introduced in order to calculate the rearrangement of the grain around the crushed particles, and it can 
be calculated by energy balance equation, ΔΨr = ΔW - ΔΨe - ΔΨp - ΔΨs . 
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Fig. 2 shows the distribution of energy for different components. The normalized elastic energy 
firstly decreases and then tends to stable with the increase of stress, while the elastic energy gradually 
increases with the stress, indicating that the elastic deformation is significant at larger stress. The 
breakage energy firstly increases (<30 MPa) and then gradually decreases with stress (>30 MPa), 
while it accounts for less than 2% of input energy during the compaction. Similar to the breakage 
energy distribution, the redistribution energy first increases and then decreases with the increases of 
stress. This trend is also similar with the results from Wang et al.[7], which obtained decreasing trend 
of redistribution energy with the stress for their simulation. Besides, at least 50% of input energy is 
dissipated by the redistribution energy, The decreasing trend of redistribution energy at larger stress 
because the particle crushing event gradually decreases and part of input energy is gradually 
transferred into plastic energy with increase of stress. 
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Fig. 2 Evolution of energy distribution with stress. Each energy component is normalized by 
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Abstract. Additive Manufacturing (AM) is a relatively new manufacturing method, which many 

industries see potential in, however certain limitations currently exist in its application on real world 

parts, where are originally designed for traditional manufacturing technologies and processes. In 

this study, an optimal design framework is developed for these mechanical parts to make them 

ready for AM and it is developed by combining the powers from Computer Aided Design (CAD) 

modelling, analytic modelling, and the Finite Element Method (FEM) with the new design 

philosophy – Design for Additive Manufacturing (DfAM). As a research showcase, a mechanical 

part – Gland Block from Colmar Engineering is investigated to demonstrate the application of this 

framework. 

Keywords: Computer Aided Design (CAD), Analytic Modelling, Finite Element Method (FEM), 

Design for Additive Manufacturing (DfAM), Stainless Steel, Gland Block 

Introduction 

Additive Manufacturing (AM) is a relatively new manufacturing method, which has had the bulk of 

research covering it only done within the past decade. AM utilises a variety of methods to create 

parts and products with minimal waste, as compared to conventional manufacturing such as milling, 

which is a subtractive method. This allows for parts with significant shape complexities to be 

produced at a cheaper cost and will therefore be a key process in the future of manufacturing. There 

have been numerous investigations on the optimal parameters for each method and material 

combination, such as the Selective Laser Melting (SLM) of 17-4 PH stainless steel [1], or the 

evaluation of using Hot Isostatic Pressing (HIP) on Fused Filament Fabricated (FFF) 316L stainless 

steel [2]. However, these investigations cover standard parts, such as dog bone tensile specimens, 

with no results showing the effect on parts used in real assemblies. Real world parts often feature 

screw holes, or flow channels for fluids, however this results in a predicament, due to the inability 

of current AM technology to print hollow circles in the vertical direction without support material. 

This adds to the cost and manufacturing time, and can be identified as one of the hinderances to the 

widespread adoption of AM, with many papers dedicated to Design for Additive Manufacturing 

(DfAM) to solve this issue, such as the cantilever beam [3-5].  

This study develops the Finite Element-based DfAM framework for 3D printed metal mechanical 

parts, combining the powers of the finite element method, analytic modelling, and the 

implementation of DfAM principles. A typical mechanical part from an industry partner is 

investigated as a sample part to demonstrate the application of the proposed design framework, 

which contains bore hole and fluid channel features, and optimise it to be ready for AM. 

Experimental work on printing the part is planned to be conducted for prototyping and validation..  
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Development of Finite Element-based DfAM Design Framework for Mechanical Parts 

The proposed finite element-based DfAM design framework for additively manufactured 

mechanical parts has three main phases: a) Phase 1: Design Analysis; b) Finite Element Analysis 

and Design Improvement; and c) Printability Analysis. In the first phase of the proposed FE-based 

DfAM design process, a design analysis on the original mechanical part is conducted to identify the 

issues inappropriate for additive manufacturing. In this study, the gland block from Colmar 

Engineering was analysed, which was originally designed for CNC machining. The original block 

was made of AISI 1045 Steel and the redesigned block used 17-4PH stainless steel instead due to its 

availability for additive manufacturing. Fig. 1 shows the DfAM design framework developed for 

additively manufactured gland block. 

Figure 1 DfAM design framework developed for additively manufactured gland block 

    In the second phase, the finite element analysis is conducted to check whether the new material 

still can provide high-quality performance and the FE model with boundary condition can be found 

in Fig. 1 too. In this phase, both SolidWorks Simulation Module and ANSYS Workbench can be 

utilised. A mesh convergence test is always conducted to determine appropriate mesh size for an FE 

model. The outcomes from this phase include stress, strain, displacement, and factor of safety and 

they are used to improve the design of the part. In the third and final phase, a printability analysis of 

the mechanical part is carried out by using the MSC Simufact Additive. As for the metal additive 

manufacturing technologies, only Selective Laser Melting (SLM) technology is considered as it has 

a high accuracy than other technologies. In this phase, three types of numerical simulations and 

analyses on the additive manufacturing process of the mechanical part can be performed including 

mechanical, thermal, and thermomechanical analysis respectively. The extracted data from Phase 3 

are used to identify issues and a design iteration may be required to conduct the design analysis in 

Phase 1 again until a mechanical part ready for additive manufacturing is designed.    

Results and Discussion 

Since AISI 1045 steel is not available for AM yet, the 3D printable material – 17-4PH stainless steel 

was adopted as the substitute material. 17-4PH has a slightly lower density, resulting in the weight 

of the gland block from 8031.2 grams for AISI 1045 steel becoming 7985.81 grams. 17-4PH has a 

much higher yield strength, especially when in the H900 condition, as the yield strength becomes 

1232 MPa, which is more than two times the yield strength of AISI 1045 steel, thus making the 

safety factor much higher too. Fig. 2 should the stress profiles with applying two different edge 

configurations in the purpose of reducing stress concentrations at the local zones, i.e., edges. To 

optimise the geometry for SLM, an internal Body-Centred Cubic (BCC) lattice structure was used, 

as it requires the least amount of material, reducing the building time which is important for the 

productivity of SLM. Fig. 3 displays a 5 mm reverse offset from the left side, revealing the lattice 

structure. Due to the nature of the loading, a z axis strut is not used.  

    As the main outputs of the printability analysis on the gland block, it rrequires 220.393 grams of 

support material, of which, 64.3018 grams is for the base which is 1 mm offset from the baseplate. 

Batching cannot be done, as only one fits in the baseplate size which is 250 × 250 mm. Total print 

time is 4 days for solid fill but can be reduced depending on the lattice parameters. 
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Figure 2 Stress contours for grand blocks with (a) a 1 mm edge fillet with two-stage 0.5 mm fillet 

and (b) a 2 mm edge fillet with 0.5 mm and 1 mm two-stage fillet  

Figure 3 (a) lattice structure of the infills and (b) the support materials applied for SLM. 

Summary 

The Finite Element-based DfAM framework has been successfully developed for 3D printed 

metal mechanical parts and it was used to redesign the gland block by implementing DfAM and 

using 3D printable materials with higher material properties. The extracted results can provide the 

guidelines to improve the mechanical parts of interests ready for AM, though they may be originally 

designed for transitional manufacturing processes. In this case, AISI 1045 (cold drawn) is more than 

5 times cheaper than 17-4PH SS but less material could be used if AM can be used. The current 

research work is still ongoing, and the numerical modelling and simulations will be continued with 

a focus on shape and infill lattice optimisation and experimental work is also on its way for a 

validation purpose.  
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Abstract. Up to now, the reliable and efficient calibration of contact parameters  for the Discrete
Element  Method  (DEM)  is  still  a  challenging  task.  Therefore,  a  fully-automated  Bayesian
calibration framework is developed and applied for two different calibrations using synthetic data as
reference solution. These calibrations are for a triaxial compression test with spherical particles and
rolling contact resistance and for an oedometric compression test using clumps of particles, which
explicitly represent irregular grain shapes without using rolling resistance models.

Keywords: Discrete  Element  Method  (DEM);  Triaxial  compression;  Oedometric  compression;
Machine learning; Bayesian calibration; Multi-objective optimisation. 

Introduction

The Discrete Element Method (DEM) [1] is the most widespread numerical method to capture soil
dynamics  on grain level  in  order  to  predict  soil  behaviour.  Up to now, a  main challenge  is  to
characterise  the  required  contact  parameters  efficiently  since  they  are  very  difficult  to directly
measure in laboratory experiments. To avoid an inefficient and imprecise calibration by ‘trial and
error’ it is desirable to apply a reliable and automatic calibration method. A promising approach is
GrainLearning  (GL),  which  is  a  calibration  toolbox  based  on  an  iterative  Bayesian  filtering
framework. Within GL a resampling of contact parameters is implemented based on Bayes’ rule [2].
The framework has been optimised further to develop a fully-automated calibration framework [3]. 

The fully-automated GL [3] is applied to a triaxial compression and an oedometric compression
test with known synthetic DEM data as reference solutions. The reference solutions are generated
with the open-source DEM framework Yade [4].  In the calibration of the oedometric compression
test not only the contact parameters are prescribed, but also the percentage of three different grain
shapes represented by the clumps introduced in [5].

Numerical framework

Discrete Element Method. In the DEM the discontinuous material behaviour of granular materials
is described by a set of solid particles interacting via forces upon collision. Based on the resulting
forces the kinematics of the particle system are updated by integrating Newton’s equation of motion
[1,4].

In this work, the classical linear contact law with Mohr-Coulomb friction is used. Consequently,
the normal forces are defined by Fn=knun , where  un is the overlap in normal direction and

kn=2 E c rm is  the  stiffness  in  normal  direction  with  contact  Young’s  modulus  Ec and

equivalent  radius  rm
=(1/r1+1/r2)

−1 .   The  tangential  forces  are  incrementally  defined  with
respect  to  the  incremental  overlap  in  tangential  direction  d us by  dF s=ks d us .

The  associated  tangential  stiffness  is  defined  by  k s=2 Ec νc rm where  νc is  the  contact
Poisson’s ratio. Moreover, the plastic limit condition ‖Fs‖=tan ϕ‖Fn‖  with friction angle ϕ

needs to be fulfilled.  To account for unspherical shapes, contact moments  M=kmθ based on
relative  rotations  θ and  bending  stiffnesses  km=β r1 r2k s are  computed.  Similar  to  the
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tangential  force,  a  plastic  limit  criteria ‖M‖=η‖Fn‖min(r 1 , r2) is  applied.  Based  on  the
formulation the parameters β and η , the rolling stiffness and the rolling friction coefficient, are
model parameters. 

Bayesian calibration. The theoretical foundation of the Bayesian calibration framework is only
introduced on the surface due to its complex nature. The reader is referred to [2] and [3] for a
detailed theoretical explanation.

In  the  following,  the  estimation  of  model  parameters  θTriax={log Ec , νc ,ϕ ,β ,η} and
θOed={log E c , νc ,ϕ , c23 ,c3 } are performed  using  Bayesian  inference.  In  the  oedometric

compression the first three parameters are DEM contact parameters and the latter two are directly
related to the clump percentages via  p1=1−c23 , p2=c23(1−c3), p3=c23c3.  In the framework,
θ is  also  considered  as  stochastic  variable  with  associated  probability  distribution  whose

estimation is conditioned on the reference data, i.e. on the synthetic reference data in this case. The
simplest  way for  the  estimation  of  θ is  the  application  of  the  sequential  Monte Carlo  filter.
However, as shown in [3] better estimations are obtained when using the iterative Bayesian filter,
which is based on a non-linear non-Gaussian state space model. The crucial part of the iterative
Bayesian filter  is  that the proposal distribution is constructed in each step by a non-parametric
Gaussian mixture model. In the mixture model the recursive Bayes’ rule is used, taking into account
all realisations of θ from the previous step.

Calibration of model parameters

Triaxial compression. In the triaxial compression test a prepared initial packing of 2000 particles
is considered. During the test the packings are loaded incrementally for every 0.4% axial strain,
followed by a relaxation stage until the total axial strain reaches 20% under a confined pressure of
σ c=0.5 [MPa] [3]. Prescribing the strain ε1 , the stress ratio σ1/σ c as well as the volumetric

strain εV are measured. 
In  Fig.1  the  calibrated  model  responses  in  stress  ratio  and  volumetric  strain  are  depicted.  An
excellent fit with respect to the synthetic reference data is obtained. This is also reflected by the
associated errors of 1.44 and 1.33%. 

Fig.1 Model responses (stress ratio and
volumetric strain) for the most probable
parameter samples in the final iteration
as well as synthetic reference data.

Oedometric compression. In the oedometric compression test a dense packing of 1707 spherical
particles is replaced by clumps with respect to their associated percentages (1/3 each). Afterwards,
the packing is compressed until a porosity of 0.45 and quasi-static conditions are reached. Starting
from this point the applied displacement of the upper plate as well as the resulting normal stresses
on the bottom plate are incrementally measured at quasi-static conditions. In total, 20 equidistant
loading as well as unloading steps with incremental displacements of 0.00025 m are applied. In the
following, two calibrations are performed. In the first calibration all five model parameters θOed
are considered and in the second calibration the clump percentages are set to their synthetic values.
The resulting stress-displacement curves as well as the synthetic reference data is shown in Fig.2. 
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 Fig.2 Stress-displacements  curves  for  the  
most probable parameter samples in the final 
iteration  for  the  calibration  considering all  
model  parameter,  only  contact  parameters  as  
well  as  the  synthetic  reference  data.  The  
clump shapes, cf. [5],  are  depicted  in  the  
bottom right corner. 

Overall, excellent qualitative results are obtained for both calibrations. From a quantitative point of
view the  error  in  stress  is  with  2.06% slightly  smaller  for  the  calibration  with  all  five  model
parameters compared to the error of 2.34% for the calibration of contact parameters only.

Conclusion

In  this  contribution,  the  successful  application  of  the  fully-automated  Bayesian  calibration
framework in context of triaxial and odoemetric compression tests is shown. Excellent calibration
results are shown for both, the calibrations using rolling contact parameters (triaxial compression)
and clumps (oedometric compression) to take into account non-spherical shapes within the DEM. 
  Currently the application of clumps in the calibration of triaxial compression tests is investigated,
whilst  the  variability  in  grain  shapes  is  also  increased.  The goal  is  to  find  out  to what  extent
significant differences of individual shapes influence the calibration process and its results. In doing
so,  the  predictive  behaviour  of  varying  calibration  results  will  be  compared  to  study  their
significance.
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Abstract. In the simulation of rubber-sand mixtures two inherently different physical phenomena
play a crucial role and need to be captured. These are intra-particle deformation of rubber particles
and inter-particle  collisions  of  individual  grains.  Thus,  discontinuous  and continuous behaviour
needs to be considered simultaneously. Therefore, a meshfree PD-DEM framework is developed.
Intra-particle forces of rubber particles are computed using PD and inter-particle forces between
rubber and sand grains as well as between individual sand grains are defined by the DEM. Since the
deformation of rubber particles and the interaction between grains takes place on a different length
scale, a multi-scale time integration scheme is developed to account for efficient computation. In
the numerical example the applicability of the developed framework to capture the deformation of
lengthy rubber bodies, induced by DEM grains, is shown. 

Keywords: Peridynamics (PD); Discrete Element Method (DEM); Meshfree coupling framework;
Multi-scale; Granular mixtures; Deformable particles 

Introduction

Granular  materials  are  defined  as  conglomeration  of  solid  particles  whose  behaviour  is
characterised by inter-particle forces between individual particles, also called grains.  In order to
capture the dynamics of granular materials numerically, the Discrete Element Method (DEM) [1]
has been developed. Within the method the inter-particle forces resulting from collisions of solid
particles are computed on the basis of specific DEM contact models and the kinematics of grains
are updated by integrating Newton’s equation of motion.
In real life applications granular materials are often substituted to change their bulk response. A
prominent example is the addition of rubber particles into sand to induce elastic behaviour. From a
computational point of view it is not entirely possible to capture the dynamics of the mixture via the
DEM since rubber particles cannot be represented by solid particles.  Deformability  needs to be
introduced to correctly represent the behaviour [2]. However, pure DEM approaches have some
limitations in accurately modelling the Poisson’s effect and continuous stresses. Hence, coupling
with  other  numerical  methods  is  beneficial.  The  most  suitable  method  for  the  coupling  is
Peridynamics (PD)  [3].  In  PD  the  material  is  considered  as  a  continuum,  whilst  a  meshfree
discretisation is commonly applied. This is possible due to the non-existence of spatial derivatives
in the non-local framework in which particle interactions within a predefined radius are considered.
As a consequence, similar to the DEM, discretised PD represent a particle system. Thus, a particle
based contact coupling between DEM and PD is possible. 
In the following, the developed multi-scale PD-DEM coupling framework is introduced, focusing
on the applied force coupling as well  as on the multi-scale  time integration.  Subsequently,  the
framework is applied for the simulation of a compression example consisting of sand grains and
three lengthy rubber particles. 

Multi-scale PD-DEM coupling framework

Force  coupling. The  basis  of  the  developed PD-DEM coupling  framework is  a  system where
kinematics are updated on particle level via the integration of Newton’s second law f I=mI aI ,
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where f I is the force, mI the mass and aI the acceleration of particle I. Based on the different
force origins, cf. Fig.1, the particle forces are obtained by the superposition of the associated forces
via  f I=f I

PD
+ f I

DEM
+ f I

Coupling . They  consist  of  intra-particle  peridynamic  forces  f I
PD of  the

peridynamic body, inter-particle DEM forces f I
DEM between two DEM particles (DEM-DEM) as

well as of coupling forces f I
Coupling . The coupling forces are related to hybrid particles which are

acting simultaneously as peridynamic and DEM particles. Consequently, they are associated to the
surface of peridynamic bodies and represent inter-particle forces between a peridynamic body and a
DEM particle  (PD-DEM) as  well  as  between  two peridynamic  bodies  (PD-PD).  Note  that  the
coupling  forces  are  computationally  treated  as  DEM  forces  due  to  their  equivalent  origin  of
colliding particles.  

Fig.1 Visualisation of different force origins within the PD-
DEM framework. DEM grains are colour coded in grey,  
PD  bodies  in  green and  hybrid  particles  acting  as  
peridynamic as well as DEM particles in red.

In  general,  the  DEM  forces  consist  of  a  normal  and  tangential  part  and  are  defined by
f DEM=f n

DEM
+ f t

DEM . In this work the Hertz-Mindlin contact model is applied for the computation
of normal and tangential forces. Thus, the associated contact stiffnesses in normal and tangential
direction are defined with respect to their current overlap.    
In PD non-local particle interactions within a predefined radius of the undeformed configuration are
considered.  Thus,  all  associated neighbouring particles  J  being in the so called  family H XI

of
particle I have to be considered for the force computation. Generally, the forces are defined with
respect to bond vectors ξ IJ , representing the vector between two particles I and J. In this work,

state  based PD, i.e. f I
PD

=∑J ∈H XI

(T I ⟨ ξ IJ ⟩−TJ ⟨ ξ JI ⟩)V J V I , with the Linear  Peridynamic  Solid

material model [4] for the force state densities T is used.

Multi-scale time integration. The DEM-based open source framework Yade [5] is extended to PD
and  a  staggered  multi-scale  time  integration  scheme  for  the  PD-DEM  coupling  approach  is
implemented. Within the framework it is possible to specify different time steps for the DEM and
PD, i.e.  Δ tDEM

≠Δ tPD . The staggered scheme is based on the idea to subsequently update the
kinematics in the particle system from step n to step n+1. In a first step, the kinematics of DEM and
hybrid particles are updated with respect to the associated DEM forces and in a second step the
kinematics of PD and hybrid particles are updated with respect to the peridynamic forces. In case of
unequal time steps it is required that the bigger time step is the integral multiple m of the smaller
one. The force computation and kinematic update of the associated part in the staggered scheme is
then performed m times. Since the hybrid particles are always updated multiple times, they require a
special  treatment  during the applied leapfrog time integration.  In case of equal time steps their
kinematics, i.e velocities v and positions x are updated via Eq. (1). In general the associated
mean velocities v̄ are always defined with respect to the values of their last incremental update.  
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(1)

Simulation of rubber-sand mixture

In the numerical example, the uni-axial  compression of a sand-rubber mixture is considered. To
reduce the numerical effort, the simulation is performed on the cm instead of the mm scale. The
sand-rubber mixture consists of a loose sphere pack of dimensions 80x20x80 [cm] in which three
lengthy  rubber  particles  of  dimensions  40x20x10  [cm]  are  embedded.  Each  rubber  particle  is
discretised  by  1,000  peridynamic  particles  and  a  total  of  3,869  spherical  DEM  particles  with
uniformly distributed radii are used. They have a mean radius of 1 [cm] and dispersions of ± 0.5
[cm]. The mixture is surrounded by walls as boundary conditions, whereby a constant velocity of

v=10 [cm/s] is prescribed for the walls on the top and bottom to induce a constrained uni-axial
compression. For the simulation, the multi-scale time integration is applied with Δ tDEM

=10−4 s
and Δ tPD

=2Δ tDEM .

Fig.2 Compressed  mixture  of  3,869
DEM  sand  grains  (coloured)  and  three
lengthy  peridynamic  rubber  bodies
discretised  by  1,000  peridynamic
particles each (blue). 

The compressed sand-rubber mixture after 1.6 s is depicted in Fig. 2. Due to the moving walls on
the top and bottom, the initially loose sphere pack is compressed while the lengthy rubber particles
act as additional internal constraint. Since the rubber particles are not symmetrically embedded in
the sand packing, the distribution of resulting coupling forces is not constant. The tips on the left of
the top and bottom particle are deflected towards the center,  i.e.  elastic deformations of rubber
particles are induced, due to the comparable looser packing in that area. The reason why no heavy
bending of the associated rubber particles is observable is related to their free movement in the
packing. Instead of bending further, the top and bottom rubber particle start to rotate within the sand
packing. Moreover, the rubber particles always intend to reach their energetic most favourable state,
i.e. their undeformed configuration.
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Summary

In  this  contribution  the  fundamentals  of  a multi-scale  PD-DEM  coupling  framework  and  its
application  for  the efficient  simulation  of  rubber-sand mixtures  are  presented.  In the numerical
rubber-sand  mixture  example,  the  capability  to  represent  DEM  grain  induced  deformations  in
rubber  particles  is shown. As a consequence,  it  is  meaningful  to  apply the developed coupling
framework  for  more  complex  simulations,  e.g.  to  predict  the  bulk  dynamics  of rubber-sand
mixtures.    
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Abstract. Shale gas has become a more popular type of energy nowadays with the advanced 
development in hydraulic fracturing. The reservoir stimulation via hydraulic fracturing can 
effectively increase the permeability of the low-permeability shale formation. The organic-rich shales 
within Velkerri and Kyalla formations in the Beetaloo Basin, Australia, are significant shale gas 
resources in Australia. Thus, the sensitivity study on shale gas production of the hydraulically 
fractured wells within the Velkerri formation is carried out to understand the performance of the 
Australian shale better. In this work, the shale gas production is modelled using the three-dimensional 
projection-based embedded discrete fracture modelling algorithm. Initially, the reservoir parameters 
of the B shale of the Velkerri formation are calibrated by reproducing the shale gas production of the 
production testing results obtained in the field. The preliminary results show that the increase of the 
cluster number per stimulation stage can reduce the shale gas production at the same total fracture 
numbers. 

Keywords: shale gas, hydraulic fractures, sensitivity studies, reservoir modelling, stimulation design 

Introduction 
The recent advanced technologies in horizontal drilling and hydraulic fracturing have significantly 
increased the gas recovery rate in shale. Thus, shale gas extraction has become more critical globally 
with the rising demand for energy resources. According to the assessment of the U.S. Geological 
Survey, 429 million barrels of oil, 278 million barrels of natural gas liquids, and 8 trillion cubic feet 
of gas are undiscovered and technically recoverable in the middle Velkerri formation and Lower 
Kyalla formation in Beetaloo Basin [1]. In particular, the middle Velkerri formation consists of 205 
million barrels of natural gas liquid and 6.155 trillion cubic feet of gas, which is a crucial shale gas 
play in Australia. While there were sensitivity studies carried out based on the data from U.S. shales 
[2, 3], few were found from Australian shales [4]. Therefore, the sensitivity study for the middle 
Velkerri formation is carried out to evaluate the shale gas production and optimise the hydraulic 
fracture stimulation design using the numerical method. 

In this work, a 3D projection-based embedded discrete fracture modelling (pEDFM) algorithm [5] 
developed in the framework of Matlab Reservoir Simulation Toolbox (MRST) [6] is used to model 
the stimulated hydraulic fractures (HF) in the Velkerri shale and calculate the long-term shale gas 
production for up to 30 years. Different scenarios are considered in this work for sensitivity studies, 
such as the number of HF stages, number of clusters per stage,  fracture half-length, and the position 
of multiple wells. 
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Method 
The 3D pEDFM is used to model the B shale of the Velkerri formation [7]. The stimulated hydraulic 
fractures can be modelled as the embedded discrete fractures, while the reservoir can be modelled 
using the structured grids in MRST [5, 6]. The B shale in the Velkerri formation was considered as 
the target of the horizontal well Amungee NW-1H, which was drilled and studied by the multi-stage 
hydraulic fracture stimulations in 2016 [7]. The short-term gas production data from the extended 
production test in Amungee NW-1H is used for history matching to estimate the permeability of the 
hydraulic fracture. Afterward, the sensitivity study can be carried out to calculate the gas production 
for 30 years in the B shale with a size of 1100 m long and 600 m wide. Different hydraulic fracture 
scenarios can be considered, such as different number of HF, number of clusters per stage, the 
fracture half-length, cluster spacing, and the type of alignment between multiple wells.  

Preliminary results     

The cumulative shale gas production results in the B shale Velkerri formation with different numbers 
of clusters per stage against the total fracture numbers are shown in Fig. 1. The cluster spacing is 10 
m. The results suggest that the total gas production at 30 years can be reduced with the increase of the
number of clusters per stage. However, as the total fracture numbers approach 100, the difference in
total gas production becomes smaller since the spacing for all fractures is close to 10 m, the same as
the cluster spacing. The results also imply that the cluster spacing can significantly impact the shale
gas production. Therefore, using a cluster spacing greater than 10 m may help to improve the shale
gas production at multiple clusters per stage.

Fig. 1 The calculated cumulative gas production at 30 years against the number of fractures for 
different cluster numbers per stage at a fracture half-length of 150 m.  

Summary 
The preliminary results show that the increased number of clusters per stimulation stage at a cluster 
spacing of 10 m will reduce the shale gas production at the same total number of fractures, for the 
number of fractures less than 100 for the studied formation size. More sensitivity studies will be 
carried out to consider more factors such as the fracture-half length, cluster spacing, the orientation of 
the hydraulic fractures, and the effect of alignments between two horizontal wells on the shale gas 
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production. The results will be useful in the optimisation of the hydraulic fracture stimulation design 
in Velkerri formation. 
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Abstract. Fluid-structure interactions (FSIs) of fluid-conveying collapsible vessels produce rich physiologi-
cally significant phenomena in many biological systems. However, it remains challenging to compute the flow-
induced vibration of collapsible vessels due to nonlinear FSIs involving large-deformations, three-dimensional
(3-D) motion, unsteady flows and high Reynolds numbers. In this study a coupled finite element-immersed
boundary-lattice Boltzmann method (FE-IB-LBM) solver is proposed to simulate collapsible tube flows. Val-
idation of the solver was performed by simulating steady flow in a collapsible tube at Re = 128. Good agree-
ments of the results between current computations and published data were observed. This study provides
additional data for benchmarking of computational fluid dynamics (CFD) solvers in the simulation of collapsi-
ble tube flows. Detailed parameter investigations (e.g. effects of the Reynolds number and non-Newtonian
fluid) of the collapsible tube flows will be reported in future works.

Key words: Finite element method, Immersed boundary method, Lattice Boltzmann method, Flow–vessel
interactions, Collapsible tube flows, Blood flow

1 Introduction

Both the collapse of blood vessels and the blood flow in compliant vessels all involve FSIs between the blood
and the vessel walls. In order to understand the physical mechanism for the onset of self-excited oscillations
of collapsible blood vessels, various experimental and numerical studies have been conducted [1, 2]. CFD be-
comes an important tool for improving our understanding of the effect of normal physiological and pathological
behaviors in the arterial system [3]. However, it remains challenging to compute the flow-induced vibration of
collapsible vessels due to nonlinear FSIs involving large-deformations, 3-D motion, unsteady flows and high
Reynolds numbers. Here, the computation of a steady flow in a collapsible tube at Re = 128 was conducted to
validate the FE-IB-LBM solver.

2 Modeling of Fluid-structure Interaction in a Collapsible Tube

The coupled nonlinear system for the FSIs in a collapsible tube is solved by the FE-IB-LBM FSIs solver. The
D3Q19 LBM with multi-relaxation-time (MRT) model is adopted for the fluid dynamics. An iterative feedback
version of the immersed boundary method (IBM) is used to realize the no slip and no penetration boundary
conditions of the tube wall [2]. The IB-LBM solver has been extensively validated and applied in confined
flows (e.g. 2D collapsible channel flows and 3D stenosis) in our previous publications [2, 4, 5]. The structural
equation is solved by an explicit finite element method (FEM). The strain of the wall is assumed to be small
which enables the tube wall to be treated as a linear elastic structure. The dynamics for the solid is

ρm
d2uuus

dt2 + c
duuus

dt
−∇ ·σσσ −ρmbbb = 0, (1)

where ρm is the solid density, uuus(XXX , t) denotes the solid displacement field, c is the material damping, σσσ is
the Cauchy stress tensor and bbb is the body force. To validate the 3D FE-IB-LBM FSI solver, a steady flow in
a collapsible tube is considered. A 3D incompressible flow in a thin-walled collapsible tube of undeformed
radius R, length L and wall thickness h is considered. As illustrated by Fig. 1, the elastic wall is subjected to
an external pressure pe, and the tube wall material has Young’s modulus E and Poisson ratio νs. The rigid tube
has a diameter of D. The averaged flow velocity at the inlet U0, tube diameter D and fluid density ρ are used
to non-dimensionalize this system, giving four non-dimensional parameters governing this FSI system: the
Reynolds number, structure-to-fluid mass ratio, bending stiffness and external pressure are given respectively
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Fig. 1: Schematic diagram of fluid flow through a collapsible tube.
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Fig. 2: Comparison of steady solutions between present IB-LBM computations and FEM computations of
Hazel et al. [6] and Zhang et al. [7]. The coordinates (x,y,z) are scaled to the radius R and the pressure is
scaled to the bending modulus K of the tube, as in Hazel et al. [6].

by

Re =
U0D

ν
, M =

ρmh
ρD

, Kb =
Eh3

12(1−ν2
s )ρU2

0 D3 , Pe =
pe− pd

ρU2
0

. (2)

A no-slip boundary condition is applied along the tube wall. The tube is clamped at both ends and is discretized
with 26400 isoparametric 3D solid elements (20 nodes for each element and one element in the thickness direc-
tion), giving 185460 nodal points with three degrees of freedom (displacements) for each structural element. A
steady Hagen-Poiseuille velocity profile with average velocity U0 is imposed at the inlet, and a constant pres-
sure pd = 0 is specified at the downstream outlet. The computation parameters are R = 0.5m, Lu = R = 0.5m,
L = Ld = 10R = 5m, νs = 0.49, E = 4559.4Pa, h = 0.05R = 0.025m and ρm = 1000kg/m3, giving the same
nondimensional parameters used by Hazel et al. [6]: Re = 128, M = 25, Kb = 0.030517, Pe = 5.46875. To
approximate the steady flow, an empirical damping ratio ζ = c/cc = 0.05 (cc = 2

√
Km is the critical damping,

K = E(h/R)3/12
(
1−ν2

s
)

is the bending modulus and m is the mass of the elastic tube) is used here to damp
out the oscillations.

3 Results

Fig. 2 shows the comparison of present computations with those of Hazel et al. [6] and Zhang et al. [7].
Excellent agreement is achieved for both the pressure distribution and the wall shape. Fig.3 shows the details
of the flow fields and tube configurations. For tube configurations in the X-Z plane, the elastic tube collapses
into a two-lobed shape. For the flow fields in the Y-Z plane, the pressure contours show that a strong adverse
pressure gradient develops at the reopening region (7.5≤ z/R≤ 9) caused by the collapse of the tube, leading to
a reversed flow between the upper and lower walls of the tube. The pressure contours and streamwise velocity
contours at the X-Z plane reveal axially decaying twin jets emerging from the two-lobed throat with a region of
reversed flow developed between them. The 3D flow structure is visualized by Q-criterion in Fig. 4 as the flow
is highly 3D. It shows that the two-lobed shape of the collapsed tube drives the formation of two axial “jets”.
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(a) Pressure contours (b) Streamwise velocity contours

Fig. 3: Pressure and streamwise velocity at the two symmetry planes (Y-Z: upper, and X-Z: lower).

Fig. 4: 3D vortex structure visualized by Q-criterion (Q =−0.6) and colored by streamwise vorticity.

4 Conclusions

Validation of a coupled FE-IB-LBM solver for the computations of a steady flow in a collapsible tube was
performed. Good agreements of results between current computations and published data were observed, sug-
gesting the present CFD solver can accurately compute the flow-induced deformation in collapsible tube flows.
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Abstract: This study developed image based finite element method to simulate the human bruxism 
habit that is relatively hard to monitor via the in-vivo experiment in clinic. This will provide us with 
a relatively reliable tool on investigation into the jaw biomechanics in different mandibular cases 
during intercuspal position (ICP) clench bruxism and thus trying to fill the knowledge gap in the 
current literature about biomechanics on the human mandible for tori formation. The main objective 
of this study is to analyse the mechanical stimulus on the lower jaw during bruxism to determine 
whether bruxism is one of the contributing factors of developing mandibular tori. Four finite 
element (FE) models were constructed based upon the cone-beam computed tomography systems 
(CBCT) of four participants, by comparing the von-Mises stress, equivalent elastic strain, 
hydrostatic stress, and strain energy density of different simulation cases. The modelling results 
support that the torus growth region on the mandible is strongly associated with the region with 
high mechanical stimulus concentration in the mandible. 

Keywords: Finite element analysis, bruxism, mandibular Torus, biomechanical, periosteum 

Introduction  

Mandibular torus is a disease about bony outgrowth in the canine and premolar on the lingual side 
of the mandible that is above the attachment of the mylohyoid muscle. Nowadays, many people are 
exposure to the bruxism problem attributable to the fast pace of modern life and increased living 
pressure. A growing number of clinical evidence has demonstrated that bruxism could somehow be 
relative to some lower jaw diseases such as mandibular tori. For example, Canto et al.[1]  found that 
the patient with bruxism were 4 times more likely to have mandibular tori than those without 
bruxism. Another study also revealed that parafunctional activity could lead to formation of torus 
[2]. Nevertheless, the relationship between bruxism and this disease remains unclear due to the 
difficulty of the in-vivo experiments for the bruxism study. In order to investigate the effect of 
human bruxism and gain better understanding on the role of bruxism in lower jaw diseases, the 
finite element (FE) analysis is used here to simulate different mandible cases.  

Methodology 

Four FE models were constructed based upon the CBCT images of four participants. Models 1 2 
and 3 were constructed for three different participants (participant B C and D) who have the 
bruxism and mandible tori problem. On the other hand, a generic FE model for the normal mandible 
was constructed based upon a participant (Participant A) who does not have bruxism and any other 
oral health problem, which is used as a control model for comparative analysis.  
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The boundary conditions for ICP clenching were prescribed in form of the fixed tooth surface and 
the fixed top of the condyle on both sides of the mandibular cortical bone [3]. The muscular forces 
were applied on the cortical bone. After generated the ICP clenching simulation with different FE 
models, the von-Mises equivalent stress (VMS), equivalent strain, strain energy density (SED) on 
the cortical bone, and the hydrostatic stress on the periosteum in each case were obtained for 
comparative analysis.  

Results and discussion 

Figure 1, The average VMS on the lingual side of the mandible in the region of interest. 

Compared to the normal case (A), the cases with tori had a relatively high VMS and equivalent 
strain in the torus growth region. According to Wolff’s law, bone remodels and strengthens in line 
with mechanical stimuli such as strain and VMS [4]. The modelling results are found be well 
correlated with this phenomenon, where the tori cases with a thicker bone exhibit a relatively higher 
VMS and equivalent strain than the normal case on the torus growth area under ICP clenching.  

It is also found that the cases with tori had a relatively high SED in the torus growth region. 
According to the literature, a high SED-concentrated region is related to the region with a higher 
cortical density [5]. From the CT data of the tori cases, the torus growth region presented a 
thickened cortical bone on the lingual side of the mandible. This result indicated that there is a 
correlation between the formation of mandibular tori and the mechanical stimulus.  

Figure 2, The average hydrostatic stress on the lingual side of the mandible in the region of interest 

During ICP clenching bruxism, the simulated cases with tori were all experienced a relatively high 
hydrostatic stress on the periosteum in the torus growth region than the normal mandible case. 
Certain level of hydrostatic stress on the periosteum could lead to bone turnover over time [6, 7], 
thus it is sensible to predict tori growth for a greater hydrostatic stress in tension concentrated on 
the region. 
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Summary 
This study applied the image-based finite element analysis to simulate biomechanics for the ICP 
clenching bruxism movement on the human lower jaw. Different mandible cases with and without 
torus were considered for a comparative analysis. By scrutinizing the distribution and magnitude of 
mechanical stimulus, the correlation with torus formation was identified, exhibiting considerable 
implication of bruxism biomechanics on the abnormal development in mandible. The simulation 
results revealed that the torus growth region on the mandible is strongly associated with the region 
of high mechanical stimulus concentration in the mandible during the ICP clenching.  
Acknowledgments: Australian Research Council (ARC) through ITTC scheme. 
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Abstract. This paper proposes a new topology optimization algorithm for multi-material structures 

under a mass (or weight) constraint. The new multi-material design variables and their inequality 

relationship are established based on volume fractions of multiple materials within each element. The 

proposed topology optimization algorithm can be applied to the lightweight design of multi-material 

structures constructed by freely inclusion or exclusion of candidate materials. The optimized 

solutions are explicitly expressed with smooth boundaries and interfaces among multiple materials.   

Keywords: Topology optimization; Floating Projection; Multi-material design variables; Mass 

constraint; Smooth material interface.   

Introduction 

Compared with the traditional topology optimization using a single material [1], topology 

optimization using multiple materials would significantly expand the design space and provide a 

better solution. With the advent of multi-material additive manufacturing, such a multi-material 

design can be comfortably fabricated in a fashion of point-by-point and layer-by-layer directly from a 

computer model. The multi-material topology optimization problem has aroused extensive attention 

over recent years. However, most of the existing multi-material topology optimization algorithm 

considered the problem constrained by the volumes of multiple materials [2-4].  

When a structure is designed with multiple materials for lightweight, the design should be 

constrained by the total mass (or weight), instead of the multiple volume constraints. Few studies 

considered multi-material topology optimization problems under a single mass constraint [5, 6]. 

However, the current multi-material topology optimization algorithms highly depend on the material 

penalization scheme, which is almost impossible to achieve a clear distribution of multiple materials 

especially when the number of candidate materials increases. Therefore, the existing multi-material 

topology optimization algorithms are far from mature. 

This paper develops a new multi-material topology optimization algorithm based on the floating 

projection topology optimization (FPTO) method [7, 8], where the material penalization becomes 

unnecessary. The effectiveness of the proposed multi-material topology optimization is demonstrated 

by numerical examples for achieving smooth boundaries and interfaces among multiple materials.  

Multi-material Design Variables and Topology Optimization 

A structure is composed of N candidate materials whose material properties are listed as Young’s 

modulus, , and mass density, , where  . When the structure is optimized under a 

single mass constraint, the optimized solution is related to the stiffness and density of materials. The 

candidate materials are listed in the ascending order according to the mass density, i.e., 

. 

In order to design a multi-material structure with N candidate materials we can define N design 

variables for each element, such as  for element e.  denotes the summation of the 

volume fraction of materials within the element, that is 
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     (1) 

where  denotes the volume fraction of material i within element e. Naturally, there is the following 

inequality relationship among those multi-material design variables 

(2) 

where  is a small positive value, e.g.,  to avoid singularity. 

According to the linear mixed rule, the stiffness matrix and mass density of the eth element can be 

expressed by 

(3) 

(4) 

The multi-material topology optimization problem subject to a single mass constraint can be 

mathematically expressed by 

(5) 

where C is the structural compliance and  is the equilibrium equation under the framework of 

finite element analysis. , , and  denote the nodal force vector, global stiffness matrix, and the 

nodal displacement vector, respectively.  is a constraint value of the mass fraction. 

Then, the above topology optimization problem is solved by using the FPTO method [7, 8]. It is 

noted that the inequality relationship between the multi-material design variables is ensured by 

defining the following lower and upper bounds as 

 ( ) (6) 

To clearly represent an optimized solution, we construct a series of the level-set functions based on 

the multi-material design variables. Firstly,  (  are linearly interpolated to the whole 

design domain as . Then, we construct the ith level-set function 

 and the smooth interface between material i and material i-1 can be represented by the 

zero level-set as 

(7) 

Numerical Examples 

We consider the design of a short cantilever undergoing a unit force at the middle of the right end as 

shown in Fig. 1(a). The design domain is discretized into  four-node plane-stress bilinear 

elements and the filter radius is . The structure can be optimally composed of five materials 

as listed in Table 1. The mass fraction constraint is . 
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Table 1: Properties of the multiple materials 

Properties MAT1 MAT2 MAT3 MAT4 MAT5 

0.3 0.5 0.65 0.8 1 

0.4 0.7 0.85 0.9 1 

The optimized design resulting from the proposed multi-material topology optimization algorithm is 

shown in Fig. 1(b). Although there are five candidate materials, the final design only selects three 

candidate materials (MAT2, MAT3, and MAT5). Fig. 1(c) shows the evolution histories of the 

objective function and volume fractions of multiple materials. The objective function decreases from 

the initial value to a minimum, where the design contains many intermediate elements 

( ). The floating projection constraints are imposed to push the multi-material design 

variables toward,  or 1. Thus, the objective function increases until a clear multi-material 

topology is achieved.  It can also see that volume fractions of MAT1 and MAT4 gradually decrease, 

and those two materials are totally excluded from the design after 33 iterations. The volume fractions 

of MAT2, MAT3, and MAT5 are automatically adjusted with the evolution of structural topology and 

finally converge at 0.365, 0.159, and 0.014, respectively. 

(a)                                           (b)                                                        (c) 

Fig. 1 (a) Design domain and boundary conditions; (b) optimized design; (c) evolution histories of 

the objective function and volume fractions of the candidate materials. 
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Abstract. This paper presents the computational instability analysis of stringer-stiffened steel 
cone-cylinder shell under compressive axial load via ABAQUS finite element (FE) code. The 
geometry of the analyzed model is prescribed as: ratio of cone radius-to-cylinder radius, r1/r2 = 0.571, 
ratio of cylinder radius-to-thickness, r2/t = 70.0, semi vertex angle, β = 16.7° and shell thickness, t = 1 
mm. The cone-cylinder models were reinforced with internal and external stringer-stiffeners located
along the slant length of the conical part. Results indicates that externally stiffened cone-cylinder
model is able to sustain more load as compared to the internally stiffened counterpart. In addition, the
number of stiffeners on the cone-cylinder structure is observed to be significant in enhancing the load
carrying capacity of such structures.

Keywords: Axial compression; Buckling; Computational analysis; Cone-cylinder shell; Stiffened 
reinforcement.

Introduction
Cone-cylinder shells subjected to axial compression are major structural elements used in many 

engineering practice such as tanks and silos, where their ability to withstand the applied load is a 
primary design considerations. Reference [1] presents an overview of past research on the instability 
behaviour and sensitivity to imperfection of cone-cylinder shell under several loading conditions and 
its design implications.

Evidently, the design objective of any structural component, or structure, is its safe performance 
when in use. Safe performance of tanks and silos, for instance, is essential especially when they are 
subjected to compressive axial load. In the latter situation, the buckling strength of such structure can 
be supplemented by an additional safety margin such as stiffening the structure with reinforcement. 
References into the study of cone-cylinder shells with ring reinforcement can be found in [2,3]. While 
[2] concentrates on ring-reinforced cone-cylinder intersections subjected to internal pressure, Ref. [3],
on the other hand, was devoted to externally pressurized ring-reinforced cone-cylinder shells.

It is astonishing that little or no data is available in the design guideline for combined structure of 
cone-cylinder on what might happen once reinforcements are added to the structures to improve their 
safety margin when under axial compression. This paper presents an analysis of (i) instability of 
cone-cylinder shell under compressive axial load and (ii) the significance of internal and external 
stringer-stiffener at conical section on the buckling strength of the cone-cylinder structure. This study 
is purely computational analysis using ABAQUS FE code.

Methodology - Numerical Computation
First, numerical calculations were carried out to simulate the collapse load and deformed shape of two 
unstiffened and two stiffened steel cone-cylinder specimens subjected to axial collapse test. The 
numerical computation employed a non-linear static RIKS implicit FE analysis via ABAQUS FE 
code. The nominal geometry of the cone-cylinder model as illustrated in Fig. 1(a), consist of cone
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radius, r1, of 40 mm, cylinder radius, r2, of 70 mm, cone length, Lcone, of 100 mm, cylinder length,
Lcylinder of 100 mm, wall thickness, t, of 1 mm, semi vertex angle, β, of 16.7° and stringer width, w =
10 mm. The material data of the models are: Young’s modulus, E = 193.667 GPa, yield stress, σyp =
217.97 MPa, and Poisson’s ratio, ν = 0.3. The FE mesh, after convergence studies, had 1144 S4R
elements. Fixed boundary condition was applied to the bottom end of the model, while only axial
movement is allowed at the top end of the shell. Next, the influence of different numbers of
stringer-stiffeners on the buckling strength of the cone-cylinder shell were examined for externally
stiffened cone-cylinder (Fig. 1b) and internally stiffened cone-cylinder (Fig. 1c).

Fig. 1 Illustration of geometry of analysed axially compressed cone-cylinders: (a) unstiffened, (b)
externally stringer-stiffened and (c) internally stringer-stiffened.

Results and Discussion
Table 1 presents the comparison of the results between past experimental data and the current
numerical analysis on unstiffened and stiffened axially compressed cone-cylinder shells. From Table
1, a satisfactory agreement was observed between past experimental results and the current finite
element model. The difference between numerical predictions and test data ranges between 2% and
11%, with unstiffened models producing a better agreement. In addition, there is also a good
comparison between experimental collapsed shapes and numerical deformed shape for tested
cone-cylinders, as presented in Fig. 2.
Table 1 Comparison of experimental and numerical collapse load for tested cone-cylinder specimens

Specimen No. of Stringer Experimental collapse load Numerical collapse load
CC1 0 51.986 kN 50.608 kN
CC2 0 51.535 kN 50.608 kN
CC3 4 59.495 kN 52.731 kN
CC4 4 57.316 kN 52.731 kN

Results of numerical computation on the influence of different number of stiffeners for externally
and internally stiffened axially compressed cone-cylinder models are given in Table 2. Here, the
number of stiffeners was varied between 2 and 8. From the ensuing calculations, it is evident that as
the number of stiffeners increases, the ability of the shell structures to withstand more load increases.
As an example, for externally stiffened cone-cylinder model, increasing the stiffeners from 2 to 8,
produce an additional 10% increase in the buckling strength of the structures. Furthermore, from
Table 2, it is apparent that cone-cylinder models with external stiffeners could sustain more axial load
during useful operations as compared to cone-cylinder shells with internal stiffeners.
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Fig. 2 Comparison of typical (a) experimental collapsed shape, and (b) numerical predicted deformed
shape for cone-cylinder models.

Table 2 Numerical collapse loads of stiffened cone-cylinder models

Stiffener location Unstiffened 2 Stiffeners 4 Stiffeners 6 Stiffeners 8 Stiffeners
External 50.608 kN 51.774 kN 52.731 kN 55.433 kN 57.102 kN
Internal 50.608 kN 50.950 kN 51.245 kN 51.895 kN 52.739 kN

Conclusions
From the computational analysis result, the ensuing conclusions can be inferred, they are: (i)
validation of published experimental data using the present numerical techniques was good, (ii)
reinforcing the cone-cylinder structure with stringer-stiffener is observed to produce a stronger
resistance against buckling, (iii) cone-cylinder model with external stringer-stiffeners can withstand
more load than cone-cylinder shell with internal stringer-stiffeners, and (iv) increasing the number of
stiffeners on the cone-cylinder models results in an increase in the buckling strength of the structures.

References

[1] O. Ifayefunmi, M.S. Ismail, An overview of buckling and imperfection of cone-cylinder
transition under various loading condition, Latin American Journal of Solids and Structures. 17 (2020)
e329-1 - e329-21.

[2] J.G. Teng, H.W. Ma, Elastic buckling of ring-stiffened cone-cylinder intersections under internal
pressure, Int. J. Mech. Sci. 41 (1999) 1357–1383.

[3] M.S. Ismail, O. Ifayefunmi, S.H.S. Fadzullah, Buckling analysis of stiffened cone-cylinder
intersection subjected to external pressure, Key Engineering Materials. 833 (2020) 223-227.

141



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

Targeted Drug Delivery: An Advanced Modelling Framework 

Mohammad Saidul Islam1, a *, Gunther Paul2,b, Greg W. Burgreen3,c
, YuanTong Gu4,d and Suvash 

Saha1,e 
1 School of Mechanical and Mechatronic Engineering, University of Technology Sydney (UTS), 15 

Broadway, Ultimo, NSW-2007, Australia 
2Australian Institute of Tropical Health and Medicine, James Cook University, Townsville, QLD 4810, 

Australia 
3Centre for Advanced Vehicular Systems, Mississippi State University, USA 

4School of Mechanical Medical & Process Engineering 
Queensland University of Technology, Brisbane QLD 4000, Australia 

amohammadsaidul.islam@uts.edu.au, b gunther.paul@jcu.edu.au, c greg.burgreen@msstate.edu, 
d yuantong.gu@qut.edu.au and eSuvash.saha@uts.edu.au 

Corresponding Author*: mohammadsaidul.islam@uts.edu.au 

Abstract: 

The anatomical shape of the oral and tracheobronchial airways of the human lung is highly complex, however 

a precise understanding of particle transportation through the oral and tracheobronchial trees of a whole lung 

model is essential for targeted drug delivery to the deeper airways. Fluid flow at heavy physical activity 

conditions (60 l/min air intake) becomes highly turbulent at the mouth-throat and tracheal region, which 

influence corresponding particle transport to the neighbouring airways. The present study aims to investigate 

the micron particle transport to a lung model with realistic branching. ANSYS Fluent solver and species 

transport model are used for the numerical calculations. The numerical results indicate that the helium-oxygen 

mixture model reduces turbulence fluctuation at the oral airways. Comprehensive aerosol particle transport is 

analyzed, and the numerical results illustrate lower deposition fraction at the oral airways.  The helium-oxygen 

mixture model increases the pharmaceutical aerosol transport efficiency to the terminal airways. 

Keywords: Particle deposition, Deposition efficiency, Oral airway, Targeted drug delivery, Pharmaceutical 

aerosol.  

Introduction  

Pulmonary disease becomes the main health problems around the world in recent years. Chronic disease was a 

sixth of causing the most deaths worldwide and it is also expected to be a leading cause of the most deaths 

worldwide in the next decades [1]. When the respiratory muscles of the chronic patient could not help the 

respiratory system to exchange oxygen and carbon dioxide in human lungs, it could cause the patient being in 

a state of exhaustion. To prevent the chronic diseases and reduce the mortality from the chronic diseases, 

targeted drug delivery attracted the attention of the scientific community as the available system transport a 

low amount of drug aerosol to the lower airways [2]. Patients from chronic diseases usually face airflow 

limitation and intubation technique is generally used for patients who have severe airflow issue. This technique 

could create serious injuries to the airways and leads to death for certain cases [3].  Therefore, in order to 

avoid intubation, heliox (the mixture gas of both helium and oxygen, that is used to transport the oxygen by 

the mechanical ventilation instead of nitrogen because of having some conditions that can affect to the 

inhalation and exhalation processes) could be used when the initial bronchodilator therapy is failed to treat 

acute asthma in case of spontaneously breathing patients. The physical properties of helium-oxygen make it an 

important agent for the clinical purpose of the respiratory treatment. The low-density of the heliox mixture 

reduces the turbulence fluctuation, helps the mechanical ventilation and decrease the unwanted drug delivery to 

the oral airways [4]. A wide range of published literature reports that normal air-breathing doesn’t have the 

feature to minimize the turbulence and airway resistance at upper airways, which increase the unwanted drug 

deposition [5-8]. To improve and increase the effectiveness of drug transport to the deeper airways, this study 

will focus on the flow, pressure and volume of heliox gas for a realistic bifurcating model. The study will 

analyze the pressure variation and turbulence fluctuation during air and heliox condition. The aerosol transport 

and deposition will also be investigated.   

Numerical Methods 

The present study used a large-scale tracheobronchial model along with the oral airways.  The airway model 

consists of 12 isolated branches of 16 generations of the airway that terminate within five different lobes. 
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Ansys meshing technique and unstructured computational mesh are used for the airway model (figure 1). The 

final mesh contains 1.08 million triangular interior faces and 0.61 million tetrahedral elements. Numerical 

results are validated and detail can be found in [4]. Inflation layer mesh is used for the airway wall. Finite 

Volume discretization techniques and ANSYS 19.2 FLUENT is used for this study. Eulerian particle transport 

method is used to simulate the particle deposition. Species model is used to introduce the breathing gas 

mixture model for the airflow in airways. The calculated mass and momentum equation are used as follows: 
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The mass source term is Sm. Static pressure is p, g
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are body forces. 

The airflow modelling and aerosol transport to the airways are investigated for low (15 lpm) and high (60 lpm) 

flow condition. The helium-oxygen gas mixture is prepared with 20% oxygen and 80% helium gas. Particle 

with density of  1100 3/ mkg is used for this study. The inlet boundary condition is used as velocity inlet and 

open outlet condition is used at the exit of the terminal airways.  A total of 31400 particles introduced at a 

once from the the mouth-throat inlet section. Homogeneous distribution and monodisperse aerosol particles are 

used in this study. No-slip and stationary wall are used for the birfuacting airway. Trap boundary condition is 

used for discrete phase particle. A FLUENT user defined function is used to calculate the deposition in 

airways. 

Results and discussion 

The fluid flow analysis and aerosol transport to the lower airways are investigated.  The computational study 

analyzed the particle transport for different inlet flow conditions and helium-oxygen mixture model is used for 

the species transport. 

Figure 1: Computational mesh, (a) whole model           Figure 2: Pressure contour at heavy breathing condition 

Lung model.                                                                          (60 lpm) , (a) air and (b) heliox. 

Figure 2 shows the pressure contour comparison at 60 lpm inlet condition. The pressure contour legend range 

is customized for the heliox condition. Figures 2(a, b) show the pressure contour for air and heliox condition, 

respectively. The pressure magnitude at the oral airways for air-breathing is found significantly higher than the 

heliox breathing. The physical properties of the helium-oxygen mixture influence the fluid flow at the oral 

airways and the airway model experiences low pressure in the oral section. The low pressure at the oral 

airways would potentially help to mitigate the airway resistance at the oral section and could potentially help 

the mechanical ventilation of the airway.  

(a) (b) (a) (b) 

(a) (b) (a) (b) 
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Figure 3: Turbulenec intensity at 60 lpm, (a) air           Figure 4: Drug deposition at heavy breathing condition 

, and (heliox).                                                                          (60 lpm) , (a) air and (b) heliox. 

Figure 3 shows the turbulence intensity comparison at 60 lpm condition for air and heliox. The 

general intensity contour shows the turbulence intensity for air at the oral airways is pointedly higher 

than heliox. Figure 3(a) reports turbulence fluctuation at the glottis, larynx and tracheal section is 

significantly higher for air-breathing and 1.63 times higher than the heliox. The thermophysical 

properties of the helium-oxygen mixture, especially the low-density influence the overall turbulence 

fluctuation. The density of the air is significantly greater than the heliox and low-density helium-

oxygen model reduces the turbulence fluctuation at the oral section of the lung.  

Figure 4: Deposition comparison for different inhalation cases at 15 lpm, (a) air and (b) heliox. 

Figure 5 presents the aerosol deposition in a large bifurcating model. Figures 4(a, b) shows the 10-

µm particle deposition for both cases. The whole deposition pattern shows higher deposition at the 

mouth section for air. Heliox condition reduces the aerosol penetration in the oral section. The low 

density of the helium-oxygen and corresponding low turbulence decreases the aerosol penetration at 

the oral airways. The low deposition at the upper airways eventually increases the aerosol transport 

to the lower branches of the model.  

Conclusions 

The present study examined the fluid flow and aerosol transport to the terminal bifurcations of a 

large-scale airway. The numerical study employed helium-oxygen mixture for particle transport to 

the terminal airways. The major preliminary analysis reports the following conclusions; 

 Helium-oxygen mixture model reduces the pressure at the oral airways than the air.

 The turbulence fluctuation at the oral section for air is found 1.63 times greater than the mixture

model. The low turbulence intensity at oral airways helps to minimize the deposition at the upper

airways.

 The helium-oxygen model reduces the particle deposition at the oral section than the air inhalation.

The preliminary findings indicate that helium-oxygen mixture could increase the drug-aerosol

delivery to the deeper airways by minimizing the deposition at the upper airways. The future study

will perform more comprehensive and case-specific flow condition.
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Abstract. COMSOL Multiphysics is a well-known and widely used general-purpose commercial 

software for multi-field analysis among researchers and engineers. In this study, a COMSOL 

implementation of the eXtended Finite Element Method (XFEM) is presented for the first time. To 

this end, a novel enrichment technique is proposed which is compatible with the structure of the 

software. Additional solid mechanics modules are used corresponding to each set of enrichment 

functions. The model pre-processing, level-set update, stress intensity factor computation, and 

fracture growth are all performed using COMSOL’s built-in features and external MATLAB 

functions. The accuracy and robustness of the proposed framework are examined via numerical 

simulation of fracture problems in 2D/3D domain.

Keywords: XFEM, COMSOL Multiphysics, Crack analysis. 

Introduction 

The eXtended Finite Element Method (XFEM) has proven to be a versatile tool in tackling with 

strong discontinuities and high gradients, since its inception in 1999 [1]. In this method, special 

features of the solution field are accommodated within the approximation space by using 

enrichment functions. Accordingly, the need for remeshing, mesh refinement and data transfer 

associated with the crack growth are resolved. XFEM is now proven to be a rigorous technique in 

dealing with a broad range of applications, including linear elastic fracture mechanics [2], 

composite materials [3], shear band localization [4], fractured porous media [5], and thermo-hydro-

mechanical coupling processes [6], to name a few. 

In recent years, there has been an overwhelming demand for the elaboration of XFEM into 

multi-physics problems. The inclusive capabilities of “COMSOL Multiphysics” in dealing with the 

simulation of multi-field problems and its attraction among researchers and engineers have been the 

incentive in this work to pursue the first XFEM implementation in COMSOL.  

XFEM formulation 

In essence, XFEM decouples the interfaces, such as cracks or material discontinuities, from the 

background mesh by enriching the finite element space with special enrichment functions, based on 

the partition of unity method [7]. As shown in Fig. 1, consider a cracked body   that is bounded by 

u t =   and crack surfaces d with u t  = . The equation of motion can be expressed as

0 in  − + = σ u b (1) 

The Displacement field is discontinuous across d , while the stress field is singular at crack-

tips; hence, in XFEM formulation it can be expressed as 
4

1

( ) ( )
d

cont disc tip

i i

i

M F

=

= + +u u x u x u
(2) 
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where cont
u , disc

u  and tip

iu are the degrees of freedom associated with the continuous, discontinuous

and crack tip components of the displacement field. ( )
d

M x is the shifted Heaviside enrichment 

function that generates discontinuity across d , and  1 2 3 4, , ,F f f f f=  is the set of asymptotic

crack tip functions which are adopted from analytical solutions. 

By Inserting Eq. 2 into Eq. 1, applying the boundary conditions and divergence theorem, 

multiplying by appropriate test functions, discretizing and integrating over the domain, the results 

for the displacement field can be obtained. For detailed derivation and implementation see Jafari et. 

al. [8].  

Fig. 1 Schematic of the problem domain and boundaries of fractured media. 

COMSOL implementation 

COMSOL Multiphysics is a general-purpose simulation software for multi-field problems, that is 

based on the finite element method. In COMSOL, the Solid Mechanics module offers the general 

formulation for the analysis of solid bulk based on the principles of continuum mechanics. The 

proposed XFEM implementation in this study takes advantage of six distinct Solid Mechanics 

modules; one for standard, one for discontinuous and four other modules for the crack tip zone. All 

pre-processing, level-set update, stress intensity factor (SIF) calculation and fracture propagation 

are calculated based on external MATLAB functions and COMSOL’s built-in features. 

Numerical simulations 

Mixed-mode fracture propagation. This example is adopted from Giner et. al. [9], which aims to 

investigate the effects of a hole in a rectangular plate on the crack propagation pattern.  Fig. 2a 

illustrates the geometry and boundary conditions of the plate, which is made of an aluminum alloy 

with E=71.7GPa and  =0.33. Figs. 2b and 2c depict the crack trajectory and the von-Mises stress 

contour at the end of the analysis. The numerical results are in excellent agreement with the 

experimental observations as depicted in Figure 2d. 

Multiple fractures in three-dimensional media. The proposed implementation framework is 

inherently applicable to 3D crack analysis. To show this, a 31m cube including six penny-shaped

fractures located 0.15x y ze e e m= = = from boundary surfaces, and subjected to triaxial tensile 

traction of 10 MPa is studied (Fig. 3a). For the sake of comparison, a 3D analysis is performed on 

the same setting using FEM where the fractures are modeled as cylindrical voids. Figs. 3b and 3c 

illustrate the results for the displacement field in the normal directions using both current XFEM 

and FEM analysis, where a perfect match can be observed. 

Summary 

In this study, an XFEM implementation in COMSOL Multiphysics is presented and applied to 

crack analysis in 2D and 3D solid domains. Distinct solid mechanics modules are adopted to 
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account for standard and enriched parts of the displacement field. All pre-processing, level-set 

update, SIF calculation and crack growth are calculated using external MATLAB functions in 

conjunction with internal features of COMSOL. Two numerical examples concerning the crack 

analysis in 2D and 3D were presented and validated against existing experimental observations 

and/or numerical simulations, which implied the soundness of the proposed procedure. Future 

developments will aim at complex multi-field problems, which is the cornerstone of COMSOL 

Multiphysics package. 
a) b) c) d) 

Fig. 2 Mixed-mode crack in a plate with hole: a) problem definition b) crack trajectory c) Von-

Mises stress d) experimental observations [9]. 
a) b) c) 

Fig. 3 A cube with multiple fractures: a) problem definition and displacements field in b) proposed 

XFEM c) FEM 
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Abstract. Traditional gas cyclones are are not effective in collecting fine particles. An innovative air 

purifying technology, cloud air purifying (CAP) technology, was recently developed to utilize the 

supersaturated vapor in the cyclone. This paper develops a numerical model to study the multiphase 

flows in such a cyclone based on ANSYS/FLUENT. The complex multiphase flow of air, vapor and 

particles is simulated by the computational fluid dynamics. The model is validated by good 

agreement with experimental results. The following study shows that the added vapor does not 

change the flow characteristics in the cyclone, but the vapor distribution in the cyclone is not 

uniformly distributed due to the combined effects of the mixture flow characteristics and vapor 

condensation. The vapor concentration in the cyclone can be improved by increasing inlet vapor 

concentration and inlet velocity. The added vapor always loses supersaturation in the conical part; 

hence an optimization method is proposed to improve the vapor concentration in this part, which can 

improve the collection efficiency. The model and findings are helpful to the understanding and 

optimization of the CAP technology.

Keywords: Gas cyclone; Computational Fluid Dynamics; Vapour distribution; Condensational 

growth; Dust collection.  

Introduction 

Particulate matter in industrial waste gases have harmful effects on people’s health. Therefore, how to 

remove them effectively from has attracted great attention. Conventionally, gas cyclones are widely 

used due to their favourable balance between performance and cost [1-3]. But they are not efficient in 

collecting PM2.5. Although many efforts have been made to increase their performance through 

optimizing cyclone geometry and operational conditions, the problem still remains. To overcome the 

deficiency, the so-called Cloud-Air-Purifying (CAP) cyclone has been developed recently to improve 

the collection performance of fine particles by using the formation mechanism of raindrops.  

In natural clouds, fine and ultrafine particles can be activated as cloud condensation nuclei so that 

vapour condenses on their surfaces and turn them into large raindrops [4]. This is called 

condensational growth and has been studied in cloud physics. Similar processes have also been 

utilized in helping separate dust particles by creating a supersaturated environment for the dust 

particles [5-8]. In a CAP cyclone, Wang et al. [9] injected the supersaturated vapour in a gas cyclone 

and obtained a significant improvement of collection efficiency for PM2.5. Both experimental and 

numerical studies on the CAP cyclone showed that collection efficiency can be significantly 

improved.  

In order to better understand the complicate multiphase flow in a CAP cyclone, we have 

previously developed a CFD (computational fluid dynamics) model and studied the effect of 

condensational growth on the flow and collection of particles [10]. However, the model did not 

consider vapour flow and assumed the vapour concentration is uniformly distributed in a CAP 

cyclone. In the literature, the flow of air-vapour through a vertical condenser tube have been studied 

[11-13] for laminar flows. There are few studies investigated the vapour distribution in turbulent flow 

under conditions similar to CAP cyclones.  
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This paper presents a CFD model to simulate the air-vapour-particle flow in a CAP cyclone. The air 

and vapour are considered as a mixture gas phase and the vapour condensation on the wall is also 

modelled. The particles are modelled by the Lagrangian particle tracking (LPT) model with a 

user-defined-function (UDF) to consider the condensational growth. The model can predict the 

vapour distribution and its effect on the condensational growth of particles in different regions of the 

CAP cyclone. Based on the simulation results, a method is proposed to improve the low vapour 

concentration part of the CAP cyclone to increase the collection efficiency.  

Numerical Method 

In a CAP cyclone, there is a complex multiphase flow of air, vapour and particles accompanied with 

phase change. Therefore, the whole numerical model is divided into several steps with several 

sub-models implemented in different steps. First, the air and vapour are considered as a mixture phase 

which is governed by the Reynolds-averaged Navier-Stokes equations. The Reynolds stress model 

(RSM) is used for the turbulence closure, which can consider the anisotropic turbulence in the 

cyclone. Secondly, the local mass fraction of the vapour in the mixture is predicted by the mixture 

species transport (MST) model, and the Eulerian wall file (EWF) model is used to consider the 

condensation and evaporation between the vapour and the water film on the wall. Thirdly, particles in 

the cyclone are modelled by the LPT model. In addition, particles activated as condensational nuclei 

in the supersaturated vapour are considered as particle-droplets which can be enlarged through 

condensational growth. The condensational growth is modelled via a UDF linked in the LPT model. 

Fig.1 shows the geometry of the cyclone and the simulated vapour distribution in terms of the 

supersaturation ratio Sv. The model has been validated by good agreement with experimental results 

both in a vertical condenser tube and the CAP cyclone. 

   (a)                                            (b) 

Fig. 1. (a) Schematic of the CAP cyclone and (b) simulated vapour distribution. 

Summary of Findings 

The model has been applied to investigate the flow and vapour distribution in the CAP cyclone under 

different operational conditions, and the major findings are summarised below: 

• The air-vapour flow in the CAP cyclone shows similar Rankine type vortex flow to that of the dry

cyclone with only air. However, the vapour concentration is not uniformly distributed in the

cyclone. Generally, the vapour concentration decreases from top to bottom, and from the wall the

centre, due to the helical flow in the cyclone. In addition, the vapour concertation is relatively high

in the centre of the cyclone due to the secondary flow and vapour turbulent transport. The effects
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of the helical flow and turbulent flow suggest that they can be utilised in design condenser tubes 

and related heat exchange devices. 

• Increasing the inlet vapour concentration can significantly improve the vapour concentration in the

CAP cyclone but mainly in the upper part. Increasing the inlet velocity can only slightly improve

the vapour concentration. A mathematical equation has been developed to predict the overall

condensation rate as a function of these two variables in the CAP cyclone. A similar equation can

also be used for a condenser tube.

• Generally, the collection efficiency increases with increasing inlet vapour concentration, which

makes particle-droplets grow faster. However, particle-droplets generally grow mainly in the

upper part of the cyclone as the vapour concentration can hardly maintain supersaturated in the

lower part. Therefore, an extra vapour inlet has been proposed in the middle of the cyclone to

improve  at the lower part of the cyclone, which can lead to the second growth of the particles

and then the increase of the collection efficiency.

Particle collision coalescence can play an important role for very fine particles, which will be

considered in our future work using stochastic collision and coalescence. It is expected the vapour 

distribution will also have significant effects on this process.  
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Abstract. A numerical procedure is developed for damage growth assessment of bonded metal-
composite and composite-composite joints using 3D finite element models. The residual static 
strength and strain energy release rates of the joints as function of various disbond and delamination 
lengths were calculated, based on adhesive element failure criterion and a fracture mechanics 
approach, respectively. The results suggested that damage growth in long overlap joints under 
fatigue loading could be stable over a large range of crack length. Compared with what was 
reported for metallic joints, the growth behaviour of the joints involving composite materials is 
more complicated, due to the presence of delamination. Based on the modelling results, preliminary 
discussion about the damage slow growth management is made. 

Keywords: damage growth; metal-composite joints; composite-composite joints; residual strength; 
strain energy release rate.  

Introduction 
Adhesively bonded joints offer many advantages, such as lower stress concentration and higher 

load transfer efficiency, compared to mechanically fastened joints [1]. For applications of bonded 
joints on aircraft structures including repairs, damage tolerance is a key issue. Disbond slow growth 
in bond joints has long been recognized. A recent study [2] successfully established a numerical 
approach for assessing the damage slow growth for a typical metallic joint. However, till date, no 
effective approach was established for assessing such growth for metal-composite and composite-
composite joints. Hence, in this study a numerical procedure for this purpose was developed.    

Numerical Modelling for Bonded Metal-composite Joints 
The metal-composite joint specimen (Fig. 1) consists of central adherends, doublers and 

adhesive. The central adherend is made of 7075 aluminum with a nominal thickness of 6.35 mm. 
The doubler is made of IM7/977-3 carbon/epoxy prepreg with a layup of [(-45/02/45/90)2/-45/0]s 
(nominal thickness 3.12 mm). It has a length of 360 mm, with ply drop of 2.5 mm per ply at the 
ends. The adhesive is FM 300-2k film adhesive with nominal thickness of 0.15 mm. A gap of 2 mm 
between the central adherends was considered. The width of the specimen is 20 mm. The material 
properties used can be found in [2, 3]. 

A three-dimensional (3D) finite element (FE) model was developed using the commercial FE 
software package of ABAQUS 6.14. Considering the symmetry, only a quarter of the specimen was 
modelled. The load and boundary conditions as shown in Fig. 1 were applied. The specimen was 
discretised using the eight-node hexahedral elements. 
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Fig. 1: Quarter model with loading and boundary conditions 

The residual static strength of the joint as function of disbond length was determined when the 
ultimate shear strain of adhesive in the element at the disbond tip was reached. The mesh 
dependency was handled using the characteristic distance approach. Similar to the approach 
adopted in [2], the Hart-smith approach was applied to calculate the joint strength when the disbond 
length is approaching zero. Then a mesh sensitivity test was conducted to match the FE predicted 
joint strength with the above calculated strength. The strain energy release rates (SERR) of the 
joints as function of various disbond and first ply delamination lengths were calculated using the 
Virtual Crack Closure Techniques (VCCT). The numerical approach developed in this study was 
benchmarked against the previously reported results in literature to validate its accuracy.  

In the modelling the disbond and first ply delamination initiated from the tapered end and gap 
region were individually considered. The results for the disbond/delamination from the tapered end 
are plotted in Fig. 2. The residual static strength (Fig. 2a) decreases as the disbond length increases 
initially and then flattens up to a crack length of 150 mm. Beyond that, the residual strength 
decreases rapidly. The SERRs (Fig. 2b) initially rise as the disbond/delamination grow and then 
become flat, up to a disbond crack or first ply delamination of 160 mm and 150 mm, respectively. 
After that, the SERRs rise rapidly. Similar to what was discussed in [2], these curves suggest that 
the disbond/delamination could indeed grow stably and slowly over a significant range of the crack 
length where the curves are flat, provided the fatigue peak load is within a certain range, which will 
be discussed in details in the full paper.   

(a)              (b) 
Fig. 2. Residual static strength (a) and strain energy release rate (SERR) (b) vs disbond crack and 

first ply delamination, initiated from the tapered end of the specimen. 

Though the interlaminate shear strength of IM7/977-3 laminate is much higher than the yield 
stress of FM300-2k adhesive, it would still be possible for a disbond crack to migrate to the 
delamination in the laminate under fatigue loadings, e.g. when triggered by possible defect in the 
laminate. Should this occur, the delamination potentially could grow much faster since the SERR 
critical values of IM7/977-3 laminate are significantly lower than those of FM300-2k adhesive. 
Note that, even the mode II SERR values for disbond crack is nearly double as those found for first 
ply delamination (Fig. 2b), the delamination would be still more critical due to significantly lower 
SERR critical values. These hypnoses will be examined in the following experimental program.  

Gap 

Adhesive 
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Numerical Modelling of Composite-to-Composite Joints 
A composite-to-composite joint specimen as shown in Fig. 3 was modelled. With the added 

honeycomb and bottom skin, the joint could be loaded in compression through 4-point bending 
without buckling. The support and loading spans were 400 mm and 200 mm, respectively. The 
laminate and adhesive materials used are the same as those described above. The honeycomb used 
was Hexcel CRIII-1/8-2-12. From the FE models, the 4-point bending loads, and the resultant in-
plane loads were extracted for various crack lengths.    

Fig. 3: Geometric configuration of composite-composite joint 

Similar to above with the metal-composite joints, for this composite-composite joint the residual 
static strength and SERRs as function of various disbond and first ply delamination lengths were 
calculated. In the modelling the disbond and first ply delamination initiated from the tapered end 
and gap region were individually considered. Due to page limit, the results cannot be presented in 
this extended abstract. The detailed results will be presented in the future full paper. 

Summary 
A numerical procedure for damage growth assessment of bonded metal-composite and composite-
composite joints using 3D finite element models was developed. The results suggested that damage 
growth in long overlap joints under fatigue loading could be stable in a significant growth range. 
Compared with what was reported for metallic joints, the slow growth behaviour of the joints 
involving composite materials is more complicated, due to the presence of delamination. Based on 
the modelling results, preliminary discussion about damage slow growth management is made.  
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Abstract: Additively manufactured (AMed) polymer-based materials can provide additional benefits 

to numerous products. This is a consequence of their advantages over traditional subtractive 

manufacturing methods. These advantages include making complex components easier, making rapid 

prototypes, creating lighter parts and less waste. Although, there are currently drawbacks associated 

with additive manufacturing (AM) that limit its ability to be fully utilised for manufacturing 

components. One of these drawbacks is the anisotropic properties of these AMed materials due to 

voids, inconsistent layer adhesion and surface defects. This project aims to develop a multiscale 

modelling and analysis framework and then utilise it to investigate this issue by accurately modelling 

AMed high impact polystyrene (HIPS) material with different printing parameters of a fused 

deposition modelling (FDM) printer. This will study how their anisotropic properties influence their 

material properties to provide useful guidelines for high-quality printed products. The current method 

developed in this project has the potentials for accurately numerically modelling the tensile strength, 

Young’s modulus and trends for the infill percentage and raster angle parameters of FDM printing.    

Keywords: Additive Manufacturing (AM), Fused Deposition Modelling (FDM), High Impact 

Polystyrene (HIPS), Multiscale Analysis Approach, Representative Volume Element (RVE).  

Introduction 

AMed polymer-based materials, such as HIPS being studied, have the potential to be used in a wide 

range of applications, particularly within the automotive and aerospace fields. This is consequential 

of the AM process enabling more complex and lighter weight parts to be designed with reduced waste 

produced than what would be possible with traditional subtractive manufacturing methods. There are 

currently multiple methods to fabricate AMed components. One of these is FDM which involves 

components manufactured using filaments made from polymeric-based materials [1, 2]. The filament 

is heated to above its melting point and fed through the 3D printer’s nozzle. It follows the toolpath 

code generated from slicing software that has had the CAD model to be manufactured imported into 

it, to disperse the filament in a layer-by-layer process. The polymeric materials used for this process 

are lightweight, easy to process as they are ductile, and can have additives applied to them, increasing 

their mechanical, electrical and thermal properties [1, 3]. Although, producing AMed components 

using FDM also has disadvantages. These disadvantages relate to the AM process having anisotropic 

properties, which need to be better understood so AM can be used with high confidence for 

manufacturing parts. Anisotropy occurs in FDM AMed components consequent of its layer-by-layer 

manufacturing process, which can lead to poor bonding between layer’s printed, voids and surface 

defects [4-6]. 

The current research gap involves accurately modelling AMed HIPS-based materials with 

different printing parameters to study how their anisotropic properties influence their material 

properties and provide adequate guidelines for high-quality printed products from this. In this study, 

by creating accurate modelling of FDM printed HIPS-based materials, it is aimed to develop an RVE-

based multiscale modelling and analysis process for AMed HIPS materials and then employ this 

analysis process to determine if the results can match the experimental results produced. Additionally, 

it is aimed to identify if the issues causing anisotropy can be modelled at multiple length scales from 

microscopic level to macroscopic level and applied homogeneously to obtain macroscopic material 

properties. 
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Development of Multiscale Modelling and Analysis Framework 

Overall, the proposed multiscale modelling analysis process contains multiple steps. It involves 

experimental microstructural analysis, CAD modelling and simulations of representative volume 

element (RVE) structures based on different types of FDM printed HIPS samples with varying 

printing parameters and then the data collected from this is used to determine the macroscopic 

behaviour of the FDM printed structures. The microstructural analysis of the HIPS samples and their 

RVE-based multiscale analysis was conducted using SolidWorks and MSC Digimat, respectively. 

The material properties of interest are ultimate tensile strength (UTS) and Young’s modulus.  

The specific HIPS material chosen was Trinseo’s STYRON A-TECH™ 1300 - (PS-HI), and its 

material data is available in literature [7]. The dimensions of the FDM printed components in the 

experimentation process were based on the Type V sample defined in ASTM D638, as shown in 

Figure 1 (a). The samples with different infill percentages, layer heights and raster angles were made 

using a Prusa i3 MK3S FDM printer. An AMed sample can be split into two parts representing the 

perimeter and variable printing structure volumes, as depicted in Figure 1 (b). The variable printing 

parameters performed consisted of varying infill percentages, layer heights and raster angles for the 

inner variable material. Their mechanical properties were evaluated in experimental work by 

conducting standard tensile testing with an Instron 3365 machine and a 5-kN load cell. Each AMed 

sample had close-up photos of its inner structure using either or both a Hitachi FlexSEM 1000 II 

Scanning Electron Microscopy (SEM) and Skyscan X-Ray 1072 Micro-CT machines. 

Figure 1: Design of AMed HIPS coupon sample (Unit: mm). 

Results and Discussions 

The images collected using the SEM and Micro-CT machines were used to determine the actual width 

and height of the printed filament and the contact area between two filaments printed on each other. 

An example of this is shown in Figure 2 for the 80-percent infill sample and represents how the 

images were sketched upon using SolidWorks to extract the RVE of the material. The data obtained 

from the Micro-CT and SEM images could then be used to create accurate microscopic RVE models 

simulated with MSC Digimat. Figure 1 (c) shows the 80-percent infill microscopic RVE model. 

Figure 2: Microstructural images of AMed HIPS sample with 80% infill obtained from (a) Micro-

CT machine and (b) SEM machine; and (c) its microscopic RVE model.  

Using the microscopic data collected, the mechanical properties at a macroscopic level were 

calculated, and these results are shown in Figure 3. These calculations are compared to the 

experimental data. It was identified that the perimeter structure significantly influences the results of 

the variable printing parameters it is combined with, particularly for the low infill percentage 
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structures. Numerical and experimental data have similar UTS and Young’s Modulus values as well 

as the same trends for the infill and raster angles. In contrast, layer height has the opposite trend 

between the two sets of results.  

Figure 3: Comparisons on numerical and experimental results of AMed HIPS. 

Summary 

The proposed multiscale analysis framework for numerically modelling and simulating the AMed 

HIPS-based materials has shown its potential to help produce guidelines for high-quality printed 

products. It can produce similar results for the varying infill percentage and raster angle AMed 

materials. The results also show that voids and defects of 3D printed HIPS-based materials have the 

potential to be modelled at a microscopic level and can then be applied homogenously to macroscopic 

models. Although, the trend of the layer height results produced numerically was opposite to the 

experimental data. Recommendations to improve the results include a higher emphasis on the 

modelling of the bonding contact, which involves considering the temperature’s influence for layer-

to-layer bonding that could lead to more accurate results.    
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Abstract. To accomplish the evaluation of engineering computations, the analytical solution of Partial 

Differential Equations (PDEs) are widely used in engineering. In the theory of elasticity, the Airy 

stress function, in particular, is generally applied to solve biharmonic problems, which can merely be 

established for linear PDEs and relatively simple geometries. In this work, an application of Physics 

Informed Neural Networks (PINNs) in relation to Airy stress functions is investigated for providing 

optimal solutions in the theory of elasticity problems. Likewise, PINNs is used to carry out an 

inversion of those problems given data. 

Keywords: Deep learning; Physics-informed neural network; Theory of elasticity. 

Introduction 

Deep learning (DL) [1] has significantly revolutionized many computational works in a wide range 

of fields such as computer vision and image segmentation [2], speech recognition [3], healthcare and 

health monitoring [4], Even more recently in fluid mechanics [5], earthquake detection [6], and 

dynamical systems [7]. For the purpose of integrating domain knowledge in Deep Learning process 

using physicl khwoledge, a physics-informed neural networks (PINNs) has been proposed [8]. In this 

study, we emphasise on the novel PINNs approach to the solution of a range of benchmark  examples 

in theory of elasticity. For this sake, the TensorFlow/Keras API for scientific computations, i.e., 

SciANN [9], is employed. 

Physics-Informed Neural Networks 

Over the past decade, the majority of classical methods have employed deep learning as a black box 

tool with significant amount of data for the purpose of training, which is often considered as a 

shortcoming for engineering applications. In order to tackle the problem, a beneficial solution is used, 

incorporating former knowledge in forms of Ordinary/Partial Differential Equations (i.e., 

ODEs/PDEs) and known as Physics Informed Neural Networks (PINNs) into the training process. By 

taking advantage of a feed-forward architecture associated with automatic differentiation, the PINNs 

are generated and trained to satisfy governing equations, resulting in less driven data. Indeed, 

ODEs/PDEs are set as the loss function along with boundary conditions to the network. 

Application of PINNs to Theory of Elasticity 

 In this section, PINNs are applied to solve a problem in theory of elasticity. The biharmonic partial 

differential equation of Airy stress function in polar and Cartesian coordinate are represented 

respectively [10]: 
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In which   is Airy stress function and the equations are called Airy Biharmonic equation. 

2D Foundation 

In this example, the solution of a half plane subjected to uniform pressure over finite interval of its 

boundary using PINNs is explored. In the theory of elasticity, to solve the problem, the method of 

superposition of two half-planes subjected to shifted semi-infinite uniform pressure along one-half of 

its boundary is applied, as shown in Fig. 1. Consequently, the Airy stress function for the solution of 

the problem subjected to uniform pressure q  is determined as )(2  fqr= . It follows, 
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Here, to obtain the solution Airy-network architecture is applied using PINNs for q = 1 kPa. 

Alternatively, the general description of the biharmonic equation (i.e., Eqs.1-2) is employed for 

comparison. The Cartesian coordinate description of biharmonic equation (i.e., Eq. 2) is privileged as 

it eliminates singularity of \with respect to r. Additionally, the order of Eq.2 is reduced via change of 

variables. In this fashion, to solve the biharmonic equation two conjugate second-order neural 

networks are applied instead of the forth-order form to reach at ultimate performance. 

Stress contours for the half-plane problem subjected to semi-infinite load are presented in Fig. 2. In 

addition, the reference solution based on theory of elasticity (see [10]) is shown for comparison. 

Evidently, the Airy-network solution results are extremely close to the analytical solution. In contrast, 

negligible discrepancies between the reference solution and the results in relation to the conjugate is 

observed. Stress contours for the half plane subjected to finite interval of uniform pressure is shown 

in Fig. 3. The results demonstrate the profound elaboration of Airy-network in the solution of the 

bihmarmonic equations, with respect to the general physics-informed solutions. 

Fig. 1 problem definition for half space subject to strip footing; a) Geometry and boundary 

conditions, b) Intermediate solutions. 

a) Airy-Network                     b) Conjugate- Network              c) Analytical solution

Fig. 2 Contours of the vertical stresses for half-plane under semi-infinite uniform loading

along one-half of its boundary (color bar in MPa) 
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a) Airy-Network b) Conjugate-Network c) Analytical-Solution

Figure 3: Contours of the vertical stresses y for half-plane subject to finite pressure

Summery 

In this study, the application of PINNs for the solution in the theory of elasticity is investigated. For 

this purpose, an open-source TensorFlow/Keras API (i.e., SciANN) is utilized. Definition of Physics-

Informed deep learning and how Physics and Neural Network relate is briefly explained. Afterward, 

the application of PINNs to the theory of elasticity and biharmonic PDEs and Airy stress function is 

expressed. The example of foundation in which the PINNs solution of a simplified PDE in polar 

coordinates is developed associated with a double mapping in Cartesian coordinates is performed 

next. It is illustrated that the theoretical solutions can contribute significantly to enhancement of the 

solution that PINNs can reproduce, both in terms of accuracy and solution time. 
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Abstract. Carbon fibre reinforced polymer (CFRP) composite materials are being employed for use 

in new commercial aircrafts due to their superior thermal and mechanical properties, compared to 

other metallic-based materials. However, CFRPs have poor thermal and electrical properties. Thus, 

a comprehensive investigation into CFRP structures, lightning strikes and the associated dielectric 

breakdown is of paramount importance. This study investigates lightning strikes to carbon fibre-

phenolic composite laminates by employing a developed coupled thermal-electrical analysis. The 

developed analysis utilises two unique degradation models of specific heat capacity to identify the 

differences in the temperature contours consistent with pyrolysis damage. The obtained results 

show that specific heat capacity has a significant influence over results.  

Keywords: Carbon fibre reinforced polymer (CFRP) composites, Lightning Strike, Material 

Degradation, Pyrolysis, Finite Element Analysis 

Introduction 

To an aircraft comprising of polymer composite structures, lightning poses a serious risk, as these 

airborne structures can be damaged by the effects of Joule heating caused by the material’s low 

electrical conductivity. Due to the transient nature of the lightning phenomenon, such as an initial 

stroke which can occur in under 500 microseconds, numerical approaches were developed to model 

the complex behaviours of thermal degradation to composite materials due to lightning strikes and 

followed on from the pioneering experimental work of Hirano et al. [1]. Ogasawara et al. [2], who 

numerically modelled the experimental analysis presented in the work published by Hirano et al. 

[1], employed a coupled thermal-electrical analysis to determine the damage influence of lightning 

strikes to CFRP plates. Other researchers also presented finite element analyses based on this 

experimental work by using different material degradation models. To the authors’ knowledge, 

there is no research that investigates the effectiveness of different specific heat capacity models.  

     This study develops a new material degradation model and focuses on the determination of 

pyrolysis and sublimation damage to CFRPs using a couped thermal-electrical finite element 

analysis. Two analysis cases are investigated to determine the characteristics of pyrolysis and 

sublimation under different parametric circumstances related to the degradation of the polymer 

matrix.  

Development of New Material Degradation Model and Finite Element Analysis 

New Material Degradation Modelling. The material degradation behaviours of composites subject 

to lightning strikes are influenced by their specific heat capacity. The material degradation model 

employs a newly developed unique specific heat capacity model for the decomposition of CFRPs at 

low and high temperatures ([3], [4]), as shown in Figure 1(a). A benchmark analysis was conducted 

by using an Arrhenius-type equation [5], as depicted in Figure 1(b). 
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Fig. 1 (a) newly developed material degradation model; and (b) benchmark model 

Coupled Thermal-electrical Finite Element Analysis. The coupled thermal-electrical finite 

element analysis was developed using a commonly-used FEA package – Abaqus. Figure 2(a) shows 

the finite element (FE) model for a 16-layer CFRP laminate plate (IM600/133) from Toho Tenax 

Co. Ltd., Japan with dimensions 150×100×2.32 mm3. The layup sequence was [45°/0°/-45°/90°]4. 

The mesh was made up of 48,000 linear hexahedral elements of type DC3D8E. The mesh gradually 

gets coarser toward the outer edges of the model for a convergence through local mesh refinement.  

Fig. 2 (a) the devised FE model; and (b) generalised current waveform 

The lightning arc loading employed a generalised waveform similar to the one used by Ogasawara 

et al. [2] as shown in Figure 2(b). This current waveform is suggested in relevant standards from the 

Society of Automotive Engineers (SAE). The peak current was set to 40 kA and the lighting arc 

diameter was static and set to 5 mm. 

Results and Discussion 

Figure 3 shows the temperature contours of the top surface of the model plate used in the newly 

developed model (a and b) and the benchmark model (c and d). Figures. 3(a) and (c) are presented 

in an ultrasonic C-scan image style as “virtual” ultrasonic C-scan images and they can be easily 

compared to those ultrasonic C-scan images obtained from experimental work.  

     The damage depth of the newly developed model was approximately 1.16 mm2, penetrating 8 

layers of the model. The damage area of the virtual c-scan was approximately 312 mm2. The low- 

and high-level pyrolysis damage areas observed on the top surface were approximately 119 mm2 

and 62 mm2, respectively. The sublimation damage area on the top surface was approximately 21 

mm2 and reached a depth of approximately 0.58 mm (top 4 layers of the model). The damage depth 

for the benchmark model was approximately 1.305 mm2, penetrating 9 layers of the laminate. The 

damage area from the virtual c-scan was approximately 460 mm2.  The low- and high-level 

pyrolysis damage areas observed on the top surface were approximately 216 mm2 and 73 mm2, 

respectively. The sublimation damage area on the top surface was approximately 18 mm2 and 

reached a depth of approximately 0.44 mm (top 3 layers of the model). Overall, the new model 

shows a smaller damage area than that from the benchmark model.   

(a) (b) 

(a) (b) 
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Fig. 3 “Virtual” ultrasonic C-scan (left) and top view (right) showing temperature contours (Unit: 

Celsius) using the newly developed model (a) and (b) and the benchmark model (c) and (d) 

Summary 

In this study, the new material degradation model has been successfully developed. Two coupled 

thermal-electrical analyses were conducted to investigate the influence of the material degradation 

model on pyrolysis and sublimation of CFRP laminates struck by lightning. It is apparent from the 

temperature contours observed in the results, that the specific heat capacity, which is related to the 

material degradation and subsequent material phase transition, has a significant influence over 

computational results of temperature which is indicative of pyrolysis damage. Thus, considerations 

related to material phase transition need to be made when aiming to accurately model and predict 

damage to composite polymer materials caused by lightning strikes. 
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Abstract. Phase field approaches have been developed to analyze the failure behaviour of ductile 
materials. In the previous phase field models, a constant critical energy or strain threshold is 
commonly introduced to the formulation of the driving force, aiming to avoid damage initiation at a 
low level of elastic and plastic deformations. However, it may not suffice to describe complex ductile 
fracture behaviour of materials subject to various stress states. In this study, a new phase field 
approach is proposed to consider the effects of stress triaxiality and Lode angle, by incorporating 
phenomenological ductile fracture criteria. Numerical examples including uniaxial tension, simple 
shear, and tension-shear, covering a wide range of stress states, are utilized to examine the proposed 
models. The results show that the proposed models can capture the stress-state dependence of fracture 
behaviour of ductile materials. 

Keywords: phase field model; ductile fracture; stress state; plastic anisotropy; crack driving force 

Introduction 
Ductile fracture, characterized by extensive permanent deformation or necking before rupture, 
signifies a typical failure mode of many metallic materials. The prediction of such fracture behaviours 
is an intriguingly demanding task and plays a significant role in structural analysis and optimisation 
[1]. In this regard, phase field method has gained great popularity due to its ability to deal with 
topologically complex features such as crack propagation and branching. To better tailor the 
constitutive response to correlate with experimental data, some specific thresholds have been 
introduced to the phase field formulations so that the failure initiation can only occur when a threshold 
value is reached. For example, Miehe et al. [2] introduced the energy-based and strain-based 
thresholds to avoid damage initiation at low levels of deformations. Nevertheless, the thresholds were 
treated as constant, which may not be able to capture the true fracturing behaviour of materials under 
complex stress states in real-life applications [3]. In the context of ductile fracture research, a constant 
strain threshold has been commonly replaced by stress state (characterized by stress triaxiality 𝜂𝜂 and 
Lode parameter �̅�𝜃) dependent fracture criteria, such as Modified Mohr-Coulumb (MMC) [3], among 
others. With the aim of predict stress state dependent ductile fracture behaviours, this study enriches 
the phase field model with fracture criterion, showing good capability to capture mode I, mode II, 
and mixed-mode I/II fracture. 

Methodology 
In the phase-field fracture model, sharp cracks are approximated by a continuous phase-field 

variable ranged from 0 to 1. To better match the experimental observation that damage initiates after 
a certain level of deformation, Miehe et al. [2] proposed a constant energy-based and strain-based 
damage threshold. However, the constant threshold may not capture ductile fracture behaviours. In 
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this study, the thresholds are modified to be stress state dependent via incorporating the MMC fracture 
criterion. The proposed threshold and crack driving force are presented in Table 1. 

Table 1 Phase field models with energy- and strain-based thresholds 
Model 

property Energy-based model M1 Strain-based model M2 

Threshold 𝜑𝜑cr|𝜀𝜀�p=𝜀𝜀�f�𝜂𝜂,𝜃𝜃�� 
𝜀𝜀c̅r
p |𝜀𝜀�p=𝜀𝜀�f�𝜂𝜂,𝜃𝜃��

Crack driving 
state function 𝜁𝜁 �

𝜑𝜑e(𝐮𝐮) + 𝜑𝜑p(𝐮𝐮, 𝜀𝜀p̅)
𝜑𝜑cr

− 1� 𝜁𝜁 ��
𝜀𝜀p̅

𝜀𝜀c̅r
p �

2

− 1�

Results and discussion 
To examine the performance of the proposed model, a series of experiments including uniaxial 

tension, pure shear, and combined tension-shear tests, conducted by Bao and Wierzbicki [4], are used 
herein, representing Mode I, Mode II, and mixed-mode I/II fracture, respectively. From the force-
displacement responses plotted in Fig. 1, the predicted elastoplastic response and crack initiation 
perfectly match the corresponding experimental counterparts. 

(a) Uniaxial tension                   (b) Pure shear                      (c) Tension-shear
Fig. 1 Displacement-force curve for Bao and Wierzbicki’s experiments 

Fig. 2 (a) presents the stress states of the selected material points at the onset of damage initiation 
of the first fracturing material points, covering a wide range of stress states. Further, the strain energy 
and equivalent plastic strain at the onset of damage initiation in the space of stress state are plotted in 
Figs. 2 (b)-(c). Interestingly, the required energy or strain is the largest in the uniaxial tension case, 
being 146.61 N/mm2 or 0.32 in the critical integration points, and about 60% greater than those in the 
pure shear case (as seen in the filled solid markers in Figs. 2 (b)-(c)), which strengthens the necessity 
of considering the stress state in phase field fracture modelling. Compared with the experimental data 
in [4], the final crack patterns for all the loading cases are also well predicted (Fig. 3). From Figs. 1-
3, it can be concluded that both proposed phase field models M1 and M2 are effective and accurate for 
predicting stress state dependent fracture.  

(a)                                             (b)                                           (c) 
Fig. 2 strain energy 𝜑𝜑�e + 𝜑𝜑�p and equivalent plastic strain 𝜀𝜀̅p at the instant of damage initiation 
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M1 
M1 M1 

M2 
M2 M2 

u = 6.13 mm u= 2.34 mm u = 2.90 mm
(a) unixial tension (b) pure shear (c) tension-shear

 0  1.0 
Fig. 3 Damage contours (u: displacement of gauge section in (a); displacement of pinholes in (b) and (c)) 

Summary 
To model complex ductile fracture, this study introduced the stress-state dependent crack driving 
forces in the phase field framework. The phenomenological ductile fracture criterion Modified Mohr-
Coulomb (MMC) was selected to model damage initiation by considering energy-based and strain-
based thresholds in the driving force formulation. To illustrate the effectiveness of the proposed 
models, three experiments, covering a wide range of stress states, were presented in the study. Force 
versus displacement curves, crack initiations and propagations were reproduced for mode I, mode II 
and mixed-mode I/II fracture. By visualizing the strain energy and equivalent plastic strain at the 
instant of damage initiation, the non-negligible difference in damage thresholds indicates the high 
necessity to consider stress states in phase field modelling of ductile fracture. 
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Abstract. In this paper, a novel three-dimensional (3D) multi-stand thermal-mechanical 

elastic-plastic finite element (FE) model for the tandem hot rolling (THR) was established based on 

Marc using a segmentation modeling strategy, self-developed data transfer technologies and element 

remesh technology. The effects of the work roll bending (WRB) on the strip crown at each stand were 

quantitatively analysed based on the developed FE model. The results show that the strip crown 

(at 40 mm from the edge) decreases linearly with the increase of WRB from F1 to F7; the efficiency 

factor of WRB on  displays a decreasing trend during both the upstream and downstream stands.  

Keywords: Work roll bending; Strip shape; Tandem hot rolling; FE 

Introduction 

The WRB as one of flexible and effective flatness actuators is most commonly used in the THR 

process. WRB can effectively adjust the roll deflection to improve the strip shape, which has received 

increased attention. Xu et al. [1] calculated the WRB effect rate using the influence coefficient 

method. Wang et al. [2] calculated the WRB effect rate under mills of different widths by a 

two-dimensional FE model with variable thickness. Li et al. [3, 4] analysed the effect of WRB on roll 

gap crown during non-oriented electrical steel hot rolling based on a 3D FE model of roll stacks. Xie 

et al. [5, 6] developed a 3D thermal-mechanical elastic-plastic FE model to study the effect of WRB 

on the strip crown. Li et al. [7] studied the effects of WRB on the quarter buckle during stainless steel 

hot rolling by integrating the rapid influence function method and the finite volume method. However, 

these studies are limited to a single stand FE model, ignoring the effect of the neighboring stand and 

the variation of the strip deformation resistance. This would introduce a non-negligible error. 

To address the above issue, a novel 3D multi-stand thermal-mechanical elastic-plastic FE model 

was developed integrating with a segmentation modeling strategy, data transfer technologies, and 

element remesh technology. The effects of WRB on strip crown at each stand were studied 

quantitatively based on the developed multi-stand FE model. 

3D multi-stand FE model for THR 

Fig. 1(a) illustrates the 1580 mm THR finish mill, which is comprised of seven 4-high mills. The 

strip undergoes heavy reduction through the finish mill, generally greater than 90%. If the entire THR 

process is modeled according to the actual production line, there will be millions of elements 

involved, resulting in high computation costs. Besides, the strip element will be distorted due to 

considerable elongation. To address the aforementioned issue, the segmentation modeling strategy [8] 

is used to divide the THR mill into seven distinct stands denoted as F1, F2, F3, F4, F5, F6 and F7, 

each of which is modeled as a single FE model, as illustrated in Fig. 1(b). To integrate the individual 

models into a whole model, the data transfer technologies [8] are developed to transfer the strip crown 
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and node temperature between the neighboring stands, in which the elements of strip are remeshed to 

maintain regular via element remesh technology [8].  

The strip material used in this model is one type of high-strength steel FL590X, whose physical 

properties and constitutive model are summarised in our previous study [8].  

Fig. 1. (a) 1580 mm THR finish mill; (b) 3D multi-stand FE model for 1580 mm THR process. 

Results and discussions 

To study the effects of WRB on the strip crown, five different WRBs (0 kN, 50 kN, 100 kN, 150 

kN, 200 kN) were selected to develop the FE model for F1~F4, while six different WRBs (0 kN, 30 

kN, 60 kN, 90 kN, 120 kN, 150 kN) were chosen for F5~F7.  

Fig. 2(a) presents the efficiency curves of WRB on the strip crown from F1 to F7. As can be seen 

from Fig. 2(a), all the curves show a linearly decreasing trend with the increase of WRB, but with 

different slopes. Specifically, when WRB increases from 0 kN to 2000 kN, the strip crown 

decreases linearly from 359.1 μm to 154.0 μm at F1, and  sees a linear decrease from 255.0 μm to 

49.7 μm at F2. It is clear that they are all within the positive crown range. By contrast, when WRB 

increases from 0 kN to 2000 kN,  decreases linearly from the positive crown (178.4 μm) to the 

negative crown (-15.4 μm) at F3, and F4 shows the same trend. Similarly, when WRB increases from 

0 kN to 1500 kN,  drops linearly from the positive crown (124.8 μm) to the negative crown (-85.0 

μm) at F5, at the same time, F6 and F7 exhibit the same trend. 

Fig. 2. (a) The efficiency curves of WRB on strip crown; (b) The efficiency factors of WRB on strip 

crown. 

To study the effect of WRB on strip crown quantitatively, the efficiency factor  is introduced by 

Eq. 1. 

.   (1) 
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where  is the variation of ;  is the variation of WRB. 

According to Eq. 1,  can be obtained by linearly fitting the efficiency curves shown in Fig. 2(a). 

It can be found from Fig. 2(b) that, the absolute value of  decreases from 0.102 μm/kN to 0.095 

μm/kN during the upstream stands (from F1 to F4), while showing a decreasing trend from 0.139 

μm/kN to 0.109 μm/kN during the downstream stands (from F5 to F7). The reason for this is that the 

deformation resistance of strip increases from F1 to F7 which is due to the decrease of strip 

temperature and the increase of strain rate. The larger the deformation resistance, the smaller the 

plastic deformation, leading to the smaller strip crown under the same WRB. Moreover, the absolute 

value of  during the downstream stands is larger than that during upstream stands. This can be 

explained by that: the WR diameter during the downstream stands is smaller than that during the 

upstream stands, so there will be larger deflected deformation of WR during the downstream stands 

under the same WRB, resulting in the greater .  

Conclusions 

In this work, a novel 3D multi-stand thermal-mechanical elastic-plastic FE model for the THR 

process was developed to study the effects of WRB on strip crown at each stand. The main 

conclusions can be drawn as follows: 

(1) With increasing WRB, the strip crown  shows a linearly decreasing trend from F1 to F7. 

(2) The control capacity of WRB on strip crown displays a decreasing trend during both the

upstream stands and downstream stands, whereas the control capacity of WRB on strip crown during 

the downstream stands is larger than that during the upstream stands. 
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Abstract. The present study is devoted to presenting a theoretical framework for exploring the size 

effect on the buckling behaviours of the clamped solar cells. Both the organic solar cell and 

perovskite solar cells are considered. The modified strain gradient theory, which includes three 

material length scale parameters, is employed to capture the size effects in small scales. The Hamilton 

principle is used to derive the governing equations for the solar cells. Subsequently, Galerkin 

procedure is applied to acquire the critical buckling load of the solar cells. Compared with the 

traditional size-independent prediction, the current micro-structures suitable theory provides a higher 

load capacity of the solar cells. Furthermore, some parametric experiments are performed to 

investigate the influences of the material length scale parameters on the stability of the 

micro-structures.

Keywords: Organic solar cell; perovskite solar cell; buckling; size-dependency. 

Introduction 

The development of new energy has been regarded as an essential means against the current 

worldwide energy crisis. Among these renewable energies, solar energy is becoming a strong 

competitor in the new energy market due to its superior ability to generate electricity in an 

environmentally friendly and sustainable manner. As a promising new photovoltaic technology class, 

the organic solar cell (OSC) has the advantages of multitudinous material, economical fabrication, 

and customization at the molecular level. Perovskite solar cell (PSC), on the other hand, successfully 

finds its way out in the furious market competition due to their remarkable energy conversion 

efficiency. Besides, flexibility, lightweight, and semitransparency are some of the valuable merits of 

perovskite [1]. 

It should be noticed that the magic of solar cell structures is that, before they are upscaled to 

modules, their geometrical dimensions actually fall into the micro/nano size. When analysing the 

mechanical behaviour of the tiny structures, the well-known continuum mechanics preserve their 

simplicity at the expense of accuracy. However, with the eagerness to the sufficient precision, the 

practical engineering requires to embrace the size effect into the structural analysis of the solar cells. 

Despite the significance in real-life applications, it is noticeable that there are few reports on the 

size-dependent stability of solar cells. Thus, the current work is attempting to fill in this gap by 

employing the modified strain gradient theory (MSGT) to reveal the size-dependency of the buckling 

behaviour of the OSC with clamped boundary conditions.  

Formulations 

The MSGT proposed by Lam et al. [2] introduced three material length scale parameters (namely, 
0l ,

1l , and
2l ) in addition to the traditional continuum theories. Herein, in addition to the classical strain

170

mailto:qingya.li@unsw.edu.au
mailto:yuhang.tian@student.unsw.edu.au
mailto:di.wu-1@uts.edu.au
mailto:xiaojun.chen@unsw.edu.au
mailto:w.gao@unsw.edu.au


Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

tensor ε , the dilatation gradient tensor γ , the deviatoric stretch gradient tensor η , and the symmetric 

curvature tensor χ  are included into the stored strain energy U, which can be expressed as  

( : : : : )
V

U dV= + + + σ ε p γ τ η m χ     (1) 

where σ  is the classic stress, p , τ , and m are three high-order stresses corresponding to gradient 

tensors γ , η , and χ , respectively. The classical strain tensor ε , and the other three higher order 

tensors are introduced in [3-4]. Employing the Hamilton’s principle, subsequently, the governing 

equations of the size-dependent solar cells can be obtained. Then with the clamped boundary 

condition, the generalised displacements u, v, wb, and ws are expanded by using the corresponding 

admissible functions.  

Considering the in-plane axial force only ( 0xyQ = ), then applying the Galerkin procedure, the 

critical buckling load can be obtained by solving the eigen value problem as following: 

( ) 0
b mnmn Q+  =K B U   (2) 

where 
mnK is the stiffness matrix, 

bQB is the load matrix containing the pre-buckling loads. 

Numerical Results 

The five-layer OSC model, is built in order of ITO/PEDOT:PSS/P3HT:PCBM/Al on a 2:5cm×2:5cm 

glass substrate [3-4]. The 0.2mm×0.2mm PSC is constructed with a layer stack sequence of 

FTO/TiO2/Perovskite/Spiro-MeOTAD/Au. Both the solar cells are considered with fully clamped 

boundary conditions. Here biaxial loading type is considered. It should be noted that, the modified 

couple stress theory (MCST) and the classical plate theory (CPT) can be achieved by omitting the 

first two or all three material length scale parameters. The size effect is characterized as material 

length scale parameters in the current theory. Unfortunately, hindered by a paucity of relative 

experimental data performed on micro/nano-size solar cells, a unique set of material length scale 

parameters could not be obtained. Hence, it is assumed that all three length scale parameters are 

hypothesized to adopt the same value, i.e. 0 1 2l l l l= = = .  

(a)                                                                       (b) 

Fig. 1 (a) The prediction of the critical buckling loads of OSC with various material length scale 

parameters based on different theories; (b) Relative errors between the critical buckling loads of OSC 

among MSGT, MCST, and CPT. 

To reveal the size-tendency on the critical buckling load of the solar cells, the comparison among 

the MSGT, MCST, and CPT are plotted in Figs 1 and 2. Unsurprisingly, the conservative theory, 

namely, the CPT, is independent with the variation of the material length scale parameters. However, 

the size-dependency characterization of the MSGT and MCST are obvious. By increasing the 

material length scale parameters, the expected load resistance based on MSGT and MCST rise 

substantially. When the thickness of the structure is in the same order of magnitude of the material 

171



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

length scale parameter, the relative differences between the CPT and the MSGT are maximum 

94.21% and 95.51%, for OSC and PSC, respectively. Especially, the estimations from the 

higher-order theories asymptotically converges to the CPT one when the material length scale 

parameter is far less than the thickness. This phenomenon suggests that the presence of the material 

length scale parameter matters in the stability analysis of the micro/nano-scale plate. 

(a)                                                                       (b) 

Fig. 2 (a) The prediction of the critical buckling loads of PSC with various material length scale 

parameters based on different theories; (b) Relative errors between the critical buckling loads of PSC 

among MSGT, MCST, and CPT. 

Summary 

In the present study, the size effect of the buckling behaviour of the OSC and PSC are discussed 

grounded on the MSGT. It is worth noting that the use of traditional classical plate theory in the 

stability analysis of small-size solar cells will lead to non-negligible errors. The underestimated 

load-bearing capacity based on size-independent theory may induce unnecessary loss and waste. By 

introducing the material length scale parameter to reify the size effect, the MSGT captures the 

size-tendency in the investigation. It is found that when the material length scale parameter is 

comparable to the dimensions of the solar cells, to assure the required precision in the 

micro/nanomechanical field, it is essential to include the size-dependency into the analysis. However, 

it is acceptable to adopt the prediction based on the CPT when the size of the structure is considerably 

large than the material length scale parameter. 
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Abstract. The numerical simulation method has been proposed for simulation undamaged and 
unstrengthened RC columns, undamaged but FRP strengthened RC columns and FRP strengthened 
pre-damaged RC columns respectively by ABAQUS. The appropriate material constitutive models 
are selected. The reasonable pre-damage method has been proposed and the model change interaction 
method is used to simulate demolishing and replacing the damaged concrete and strengthening by 
FRP plate. The numerical simulation results of three kinds of RC columns are compared with the test 
results. They agree well and the proposed simulation method has been verified. Further study on 
strengthened method of pre-damaged RC columns is required.

Keywords: Strengthened; Damaged RC Columns; Numerical Simulation; 

Introduction 

After earthquake, damaged RC columns should be strengthened before they can be used continuously. 
Existing RC columns with insufficient capacity also need to be strengthened before being used 
normally. The reference case of the above conditions is undamaged and unstrengthened RC columns. 
Therefore, there might be three types of RC columns considered (as shown in Figure 1): undamaged 
and unstrengthened, undamaged but strengthened and strengthened pre-damaged RC columns. To 
simulate the nonlinear behavior of FRP strengthened pre-damaged RC columns, several key problems 
should be solved, such as simulation of pre-damage and replacing the damage concrete in plastic zone 
and strengthening, and interface problems between different materials.  

(a)undamaged and unstrengthened (b) undamaged but strengthened (c) strengthened pre-damaged
Fig. 1 Section diagrams of three types of RC columns 

RC Column Modelling 

Two sets of RC column specimens tested by Song [1], C495 and C700 (square section with size of 
495mm and 700mm respectively), were simulated using software ABAQUS [2]. Each set includes 
CXXX-U, CXXX-S and CXXX-R three ones, representing undamaged and unstrengthened,
undamaged but strengthened and strengthened pre-damaged RC columns respectively.
Element type and mesh selection. Solid element is used for concrete, and the meshing element type
is C3D8R. The wire element is used for the reinforcement, and the meshing element type is T3D2.
Solid element is also used for strengthened FRP, and the meshing element type is C3D8R.
Constraints and boundaries. The reinforcement is placed in the concrete using internal restraint
embedded method. Tie method is adopted between the replaced concrete and the remaining damaged
concrete, between FRP plates and concrete, and between vertical and transverse FRP plates. The
boundary condition at the bottom of the model is set to be fixed.
Loading and pre-damage method. Loading schedule is the same as the specimens tested. For the
FRP strengthened pre-damaged RC columns, after pre-damage being finished (drift angle to 1/40),
they are unloading first and model change interaction method has been adopted to simulate the
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replacement of the outside damaged concrete and the longitudinal reinforcement and strengthen FRP. 
The area of the outside damaged concrete is determined according to the specimens tested. The 
schematic diagram of model change interaction method is shown in Figure 2. Then reload the 
strengthen model to failure to verify the strengthen results.  

(a)Original model (b)Pre-damage (c)Demolish (d)Replace and strengthen (e)New model
Fig. 2 Schematic diagram of model change element method 

Material Constitutive Model 

Steel Bar. USteel03 model in the PQ fiber model by Qu [3] has been adopted for reinforcement. Its 
essence is the maximum point pointing bilinear hysteretic model with reloading stiffness degradation 
proposed by Clough [4].  
Concrete. The concrete damage plasticity model [5] of ABAQUS is adopted for concrete. The 
expansion angle is 30, the parameter Kc is 2/3, fbo/fco is 1.16, Poisson's ratio is 0.2, density is 2400 
kg/m³ and bond coefficient is 0.001. Saatcioglu’s stirrup confined concrete model [6] is adopted. In 
order to simplify the model, the full cross section of RC columns is regarded as confined concrete. 
FRP. FRP is a linear elastic material and a linear elastic stress-strain model has been adopted. 
Because the anchorage of the vertical CFRP plate at bottom is not enough, it was found than the 
measured maximum tensile strain of the vertical CFRP plate is just about half of its value 
corresponding to its tensile strength, the tensile strength of CFRP is reduced to half of the real value.  

Simulated Results 

Comparison of confined concrete constitutive. For C495-U, C495-S and C495-R, the simulated 
hysteretic curves and the test skeleton curves are shown in Figure 3. Results of C700-U, C700-S and 
C700-S are shown as well. It can be seen that the simulation results are consistent with the test results.  

(a)C495-U (b)C495-S (c)C495-R

(d)C700-U (e)C700-S (f)C700-R
Fig. 3 Comparison of simulation and test results 
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Comparison of numerical simulation results. Simulated results of three types of RC columns are 
compared in Figure 4. It can be seen that stiffness and bearing capacity of undamaged but FRP 
strengthened RC columns are not significantly improved because strength of longitudinal CFRP plate 
is discount to account for slippage between longitudinal CFRP plate and concrete surface. The 
stiffness and strength of FRP strengthened pre-damaged RC columns are not be fully recovered under 
proposed strengthen method. The ductility of strengthened specimens is significantly enhanced. 
Therefore, it is necessary to further study the parameters of FRP strengthened pre-damaged RC 
columns, such as considering different earthquake damage levels, the strength of replaced concrete, 
the influence of different FRP reinforcement ratios and detailing methods, etc. 

(a)C495 specimens (b)C700 specimens
Fig.4 Comparison of numerical simulation results  

Summary 

A numerical simulation proceeding has been proposed for simulation FRP strengthened pre-damaged 
RC columns by ABAQUS. This method can simulate the damage and reinforcement reasonably. The 
numerical simulation results are basically consistent with the test results, verifying its possibility and 
reliability. It has been found that if the pre-damage is too serious, it is difficult to recover the stiffness 
and bearing capacity of the RC column by replacing damaged outside concrete locally and using FRP 
to strengthen. Further strengthen method for damaged RC columns shall be needed. 
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Abstract. Holography is a technique to generate arbitrarily complex acoustic fields, fundamental to 

applications such as acoustic imaging, particle manipulation, and energy deposition. We present a 

topology optimization method for the acoustic hologram of the metasurface composed of phased 

arrays, such as helical units, which can flexibly adjust the sound phase from 0 to 2π. The problem 

aims to seek the optimal phase distribution at the output of the metasurface so that sounds focus a 

prescribed image at the projection plane. The projection plane is assigned with fine pixels, which are 

divided into two groups: target and background pixels according to the image. The optimization 

objective is to maximize the sound intensity of the target pixels and minimize that of the background 

pixels simultaneously. Based on the derived sensitivity, the optimality criterion is adopted to update 

the phase distribution in arrays step by step. Numerical examples show that optimized phased arrays 

can achieve various high-resolution sound images. 

Keywords: acoustic hologram; topology optimization; metasurface. 

Introduction 

The modern computer-generated holography technique enables the wavefront to be reconstructed in a 

desired manner under complete computer control without the process of physically recording a 

hologram [1]. The basis of this technique is to calculate the required phase, or phase and amplitude 

profile of the hologram, and then a lens or metasurface can be correspondingly produced to shape the 

wavefront by interference. In the early 1960s, the holography was introduced into acoustics for the 

purpose of acoustic imaging [2]. More recently, increasing attention has been paid to various 

applications of the acoustic hologram, such as transcranial focusing [3], Bessel beam generating [4], 

cell patterning [5,6], and contactless material handling [7].  

Over the past few decades, topology optimization methods have been largely investigated in 

optical and acoustical wave filed manipulation, including the design of photonic/phononic bandgap 

materials [8,9], topological insulators [10], metalens [11] and metamaterials [12]. A typical topology 

optimization problem is to search the optimal distribution of constituent materials within a given 

domain. In this paper we will develop a topology optimization algorithm for the acoustic hologram of 

the metasurface composed of phased arrays. The problem aims to seek the optimal phase distribution 

at the output of the metasurface so that sounds focus a prescribed image at the projection plane. Based 

on the sensitivity analysis and optimality criteria, this approach can rapidly optimize the phase profile 

of a hologram for the image defined target pixels.  

Acoustic field analysis and topology optimization problems 

Arbitrary wave-filed control can be realized with modulation of the propagating wave phase. Here we 

consider achieving an acoustic image, such as a shape of the letter “S”, from an optimized design of 

the phased array. As shown in Fig.1 (a), the design domain is composed of 21 21 units. Each unit can 

be regarded as a secondary sound source. Thus, the sound pressure at the m-th target pixel on the 

image plane can be expressed by superposing all the contributions from different units on the 

hologram plane: 
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 (1) 

where , an and φn are the amplitude and phase of the acoustic wave of the n-th element on the 

phased array, respectively; dmn is the distance between the n-th element and m-th target pixel. N and M 

are the total number of units on the hologram and target pixels on the image plane, respectively.  is 

the density, c is the sound speed, k is the wave number, and s is the surface area of each unit. 

Assuming that the amplitude of acoustic waves propagating through each unit is the same, and 

ρcks/2π is considered to be constant, then Eqn. (1) can be simplified as 

      (2) 

in which which . 

    (a)                                                                             (b) 

Fig. 1 (a) schematic of an acoustic phased array; (b) the defined target pixels (red) and background 

pixels (blue) for the letter “S” shape. 

To obtain the phase distribution of each unit on the phased array, an optimization algorithm is 

established based on sensitivity analysis and optimality criteria. The design variable, φn ranges from 0 

to 2π. The holographic rendering quality is determined by the distribution of sound pressure 

amplitude on the projection plane. The image plane has a size of 81×81 pixels, and each pixel has a 

square area 5×5 mm2 A clear acoustic image can be obtained by increasing the sound pressure of the 

target pixels while reducing that of the background pixels on the projection plane (see Fig. 1b). Thus, 

the optimization objective is defined by maximizing the difference between the minimum pressure 

amplitude of the target pixels and the maximum value of the background pixels. 

 (2) 

Numerical Example 

To prove the capability of the proposed optimization algorithm for generating a desired sound field, 

the first example is an “S” shape pattern with the sound wave frequency of 8kHz. As shown in Fig. 

1(b), the projection plane has a resolution of 81×81 pixels with a pitch of 5mm. Fig. 2(a) illustrates 

the optimized phase distribution with 21×21 units. The colour bar represents the propagating phases 

on the phased array ranging from 0 to 2π. The side length of each unit is 0.02m, the density of air is 

1.21kg/m3, and the sound speed is 343m/s. According to Eqn. (2), the distribution of acoustic pressure 

amplitude on the projection plane (0.36m to the phased array) is calculated and plotted in Fig. 2(b). 

The acoustic energy from the phased array is converged at the target. Thus, the image of a clear “S” 

shape is generated with a much higher sound pressure than the background. A simulation is also 

conducted in COMSOL Multiphysics (see Fig. 2c). The incident pressure field is set to be 1Pa with 
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phase distribution according to the optimized result. Radiation conditions are applied for all the 

boundaries. The simulated acoustic field on the projection plane agree well with the calculated result.  

 
Fig2. (a) Optimized phase distribution from 0 to 2π for generating an “S” shape pattern; (b) 

distribution of pressure amplitude on the projection plane; (c)simulation of the acoustic field 

manipulation by the optimized phased array. The phase input is converted to be between -π and π. 
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Abstract. Composite laminates are extremely sensitive to out-of-plane load, such as bird strike, tool 

falling. These trivial events can induce large delamination inside the laminate which have a 

significant knock down effect on the residual compressive strength. Enhancing the through-thickness 

properties of composite laminates is clear of interest in recent decades. A novel composite laminates 

named AP-Ply is manufactured by automated fibre placement (AFP) robot by altering the tow 

placement sequence, which is proven to be effective in improving the impact resistance and damage 

tolerance. This new laminate concept gives more freedom for composite design while also brings 

extra complexities to the numerical models. This study aims to present a new robust modelling 

method to investigate the failure mechanisms of AP-Ply laminate under short beam shear test. A 

supplement experiment is also conducted for the validation purpose.  

Keywords: Finite Element Method, Composites Modelling, Automated Fibre Placement, Tow Wise 

Modelling, Short Beam Shear Test 

Introduction 

The non-conventional Automated Fibre Placement (AFP) composites, Advanced-Placed Ply 

(AP-Ply) or Clutch laminate [1, 2], has shown great performance in damage tolerance improvement 

and thermal warpage reduction. The AP-Ply laminate is manufactured by means of varying the 

traditional tow placement sequence, resulting in a semi-woven fabric structure, as shown in Fig. 1. 

The architecture of the tows may impede delamination propagation by dissipating energy via crack 

deflection and/or other failure modes such as matrix cracking and fibre breakage. 

Fig.1. The manufacturing process of AP-Ply laminate 

Understanding the failure mechanisms of the AP-Ply laminate will allow the position of the tows to 

be optimised to take advantage of the manufacturing flexibility afforded by AFP. To simulate the 

complex tow architecture, high-fidelity 3D models are required to resolve key features such as tow 

drops, gaps between tows and tow waviness. Often these features are neglected, however, adequate 
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representation of these features is required to predict onset and progression of failure in AP-Ply 

laminates. 

This research presents a Tow Wise Modelling (TWM) technique, where each individual tow is 

modelled independently to capture the local geometric discontinuities. A contact-based cohesive 

network approach is implemented in the TWM to capture the fibre or matrix failure phenomenon. To 

validate the numerical model, AP-Ply laminates have been experimentally tested using a short beam 

shear test.  

Methods 

Short Beam Shear Test 

The local semi-woven structure of the AP-Ply laminate is formed by the tows coming from at least 

two directions. A [0/90]ns laminate configuration is studied in present work. Three groups of samples 

including a benchmark (no weaving), AP-Ply1 ([0/90] single ply weaving) and AP-Ply2 ([02/902] two 

plies weaving) were manufactured (see Fig. 2) with the AFP robot at UNSW. Eight samples in each 

group were tested using a 50kN Instron test machine.  

Figure.2. The configurations of three different samples, including benchmark, AP-Ply1 and AP-Ply2 

from left to right (the woven is shown as grids). 

The failure tends to initiate and propagate along the weak interface. A fully interlocked 

manufacturing trick is used in the AP-Ply laminate design, where each tow is either weaved in the 

X-Y or X-Z plane, and no clear interface can be observed within the panel. The woven constraints

have effect on controlling the resin flow, leading to different cured tow thicknesses observed between

these three panels. Through optical microscopy, different woven and cured tow parameters were

measured, which later were applied during modelling to minimize any effects of geometric

differences.

Model description 

The TWM technique is a high-fidelity geometric modelling method for AFP laminates. Instead of 

using a continuum model, each discrete tow geometry is created independently, offering an 

opportunity for representing local geometric discontinuities. The concept of “stacked solid 

technique” is applied to the TWM, where each tow is modelled as 3D solid elements, and bonded 

together with adjacent tows, forming a continuous model. A contact-based cohesive network 

approach is defined in the potential failure path, presented in Fig. 3. Matrix failure paths are assumed 

in the tow-to-tow interface or along the fibre direction within tows, shown as blue and green. The 

fibre failure is assumed to be orthogonal to the tow, with the fibre/tow orientation, represented as 

yellow. 
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Figure.3. The schematic diagram of the application of contact-based cohesive network approach in 

tow wise geometry. 

Results 

Different global response (load-displacement curves) and failure paths are observed between the 

three analysis configurations. It was found that the crack initiates near the loading roller and 

propagates underneath with a small angle. With the accumulation of strain energy, the ultimate failure 

occurs due to interlaminar shear stress shown in Fig. 4. The capability of modelling the progressive 

failure with the tow wise modelling technique in such complex 3D architectures are validated, shown 

in Fig. 4. 

Figure 4. The comparison between numerical and experimental results
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Abstract. Grinding is an essential process to reduce particle size in many industries. However, low 

energy efficiency and accidents caused by improper operations are very common. Hence, an 

intelligent process control system is necessary to improve grinding efficiency and avoid accidents. 

This work discussed our recent work to combine numerical modelling with data-driven models to 

predict particle flows in mills and proposed future work in this field.

Keywords: grinding, process design, process monitoring, process control, discrete element method, 

data-based modelling, particle flow 

Introduction 

The efficiency and economic index of the entire mineral grinding process are largely determined 

by the running efficiency of a ball mill. Knowledge of particle flow inside a drum is critical to 

improving efficiency by process design and control [1]. Undesired particle flow such as overloading 

or underloading reduces energy efficiency, increase the consumption of steel balls and the wear of the 

mill. Therefore, particle flow in rotating drums has been a subject of extensive research.  

Particle flow is mainly influenced by process design and operations. Specifically, process design 

requires knowledge of critical process design parameters like mill dimensions, material types, and 

range of operating parameters. The purpose of process design is to make the process have potentials 

to achieve relative high production efficiency. While process operation is often done by adjusting key 

operation parameters like rotation speeds, feed rate to achieve high grinding efficiency and avoid 

accidents. Most industries still rely on the empirical operating parameter set according to human 

experience and on-line monitoring of limited number of macroscopic variables like mill load. 

However, such operations are often based on the macroscopic phenomenon (results) rather than 

valuable unmeasurable microscopic information (mechanisms) of particle flow. Hence, it might 

avoid accidents but not fundamentally increase grinding efficiency. To overcome this problem, 

knowledge of particle flow mechanisms is required. 

Discrete element method (DEM) has been increasingly used to model particle flow [2,3]. The main 

advantage of the DEM modelling is the information at the particle scale, such as trajectories of and 

transient forces acting on individual particles, can be obtained to facilitate the understanding of 

particle dynamics [3]. However, current DEM simulations are often conducted under simplified 

conditions due to high computational cost and cannot meet requirements of the real industrial 

processes which are operated at much larger scales and under more complicated conditions.  

Our research focuses on combining DEM and data-based models to develop an intelligent control 

system to improve grinding efficiency. The system can help engineers mill design, on-line monitoring 

process situations, and automatically adjust operation parameters to keep the process in high 

efficiency. 

This work will review the progress of our previous works [4,5] and show our core ideas of future 

work. 

Process design 

Rolling drums are widely used in industries for mixing, drying, milling and granulation of 

particles. Particle flow inside a rolling drum shows various phenomena, such as mixing, avalanche 
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and segregation. These have significant impacts on the performance of a drum including mass and 

heat transfer, particle breakage and mill wear, which needs to be quantified and predicted for better 

control and optimizations of the drum. A data-driven model was developed provided by data from 

discrete element modelling (DEM) to link drum design parameters and the features of the particle 

flow inside a mill. The input design parameters are sliding friction between particle and drum, 

rotation speeds, and drum dimensions.  The classic SVR (Support Vector Machine for Regression) 

method was trained in the model to predict two important flow properties, angle of repose (AoR) and 

collision energy (E80). Fig.1 shows the performance of the SVR model on testing data set. It could be 

found that the proposed data-driven model was able to predict angle of repose and collision energy 

under different operating conditions, reasonably well with R2 values of 0.92 and 0.86, respectively. 

The study has revealed that this approach can be implemented to improve the design of the grinding 

process in an industrial scale, based on low-cost numerical simulations instead of high-cost 

experiments.  
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Fig. 1. Performance of the SVR model on the testing data: (a) AoR; and (b) E80. 

Process monitoring 

   Process monitoring usually requires real-time and on-site accessible information to quickly monitor 

the key variables during the process. Usually, in the grinding process, the vibration/acoustic signal 

and power draw information are main sources to provide such information [6]. Hence, linking key 

particle flow properties with externally information is crucial to online process monitoring and 

control. We proposed a modelling framework to use an artificial neural network (ANN) model for 

quick prediction of particle flow based on the acoustic emission (AE) signals generated from the 

discrete element method (DEM) simulations. The AE signals on the drum surface were then obtained 

based on the simulated particle-wall collisions. Through FFT analysis and principal component 

analysis (PCA), 5 principal components (PCs) were obtained and, together with power draw, fed into 

the ANN model to predict to the unmeasurable internal flow conditions, including the distributions of 

particle size and internal collision energy.  Fig. 2 shows comparisons of the proposed model 

framework predictions with simulated testing data. It can be found the model can be used in grinding 

processes to monitor the evolutions of particle size and collision energy. 
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Fig. 2 Comparisons of predicted particle flow variables and simulated ones with the testing data: (a) 

collision energy; (b) particle size. 

Process intelligent control and future work 

    Process intelligent control was the final and the most difficult stage to improve grinding process. 

This stage is often based on results of the previous two stages. Because process design gives a drum 

system with potential to achieve high grinding efficiency and process monitoring help us know the 

current system situation while process control is based on current status and previous history data 

‘experience’ to automatic adjust operation parameters to achieve highest grinding efficiency. This 

often involves different intelligent control methods to work together. 

    In the future, we will be first focusing on upgrading our model and study the capability of the 

proposed approach in monitoring flow characteristics for the real grinding process. 

Acknowledgements 

The support from the Australia Research Council (ARC) ARC Research Hub on Computational 

Particle Technology (IH140100035) and Jiangsu Industrial Technology Research Institute (JITRI) is 

acknowledged. YL is also grateful to the Australian Government Research Training Program (RTP) 

Scholarship for financial support of his PhD study. 

References 

[1] B.A. Wills, J. Finch, Wills' mineral processing technology: an introduction to the practical aspects

of ore treatment and mineral recovery, Butterworth-Heinemann, 2015.

[2] H. Zhu, Z. Zhou, R. Yang, A. Yu, Discrete particle simulation of particulate systems: theoretical

developments, Chemical Engineering Science 62 (2007) 3378-3396.

[3] H. Zhu, Z. Zhou, R. Yang, A. Yu, Discrete particle simulation of particulate systems: a review of

major applications and findings, Chemical Engineering Science 63 (2008) 5728-5770.

[4] Y. Li, J. Bao, A. Yu, R. Yang, A combined data-driven and discrete modelling approach to predict

particle flow in rotating drums, Chemical Engineering Science 231 (2021) 116251.

[5] Y. Li, J. Bao, A. Yu, R. Yang, ANN prediction of particle flow characteristics in a drum based on

synthetic acoustic signals from DEM simulations, Chemical Engineering Science (2021) 117012.

[6] Y. Zeng, K. Forssberg, Multivariate statistical analysis of vibration signals from industrial scale

ball grinding, Minerals Engineering 8 (1995) 389-399.

184



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University

Three-dimensional complex microstructures reconstruction with the 

descriptor-based method and feature partition approach   

Yilin Li1, a, Shujian Chen2, b, Wenhui Duan3, c and Wenyi Yan1, *

1Department of Mechanical and Aerospace Engineering, Monash University, Clayton, VIC 3800, 
Australia 

2School of Civil Engineering, The University of Queensland, St. Lucia, QLD 4072, Australia 

3Department of Civil Engineering, Monash University, Clayton, VIC 3800, Australia 

ayilin.li@monash.edu, bshujian.chen@uq.edu.au, cwenhui.duan@monash.edu 

* wenyi.yan@monash.edu

Abstract. A descriptor-based method combined with a partition approach is proposed to reconstruct 

three-dimensional (3D) microstructures based on a set of two-dimensional (2D) SEM images. The 

features in the SEM images are identified and partitioned into small features using the Watershed 

algorithm. The Watershed algorithm first finds the local grey-level maxima, and partitions the 

features through the grey-level local minima. The 3D size distribution and radial distribution of the 

small spherical elements are inferred respectively based on the 2D size distribution and radial 

distribution using the stereological analysis. The 3D microstructures are reconstructed by matching 

the inferred size distribution and radial distribution through a simulated annealing-based procedure. 

Combining with the proposed partition approach, the descriptor-based method can be applied to 

complex microstructures and the computational efficiency of the reconstruction can be largely 

improved.  

Keywords: 3D Microstructure Reconstruction; Partition Approach; Hardened Cement Pastes; 

Nanoscale Pore Structure  

Introduction 

Microstructure characterization and reconstruction have been widely used to investigate the 

properties of heterogeneous materials. Several methods including statistical correlation function 

method, descriptor-based method, and machine learning method have all been successfully applied to 

characterize and reconstruct the microstructures of material systems [1]. Compared with other 

microstructure reconstruction methods, descriptor-based method enables high computational 

efficiency and physically meaningful, low-dimensional microstructure characterization [1,2]. The 

microstructure features are characterized using physically meaningful descriptors, which provide the 

potential to build structure-properties relationship and design of the microstructure [3,4]. However, 

considering some complex microstructures, such as the microstructures of porous materials, the 

direct application of descriptor-based method will have some limitations. The pore features in the 

porous materials are highly irregular, highly tortuous, and well connected, which is difficult to be 

characterized with a few descriptors. Adding more descriptors means increasing the complexity of 

reconstruction and increasing the computational cost. In this study, a partition approach is proposed 

to combine with the descriptor-based microstructure reconstruction method to reconstruct 3D 

complex microstructures. The objective is to reconstruct 3D microstructures statistically equivalent 

to the information from 2D images. Compared with the previous work using descriptor-based 

microstructure reconstruction method directly in the literature, the proposed method partitions the 

original features into small features first. In this way, the partition approach can capture the 

irregularity, tortuosity, and connectivity of complex pore structures in porous materials and achieve 

high computational efficiency with descriptor-based method. The proposed method can be applied to 

reconstruct 3D irregular microstructures of materials under the scale of which only 2D images can 

characterize with sufficient resolution 
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Method 

The method is composed of 2D image processing including the partition of the features, 3D size 

distribution inference, 3D radial distribution inference, and 3D microstructure reconstruction 

procedure. The pore structures of porous materials like cement pastes are highly irregular, highly 

tortuous, and well connected, as shown in Fig. 1 (a), which are difficult to be characterized as 

integrated parts with a few descriptors. The proposed partition approach divides the irregular pore 

features into small parts, as shown in Fig. 1 (b). The spatial relationship of the partitioned features is 

evaluated statistically and used to reconstruct the 3D pore structures. This makes it easier to 

characterize these pore features with the small partitioned features and investigate the 2D and 3D 

relationship, which achieves the flexibility to reconstruct the microstructure with complex features. 

Furthermore, the partitioned features are much smaller and show much higher sphericity than the 

undivided pores. Therefore, the partitioned features are assumed to be circular in 2D and spherical in 

3D, and the 3D features (pores) are formed by the connected small spherical elements, as illustrated 

in Fig. 1 (c) and Fig. 1 (d). The partitioned features are characterized through the descriptors 

including 2D area fraction, 2D size distribution, and 2D radial distribution.  

(a) (b) 

(c)                                                                                    (d) 

Fig. 1 Illustration of a feature reconstruction. (a) An irregular and tortuous pore in black from a 2D 

SEM image of a hardened cement paste. (b) The pore was partitioned into small features with the 

Watershed algorithm. (c) The partitioned features were replaced by the circles and the pore was 

formed by the connected circles in 2D. (d) A 3D pore formed by connected spherical elements in 3D 

The pore features on the SEM images are first identified by applying a threshold determined using 

the ISODATA method [5]. Then the features are partitioned using the Watershed algorithm [6]. The 

3D volume fraction is inferred directly from the 2D area fraction because the 2D area fraction is an 

unbiased estimator of the 3D volume fraction [7]. The size distribution of the partitioned features was 

characterized by the equivalent circle diameter. The radial distribution function was used to 

characterize the spatial relationship of the partitioned features. 3D sphere size distribution was 

inferred from the characterized 2D circle size distribution using stereological analysis, Saltykov 

method [8]. The 3D radial distribution function is inferred from the 2D radial distribution function by 

analyzing the spatial relationship between two spheres [9]. The 3D microstructure was reconstructed 

stochastically by matching the volume fraction, 3D size distribution, and 3D radial distribution of the 

spherical elements through a simulated annealing-based procedure [9]. 
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Abstract. Pentamode metamaterials (also meta-fluidics) are a new class of artificially architected 
mechanical lattice metamaterials with vanishing shear modulus and therefore only able to support 
single mode of stress. In this research, firstly, an efficient topological optimization method will be 
developed to design pentamode lattices having effective material properties over a range of relative 
densities. The pentamode metamaterials are defined as a three-dimensional ground structure with at 
least orthotropic symmetry. Secondly, the necessary and sufficient condition the elasticity matrices 
of pentamode metamaterials with at least orthotropic symmetry is proposed. Note that a large ratio 
of the bulk modulus to the shear modulus is not a sufficient condition any more for non-isotropic 
pentamode metamaterials. Finally, 24 new pentamode unit cells are designed to demonstrate the 
effectiveness of the proposed method, theoretically contributing to designs of pentamode acoustic 
and elasto-mechanical unfeelability cloaks.

Keywords: Pentamode metamaterials; Lattice structures; Orthotropic symmetry; Topology 
optimization. 
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Abstract. Predicting and actively controlling the residual stress are important research topics in 

selective laser melting (SLM). Numerical simulation is an effective tool to predict the residual stress 

and distortion throughout the printing process. Goldak heat input model has been commonly used to 

model the heat source in an SLM process. However, it incurs an unpractically high computational 

cost when simulating building a part with dimensions in centimetres due to the huge scale gap 

between the component size and the laser spot size. In the present work, a characteristic time-based 

heat input (CTI) model has been developed and implemented in a finite-element thermal-mechanical 

model to significantly reduce the process simulation time while satisfactorily predicting the 

temperature and residual stress state of SLMed parts. This characteristic time-based heat input model 

speeds up the computation by applying the integrated energy along the scan path over a characteristic 

heating time, which is defined as the ratio of the axis of the ellipsoidal heat source in the laser scanning 

direction to the scanning speed. Details of the research, including model validation and case studies, 

was recently published in Additive Manufacturing [1].

Keywords: Line heat input model; Thermal-mechanical FE modelling; Computational efficiency. 

Introduction 

Heat input model has a crucial impact on the accuracy and efficiency of SLM process simulation. 

Traditional effective heat input models are unable to efficiently simulate SLMed parts due to 

unaffordable computational costs. Although some lumped heat input models and multiscale 

modelling accelerate the process simulation significantly, the accuracy of the thermal history of a 

simulated part is sacrificed, which makes metallurgical modelling infeasible and mechanical 

modelling inaccurate. This work aims to develop an efficient line heat input model with satisfied 

thermal-mechanical predictions for the SLM.  

Heat input models 

Goldak’s ellipsoidal heat input model  

The power density 𝑄𝐺 given by Gaussian distributed Goldak’s ellipsoidal heat input model  is [2]: 

𝑄𝐺(𝑥, 𝑦, 𝑧, 𝑡) =
6√3𝑃ƞ

𝑎𝑏𝑐𝜋√𝜋
𝑒𝑥𝑝 (−

3(𝑥 − 𝑥0)2

𝑎2
−

3[𝑦 − (𝑦0 + 𝑣𝑡)]2

𝑏2
−

3(𝑧 − 𝑧0)2

𝑐2
) (1) 

where 𝑃 is the laser power, ƞ is the heat source efficiency, 𝑣 is the laser scan speed,  𝑡 is the current 

value of total time. The semi-axes of the ellipsoid 𝑎, 𝑏, and 𝑐 are defined when the power drops to 

5% at the ellipsoidal centre and are parallel to local coordinate axes 𝑥, 𝑦, and 𝑧 respectively. Fig. 1(a) 

illustrates the heat flux distribution at the initial centre point (𝑥0, 𝑦0, 𝑧0) at three selected planes in 𝑧 

direction. As the Goldak model moves in the 𝑦 direction in this study, the time increment size is 

restricted by the semi-axis 𝑏 to achieve the continuous laser scanning behaviour. The incremental 

distance of the heat source should not exceed 𝑏 in each time increment in a numerical simulation.  

189



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

(a)       (b) 

(c) 

Fig. 1 Illustration of the heat flux distribution on a track with a length of 1 mm across different planes 

on z direction (in this demonstration 𝑎 = 𝑏 = 𝑐 = 0.05 mm, which are the semi-axes of the power 

density in Goldak’s ellipsoid heat input model): (a) Goldak model; (b) LI model; (c) CTI model. 

Line heat input model (LI) 

To break the restriction on time increment, Irwin and Michaleris [3] developed the line heat input 

(LI) model by integrating the total energy along a scan track and inputting it on the integrated domain

during a laser travelling time. The total deposited energy 𝐸 at each point in the domain over a period

can be derived by integrating the Goldak model as:

𝐸 = ∫ 𝑄𝐺(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑡
𝑡0+∆𝑡

𝑡0

 (2) 

where 𝑡0 is the start time of scanning a track and ∆𝑡 is the laser travelling time to complete a track, 

which is given by: 

∆𝑡 =
𝑙

𝑣
(3) 

where 𝑙 is the track length. Therefore, in the LI model, the power density is: 

𝑄𝐿𝐼 = −
3𝑃ƞ

𝑎𝑐𝑙𝜋
exp (−

3(𝑥 − 𝑥0)2

𝑎2
−

3(𝑧 − 𝑧0)2

𝑐2
) erf(

√3[𝑦 − (𝑦0 + 𝑣𝑡)]

𝑏
) |𝑡0

𝑡0+∆𝑡
(4)

Fig. 1(b) illustrates the heat flux distributions at three same planes as the Goldak model. It can be 

clearly seen that the magnitude of heat flux is significantly smaller than that in the Goldak model on 

all planes.  

Characteristic time-based heat input model (CTI) 

During a laser scanning with a constant speed in an SLM process, the energy received by the power 

bed from the laser spot is modelled by a Gaussian distributed power density shaped as an ellipsoidal 

heating volume, which serves as the heat source from the simulation point of view. Note that the 

semi-axes (𝑎, 𝑏 and 𝑐) of the ellipsoid are defined as when the power density falls to 5% of the peak 

density at the ellipsoidal centre. Hence, nearly 97.5% of input power is distributed within the axis (𝑏) 

of the ellipsoidal heat source in the scanning direction.1 Therefore, as the heat source is moving, i.e., 

the laser is scanning, along the scanning direction (y-direction) with a constant speed v, the heating 

time on a material point can be determined as 

𝑡𝑐ℎ =
2𝑏

𝑣
(5) 

1 ∫ ∫ ∫ 𝑄𝐺(𝑥,𝑦,𝑧)𝑑𝑥
0
−∞

𝑏
−𝑏 𝑑𝑦

∞
−∞ 𝑑𝑧

∫ ∫ ∫ 𝑄𝐺(𝑥,𝑦,𝑧)𝑑𝑥
0

−∞
∞
−∞ 𝑑𝑦

∞
−∞ 𝑑𝑧

= √1 − 𝑒−3 = 97.5% 

190



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

which is named the characteristic heating time. The maximum heat flux concentrates along the central 

line, while the heat flux decreases steeply when the points move away for the central line in the 

transverse (x) direction. A whole laser scan track is heated simultaneously over the characteristic 

heating time 𝑡𝑐ℎ in the characteristic time-based heat input model (CTI), which means the power 

density is applied evenly over the characteristic heating time: 

𝑄𝑐ℎ =
𝐸

𝑡𝑐ℎ
(6) 

Finally, the power density distribution of the CTI model is: 

𝑄𝑐ℎ = −
3𝑃ƞ

2𝑎𝑏𝑐𝜋
exp (−

3(𝑥 − 𝑥0)2

𝑎2
−

3(z − 𝑧0)2

𝑐2
) erf(

√3[𝑦 − (𝑦0 + 𝑣𝑡)]

𝑏
) |𝑡0

𝑡0+𝑡𝑐ℎ (7) 

The heat flux distributions from the CTI model across three same planes as Goldak and LI models 

are shown in Fig. 1(c). The magnitude of heat flux from the CTI model is much closer to that from 

the Goldak model on all three planes compared with the LI model. To conserve the total building 

time for a scan track, the rest of the laser travelling time on the scan track is defined as the 

characteristic cooling time: 

 𝑡𝑐𝑐 = ∆𝑡 − 𝑡𝑐ℎ (8) 

The defined cool time defined is length-dependent, i.e., a longer track leads to a longer cooling time, 

which is, in fact, consistent with a physical laser scanning. In this way, the power input over a track 

is split into two phases: 

• The heating power 𝑄𝑐ℎ over the characteristic heating time 𝑡𝑐ℎ;

• The cooling power 𝑄𝑐𝑐 = 0 over the characteristic cooling time 𝑡𝑐𝑐.

Summary 

A characteristic time-based heat input model has been developed and implemented in a finite-element 

thermal-mechanical model to reduce the process simulation time while satisfactorily predicting the 

temperature and residual stress state of SLMed parts. The CTI model speeds up the computation by 

applying the integrated energy along the scan path over the characteristic heating time. Thermal-

mechanical process modelling using the Goldak model with the same input parameters is used as a 

benchmark to verify the accuracy and efficiency of the CTI model by comparing the temperature, 

residual stress and displacement. Cases studies show that the simulation time can be greatly reduced 

by applying the CTI model with satisfied predictions compared with the Goldak heat input model. 
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Abstract.  

Background and objective: Therapeutic exercises could potentially enhance the healing of distal 

radius fractures (DRFs) treated with volar locking plate (VLP). However, the healing outcomes are 

highly dependent on the patient-specific fracture geometries (e.g., gap size) and the loading 

conditions at the fracture site (e.g., loading frequency) resulted from different types of therapeutic 

exercises. The purpose of this study is to investigate the effects of different loading frequencies 

induced by therapeutic exercises on the biomechanical microenvironment of the fracture site and the 

transport of cells and growth factors within the fracture callus, ultimately the healing outcomes. This 

is achieved through numerical modelling and mechanical testing.  

Methods: Five radius sawbones specimens (Pacific Research Laboratories, Vashon, USA) fixed with 

VLP (VRP2.0+, Austofix) were mechanically tested using a dynamic test instrument (INSTRON 

E3000, Norwood, MA). The loading protocol used in mechanical testing involved a series of cyclic 

axial compression tests representing hand and finger therapeutic exercises. The relationship between 

the dynamic loading rate (i.e., loading frequency) and dynamic stiffness of the construct was 

established and used as inputs to a developed numerical model for studying the dynamic loading 

induced cells and growth factors in fracture site and biomechanical stimuli required for healing.  

Results: There is a strong positive linear relationship between the loading rate and axial stiffness of 

the construct fixed with VLP. The loading rates induced by the moderate frequencies (i.e., 1-2 Hz) 

could promote endochondral ossification, whereas relatively high loading frequencies (i.e., over 3 

Hz) may hinder the healing outcomes or lead to non-union. Compared with free diffusion, a loading 

frequency of 2 Hz in the combination of a fracture gap size of 3 mm could produce a better healing 

outcome, as it enhances the transport of cells and growth factors at the fracture site and produces a 

biomechanical microenvironment which is favourable for healing. 

Conclusion: The experimentally validated numerical model presented in this study could potentially 

contribute to the design of effective patient-specific therapeutic exercises for better healing outcomes. 

Keywords: distal radius fracture; volar locking plate; fracture healing; dynamic loading; 

mesenchymal stem cells; growth factors 
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Abstract. Fiber reinforced concrete (FRC) is developed to overcome the weak tensile performance 
of traditional concretes. The flexural strength of FRC is believed to be heavily dependent on the fiber 
distribution. This work provides a numerical method for simulating fiber orientation and distribution 
in FRC on the base of Jeffery’s equation. The fiber orientation along the height direction of the 
formwork is numerically studied. It is found that fiber prefer to stick up at both ends of the formwork, 
while orient parallel to the longitudinal direction at the middle section. The influence of some key 
parameters on the fiber distribution are investigated, including concrete rheology, casting process and 
fiber aspect ratios. The results indicate that the casting method, formwork shape and casting velocity 
have greater impact on the fiber distribution compared with concrete rheology. 

Keywords: Fiber reinforced concrete, fiber orientation, fiber distribution, casting process 

1.Introduction
Concrete is known as a brittle material and weak in tension. Additional fiber has been used to enhance 
the performance of the concrete under tensile loadings and structural ductility. However, the 
improvements of mechanical properties are found to be significantly influenced by the fiber 
distribution and orientation1. When fiber approaching orthogonal to the crack surface, it contributes 
to the bridging effect more effectively. Generally, the distribution and orientation of fiber are 
determined during casting. In practice, the fiber orientation is a complex problem owing to the 
rheological properties of concrete and the uneven three-dimensional flow in formwork. The 
orientation of fibers would be influenced by concrete rheology, casting method, casting time, and 
formwork geometry etc. Despite it is dominated by various factors, numerous studies have been 
reported to estimate the fiber orientation in FRC. However, present works based on Jeffery’s equation 
are not robust enough to capture the real rotational behavior of fiber2. Since most of them simplify 
the entire three-dimensional flow domain to planar flow analysis. Recent experimental observation 
from Zhou3 has revealed that, the fiber orientation along the height direction cannot be overlooked. 
Hence, a numerical method is proposed to predict the motion of fiber in the 3D flow field of the 
casting process. The method is validated by the experimental observations. And finally, the effect of 
some key parameters in the concrete flowing process on the fiber orientation are investigated.  

2.Methodology
To simulate the orientation and distribution of fiber at the fresh stage of concrete, the continuity

equation, momentum equation and Bingham model is adapted to describe the kinetic dynamics of 
concrete flow. And Jeffery’s equation was developed to describe the motion of fiber in the concrete 
flow. The orientation of a fiber is described by vector 𝑃𝑃�, represented by Euler angles 𝜃𝜃 and 𝜙𝜙, shown 
as Fig.1.The variation of the fiber orientation is described by the local fluid vorticity ω and shear 
strain ε, and the initial fiber orientation θ and Φ, shown as Eq.1 and Eq.2. 
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𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= (𝜔𝜔31𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙 + 𝜔𝜔32𝑐𝑐𝑠𝑠𝑠𝑠𝜙𝜙) + 𝜆𝜆 �𝜀𝜀11+𝜀𝜀22−2𝜀𝜀33
4

𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝜀𝜀11−𝜀𝜀22
4

𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐2𝜙𝜙 + 1
2
𝜀𝜀12𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠2𝜙𝜙 +

(𝜀𝜀13𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙 + 𝜀𝜀23𝑐𝑐𝑠𝑠𝑠𝑠𝜙𝜙)𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃�     (1) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜔𝜔12 + 𝜔𝜔13
𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑
𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑

𝑐𝑐𝑠𝑠𝑠𝑠𝜙𝜙 − 𝜔𝜔23
𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑
𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑

𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙 + 𝜆𝜆 �𝜀𝜀12𝑐𝑐𝑐𝑐𝑐𝑐2𝜙𝜙 + 𝜀𝜀22−𝜀𝜀11
2

𝑐𝑐𝑠𝑠𝑠𝑠2𝜙𝜙 + (𝜀𝜀23𝑐𝑐𝑐𝑐𝑐𝑐𝜙𝜙 −

𝜀𝜀13𝑐𝑐𝑠𝑠𝑠𝑠𝜙𝜙) 𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑
𝑐𝑐𝑠𝑠𝑠𝑠𝑑𝑑

�        (2) 

Fig.1: Orientation of a fiber with Euler angles 

The numerical model is an interaction based on time step. The fibers are randomly generated at the 
inlet of the formwork at each time step. The governing equations for concrete flow kinematics are 
first solved at a time step, then the fiber motion are obtained according to their state at last step and 
the local fluid velocity field. This iteration would end up until the formwork is filled up.  

3.Results and discussion
3.1 Model validation 
The experimental data from Raju4 is adapted to validate the proposed numerical model, which have 
used x-ray to determine the fiber alignment in long deep self condolidating fiber reinforced concrete 
sections.  The comparison between the experimental data and numerical predicted results of the fiber 
orientation along the length of the beam is given in Fig.2. The fiber orientation is represented by the 
angle between the fiber and the longitudinal direction of the beam α. It is found that the overall trend 
of the simulated result agreed with the experimental result well. The simulated results also present 
the greater inclusion angle of fiber at both ends of the specimen. The phenomena is consistent with 
the experimental observations in the work from Zhou and Song3,5, which is due to the upward concrete 
flow in the formwork.  

Fig.2 The comparison results between the experimental and numerical results of fibers orientation 

3.2  Key parameters in optimizing fibers orientation 
The influence of casting method, casting velocity, and formwork geometry on the fibers orientation 
are studied. The Comparison results of the fiber orientation for three different casting method is 
shown in Fig.2. The results show that pouring concrete from one side of the beam would obtain the 
best fiber orientation. For the other two casting method, the insufficient flow distances and the uneven 
flow field lead to the undesirable alignments. The effect of casting velocity on the fiber orientation 
throughout the length of beams is given in Fig.3. With increasing inflow rate, there are more kinetic 
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energy that force the fiber to align along the flow direction in the front section. However, the 
orientation of fibers in the end section shows minor correlations with the inlet velocity. The influence 
of the formwork on the fiber orientations is illustrated in Fig.4. The results show that in long thin 
concrete elements of 0.2×0.2×2m, fiber tend to align with the flow direction better. And in a deep 
beams of 0.2×0.4×1m, the fibers are orientated in a more disorderly manner. 

(a)                                                          (b) 
Fig.3 Effect of casting method (a) and casting velocity (b)on the fibers orientation  

Fig.4 Effect of the geometry of the formwork on the fibers orientation  

Summary 

This research aimed to propose a simple and roubst method for simulating the orientation of fibers in 
SCFRC. The numerical result demonstrates that to obtain the optimal fiber orientation, pouring 
concrete into the slender formwork from one side with high initial velocity will be the best strategy 
to produce a high performance SCFRC product.  
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Abstract. Nanoindentation is an important testing tool to understand mechanical properties at 
micro/nanoscale. However, there are still some challenges in applying this advanced technique to 
investigate heterogeneous materials. Sometimes, statistical technique was combined with grid 
nanoindentation for analysis. Based on the study of geopolymer paste, some important issues of 
using statistical nanoindentation technique (SNT) in highly heterogeneous materials were discussed. 
The study illustrates two types of spurious phases, mixed phases and sub-phases that occur in the 
statistical deconvolution of nanoindentation data. The reasons for generating these two spurious 
phases and the consequence are clarified. For some highly heterogeneous materials such as 
geopolymer, it is practically impossible to eliminate the spurious phases and correctly obtain the 
mechanical properties of all constituents via SNT. Thus, a “compromise approach” of using 
maximum likelihood estimation (MLE) was used for the deconvolution and investigation of sodium 
aluminosilicate hydrate (N-A-S-H) gel phase, which is the most crucial component linked to the 
performance of geopolymer. 

Keywords: Nanoindentation; Sodium aluminosilicate hydrate gel; Heterogeneous materials; 
Geopolymer 

Introduction 

Geopolymer concrete is a green binder with a lower carbon footprint than Portland cement 
concrete. An important aspect to understand concrete is its micro/nanomechanical properties, which 
can be tested by various techniques such as nanoindentation and nanoscracth [1]. At the 
nanoindentation scale, the heterogeneous geopolymer matrix is mainly composed of sodium 
aluminosilicate hydrate (N-A-S-H) gel, unreacted fly ash, crystalline phases and defects. Grid 
nanoindentation test is generally performed on materials. However, it is hard to know which phase 
is under a test point, and then collect the mechanical properties data for each phase. One of the 
regular method is to do statistical deconvolution analysis. However, the validity of the SNT was 
sometimes questioned. A key issue was the robustness of the commonly used least-square 
estimation (LSE) method for deconvolution [2]. Maximum likelihood estimation (MLE) [3, 4] is 
another deconvolution method but is far less used for the study of cement-based materials. In this 
study, the MLE method is used for the deconvolution study of fly ash-based geopolymer matrix. 
Some critical issues of using SNT in highly heterogeneous materials such as the number of phases 
and the presence of spurious phases were discussed. 

Experimental and analysis  

2.1 Sample preparations 
Geopolymer sample is synthesized by fly ash and alkali silicate solution, with a silica modulus of 

1.0, water/solid ratio of 0.338, and Na2O/fly ash ratio 10%. After heat cured under 70 °C for 24 
hours, the sample was further cured under standard curing condition until 28 days. After that, a total 
of nine of 10 × 10 grid nanoindentation were performed on the polished sample by using a 20 nm 
Berkovich tip. The peak load is determined as 2 mN to generate a suitable testing depth. 
2.2 Deconvolution analysis 

The Gaussian mixture model that describes the properties data of geopolymer is shown in Eq. (1). 
Each component in geopolymer was regarded as a two-dimensional Gaussian distribution as given 
in Eq. (3). The log-likelihood function is provided in Eq. (4).  
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the kth component, respectively. 
The maximum likelihood function value was searched through the EM algorithm. To find the 

global maximum log-likelihood function value, different random initial input values were inputted 
for at least 1000 times of repeated calculation. The data were clustered based on the maximum 
posterior probability and plotted in figures. Confidence ellipses with the confidence levels of 95%, 
80% and 70% were provided as well. Bayesian Information Criterion (BIC) was used to penalize 
the overfitting errors. The typical results are shown in Fig. 1 and Table 1.  

(a) k=4 (b) k=5 (c) Local details for k=5
Fig. 1 Deconvolution of 9 grids nanoindentation data 

Table 1 Deconvolution results (clustered blue points for k=4, 5 and 12) 

K M [GPa] H [GPa] f BIC C 
2 20.80 1.26 44.64% 9033.55 53.86 3.33 0.27
3 20.26 1.20 40.29% 8825.91 49.13 3.01 0.23
4 19.83 1.16 38.04% 8762.12 46.91 2.85 0.22
5 15.63 0.77 10.30% 8733.89 12.13 0.72 0.06

12 15.21 0.70 7.57% 8662.68 11.44 0.66 0.05

Generally, the number of phases in the deconvolution analysis is set as 4. In fact, the microstructure 
of geopolymer could be more heterogeneous than Portland cement paste due to the use of fly ash. 
According to the standard deviation and mechanical properties, the N-A-S-H gel obtained based on 
the 9 grids data should be the phase presented when the phase number is 5 to 12. Fig. 2 shows the 
results of randomly selected 5 grids, in which 5 grids-2nd consists of the remaining 4 grids and one 
random grid from 5 grids-1st. The results showed that 5 grids data have very close mechanical 
properties as that of 9 grids. The close results indicate the robustness of the MLE method. The N-A-
S-H gel phase occurs when the number of phases is 5 for 5 grids-1st, but 6 for 5 grids-2nd. It means 
that the number of phases specified for deconvolution shouldn’t be the constant value determined 
by the real number of constituents in material. It is due to the presence of unavoidable spurious 
phases in the deconvolution analysis. In addition to the frequently mentioned mixed phases, there 
should be sub-phases caused by the breakdown of phases [5]. The spurious phases are caused by 
factors including the characteristics of constituents (e.g. size, range of mechanical properties 
distribution), test factors (e.g. depth/involved range, number of test data) and deconvolution 
parameters (e.g. number of phases). Typically, the various types of fly ash would have a wide range 
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of mechanical distribution. When the number of phases is insufficient, there will be no pure gel 
phase but mixed phase, while sufficient number of phases would lead to the breakdown of fly ash 
phase. Therefore, the above two types of spurious phases cannot be eliminated simultaneously. The 
deconvolution results are unable to precisely correspond to all of the real constituents of the 
material. A compromising approach to use SNT is to focus only on the gel phase, which scarifies 
the accuracy of the other phases.  

 
(a) k=5 (5 grids-1st) (c) k=6 (5 grids-2nd) (d) Local details for 5 grids-2nd 

Fig. 2 Deconvolution of different 5 grids nanoindentation data 
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Summary 
The analysis indicates that there are two types of spurious phases that can’t be reconciled in the 
statistical nanoindentation investigation of geopolymer. It should be caused by factors such as 
characteristics of constituents, test factors and deconvolution parameters. As a consequence, SNT is 
unable to obtain the mechanical properties of all constituents precisely. A compromising approach 
that investigates gel only is proposed. 
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Abstract. Hierarchical patterns of leaf veins have attracted extensive attention in recent years. 

However, it remains unclear how biological and mechanical factors influence the topology of leaf 

veins. Here we investigate the optimization mechanisms of leaf veins through a combination of 

experimental measurements and numerical simulations. The topological details of three types of 

representative plant leaves are measured. The experimental results show that the vein patterns are 

insensitive to the shape and curvature of the leaves. The numbers of secondary veins are independent 

of the length of the main vein, and the total length of veins increases linearly with the leaf perimeter. 

By integrating biomechanical mechanisms into the structural form-finding process, a 

transdisciplinary computational method is developed to optimize the leaf veins. The numerical results 

show that improving the efficiency of nutrient transport plays a critical role in the morphogenesis of 

leaf veins. Contrary to the popular belief in the literature, this study shows that the structural 

performance is not a key factor in determining the venation patterns. This work provides an in-depth 

understanding of the optimization mechanism of leaf veins, which is applicable to the design of 

high-performance shell structures.

Keywords: Leaf veins; Topology; Computational morphogenesis; Nutrient transport; Structural 

stiffness; Curved shell 

Introduction 

The biomechanical mechanisms underlying the patterns of leaf veins have attracted extensive 

attention of scientists, engineers, and designers [1-3]. Several numerical approaches have been 

established to investigate the branch-like vein structures. The L-system method has been used to 

analyze the growth process of plants [4]. However, this method only models a vein system 

morphologically, without considering the biomechanical requirements such as nutrient transport and 

shape maintaining. 

Topology optimization has now become a powerful tool to explore the morphogenesis of natural 

materials. In the past three decades, several optimization techniques have been successfully 

established, including the solid isotropic material with penalization (SIMP) method [5,6], the 

level-set method [7,8], the evolutionary structural optimization (ESO) method [9,10] and the 

bi-directional evolutionary structural optimization (BESO) method [11,12]. Most recently, imposing 

complicated constraints during the form-finding process has been realized [13-16]. By establishing 

transdisciplinary computational methods for biomechanical morphogenesis, Zhao et al. [17-19] have 

revealed the optimization mechanisms of, e.g., plant leaves and animal stingers. Using topology 

optimization, a golden ratio distribution rule is found in venation systems (Sun et al., 2018). A 

multi-objective optimization approach is developed to explore the vein patterns on a planar plate [20]. 

However, there is still a lack of quantitative study on the biomechanical mechanisms of vein 

distributions on the shell-like mesophyll. 

In this work, we investigate, both experimentally and numerically, the topology of leaf veins. The 

vein patterns of three representative plant leaves are measured, including the Syringa vulgaris L., 
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Rosa chinensis Jacq., and Cotoneaster submultiflorus Popov. Biomechanical mechanisms of veins 

such as nutrient transport and loadbearing are integrated into the computational morphogenesis. The 

influence of the curved shape of mesophyll on the vein distribution is examined. This study reveals 

the optimization mechanisms underlying the intriguing layout of venation systems. The presented 

methodology can be applied in the design of high-performance shell structures such as aircraft skin 

ribs [21]. 

Fig. 1 Optimized topologies for nutrient transport maximization: (a) a flat leaf, (b) a leaf folded along 

the middle axis, (c) a leaf folded perpendicular to the middle axis, and (d) a leaf folded perpendicular 

to the middle axis and with wrinkled edges. 

Summary 

In this study, the unique topologies of leaf veins have been investigated through experimental 

observation and computational morphogenesis. It is found that nutrient transport plays a predominant 

role in determining the form of venation patterns. Contrary to popular belief in the literature, this 

research reveals that the structural performance is not the key factor of leaf vein patterns. 

Furthermore, the experimental measurements show that the numbers of secondary veins are 

independent of the length of main veins, and the total length of veins has a linear relationship with the 

leaf perimeter. The numerical results show that the vein patterns are insensitive to the variation of leaf 

shapes. This research deepens the understanding of the biomechanical mechanisms underlying the 

intriguing layout of leaf veins. The presented computational method can be used for designing 

efficient and innovative free-form shell structures. More details about this research can be found in 

[22]. 
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Abstract. An appropriate layout of the multi-cage system is important in the design of offshore fish 

farm systems. In this study, a semi-analytical model, based on the small-amplitude wave theory, is 

developed to predict the wave interference among multiple cylindrical net cages and their dynamic 

responses. A local cylindrical coordinate system is established for each cylinder, and the interaction 

between cages is realized through Graf's additional theorem. In the present model, the fishing net is 

treated as a porous membrane, and the percolation flow through the net interface is governed by 

Darcy’s Law. The deflection of the flexible net chamber is expressed by the transverse vibration 

equation of the string. The general solution of the physical problem is expanded in the form of 

Fourier-Bessel series, and the corresponding particular solution is obtained by introducing boundary 

conditions and the least square method. Convergence studies are conducted to determine the 

appropriate truncation term in the series expansion with acceptable accuracy. Through parameter 

studies, the hydro-elastic behaviours of the structure can be revealed under the different 

hydrodynamic and structural parameters.  

Keywords: Fish cage array, Small-amplitude wave, Fourier-Bessel series, Hydro-elastic, Porous 

medium theory.  

Introduction 

Aquaculture is the main supply chain of fish meat. According to the data provided by "The State of 

World Fisheries and Aquaculture" [1], from 1950 to 2016, the output of aquatic products increased to 

170 tons per year with an 840 % growth rate, of which marine aquatic products accounted for 

approximately 69%. The development of the aquaculture industry has also promoted the research and 

upgrade of fishing net cage systems. Compared with the conventional single cage, the cage array 

system has superior advantages in the utilization of ocean resources. However, the layout design and 

mechanical analysis of the fishing net cage array are complicated, especially the issues related to the 

interactions between the cages.  

For the interference of ocean waves among multiple structures, numerous theoretical studies have 

been carried out. Among these, Abul-Azam and Williams [2] analysed the wave interference among a 

single row of impermeable flexible cylinders. Ren et al. [6] studied the diffraction effect among 

multiple impermeable cylinders with arbitrary layouts, where the free wave surface is covered by the 

ice sheet. For the cases of porous structures, the porous flow is governed by Darcy’s Law when the 

wave is propagating through the multiple porous cylinders in [4]. Later, the analytical solution of the 

hydrodynamic interactions in an array of floating porous cylinders is verified with the numerical 

solutions based on the boundary element method [8]. In addition, Xu et al. [9] investigated dynamic 

responses of multiple net cages in combined wave-current flow by Morris equation and finite element 

method. However, the wave scattering effect and the influence of the net cage on the flow field have 

not been investigated in this literature. 

The aforementioned studies provided mature theories and abundant data to reveal the 

hydrodynamic response of cylindrical porous structures to waves. However, there are still some 

challenges in the development of the hydrodynamic model for the fishing net cage array. Firstly, the 

deformation of the cage has not been considered in the previous studies for the porous cylindrical 

array. Especially, when the wave is incident at a different angle, the cage will deform with multiple 

degrees of freedom. Secondly, parameter study for fishing net cage arrays in high-energy 
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environments (e.g., deep water conditions) have not be avialble in the literature. Therefore, it is 

urgent to solve the above two scientific scenarios. 

In this study, a potential flow model, based on the small-amplitude wave theory, is proposed to 

investigate the hydrodynamic interactions and dynamic response of multiple net cages in waves. The 

Fishing net is treated as a porous membrane, and the penetration flow through the net interface is 

described by Darcy's law. The displacement of the cylindrical cage is determined by the transverse 

vibration equation of the string. A local cylindrical coordinate system is established for each cylinder, 

and the coordinate conversion can be realised by Graf's additional theorem. The velocity potential of 

the flow field is expressed as the Fourier-Bessel series through the eigenfunction expansion method. 

By matching the boundary conditions and the least-squares approximation method, the particular 

solution of the velocity potential and the corresponding hydrodynamic force can be obtained.  

Layout expression 

In this study, a series of submersible cages with the number of j = 1, 2, …, NC (number of 

cylinders) is considered. A global coordinate system (x-o-y) is established, in which the incident wave 

with a frequency ω propagates in the direction with an angle β between the x-axis. For each 

cylindrical net chamber with radiuses aj and immersed depths dj, suspending in a finite water depth h, 

a local coordinate system (xj-oj-yj) is located in the cage centre. In the local coordinate system of kth (j 

= k) cylinder, the cylindrical coordinates of any point are (rk, θk, z), and (Rjk, αjk) is the polar 

coordinates of the centre ok of the kth cylinder in the local coordinate system of other cylinders (j = 1, 

2, …, NC, j ≠ k). The fluid in the wave field is assumed to be irrotational and non-viscous. Therefore, 

the velocity potential of the outer region of all cylinders is denoted as Φe, and the velocity potential of 

the inner region (rj < aj and 0 < z < h) of each cylinder is Φi,j. Furthermore, the top edge (z = -d1,j) of 

the net is assumed to be fixed and its bottom end at z = -(d1,j + d2,j) are traction-free. A detailed sketch 

of the cylinder cage array system is presented in Fig. 1.  

Fig. 1 A sketch of the cylinder cage array system, (a) top part view, (b) horizontal part view. 

Here, a 2x3 cage array is analysed, in which the waves propagate in the direction of an angle of β = 

45° . Fig. 2 shows the deflection amplitudes ηx and ηy (the components in x and y directions 

respectively) along the cage span for each cylinder (j = 1 to 6). The interference of the scattering wave 

generated by each cylinder causes the difference in the results of each cylinder. The maximum 

deflection of the net chamber occurs near the free water surface, which indicates that the significant 
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wave action mainly concentrates on this depth level. Nevertheless, due to the assumption of the 

structural constraint conditions, there is no deformation at the top of the net chamber. 

Fig. 2 Variation of the deflection ηx/d1,j and ηy/d1,j along the span for each cylindrical net cage. 

Summary 

This article mainly discusses the wave responses of an offshore fishing net cage array with a layout of 

2 rows timing 3 columns. The existing hydrodynamic model can identify the characteristics of the 

hydro-elastic interactions between waves and multiple flexible porous cylinders and provide a 

guidance for the design of offshore fish farming in the future. Some significant findings can be found 

through the parametric study: (1) the horizontal wave force amplitude of all cylinders is zero at a 

specific wave frequency; (2) increasing the porosity will reduce the hydrodynamic interaction among 

the cylinders; and (3) the wave force on some special cylinders is zero at a specific incident wave 

angle. 
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Abstract. Additive Manufacturing of metals can produce dense metallic components with complex 

geometries quickly and precisely directly from a digital model by material build-up layer by layer. 

It is potentially applied in biomedical, aerospace, oil and gas, marine and automobile industry due 

to their freedom of part design and lightweight features. However, the metal AM can bring 

challenges which have to be sorted out for successful additively manufactured products. In this 

study, a combined numerical and experimental calibration process by using an inherent strain 

method for the typical metal AM process – Selected Laser Melting (SLM) is developed and it can 

be used to optimise the build and process parameters to avoid build failures due to distortions 

caused by residual stresses. To verify this proposed process, 17-4PH stainless steel is selected to be 

printed by using the calibrated data and optimal process parameters and as a result, high-quality 

products are additively manufactured.   

Keywords: Additive Manufacturing (AM), Selected Laser Melting (SLM), Mechanical Calibration, 

Inherent Strain Method, Numerical Modelling, Stainless Steel 17-4PH. 

Introduction 

The rapid growth of Additive Manufacturing in recent years allows innovators to fabricate 

innovative products with complex geometries in a fast and cost-effective way by using AM. 

However, the application of AM needs comprehensive understandings on AM processing. The first 

important step toward successful additively manufactured products is to determine optimised build 

and process parameters of the AM process by calibration. As for a Selected Laser Melting (SLM) 

process of metals, also termed as the Laser Powder-Bed Fusion (LPBF) process, the calibration 

process is mandatory by using cantilever specimens to determine residual stresses in them [1]. The 

measured distortion values can be then fed into numerical modelling and simulation to conduct a 

macro-scale analysis [3]. As a reflection, the database on material specifications, AM process and 

its process parameters, AM equipment and its machine parameters can be customised [4]. This 

method assumes the laser in use has a diameter significantly smaller than the parts built, and the 

thermo-mechanical history of each laser track is similar. These assumptions allow simulating the 

SLM as a purely mechanical process with thermal loads rather than as a coupled thermo-mechanical 

simulation, saving significant time.     

    This study develops the combined numerical and experimental calibration process for the typical 

metal AM process – Selected Laser Melting (SLM) and it uses the inherent strain method in the 

calibration process – mechanical calibration. In such a process, three cantilevers specimens printed 

on build plate at a 900 build orientation. The extracted calibrated data can be used to optimise the 

build and process parameters to avoid build failures due to distortions caused by residual stresses. 

17-4PH stainless steel is selected as the sample material as a martensitic precipitation-hardening

stainless steel of high strength, good corrosion resistance, good mechanical properties, and high

toughness. The proposed calibration process is validated by experimental work.
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Development of the Combined Numerical-experimental Calibration Process  

To simulate the SLM process, it requires process parameters within tolerance and thus the 

mechanical calibration with the inherent strain method is utilised with both numerical and 

experimental data. The inherent strains represent the complete history of the process and comprise 

of thermal strains, plastic strains, and phase transformation. The mechanical calibration process is 

depicted in Fig. 1, starting with the experimental work followed by simulation.  

 

Fig. 1 Process flow chart of the mechanical calibration by the inherent strain method. 

     

Fig. 2 Cantilever Specimen and its Z max Distortion 

In the following simulation process conducted by using MSC Simufact Additive, the macro-scale 

approach was used with the voxel technique, inherent strain method, layer-based and automatic 

support structure optimisation [6-7]. The extracted results include part distortion, residual stress 

distribution to determine inherent strain parameters by printing cantilever test specimens.   

Results and discussion  

The proposed combined numerical-experimental calibration process was validated by using a three-

stage process: a) experimental stage; b) numerical calibration stage and c) numerical printing stage. 

The calibrated inherent strain values were saved in the user library of the MSC Simufact and 

mechanical calibration values were used to simulate the mechanical manufacturing. In the last two 

simulation stages, the cutting can be set, and the distortions can be extracted as shown in Fig. 2. 

Table 1 shows the Z max Distortion results for three 17-4PH cantilevers specimens. It can be found 

that three sets of values are very close to each other though the discrepancies are different for 

different cantilevers.   

Table 1 Z max Distortions of 17-4PH Cantilever Specimens (Unit: mm) 

Parameter 
Experimental 

Distortion 

Calibration 

Distortion 

Printing 

Distortion 

 

Cantilever 1 2.884 2.84 2.88  

Cantilever 2 2.72 2.81 2.85  

Cantilever 3 2.98 2.88 2.91  

 

 
Fig. 2 Cantilever distortion profiles obtained in the numerical printing stage (Unit: mm)   
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The yield stress, equivalent strain and effective plastic strain maximum and minimum can be 

obtained as the outcomes of the simulations. Residual stresses were found being partially relaxed 

after the cutting step was applied at the cantilever bridge area and they still existed in the 

untrimmed gauge length of the specimen, as shown in Fig. 3.  

Fig. 3 Residual Stress disappeared area due relaxed; Max & Min Residual Stress. 

Summary 

In this study, the 3-stage combined numerical and experimental calibration process for the typical 

metal AM process – Selected Laser Melting (SLM) has been developed to avoid unwanted failures 

of the additively manufactured metallic products. 17-4PH cantilever specimens were used to 

validate the proposed mechanical calibration process. By using the inherent strain method to import 

the saved calibrated inherent strain values from user library, the obtained results showed the 

proposed process could extracted the predictions within acceptable deviations within 1%. As for the 

on-going further work, the proposed mechanical calibration process is further employed for 

additively manufacturing of metallic products and it will be extended to other popular metal AM 

processes such as metal binder jetting. 
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Abstract. The hydrodynamics and conjugate heat transfer in pulsatile laminar flow over a 
backward-facing step are examined using two-dimensional numerical simulations. The steady flow 
is computed for a Reynolds number of 100, and for solid wall properties typical of different 
materials used in inkjet printheads. These results are used as the initial conditions for pulsatile flow 
simulations, with the inflow velocity profile being modulated by an offset sinusoid in time. Forcing 
frequency is seen to have a strong impact on the separated length downstream of the step and the 
minimum temperature at the interface; solid material thermal diffusivity also affects the minimum 
temperature. 

Keywords: Backward-facing-step, pulsatile-flow, conjugate-heat-transfer. 

Introduction 

Flow in thermal inkjet printheads is affected by heat transfer. A fraction of the thermal energy 
transferred to the ink during actuation is carried away by ejected droplets; the remainder causes the 
printhead temperature to rise locally. Variations in temperature can mediate the ejected droplet size 
and thus dot size on media, presenting an uneven print density to the viewer. At high temperatures, 
dissolved-gas in inks may come out of solution, forming bubbles that can block ink passageways, 
preventing chamber refill and causing failure due to repeated dry-firing. In this study, we seek to 
understand the effect of flow pulsation on cooling, which could improve performance and 
robustness. 

To examine such problems, it is useful to consider simple situations first, to elucidate the 
importance of different parameters. Here, we have chosen to consider the case of pulsatile, laminar 
flow over a backward-facing step shown in Figure 1. The hydrodynamic problem has been studied 
extensively under steady conditions see [1-3]. Pulsatile inlet flow was considered by Tihon et al [4]. 
Ramsak [5] and Celik [6] considered conjugate heat transfer in steady laminar flow over the 
backward-facing step. Mallinson et al [7] found good agreement with [5] and [6] for a range of flow 
conditions and material parameter variations. There has been no consideration of conjugate heat 
transfer in pulsatile laminar flow over a backward-facing step, and it is the aim of this study to 
determine if pulsations can significantly affect the temperature downstream of the step. 

Method 

Simulations are performed using the OpenFOAM conjugate heat transfer solver, 
chtMultiRegionFoam. For fluid regions, the continuity, momentum and energy equations are solved 
with the assumption of constant material properties and incompressible flow. Gravity can be 
neglected, and radiation effects are unimportant. The Reynolds number for the flows considered 
here are small and so turbulence effects can be ignored. Inside solid regions, the energy equation is 
solved. Further details are presented elsewhere [7]. 

A schematic of the problem is shown in Fig. 1. The flow enters from a channel of height  
h = 0.5 mm, with a Poiseuille profile modulated by an offset sinusoid. Downstream of the inlet, the 
channel expands to a height H = 2 h, and extends downstream a distance L = 30 H. The thickness of 
the solid is 4 h. No-slip velocity boundary conditions are applied at the walls, together with zero 
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normal pressure-gradient boundary conditions. Insulated walls have a zero normal temperature 
gradient, the bottom wall is held at a fixed temperature of 1 K above ambient. On both sides of the 
interface, the temperature and normal gradients are equal; this is checked a posteriori. At the inlet, 
the velocity profile is specified together with a constant temperature and zero normal pressure-
gradient; at the outlet, the tangential velocity, and the normal velocity and temperature gradients are 
all zero, and the pressure is held constant. The structured, quad-based mesh has a fixed-size cell, 
with unit aspect ratio. This study considers flows of water onto walls made of two materials in 
common use in inkjet printheads: silicon and silicon dioxide. The steady flow Reynolds number, 
Re = Ū H / ν = 100, where Ū = average velocity and ν = kinematic viscosity. For pulsatile flow, the 
forcing amplitude is held fixed at A = 1 and the Strouhal number, St = f H / U, varies from 10-3 to 1. 

The solver has been validated and verified for the steady hydrodynamic part of this problem by 
comparison with the experimental data of Amitay et al [1]. A mesh with size Δx = h / 40, was 
judged sufficient to capture the separated length correctly. For the steady conjugate heat transfer 
aspect, earlier work [7] has been extended to consider mesh refinement, and, as with the 
hydrodynamics, Δx = h / 40 was judged to produce satisfactory results. Mesh and time step, Δt, 
refinement was performed for the pulsatile flow, finding the variation of separated length and 
minimum temperature with time to change by less than 0.5% for Δx ≤ h / 40 and Δt ≤ 10-3 / f, 
respectively. These values are used in this study at the two highest frequencies; for the other values, 
the time step was limited to Δt ≤ 10-4 / f to avoid unacceptably large Courant number values. 

Fig. 1. Schematic of problem with boundary conditions. U = velocity, T = temperature, p = pressure, A = forcing 
amplitude, ω = 2 π f, f = forcing frequency, t = time. Subscripts: f = fluid, p = Poiseuille, s = solid, n = normal, 

t = tangential, w = wall; superscript: i = initial. 

Results 

The variation of the normalized length of the separated region behind the step, xR / H, over time 
is presented in Figure 2(a). At the highest frequency, St = 1, the separated length is below the steady 
value for most of the cycle, staying near zero for about one-third of each cycle, and only 
momentarily exceeding the steady value near the instant of peak inlet velocity. As St is decreased, 
the separated length exceeds the steady value for a large part of the cycle. 

The variation of the minimum temperature rise at the interface, ΔTmin, is presented in Figs. 2(b) 
and (c) for silicon and silicon dioxide properties, respectively. For both materials, the behaviour is 
broadly similar: at the highest frequency, the minimum temperature gradually approaches an 
asymptotic value after many cycles, and does not exhibit a pulsatile response. For the second lowest 
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frequency, ΔTmin responds to the pulsations, with the average temperature lower than the steady 
value, but slightly above the asymptote for St = 1. At higher frequencies, the average temperature 
lies above the steady value. This suggests the best cooling performance is achieved at the highest 
frequency, for which separation is suppressed for large parts of the forcing cycle. Comparing the 
results for silicon and silicon dioxide, which have thermal diffusivity values, αs ≈ 9.2 x 10-5 m2 s-1 
and 8.2 x 10-7 m2 s-1, respectively, the former achieves a much higher steady value, but less cooling 
is observed. For example, at St = 1, the asymptotic value for silicon is about 2% lower than under 
steady conditions, whilst for silicon dioxide, this difference is more than 40%. 

   
(a) (b) (c) 

Fig. 2. Effect of forcing Strouhal number on (a) separated length, (b) minimum temperature on  
fluid / silicon interface (c) minimum temperature on fluid / silicon dioxide interface. 

Summary 

The effect of forcing frequency and solid material properties on conjugate heat transfer in laminar, 
two-dimensional water-flow over a backward-facing step has been examined using numerical 
simulations. It has been found that at high frequency, separation downstream of the step is 
suppressed for a significant fraction of the cycle, and the minimum temperature at the fluid / solid 
interface gradually asymptotes to a value below that observed in steady flow. At lower frequencies, 
the separated length exceeds the steady value for most of the cycle, and the minimum temperature 
responds to flow pulsations, with the average minimum temperature above the steady flow result. 
Greater cooling was observed for the material with the lower value of thermal diffusivity. 
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Abstract. A numerical study was carried out on both empty and concrete-filled square hollow 

section (SHS) T-joints to determine the maximum value of stress concentration factor (SCF) at the 

weld toes of each T-joint. The numerical study was conducted by developing three-dimensional 

(3D) finite element (FE) T-joint models using Abaqus finite element analysis (FEA) software. This 

paper presents a parametric study and propose predictive equation for peak SCFs in empty and 

concrete-filled SHS-SHS T-joints under out-of-plane brace bending. The empty T-joints were made 

of empty SHS braces and SHS chords. The concrete-filled T-joints were made of SHS braces and 

concrete-filled SHS chords. The maximum SCFs at the hot spot locations in empty T-joints were 

found to be higher than the maximum SCFs in concrete-filled T-joints. 

Keywords: parametric study, stress concentration factor, square hollow section, T-joints, out-of-

plane bending 

Introduction 

Welded tubular T-joint connections made up of SHSs are extensively used in onshore and offshore 

structures as they provide higher strength-to-weight ratio compared to conventional sections (I-, 

angle, T-, channel) and are relatively easy to fabricate and weld owing to their flat faces. These 

engineering structures are generally subjected to cyclic loading such as repeated out-of-plane 

bending from the permanent loads, imposed loads, and wind loads. This may result in the initiation 

and propagation of cracks at the hot spot locations, fatigue failure, and even possible collapse of the 

structure. Concrete filling the hollow section of the joints’ main chord enhance the strength of such 

structures and improve their fatigue life, resulting in reduced maintenance costs. 

Currently, CIDECT Design Guide 8 [1] does not provide predictive equations for calculating the 

SCFs at the hot spot locations of empty and concrete-filled SHS T-joints under out-of-plane 

bending. Therefore, Matti and Mashiri [2] carried out experimental and numerical studies on the 

SCFs of SHS-SHS T-Joints under out-of-plane brace bending and then focussed on reporting the 

experimental investigation and model validation. Furthermore, predictive equations for SCFs in 

SHS-SHS T-joint connections subjected to out-of-plane bending were determined [3]. Predictive 

equations for SCFs in concrete-filled SHS-SHS T-joints under out-of-plane bending were also 

proposed [4]. The current paper focusses on the determination of predictive equations for peak 

SCFs in SHS-SHS T-joints under out-of-plane brace bending.  

Finite element analysis (FEA) 

The FEA was carried out using Abaqus software to capture the distribution of the numerical SCFs 

of sixty (60) empty and concrete-filled SHS-SHS T-joints under out-of-plane bending. Three-

dimensional (3D) 8-noded liner hexahedral brick elements with reduced integration (C3D8R) were 

used to model SHS T-joints under out-of-plane bending. The non-dimensional parameters of the 60 

concrete-filled SHS T-joints are as follows: 0.25    1; 16.67  2  33.3 and 0.4    1. The 

design yield stress, tensile strength, poisson’s ratio and Young’s Modulus incorporated in the FEA 

are 350 MPa, 430 MPa, 0.3, and 200 GPa respectively. The brace-chord intersection was tied with 

the weld. For the interaction between the concrete and the SHS steel chord, the coefficient of 

friction between concrete and steel is 0.35 until the two surfaces are separated. The interface 
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element allows the contact surfaces to slide and separate when the load is applied. A static out-of-

plane bending load of 0.60 kN was applied to each T-joint model using Static, General procedure 

available in the ABAQUS library. The hot spot locations and the direction of the out-of-plane 

bending load in a typical meshed model is shown in Fig. 1. Mesh convergence analysis was carried 

out by [5] and the details of the mesh size are reported by [2]. For a SHS-SHS T-joint connection 

under out-of-plane bending, the numerical SCFs along lines A–E were determined using the ratio of 

the hot spot stress and the nominal stress. The hot spot stresses were calculated using quadratic 

extrapolation. Linear extrapolation method was used for calculating the numerical nominal stresses. 

The extrapolation points are on the tension side of the brace (see Fig. 1). As recommended by [1], 

the distance of the first strain gauge closest to the weld toe is 0.4t or 4 mm (whichever was less) but 

at least equal to or greater than 4 mm. In this study, the first node of each T-joint is 4 mm from the 

weld toe as the chord wall thicknesses are less than 10 mm. 

Fig. 1 Hot spot locations (lines A-E) in FE mesh model 

The non-dimensional parameter  for SHS T-joint connections is determined using the ratio of 

the brace width and chord width. It influences the SCFs of SHS-SHS T-joint connections under out-

of-plane bending. Fig. 2 show the distribution of the peak SCF against β for the concrete-filled T-

joints under out-of-plane brace bending. For concrete-filled SHS T-joints with 2 = 25 and 33, the 

peak SCFs increased with an increase in value of β and decreased when β was greater than 0.5. The 

peak SCFs of concrete-filled SHS T-joints (2 = 16.67 and 20) increased with an increase in value 

of β and decreased when β was greater than 0.75. The trends between the maximum SCFs of 

concrete-filled and empty SHS T-joints are similar.  

Fig. 2 Influence of β on maximum SCFs in concrete-filled T-joints 
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Proposed design formulae 

The design equations for the peak SCFs were proposed based on Eq. 1 by CIDECT Design Guide 8 

[1]. Eq. 1 is based on the work of van Wingerde [6]. Non-linear multiple regression analysis was 

conducted using SPSS software to determine the values of the constants a–h. The constants in the 

predictive equations show how the SCF depends on the constants as well as how significant a non-

dimensional parameter is to the prediction of the SCF. The predicted formula for calculating the 

peak SCF of empty and concrete-filled SHS-SHS T-joint connections under out-of-plane brace 

bending is shown in Eq. 2 and Eq. 3, respectively.  

SCFSHS = (a+b+c2+d2) (2)(e+f+g2) (h)  (1) 

SCFSHS = [0.2282-0.4233+0.25432-0.0012(2)] (2)(0.0611+4.4422-2.82552) (0.8027)  (2) 

SCFSHS = [0.3601-0.6706+0.36432-0.0013(2)] (2)(0.0736+3.6455-2.11792) (0.7336)  (3) 

Summary 

A parametric study was carried out on empty and concrete-filled SHS-SHS T-joints using 

ABAQUS software to study the effect of β on the SCFs. SCFs for concrete-filled SHS T-joints 

under out-of-plane bending are not currently available in the CIDECT Design Guides. This paper 

presented more results on SCFs of empty and concrete-filled T-joints to fill the research gap and to 

assist in the development of fatigue design guidelines of thin-walled steel SHS. Design curves and 

formulae for predicting the peak SCF of empty and concrete-filled SHS-SHS T-joints subjected to 

out-of-plane brace bending were proposed. The peak SCF in the majority of the concrete-filled SHS 

T-joint (with β≥0.35) reduced in comparison to the peak SCF in the corresponding empty SHS T-

joints. For the concrete-filled SHS T-joint models with 2 equals to 25 and 33, the maximum SCFs

increase with the increased value of β and decreased when β was greater than 0.5. The peak SCFs of

concrete-filled SHS T-joints (2=16.67 and 20) increase with the increased value of β and decreased

when β was greater than 0.75.
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Abstract. This study develops a new phenomenological constitutive model to capture cyclic plastic 

behaviours of hexagonal close-packed (HCP) sheet metals under uniaxial loading conditions. This 

new constitutive model is developed by adopting the concepts of multiple-yield surface approaches 

and a combined isotropic-kinematic hardening rule. The new constitutive model is numerically 

implemented into the commercial finite element analysis (FEA) package – Abaqus/Standard by 

using the UMAT subroutine and validated by experimental data available from literature. The 

obtained results show that the new constitutive model can successfully reproduce experimental 

stress-strain curves. 

Keywords: hexagonal close-packed (HCP) metals, elastoplastic constitutive model, 

twining/untwining, tension-compression asymmetry, finite element (FE) modelling 

Introduction 

Due to their light weight and high strength, hexagonal close-packed (HCP) metals are getting 

significant attention from the aerospace and transport industries. However, their sheet metal 

forming is very challenging. During the sheet metal forming processes, their mechanical behaviours 

are dependent on loading path and initial texture. Usually, a strong initial basal texture can be 

induced to wrought magnesium alloys in a rolling process  .The strong basal of HCP sheet metals 

causes poor ductility and tension-compression asymmetry (TCA) in the initial yield points and the 

subsequent hardening  [1]. Several constitutive models were developed to define the unique plastic 

behaviours of magnesium alloys, including the twining/untwining deformations at room 

temperature. Mehrabi and Yang [2] and Mehrabi, Yang [3] developed new analytical and numerical 

methods based on the Cazacu-Barlat 2004 asymmetric yield function for bending and springback 

behaviours of HCP metals. Cazacu and Barlat model [4] is based on the generalisation of the 

invariants of the stress deviator, which can capture the TCA in initial yield points of asymmetric 

material. Despite the presented models, further studies are still needed to improve their applicability 

and enhance their accuracy. 

In this study, a new elastoplastic constitutive model is developed to consider the twining/untwining 

behaviours of HCP sheet metals under uniaxial loading. Concepts of multiple yield surface 

approaches and a combined isotropic-kinematic hardening are employed to develop the new 

constitutive model. Three phenomenological modes of Monotonic Tension (MT), Compression (C), 

and Reverse Tension (RT) are considered for the hardening behaviour of the material. Cazacu-

Barlat 2004 (CB2004) yield function is applied for the phenomenological modes. The new 

constitutive model is numerically implemented into Abaqus/Standard by using its user-subroutine 

UMAT. The reproducibility of the new model is validated for AZ31B magnesium alloys by 

comparing the calculated and the experimental stress-strain curves available in literature [5]. 

Development of the New Phenomenological Constitutive Model 

Material Modelling Approach. In this study, three phenomenological deformation modes of T, C, 

and Untwining UT are all defined. As shown in Fig. 1(a), the T mode includes monotonic tensile 

and the slip-dominant deformation part of reverse tensile curves. Moreover, the UT mode refers to 
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the untwining-dominant deformation and includes a partial subsequent tensile flow curve. In 

addition, as shown in Fig. 1(b), the C mode refers to both monotonic and reverse compressive flow 

curves.  

(a)  (b) 

Fig. 1 Schematic flow stress curves for the three deformation modes under (a) TCT and (b) CTC 

loading paths. 

A CB2004 type yield surface is assigned to each deformation mode. The untwining yield surface is 

defined with a constant initial size difference regarding the T yield surface. UT and T yield surfaces 

remain concentric during this mode and expand according to their isotropic hardening laws. At the 

point where the current mode's equivalent local tensile accumulated plastic strain equals the 

previous mode's equivalent local compressive accumulated plastic strain, the two yield surfaces 

become one and expand and move simultaneously. The yield function and the analytical approach 

to finding in-plane principal stresses in uniaxial and plane strain conditions were developed on top 

of the authors' previous work [3, 6] 

Constitutive Equation. In this study, the concept of the modified Chaboche Isotropic-Kinematic 

hardening model [7, 8] was utilised. For that purpose, a linear relationship was considered to define 

the relationship between isotropic and kinematic hardening rules. According to Chun et al.’s work 

[8], the total hardening function R can be fitted to monotonic tension/compression experimental 

tests and can be expressed as 

(1) 

where, εeq is the equivalent accumulated plastic strain, Riso and Rk are isotropic and kinematic 

hardening functions, respectively, and K and N are two material constants. 

T and C Modes. The general form of isotropic hardening function for these modes is suggested as 

(2) 

where, θ is a material parameter, which can be determined from uniaxial cyclic loading tests, and G 

is a function of equivalent local accumulated plastic strain at the previous mode. Moreover, in the 

current model, the yield surface at each mode updates regarding the previous mode's yield surface 

and the initial condition of Riso = G. Also, the kinematic hardening with the initial condition of Rk = 

-G can be expressed as

(3) 

Untwining (UT) Mode. In the current model, the amount of equivalent plastic strain, which takes 

untwining to be exhausted, is assumed to be a fraction of the compressive equivalent pre-strain. The 

UT deformation mode and its yield surface are activated in reverse tension following the previous 

compression. A modified Boltzmann sigmoid–Voce function was proposed for the isotropic hardening in 

the UT mode related to the untwining deformation as  
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(4) 

Results and Discussion 

The calculated CT and TCT loading paths of AZ31B are shown in Fig. 2. As it can be seen, the new 

model shows excellent accuracy with a maximum NRMSE of 10%. The model shows minor 

discrepancies between calculated and experimental results at the upper plateau region of the RT 

curves due to the abrupt transition between the RT and T modes. 

 (a)  (b) 

Fig. 2 Measured and predicted CT curves for AZ31B with: (a) -0.01, (b) -0.02 pre-strains, in which 

measured data is reproduced from Lee & Wagoner [5]. 

Summary 

In this research, based on the concepts of multiple yield surface approaches and combined isotropic-

kinematic hardening, a new phenomenological elastoplastic model has been successfully developed 

to capture twining/untwining behaviours of HCP metals under uniaxial cyclic loading. The 

developed analytic constitutive model was successfully implemented into the finite element analysis 

process as a new material model via user-subroutine UMAT in Abaqus/Standard. Furthermore, the 

proposed new material model was validated by precisely reproducing CT, TCT, stress-strain curves 

for AZ31B magnesium alloy sheets. 
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ABSTRACT: 
This work considers a multiscale strategy to derive the mechanical properties of Short Carbon 

Fiber (SCF) and Multi-Wall Carbon Nanotube (MWCNT) reinforced Polyamide 6 (PA6) composites. 
The strategy included the Mean Field Homogenization (MFH) and the Finite Element Analysis (FEA) 
to determine the mechanical properties of a three-phase composite of the three constituents. Finally, 
the elastic constants calculated by a hybrid model of MFH and Rule of Mixture (ROM) were 
compared to the MFH and FEA data. The results showed the influence of the constituents on the 
composite mechanical properties. Increasing the Wt% of the MWCNTs enhanced the materials’ 
mechanical properties. E1 and E2 Young’s moduli, shear modulus G12, and in plane and out of plan 
Poisson’s ratios were increased by augmenting the Weight Percentage (Wt%) of the MWCNTs.   

Keywords: Multiscale Model, Short Fiber, Representative Volume Element (RVE), FEA, CNTs, 
Nanocomposite.  

1. INTRODUCTION
Composite materials have been known for long time with their effective properties as well as their

failure characteristics. Such properties and characteristics are results of the composite microstructure, 
the configuration of the composite built, the core properties of the constituents, and the involved 
manufacturing process. The heterogeneity caused by the randomness in positions of the fillers, the 
matrix-filler amounts bonding strength, and other microdefects causes non-uniform and sometimes 
unpredictable response to external loading.  

Computational mechanics and numerical simulations played important role in foreseeing the 
composite’s behavior, however the available methods were restrictive, cumbersome, and time 
consuming. Recently, the improvements in computational facilities led to employing multiscale 
models which significantly showed better modelling results. Multiscale models deal with a 
Representative Volume Element (RVE) of the composite, while focusing on the local and global 
levels of analysis. The local level studies the variability of the microstructure of the composite within 
a small area of the volume and the global level estimates the macroscopic behavior of the composite 
by incorporates the geometrical features of the composite constituents and the loading and 
environmental conditions [1]. Kundalwal and Kumar [2] incorporated the Mori-Tanaka (MT) method 
within a molecular dynamic simulation to develop a pull-out model of an engineered Carbon 
Nanostructure (CNS) and Epoxy composite. The authors claimed to be able to predict the effective 
elastic properties of the layer and to detect significant weakening effect of the interface between the 
Epoxy and the CNS. The influence of the weight percentage (wt%) and the orientation of Multi-
Walled Carbon Nanotubes (MWCNT) on the mechanical properties of MWCNT/Epoxy 
nanocomposite was investigated by [3] using multiscale material modelling and Finite Element 
Analysis (FEA) method. The data were compared and validated to a micromechanics models showing 
consistent trends of the results. A similar approach that included Mean Field Homogenization (MFH) 
and FEA was used explore the crashworthiness response of the Short-Glass Fibers (SGF) reinforced 
Graphene Nano Platelets (GNP) Polyamide 6 (PA6) matrix [4]. SGF-GNP/Epoxy nanocomposite was 
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investigated using a multiscale model to detect the effect of the Aspect Ratio (AR) and the wt% of 
the GNP on the interlaminar fracture toughness. The model was experimentally validated showing 
consistent trends for the results [5]. Upadhyaya et al [6] evaluated the effect of the bonding layer 
between Carbon Nano Tubes (CNTs) filler and Epoxy matrix. A nanoscale RVE model was used 
later in continuum scale FE analysis. The model by [7] predicted the effective elastic modulus and 
stress-strain profile of Epoxy matrix dopped with 6 wt% of microparticles of Kaolinite using Mori-
Tanaka MFH scheme. The results were validated using FEA and experimental results with steady 
conformity.  

The aim of this work is to develop a model to predict mechanical properties of a 3D printed 
SCF/MWCNT reinforced PA6 nanocomposite. The model was based on Mori-Tanaka MFH and the 
use of RVE technique and FEA to solve the model. Elastic-Elastic (EE) and Elastic-Plastic (EP) 
material models will be considered for the MFH and the FEA solutions. Available literatures on 
multiscale modeling of MWCNT nanocomposites were compared for validation purposes. 

2. MATERIALS AND METHODS

The mechanical properties of the constituents of the SCF/MWCNTs/PA6 nanocomposites are
extracted from [3], [5]. To predict the elastic constants of the SCF/MWCNTs/PA6 nanocomposites, 
DigiMat software was used with which MFH and FEA method were employed to develop the 
materials’ mechanical properties. Both MFH and FEA method were employed to solve the proposed 
models and calculating the elastic constants. In both methods, microstructures were created to present 
material phases and their volume fractions.  

The MFH model included three-phase microstructure that was built including the PA6, SCF, and 
CNT and their volume fractions. The SCF of 10% volume fraction was assigned to the material as a 
common 3D printing setting. The CNTs Wt% was varied from 0.25 wt% to 3.0 wt% with a step of 
0.25 wt%. Therefore, Mori-Tanaka method was implemented with incremental linearization, multi-
step multi-inclusion, and first order homogenization methods to solve the MFH model.  

In the FEA model, two scale model was developed. Starting with the nanoscale model, 
microstructures of PA6/MWCNT were developed to evaluate the equivalent elastic constants of the 
PA6/MWCNTs nanocomposites. The equivalent nanocomposites were dopped with 10% SCF and 
the models were solved to produce the final elastic constants of the PA/MWCNTs/SCF materials. In 
each model, the RVE size was selected to represent the nano and micro inclusions. The fillers were 
aligned to the loading direction and the mesh was developed using the voxel non-conforming method. 
The nanoscale RVE is presented in Fig.  1(a) with MWCNTs and PA6 matrix. Fig.  1(c) represent the 
microscale RVE with 10% SCF and the matrix of PA6/MWCNTs. Linear tetrahedron elements were 
chosen to fill the RVEs with voxel non-conforming method as in Fig.  1(b) and Fig.  1(d). Periodic 
boundary conditions and uniaxial load are assigned to the RVEs. The RVEs sizes were chosen 
sufficiently large to represent the considered microstructure and yet small compared to the structural 
dimensions [1]. 

Fig.  1 (a) Nanoscale RVE that presents MWCNTs in PA6, (b) Meshed nanoscale RVE, (c) 
Microscale RVE with 10% SCF in PA6/MWCNTs nanocomposite. (d) Meshed microscale RVE. 
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3. RESULTS AND DISCUSSION

Major mechanical properties obtained from the MFH, FEA, and MFH-ROM approaches were
compared and analyzed. The predicted and the calculated results inferred that elastic constants are 
enhanced and in direct proportional to the increase of the MWCNTs Wt%. Longitudinal, transverse, 
and in-plane shear moduli are presented in Fig.  2 (a), (b), and (c) respectively.  

Fig.  2  PA6/SCF/MWCNTs nanocomposite elastic constants (a) longitudinal Young’s Modulus, 
(b) transverse Young’s Modulus, (c) in-plane shear modulus

All results are in linear direct proportion to the increase of the MWCNTs Wt%. The longitudinal 
Young’s modulus has been significantly enhanced with the increase of the MWCNTs Wt%. 
Nonetheless, for all constants the FEA data showed some discrepancies between 1.75 and 2.5 Wt% 
of the MWCNTs.   

4. CONCLUSION
The effect of the MWCNTs on the mechanical properties of the PA6/SCF/MWCNTs

nanocomposites. Multiscale material modelling and analysis were performed to assess the mechanical 
properties. At 3.0 Wt% of MWCNTs, the longitudinal Young’s modulus 𝐸 , transverse  Young’s 
modulus 𝐸 , in-plane shear modulus 𝐺 , in-plane Poisson’s ratio 𝜐  and out-plane Poisson’s ratio 
𝜐  increase. The effective enhancements in the elastic constants are because of the additional high 
stiffness acquired by the MWCNTs.  
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Abstract: Additive manufacturing technologies (3D printing) opens a new era of manufacturing parts 

and components with complex geometry but at low cost, lightweight and less waste. However, the 

quality of fabricated parts and components is strongly influenced by machine parameters and 3D 

printing process parameters, such as building orientation and infill density. Therefore, from the 

optimal design’s point of view, the 3D printing process should be optimally controlled while the 3D 

printed product should be well designed for additive manufacturing by using computer-aided software 

to get high-quality 3D printed products and components. This study develops a coupled finite element 

analysis for 3D printed materials and investigates the effects of building orientation (including both 

longitudinal and transverse directions) and infill density on tensile strength of additively 

manufactured Acrylonitrile Butadiene Styrene (ABS) in a coupled analysis process. Experimental 

data of Acrylonitrile Butadiene Styrene (ABS) 100% fabricated by Fused Deposition Modelling 

(FDM) at two building orientations is used for benchmarking. Numerical results show higher tensile 

strength in longitudinal samples in comparison with transverse samples which are also in great 

agreement with experiment results.   

Keywords: Additive Manufacturing (AM), Acrylonitrile Butadiene Styrene (ABS), Finite Element 

Analysis (FEA), Build Orientation, Tensile Strength.  

Introduction 

Additive manufacturing (AM), also known as 3D printing, rapid prototyping (RP), or solid freedom 

(SF) is a process of creating 3D model components by gradually fabricating materials layer by layer 

[1]. Fused Deposition Modelling (FDM) - an extrusion-based system is one of the current notable 

technologies for AM. Acrylonitrile Butadiene Styrene (ABS) which is widely found in toys, 

packaging, bottles is mostly used for commercial FDM printers [2]. The effects of building 

orientations on the mechanical properties of 3D printed parts were widely investigated in the 

literature. It was found that building orientations not only affects mechanical properties but also 

influences the manufacturing time and the related costs. Layer delamination and air voids from the 

microstructural analysis were identified to the be main reasons for the low strength results [3]. By 

comparing 3D printing parts with compression moulded parts for ABS/Graphene, building 

orientations were highlighted as crucial factors that affect the mechanical properties of fabricated 

samples [4]. To improve the quality and reduce the costs of the additive manufacturing of the parts, 

numerical modelling and simulations were widely applied for the 3D printing process and 3D printed 

materials and in particular, the 3D representative volume element (RVE) approach was developed for 

modelling composites and nanocomposites to determine their material properties and mechanical 

behaviours [5, 6].  

In this study, the coupled finite element analysis process is developed for additively manufactured 

polymeric materials by using two commonly-used engineering analysis software – ANSYS and MSC 

Digimat. This analysis process is then employed to investigate the effects of building orientation and 

infill density on tensile strength of additively manufactured Acrylonitrile Butadiene Styrene (ABS), 

which is a thermoplastic widely used in 3D printing due to its good rigidity, ease of colouring, and 

processing. For validation, experimental data of Acrylonitrile Butadiene Styrene (ABS) 100% 

fabricated by Fused Deposition Modelling (FDM) at two building orientations are used for 

benchmarking. 
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Development of the Coupled Finite Element Analysis Process 

Figure 1 shows the workflow of the coupled finite element analysis process developed for additively 

manufactured polymeric materials by using two finite element analysis packages – ANSYS and MSC 

Digimat, which has three working phases: Phase 1 Pre-processing, Phase 2 Finite Element Analysis 

and Phase 3 Result Extracting. Through this 3-phase sequential process, the material properties of 

interest including ultimate tensile strength can be extracted from the finite element model by using 

ANSYS in Phase 3. Mesh convergence tests were conducted for the finite element models to obtain 

the appropriate mesh size.    

Figure 1: Workflow of the coupled finite element analysis process

    In current study, test samples were designed as the dog-bone Type V according to the ASTM D638 

standard. Each batch of 5 dog-bone samples was fabricated by using Prusa i3 MK3S+ Fused 

Deposition Modelling (DFM) Printer and its slicer. A standard material testing system – Instron 3365 

with a 5-kN load cell was employed to obtain stress-strain curves of the materials, which can be used 

to extract its material properties and mechanical behaviours. Obtained experimental data for pure 

ABS (100%) printed at 0.2 mm layer height, 0/90 direction and 100% infill density were averaged, 

and those data were used for benchmarking.  

Results and Discussion 

The outputs of the proposed coupled finite element analysis process include Macroscopic Failure 

Indicator (MFI) values extracted from MSC Digimat-RP. When the MFI value of an element exceeds 

1.0, that element is considered as reaching the failure point. Therefore, tensile strength was 

determined to be the maximum equivalent stress when the MFI values first exceed 1. Table 1 shows 

the comparisons of numerical results with experimental results on tensile strength of the 3D printed 

ABS. Based on these data, the 3D printed samples with the longitudinal build orientation have a much 

higher tensile strength than that of the samples with the transverse build orientation. The numerical 

results have good agreement with experimental data and the low discrepancies were received as 1.2% 

and 2.7%, respectively.     

Table 1: Effects of build orientation on tensile strength of 3D printed ABS 

ABS 100% Tensile Strength (MPa) 
Build Orientation 

Longitudinal Transverse 

Experimental 32 19 

Numerical 31.6 18.5 

Discrepancy 1.2% 2.7% 

The effects of infill density can be presented as void volume fraction in output files of MSC Digimat-

RP and its results were extracted in ANSYS software. Figure 2 illustrates the change in void volume 

fraction at different infill densities for both building orientations. From the results, only the curve for 

longitudinal orientation is observed to approximate a linear line although both curves are successful 

221



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University 

at showing higher void volume fraction at lower infill densities. The proposed analysis process can 

successfully differentiate the effect of infill densities for longitudinal and transverse orientations. 

Figure 2: Infill density vs Void volume fraction 

Summary 

The proposed coupled finite element analysis process has been proved to be a reliable method for 

modelling 3D printed parts by showing higher tensile strength results for both longitudinal orientation 

and transverse build orientation. Appropriate body size was also identified to both ensure accuracy 

and optimise running time. In addition, the effects of infill density were successfully predicted by 

using the proposed process. Based on the obtained numerical results, it can be concluded that the 

coupled finite element analysis developed by using the ANSYS-MSC Digimat software is useful and 

has a potential for further investigation on other 3D printed materials. Future work is planned to 

attempt to perform manual reverse engineering at optimal body size and employ the results to predict 

the performance of samples fabricated at different infill densities. It will also attempt to improve 

simulation quality and employ the results to predict the performance of samples fabricated at varying 

Infill densities.    
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Abstract. We present an approach to predicting constitutive behavior of soils by combining a 

thermodynamics-based constitutive framework and Deep Neural Networks (DNN). In this approach, 

two thermodynamics-based energy potentials (e.g. free energy and dissipation potentials) are 

defined and integrated as constraints for DNN to obtain a thermodynamically consistent constitutive 

model for geomaterials. This is made possible by utilising the differentiation capability in neural 

networks (NNs), which enables to automatically define stresses and dissipation rate once the free 

energy potential and dissipative potential of the material is defined. The thermodynamics-based 

DNN framework is then applied to obtain the constitutive behaviour of clays and the predicted 

results are compared with numerical solutions obtained from the modified Cam-clay constitutive 

model. The results suggest that the thermodynamics-based DNN model, given sufficient data, can 

generate highly accurate constitutive responses of clays, even with multiple loading cycles or with 

hardening and softening behaviours. This indicates that thermodynamics-informed machine learning 

is a promising approach to obtain constitutive models for geomaterials 

Keywords: Machine learning, Deep Neural Networks, constitutive model, thermodynamics 

Introduction 

The last few decades have seen a rich development of constitutive modelling in geomechanics. A 

quick search on this field brings in thousands of articles on “Web of Science”. Unfortunately, 

accompanying many models are ad-hoc adjustments, arbitrary assumptions and in multiple cases, 

fitting parameters with little physical meaning. One of the apparent reasons is the curse of 

dimensionality that happens when trying to involve too many factors at once to integrate additional 

effects. To overcome these obstacles, there has been a recent research trend in applying machine 

learning to produce constitutive responses [1-6]. In this paper, we present an approach that 

combines thermodynamics and Deep Neural Networks (DNN) to establish a framework that can 

directly make use of data to predict soils behaviours at constitutive level (behavior of a 

Representative Volume Element - RVE). Every natural process has to follow thermodynamics 

principles which, in soils, can be translated to defining two functions: free energy and dissipation. 

The differentiation of the two functions with respect to internal variables enable to fully describe the 

behaviours of a given soil following procedures established beforehand [6, 11]. However, explicit 

expressions of the two functions may not be easy to obtain. To bypass this, Machine Learning (ML) 

and in particular, DNN has shown to be a promising tool in constitutive modelling thanks to its 

capabilities to do interpolation in deep feature space. Although one of the disadvantages of DNN is 

the lack of physical laws, by superimposing thermodynamics principles, the resulting ML models 

are forced to remain thermodynamically consistent. To prove the capability of the combined 

framework, data from several existing constitutive models for soils are taken and used to train the 

new DNN. Not only the trained networks can make predictions on complex soil behaviours such as 

hardening, softening with high accuracy, but its performance to extrapolate is also improved thanks 

to the superimposed thermodynamics restrictions. Finally, to test the combined framework on an 
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arbitrary process, modifications are made to training data to make it inconsistent and as a result, 

with too many noises, the DNN cannot converge to a correct solution.  In general, uses of the 

combined framework would help to automatically create constitutive models with high dimensional 

interpolation spaces that respect the law of thermodynamics without any additional ad-hoc 

assumptions. 

ML frameworks and results 

The approach was built around the idea that a stress-strain relationship can be achieved with 

the help of hyperplasticity framework [7]. By differentiating Helmholtz free energy function   

with respect to corresponding internal variables (i.e. strains   and plastic strains p ) we could get 

stress   and dissipation rate   as a result: 





=


(1) 

p

p
d




 = −


(2) 

As the formulation of   and   follows two thermodynamics principles, which are energy 

conservation and positive dissipation. As long as a process happening in a soil sample satisfies these 

two laws, the process is deemed to be thermodynamically consistent and therefore,   can be used 

to obtain stress-strain relationship for the said soil sample. 

Although rigorous, the formulation of   and   could be hard to achieve, especially when 

additional effects are considered. Their values, on the other hand, can be computed without 

explicitly define mathematical equations [8]. DNN, on the contrary, often considered as a black box 

[1, 5] without physical meaning, are good at fitting data and interpolating that can help to 

automatically create complex functions. Thus, the approach here is to build an DNN to purely fit 

stress-strain relationship and then adding additional restrictions on how the DNN performs. Fig 1a 

shows the DNN architecture without thermodynamics restraints where stresses of the next step 1n +

are fitted directly from the stresses n and strains n  of the current step, (and current plastic strains 
pn in Fig 1b) and strains increment d . While Fig 1c describes the DNN architecture where

thermodynamics restraints are added, 1n +  are now derived from automatic differentiation of 

and the new DNN has to satisfy the accuracy of all three components, including  , 1n +  and pd . 

Another remark is that the dissipation rate   can be derived in a similar manner (equation 2) and 

used to double-check the credibility of   and pd . If   or pd are inconsistent, the value of 

would be inaccurate as a consequence and training would stop to converge to a correct solution. 

Fig. 1 Deep Neural Networks architecture: a. Normal DNN (DNN-a), b. Normal DNN with additional 

restraint on plastic strain (DNN-b) and c. DNN with thermodynamics restraints (DNN-c) 
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In this paper, the architecture used for each DNN is deep feedforward (DFF) [9]. 

Hyperparameters such as the number of hidden layers and neurons are calibrated based on the 

number of inputs and the complexity of the considered problem. Though from experience and 

existing mathematical forms of  , one or two hidden layers for each quantity would be sufficient. 

The whole architecture is deployed using Keras and Tensorflow [10] where Adam optimizer [11] 

and a combination of Rectified Linear Unit (ReLU) and Linear activation function are used. The 

performance of the DNN could be improved by implementing recurrent neural network (RNN) 

class, the use of DFF means that data can be created randomly instead of as a time-series sequence.  

Fig. 2 and 3 show the performance of DNN-c on two different constitutive models, one-

dimensional kinematic hardening and the Modified Cam-Clay (MCC) models. Training data are 

created using hyper-plasticity framework [12]. For the 1D model (Fig 2), the loading and unloading 

are repeated for 10 cycles while for the MCC model (Fig 3), two cases are considered, one for 

normal consolidated sample (Fig 3a) and one for over-consolidated sample (Fig 3b). As can be seen, 

in both models, high accuracy is achieved in both stress-strain and volumetric behaviours.  

Fig. 2 Comparison on stress-strain prediction for one-dimensional kinematic hardening between DNN-c 

and traditional constitutive model 

a. Normal consolidated sample. b. Over consolidated sample

Fig. 3 Comparison on stress-strain prediction for Modified Cam-Clay between DNN-c and traditional 

constitutive model 
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Conclusions 

Thermodynamic principles can be straightforwardly integrated in DNN for training and predicting 

constitutive behavior of geomaterials. The benefits of this integration are the minimization of purely 

curve fitting processes, while guaranteeing the consistency of the training and prediction. This 

approach can be extended to a wider range of more complex data sets, including experimental and 

numerically produced ones. 
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Abstract. Seismic sliding of rock masses is a serious earthquake hazard. Under the earthquake loads, 

rock blocks may slide longitudinally downwards inclined surfaces, while the lateral sliding movement 

also could be significant. In the present work, the seismic sliding movements of rock blocks are 

numerically investigated by three-dimensional discontinuous deformation analysis (3D DDA) 

simulations, and the results are theoretically verified as well. 

Keywords: Seismic loading; Rock block sliding; Three-dimensional discontinuous deformation 

analysis (3D DDA); Theoretical verification 

Methodology 

On the one hand, theoretical movement solutions of a single block sliding on an incline under 

seismic loads in the three-dimensional space are derived. On the other hand, two seismic loading 

methods, namely, loading on the sliding blocks as volume forces or loading on the base block as 

constraint displacement time histories [1] are realized in the 3D DDA program that was enhanced by 

the Contact Theory, in which a key concept of the entrance block is developed for solving the contacts 

between two general blocks [2-4]. 

(a) longitudinal movement
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(b) lateral movement

Figure 1. Seismic movement comparisons of a sliding block on an incline 

between the theoretical and DDA solutions. 

Results 

It shows that the theoretical and numerical results of the acceleration, velocity, and displacement 

in the longitudinal and lateral directions of a single block sliding on an incline agree well under 

various seismic loads parameters (amplitude, phase, and frequency) and incline parameters (slope 

and friction coefficient). Moreover, results show that the movements of the sliding blocks match well 

through the two different seismic loading methods in the 3D DDA when the earthquake loads are 

applied in opposite directions. 

(a) longitudinal movement
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(b) lateral movement

Figure 2. Seismic sliding movement comparisons between two different loading methods 

in the 3D DDA. 

Furthermore, influences of the seismic loads in the three directions (one in vertical and two in 

horizontal) on the longitudinal and lateral sliding movements of a single block and multiple rock 

blocks are carefully studied through theoretical and numerical analysis. 

Conclusions 

This work validates the numerical simulations of rock block seismic sliding by the 3D DDA with 

two different loading methods. The results also indicate the importance of the earthquake loads in the 

three directions for the seismic sliding movements of rock blocks. It builds a good basis for further 

3D DDA simulations of earthquake-induced rock mass hazards in the future. 
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Abstract. Micro deep drawing (MDD) is one fundamental micro forming method to form cups, 

hollows and boxes like micro products, and this method has great advantages comparing to other 

micro manufacturing methods. To manufacture the medical products with low density, high corrosion 

resistance, and low cost characteristics, stainless steel 301 (SUS301) is selected as the preferred 

material in this study. The influence of drawing velocity on the forming behaviour was investigated, 

and FE models were established to simulate the MDD process of SUS301 sheet. The simulation 

results are in good agreement with the experimental ones, which verifies the validity of the proposed 

FE models for MDD process. 

Keywords: Micro deep drawing, Forming velocity, Size effects, Heat treatment, SUS301 

Introduction 

There is a global trend in miniaturisation in fields of bio-medical, automobile and aerospace 

industries, because the product’s pollution, volume and cost can be reduced by minimising the 

forming scale. Besides, this global trend encourages to develop the diversity and accuracy of 

micro-manufacturing products [1, 2]. Therefore, plastic microforming is a preferred micro 

manufacturing process due to the advantages of high productivity, less pollution, high product quality, 

and low production cost [3]. Generally, the principle and theory of plastic microforming are based on 

conventional manufacturing process, which has been well developed at the macro scale [4, 5]. 

SUS301 has been widely utilised in industrial engineering due to its high corrosion resistance, 

toughness and well plastic forming characteristics [6]. In this study, a finite element (FE) model of 

MDD process was established to simulate the MDD process [7, 8]. In the FE model, the drawing 

velocity was altered to explore the relationship between the micro part’s quality and forming velocity, 

and then compare the experimental and simulation results to confirm the developed FE model for 

MDD process. 

Experimental 

Experimental material. The SUS301 sheet was utilised in this study, and the original experimental 

material was manufactured by cold rolling to reduce the thickness to 30 µm in order to satisfy the 

specification of die set in MDD. This material is annealed in 950 °C for 2 min in the KTL tube furnace 

under the protection of argon ambient, which is efficient to prevent the material oxidation. 

Micro deep drawing experiment. The MDD experiments were conducted on a Desk-top servo press 

machine, and this machine provides up to 25 KN drawing force. The drawing velocity can be 

manipulated by the control box. The die set contains an upper die and a lower die, and there are the 

punch, force sensor, and upper blank holder in the upper die. Besides, the lower die contains the 

spring, die cavity and lower blank holder. The MDD is one stroke forming process and contains two 

forming stages, which are blanking process and drawing process respectively. 

Finite element modelling. Finite element modelling is an economical and efficient method to 

determine the relationship between the drawing velocity and the quality of drawn cup. In this study, 

explicit dynamic analysis module was used to simulate MDD process via ABAQUS 6.14. The blank 

holders and punch were established as rigid analytical bodies, and the punch is movable along the 

Z-axis with 0.1, 0.2, and 0.3 mm/s moving velocities respectively.
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Results and discussion 

In this section, the results of experiment and simulation are compared. The drawn cups obtained from 

both experiment and simulation are shown in Figs. 1 and 2, micro cup can be well formed under 

different forming velocities. Besides, the stress state of micro cups with different drawing velocities 

are shown in Fig. 2, and the cup mouth view of experiment and simulation can be analysed. The 

wrinkling phenomenon is significant when the blank thickness is 0.03 mm, and the wrinkling points 

and area are the smallest under 0.2 mm/s drawing velocity. When the forming velocity is 0.3 mm/s, 

the wrinkling points are the most intensive and the wrinkling degree is the most significant among 

these micro cups. The stress difference between the rim and interior of the blank can cause the 

wrinkling, and the insufficient blank holding force could make the wrinkling significantly. 

Furthermore, the metal grain is inhomogeneous, which is significant at the micro scale and can 

aggravate the wrinkling on the micro cup’s mouth. However, there are different wrinkling appearance 

and height deviation due to the variance of forming velocity, besides, the surface roughness of micro 

cup is also altered. Since the blank was compelled into the die cavity, the material surface contacts 

with the cavity wall during the drawing process, and then the forming velocity could influence the 

friction, which can determine the surface quality of the micro cup. The friction decreases with a lower 

forming velocity, and then the influence of friction diminishes. However, the forming time could be 

increased with a lower drawing velocity, and the contact time between the blank and die cavity could 

increase, as a result, the effect of friction becomes significant. 

Fig. 1 Drawn cups’ mouth view in different forming velocities: (a) 0.1 mm/s, (b) 0.2 mm/s, and (c) 0.3 

mm/s  

Fig. 2 Drawn cups’ stress state in different forming velocities: (a) 0.1 mm/s, (b) 0.2 mm/s, and (c) 0.3 

mm/s 

Conclusion 
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Micro parts with SUS 301 annealed at 950 °C can be manufactured by MDD process with different 

drawing velocities, and there is no fracture and noticeable wrinkling on the micro cup. The MDD 

process with different forming velocity is simulated using FE simulation. By comparison, the results 

of experiments and FE model are close in terms of height derivation, wrinkles, and surface roughness. 

This confirms the developed FE model is applicable. 

Summary 

This paper conforms to the requirements of publisher and facilitate a problem free publication 

process. 
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Abstract. Detection of local damage of nonlinear structures with the measured vibration responses 

is an important but still challenging task. This study proposed an output-only Volterra series model 

for nonlinear structural damage detection, by quantifying the nonlinear behavior of structures without 

prior knowledge of external excitations. Different from conventional input-output based Voterra 

series model, the structural responses measured at two adjacent locations are respectively used as the 

input and output to quantify the nonlinearity contribution within this region. The capability and 

accuracy of using the proposed method for damage detection is validated on a precast segmental 

concrete column subjected to seismic load with different peak ground acceleration (PGA) 

magnitudes. The results demonstrate that the proposed approach is capable of performing nonlinearity 

quantification effectively and locating structural nonlinear damage. The increasing damage index 

value can also be used to indicate the increasing damage severity. 

Keywords: nonlinear damage detection, nonlinearity quantification, output-only based, precast 

segmental column, Volterra series model.  

Introduction 

The presence of structural initial and damage-induced nonlinearity in the dynamic responses poses 

challenges to the linear theory based system identification and damage detection methods. The 

nonlinear frequency response function or alternative data-driven model can be obtained to 

characterize the nonlinear behavior when both of the input excitation and vibration responses are 

available. Volterra series is a promising technique for modeling nonlinear behavior for its ability to 

capture the memory effects. However, in civil structural health monitoring applications, the external 

excitations, i.e. traffic, wind and temperature loads are usually difficult or impossible to be measured. 

To this end, the output-only structural condition assessment is more practical [1]. In this study, an 

output-only Volterra series is proposed by replacing the unmeasurable external excitation with the 

vibration responses of an adjacent measurement node. A nonlinearity contribution index is defined to 

quantify the damage induced nonlinearity to the overall responses.  

Theoretical derivation 

Volterra series model has been successfully applied to characterize nonlinear behavior of mechanical 

and civil engineering structures. The output responses can be estimated by multiple convolutions 

involving the input series with the following discrete expression 

𝑦(𝑡) = ∑ ∑ ∑ ⋯

𝑁2

𝑛2=0

∑ 𝐻𝜂(𝑛1, 𝑛2, ⋯ , 𝑛𝜂)

𝑁𝜂

𝑛𝜂=0

∏𝑢(𝑡 − 𝑛𝑖)

𝜂

𝑖=1

=∑𝑦𝑛(𝑡)

∞

𝑛=1

𝑁1

𝑛1=0

∞

𝜂=1

 (1) 

where 𝑢(𝑡), 𝑦(𝑡)∈ R are the one-dimensional input and output responses of nonlinear system at time 

instant t, respectively. 𝐻𝜂(𝑛1, 𝑛2, ⋯ , 𝑛𝜂) is the 𝜂-th order discrete Volterra kernel function. Ni is the 

memory length of the i-th order Volterra kernel. In this study, the truncation order and the memory 

length of each order Volterra kernel are set as 3 and 2, respectively. Since the external excitations of 

civil engineering structures under operational condition are difficult or expensive to measure, the 

vibration responses measured from two adjacent nodes are used as input and output of Volterra series 
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model to quantify the nonlinearity behavior. Eq. (1) can be modified to relate structural responses 

measured from two different locations as follows 

𝑦(𝑡) ≈ 𝑦1(𝑡)⏟  
𝑙𝑖𝑛𝑒𝑎𝑟

+ 𝑦2(𝑡) + 𝑦3(𝑡)⏟        
𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟

+ 𝑒(𝑡)

 = ∑ 𝐺1(𝑛1)�̅�(𝑡 − 𝑛1)
𝑁1

𝑛1=0
+∑ ∑ 𝐺2(𝑛1, 𝑛2)�̅�(𝑡 − 𝑛1)�̅�(𝑡 − 𝑛2)

𝑁2

𝑛2=0

𝑁1

𝑛1=0

+∑ ∑ ∑ 𝐺3(𝑛1, 𝑛2, 𝑛3)�̅�(𝑡 − 𝑛1)�̅�(𝑡 − 𝑛2)�̅�(𝑡 − 𝑛3)
𝑁3

𝑛3=0
�̅�(𝑡 − 𝑛2)

𝑁2

𝑛2=0

𝑁1

𝑛1=0
+ 𝑒(𝑡)

(2) 

in which the term �̅�(t) refers to the output response measured at another location at time instant t, 

G1(n1), G2(n1, n2) and G3(n1, n2, n3) denote the first, second and third orders of kernel functions that 

can be used to describe the output y(t) in a similar way by using Hn ( n1, n2, …, 𝑛𝜂). The nonlinear 

proportion will increase with the severity of damage, thus, structural damage can be effectively 

detected by analysing the nonlinearity in dynamic responses introduced by the degradation of 

structural integrity. To this end, the system nonlinearity can be approximated as  

𝜆𝑖𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 = 1 −
𝑠𝑡𝑑(𝒚1)

𝑠𝑡𝑑(𝒚1) + 𝑠𝑡𝑑(𝒚2) + 𝑠𝑡𝑑(𝒚3)
(3) 

The index defined in Eq. (3) will increase with the increase of nonlinear contribution to the overall 

responses, and is employed as damage sensitive feature in this study. More detailed introduction of 

the proposed method is available in [2].  

Experimental verifications 

Precast concrete segmental bridges offer many benefits to owners like reduced costs, reduced 

construction time, reduced environmental impacts, and reduced maintenance of traffic. The 

nonlinearity existed in the segmental column structures stems from the joints between segments, 

which makes it difficult to conduct condition assessment of precast segmental structure by using 

linear theory based methods. The proposed method is applied to identify the damage of precast 

segmental column shown in Fig. 1. The structural damage is introduced by applying ground motion 

excitation with an initial PGA of 0.2 g and increased with an interval of 0.1 g in the subsequent tests 

until the column was collapsed.  

(a)  (b) 

Fig. 1 The experimental setup for shake table tests of precast segmental column reinforced with 

FRP bars: (a) overall view and (b) schematic diagram. (unit: mm) 

As shown in Fig. 1, five accelerometers are attached on the base slab, footing block, the first, third 

segment column and the top mass to measure vibration accelerations along the E-W direction of the 

specimen. White noise excitation with an amplitude of 0.02 g are applied to the basement after each 

ground motion test. The structural vibration responses are recorded with a sampling rate of 200 Hz 

and used to conduct damage detection. Fig. 2 shows the observed damage of specimen subjected to 

seismic load with different PGA magnitudes. No visible damage is occurred before the PGA reaches 

to 0.6g. Concrete crushing is observed at the toe of the bottom segment when the applied ground 

motion is higher than 0.7g. The severity of concrete crushing damage continue to increase until the 

collapses. Pairs of acceleration responses measured from the precast segmental column model 

subjected to white noise excitations after each ground motion with different PGA values, are used as 
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input to the Volterra series model with the proposed approach to quantify the nonlinearity between 

every two adjacent sensors, i.e. #A1 and #A2, #A2 and #A3, and #A4 and #A5.  

(a)  (b)  (c)  (d) 

Fig. 2 Damage observations of the precast segmental column reinforced with FRP bars under 

different PGA values: (a) 0.6 g; (b) 0.7 g; (c) 0.8 g; (d) 1.1 g 

As can be found in Fig. 3(a), the nonlinearity between #A1 and #A2 is lower than 5%, which means 

that the vibration responses between these two nodes are highly correlated. The highest nonlinearity 

result is estimated from the region between #A4 and #A5 in the first two white noise excitation 

scenarios, followed by a decreasing trend with the increasing ground motion intensities. This could 

be owing to the initial friction forces existed between the added top masses on the precast segmental 

column model. The sensor pair #A2 and #A3 shows an increase trend and finally has the highest 

nonlinear contribution value, indicating the region between these two sensors has the highest 

probability of damage occurrence at the joint interface. The results also demonstrate that the proposed 

nonlinear damage index is sensitive to detect structural nonlinear damage at an early stage, when the 

actual concrete crushing is not visible. 
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Fig. 3 The evolution of damage index of segmental column specimen under white noise excitations 

Summary 

A novel method to identify the nonlinear structural damage of precast segment column is presented 

and validated. The input-output based Volterra series model was reformulated and extended to 

quantify the nonlinear contribution when the external excitation is unavailable. This method was 

experimentally demonstrated on a precast segmental column and shown to be able to trace the 

evolution of structural damage induced nonlinearity.  
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Abstract. Numerical simulation of train-track interaction dynamics is mainly used for safety and 
stability assessment for new train or railway line design, but recent research has shown potential for 
supporting predictive maintenance through anticipating damage locations in rails. Among track 
assets, railway switches are of key research interest due to high failure rates. In the present study, 
Multi-Body simulations (MBS) were first carried out for the passage of a train over the complete 
length of a railway switch to anticipate the potential damage locations by calculating the damage 
index, Tγ number. Subsequently, a detailed 3D solid element Finite Element (FE) model for the 
location with the highest predicted damage was constructed whilst ensuring the replication of the 
track dynamics between the MBS and FE models. The results have shown that the highest risk of rail 
damage was just after the stock to switch rail transition. The approach introduced here has shown 
potential for capturing the dynamic characteristics of a train passing through a switch. Moreover, the 
results from the 3D FE model can be used for more detailed studies for predicting rail subsurface 
damage and data generation for optimising the placement of sensors for condition monitoring.  

Keywords: Finite Element Analysis, Multi-Body Simulations, Structural dynamics, Train-track 
interactions, railway infrastructure, switches and crossings (S&Cs)  

Introduction 

In recent years, railway infrastructure has experienced increased usage, which has naturally led to 
frequent train passages and higher loads exerted on the track infrastructure. Switches and Crossings 
(S&Cs), also known as turnouts are critical parts of the track infrastructure, which enable trains to 
change lines and direction. As shown in Fig 1, the geometry of railway switches consists of cross-
sectional variation as well as discontinuities that result in more damage than in plain line rail.   

Fig 1. Finite Element Model for the railway switch 
With advancements in the adoption of digital technologies, continuous condition monitoring and 
Digital Twin models are increasingly being investigated to anticipate infrastructure failure. Numerical 
simulations are an effective way of modelling train-track interactions to predict S&C damage. The 
different approaches to numerical simulations of train-turnout interaction have been reviewed in the 
literature [1], with suggestions for modelling approaches to predict specific faults. A combined MBS-
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FE approach has been proposed to simulate the train-turnout dynamic interaction for considering the 
effect of train/track dynamics, as described in the next section.  

Methodology 

The overall methodology has been summarised in Fig 2. Firstly, an MBS model was developed to 
simulate the interaction between a Manchester benchmarks passenger vehicle [2] and the through 
route of the switch panel of a railway turnout of the layout 60E1-760-1:14 [3].  A simulation for the 
passage of a train over the complete switch panel was carried out whilst assuming a uniform velocity 
of 160 km/hr and a coefficient of friction of 0.3 between wheel and rail. The wear number, Tγ, which 
is an indicator of the risk of damage occurrence was obtained by summing up the creepages and creep 
forces in the longitudinal, lateral and spin directions [4].  
The location with the highest damage risk was modelled using the 3D FE method, as shown in Fig 1. 
Eight-node linear brick with reduced integration solid elements (C3D8R) were used for modelling 
the rail, wheel, sleepers, railpads and baseplate pads. The vertical and lateral dynamics of the ballast 
layer were modelled using spring-dashpot elements in the FE model. The stiffness for these layers 
used in the MBS models along with the geometric dimensions were used to calculate the equivalent 
Young’s modulus for the pads. Rayleigh damping coefficients were used to account for the material 
damping for the pads. The rail receptance between the MBS and the FE models were compared to 
determine the validity of the material properties and the length of the track model. Inputs for the 
rolling contact analysis from the MBS into the FE model included the wheelset lateral and 
longitudinal movement at each time step. The results for the comparison between the rail receptance 
and the vertical contact forces has been discussed in the next section.   

Fig 2. Methodology to simulating the train-turnout interactions 

Results 

Wear number. As shown in Fig 3, high values for the wear number were obtained from the MBS 
simulations between 7 and 9 metres from the beginning of the switch, i.e. the switch toe. This is just 
after the beginning of the transition of the vehicle load exerted through the wheels from the stock to 
the switch rail. These results agree reasonably well with those predicted for the same switch layout 
in the diverging route [5].  

Fig 3. Prediction of locations with high surface damage 
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Comparison of rail receptance and wheel-rail contact forces.  The rail receptance, i.e. the rail 
displacement per unit load was compared between the reference MBS and FE models and showed 
good agreement, thus validating the material properties and the length of the track model (Fig 4 (a)). 
Similarly, good agreement was obtained for the comparison of the vertical wheel-rail contact forces 
along the length of the switch between the MBS and FE models (Fig 4 (b)). More oscillations were 
observed in the MBS results due to the consideration of the detailed vehicle dynamics in contrast with 
the static load considered in FE.   

Fig 4. (a). Comparison of rail receptance (b). Comparison of wheel-rail vertical contact forces 

Conclusions 

Models for the interaction between a train and a railway switch have been developed using a 
combined numerical simulation approach involving MBS and FE analysis. The FE model has been 
made more representative and efficient through the substitution of inputs from the MBS model as 
well as the calibration of substructure dynamics. Future work will include post-processing the outputs 
from the model for more detailed damage prediction and sensor placement optimisation for the 
condition monitoring of S&Cs.  
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Abstract. The novel formulation of finite element limit analysis problems using the Lade-Duncan 

yield criterion as conic programs is presented. This allows the robust and efficient performance of 

general-purpose interior-point methods to be exploited in solving the problem. The implementation 

also allows for the use of non-zero cohesion for the material. A comparison between Mohr-Coulomb, 

Drucker-Prager and Lade-Duncan governed materials on the bearing capacity of a strip footing 

demonstrates the validity of the approach.

Keywords: finite element limit analysis, Lade-Duncan yield criterion, interior-point method. 

Introduction 

Finite element limit analysis is an efficient method to determine both lower and upper bounds on 

actual collapse loads of geotechnical structures [1]. In contrast with limit equilibrium or rigid block 

mechanisms, complicated geometry and loading scenarios can be handled easily. Computing 

rigourous bounds also avoids the uncertainty inherent in identifying failure loads using conventional 

finite element-based approaches. 

Both lower and upper bound problems can be formulated as optimisation problems of the form 

maximise α,    subject to 𝑩𝑇𝝈 = 𝛼𝒑 + 𝒑0,    𝑓𝑖(𝝈) ≤ 0, 𝑖 = 1, … , 𝑛𝑓, (1) 

where 𝑩𝑇 is an 𝑚 × 𝑛 matrix representing the equality constraints, 𝝈 are the nodal stresses (tension

positive), 𝒑 are the optimised loads, 𝒑0 are the fixed loads, and 𝑓𝑖 are the yield function constraints. 

Significant performance improvements can be achieved if the 𝑓𝑖 are represented using some 

combination of a few specific conic constraints, as the problem (1) can then be solved using interior-

point methods for conic optimisation problems. Such yield functions include the Mohr-Coulomb [2], 

Drucker-Prager [3], and generalised Hoek-Brown [4] yield criteria. 

The Lade-Duncan [5] criterion for a cohesionless material requires that all points in the continuum 

satisfy 

√𝜎1𝜎2𝜎3
3 ≤ √𝜅

3
𝑝,   (2) 

where 𝜎𝑖 is the 𝑖th principal stress, 𝜅 is a material constant, 𝑝 is the mean stress, and yielding occurs 

at equality. This criterion has been found to be in good agreement with triaxial test data [5] and results 

from discrete element modelling [6], but has not been widely used in limit analysis. In the following, 

a brief overview of conic constraints is provided before Eq. 2 is transformed into conic constraints, 

extended to cohesive-frictional material, and then demonstrated with a strip-footing on sand. 

Formulating Lade-Duncan yield criterion as a combination of conic constraints 

Conic constraints. In the formulation detailed in the next section, most of the common conic 

constraints are utilised. The simplest cone is that of the non-negative orthant (or the linear cone), 

which requires the constrained variables to be greater than or equal to zero. The second-order cone 
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constrains an 𝑛-vector, 𝒙 = (𝑥0, �̅�), such that 𝑥0 ≥ ‖�̅�‖2  (where ‖∙‖2 is the Euclidean norm). A

linear transformation of the second-order cone leads to the rotated quadratic cone constraining an 𝑛-

vector, 𝒙 = (𝑥0, 𝑥1, 𝒙), such that 2𝑥0𝑥1 ≥ ‖�̅�‖2
2. The cone of positive semidefinite matrices requires

the 𝑛 × 𝑛 matrix, 𝑿, to satisfy det 𝑿 ≥ 0 (that is, the determinant of the matrix must be non-negative). 

The positive semidefinite cone is a generalisation of the previous cones in that each of the previous 

can be considered as a specific form of the positive semidefinite constraint, but there are performance 

benefits in treating them separately. These cones are also what are known as symmetric or self-scaled 

cones [8], with nice known theoretical properties and convergence behaviour. 

In addition to the aforementioned self-scaled cones, the use of the power cone, which requires the 

3-vector, 𝒙, to satisfy

𝑥0
𝛼𝑥1

1−𝛼 ≥ |𝑥2|  (3) 

is crucial to the following development. This cone is known as a non-symmetric cone and requires a 

slightly different approach within the interior-point method, but computational experience 

demonstrates that it achieves convergence performance similar to that of the symmetric cones. 

Lade-Duncan yield condition in plane strain. Considering a single stress point in plane strain, 

𝜎 = (𝜎𝑥𝑥, 𝜎𝑦𝑦, 𝜎𝑧𝑧, 𝜏𝑥𝑦), it is necessary to compute a shadow stress point using auxiliary variables 

that serves as a proxy for the actual stress point and enforces the yield condition. Bounds on the major 

and minor principal stresses (𝜎1 and 𝜎3, respectively) can be obtained using a second-order cone and 

two linear equalities with three auxiliary variables (𝜌1 ≥ √𝜌2
2 + 𝜌3

2). The yield condition in Eq. 2 is

then split into a rotated quadratic cone with three auxiliary variables (2𝜌4𝜌5 ≥ 𝜌6
2), and a power cone

with three auxiliary variables (𝜌7

2

3𝜌8

1

3 ≥ |𝜌9|) along with two linear equalities for the rotated quadratic

cone and another four for the power cone. Two of the four linear equalities for the power cone force 

the shadow value for the intermediate principal stress, 𝜎2, to be between 𝜎1 and 𝜎3, using the two 

auxiliary linear variables, 𝜌10, 𝜌11 ≥ 0. Combining these gives the linear equalities

0 = 𝜎𝑥𝑥 − 𝜎𝑦𝑦 − 𝜌2 

0 = 2𝜏𝑥𝑦 − 𝜌3 

0 = √2𝜌4 + (𝜎𝑥𝑥 + 𝜎𝑦𝑦 − 𝜌1)/2 

0 = √2𝜌5 + (𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜌1)/2  (4) 

0 = 𝜌6 − 𝜌7 

0 = √2𝜌4 − 𝜌8 − 𝜌10 

0 = 𝜌8 − √2𝜌5 − 𝜌11 

0 = 𝜌9 + √𝜅
3

(√2𝜌4 + √2𝜌5 + 𝜌8)/3 

resulting in a total of eight linear equalities and 11 auxiliary variables per stress point. One extra 

equality is required to store the intermediate principal stress. 

Lade-Duncan yield condition in three dimensions. In three dimensions, the major and minor 

principal stress bounds are each defined using a semidefinite cone, both requiring six equalities with 

six auxiliary variables. The shadow intermediate stress is then computed as the difference between 

the trace of the stress matrix and the sum of the major and minor principal stress bounds using a single 

equality, along with the second and third last equations in Eq. 4 to force the principal stress ordering. 

Combined, this is a total of 17 linear equalities and 20 auxiliary variables per stress point. 

Extending the Lade-Duncan yield condition to cohesive-frictional material. A limitation of 

the Lade-Duncan yield condition is that it is only applicable to non-cohesive material. However, for 

a material with cohesion, 𝑐, and friction angle, 𝜙, adding −𝑐 cot 𝜙 to each of the principal stresses 

extends the criterion to cohesive-frictional material, which is easily accommodated in the presented 

formulation. Additionally, this allows a small but non-zero cohesion to be used, which improves the 

numerical behaviour of the interior-point method with negligible impact on stability calculations. 
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Bearing capacity of a strip footing on a frictional material 

The bearing capacity of a smooth strip footing 2m wide on a cohesionless Lade-Duncan material with 

varying friction angle is compared with the use of Mohr-Coulomb and Drucker-Prager criteria, all 

with a unit weight of 18kN/m3.  The Lade-Duncan and Drucker-Prager envelopes are forced to match 

Mohr-Coulomb at the major vertices in the deviatoric plane. Five mesh refinement steps were made 

starting at approximately 2,000 elements with a target of 10,000 elements using shear dissipation for 

mesh control. Fig. 1a shows the problem geometry exploiting problem symmetry, and Fig. 1b shows 

the average of the lower and upper bounds of the collapse load. Notice that the Lade-Duncan load 

multipliers fall below that of Drucker-Prager but above that of Mohr-Coulomb, as is expected. 

 Fig. 1 (a) Typical mesh (LB, φ=30°, 7,684 elements).      Fig. 1 (b) Computed load multipliers, λ.

Summary 

A novel formulation of the Lade-Duncan yield criterion as a combination of conic yield constraints 

was presented for performing finite element limit analyses. Bearing capacities of a strip footing using 

the new formulation were confirmed to lie between that obtained using the Mohr-Coulomb and 

Drucker-Prager criterions. 
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Abstract: This paper presents a numerical study on interfacial behaviour between steel polyvinyl-

alcohol hybrid engineered cementitious composite (SPH-ECC) and concrete. Concrete damage 

plasticity (CDP) model was used to define the mechanical behaviour of SPH-ECC and concrete 

materials. Interfacial behaviour was simulated for as-cast and sandblasted surfaces by adopting 

traction-separation constitutive model. Key interface parameters were determined by calibrating 

finite element model (FEM) results with experimental results. The FEM results illustrated that reliable 

prediction of interface bond behaviours between SPH-ECC and concrete for different degrees of 

surface roughness can be obtained by employing the presented simple numerical approach. 

Keywords: Bond Strength, Slant Shear, Numerical Modelling, Surface Roughness, Interface 

Introduction: 

Reinforced concrete (RC) structures are susceptible to deterioration after many years of service due 

to strength degradation caused by spalling of concrete cover or reinforcement corrosion.  As a result, 

significant efforts are required in repair of a failing structure to bring it into serviceable state. In recent 

years, hybrid engineered cementitious composites comprised of steel and polyvinyl-alcohol (PVA) 

fibres has been emerged as a new construction material due to its multiple micro cracking 

characteristics, high resistance against tensile cracking, strain hardening effect,  better durability and 

ultra-high toughness [1]. Considering these characteristics, this material has a potential to be used for 

repair of reinforced concrete structures. It was noticed that interface behaviour between steel-PVA 

hybrid engineered cementitious composite (SPH-ECC) and concrete has not yet been studied 

intensively. 

Performance evaluation of repaired structures is mostly influenced by quality of interface bond 

between repair and concrete materials. Therefore, this study mainly investigates the interfacial bond 

behaviour between SPH-ECC and concrete using FE modelling. It has been reported in previous 

literature that bond strength of cementitious composites with concrete is highly sensitive to the 

surface preparation of substrate [2]. Therefore, two types of surface, namely as-cast and sand-blasted 

surface were simulated at interface. Experimental results obtained through slant shear test (Fig. 1) are 

used to verify the numerical model.  

Finite Element Model: 

FE analyses were performed using the Abaqus 6.14-2 software. The simulation of slant shear test for 

interface strength analysis is comprised of a 100 mm diameter, 200 mm tall cylinder which is 

sandwiched by two 30 mm thick steel plates at top and bottom. Half part of the cylinder was SPH-

ECC with a slant surface at 30o inclination. The remaining half of the cylinder was concrete. Three-

dimensional 8-node solid brick element C3D8R [3] was used to model all parts including concrete, 

SPH-ECC and steel plates . Based on the mesh sensitivity analysis results, 5mm mesh size was used 

(Fig. 2).  The bottom surface was restrained with pinned boundary condition in each direction. A 
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compressive load was applied in terms of vertical displacement at top plate to determine peak applied 

stress (𝜎𝑜). Corresponding to 𝜎𝑜 , the shear strength (𝜏𝑛) and the compressive strength (𝜎𝑛) of 

interfacial bond was examined (Fig. 3). 

  Fig. 1 Slant-shear test setup      Fig. 2 FE model        Fig. 3 Stress distribution 

Material Modelling: Concrete and SPH-ECC material behaviours were defined using 

concrete damage plasticity (CDP) model in Abaqus. CDP model can represent complete nonlinear 

behaviour of concrete. Strength parameters, listed in Table 1, were obtained from experimental tests 

for the CDP model. Stress strain behaviour for SPH-ECC under compression and tension were 

defined as shown in Fig. 4 by the model suggested by Khubaib et al.[4]. 

 Table 1 Mechanical Properties of Concrete and SPH-ECC 

(a)                                                                                 (b)      

Fig. 4 Stress-strain behaviour for SPH-ECC under (a) uniaxial compression (b) uniaxial tension 

Interface Modelling: As-cast (AC) and sandblasted (SB) interfaces between concrete and 

SPH-ECC were modelled with surface-based cohesive behaviour. Traction-separation constitutive 

model was used with, tangential and normal behaviours representing friction and hard contact, 

respectively. Damage initiation is followed by damage evolution softening response. Linear elastic 

response was defined by:  

{

𝑡𝑛

𝑡𝑠

𝑡𝑡

} = [

𝐾𝑛 0 0
0 𝐾𝑠 0
0 0 𝐾𝑡

] {

𝛿𝑛

𝛿𝑠

𝛿𝑡

}                        (1) 

Where, 𝐾𝑛, 𝐾𝑠, and 𝐾𝑡 are stiffnesses across the interface, 𝑡𝑛, 𝑡𝑠, 𝑡𝑡 represent traction with 

corresponding separations (𝛿𝑛, 𝛿𝑠, 𝛿𝑡).  Subscripts n,s, and t denotes normal, first and section shear 

directions respectively. Interface modelling parameters listed in Table 2 were defined by calibrating 

numerical results with experimental results. 

Property Concrete SPH-ECC 

Modulus of elasticity (GPa) 36.98 23.07

Compressive strength (MPa) 57.93 61.66 

Tensile strength (MPa) 4.20 5.72 

SPH-ECC 

Concrete 
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Table 2 Parameters for interface modelling 

Surface Type 

Friction 

Coefficient, 

µ 

𝐾𝑛, 𝐾𝑠, 𝐾𝑡 

(N/mm3) 

Damage 

𝛿𝑛
𝑜, 𝛿𝑠

𝑜 , 𝛿𝑡
𝑜

(mm) 

Total 

Displacement 

(mm) 

Viscosity 

Coefficient 

As-cast 0.84 84 0.147 0.148 0.001 

Sandblasting 1.04 115 0.166 0.167 0.001 

Results and Discussion: 

Stress transfer mechanism was investigated at interface using FEM. It is evident from Fig.5 (a) that 

no material damage was observed at interface with as-cast surface. For sandblasting case, material 

damage was initiated at the edges of interface, immediately after the bond failure at the centre of 

interface (Fig. 5 (b)). This sequence of failures was validated with experimental results and such 

sequence was due to stress concentration at edges. The simulation results for both cases have shown 

a good agreement with experimental results (Table 3).  

(a) (b)  
Fig. 5 Comparison of SPH-ECC material damage in experiment and FEM for two surface types:  

(a) As-cast (b) Sandblasting

Table 3 Results of FE model and Experiment 

Surface 

Type 

Experiment 

𝝈𝒐 (MPa)

FEM 

𝝈𝒐 (MPa)

Difference 

(%) 

As-cast 13.02 13.00 0.15 

Sandblasting 21.46 19.65 8.43 

References: 

[1] W. Liu and J. Han, Experimental Investigation on Compressive Toughness of the PVA-Steel

Hybrid Fiber Reinforced Cementitious Composites, Frontiers in Materials. 6 (2019).

[2] J. Tian, X. Wu, Y. Zheng, S. Hu, Y. Du, W. Wang, C. Sun, and L. Zhang, Investigation of

interface shear properties and mechanical model between ECC and concrete, Constr. Build.

Mater. 223 (2019) 12-27.

[3] H. H. Hussein, K. K. Walsh, S. M. Sargand, F. T. Al Rikabi, and E. P. Steinberg, Modeling

the Shear Connection in Adjacent Box-Beam Bridges with Ultrahigh-Performance Concrete

Joints. I: Model Calibration and Validation, J. Bridge Eng. 22 (2017).

[4] M.K.I. Khan,C.K. Lee, and Y.X. Zhang, Parametric study on high strength ECC-CES

composite columns under axial compression. J. Build. Eng. 44 (2021).

244



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University

Segregation of a Non-Spherical Intruder in Vibrated Granular Bed 

Jinpeng QIAO1, a, Kejun DONG1, b * 
1 Centre for Infrastructure Engineering, School of Engineering, Design and Built Environment, 

Western Sydney University, Penrith, NSW 2751, Australia 

a 20436243@student.westernsydney.edu.au, b kejun.dong@westernsydney.edu.au 

Abstract. In this work, the discrete element method was used to study the effects of vibrations and 

intruder shape on the dimensionless ascending velocity (va) of the intruder. The intruder was in prolate 

shape with aspect ratio varied but its equivalent diameter fixed. It was found that va increases and then 

decreases with the rise of the dimensionless vibration amplitude (Ad) and the dimensionless vibration 

frequency (fd), and va increases with the decrease of the sphericity of the intruder (Φ). va was also 

found to be linked to the orientation (α) of the intruder since the windward area (Ap) changes 

accordingly. Moreover, the porosity variation in the vibrated bed and the granular temperature were 

analyzed, which can be linked to the change of va. It was further found that va can be uniformly 

correlated to Ad‧f 

0.5 

d , while the critical change of the response of va to Ad and fd occurs at Γ=4.83, Γ is 

the vibration intensity. Based on these findings, a piecewise equation was proposed to predict va as a 

function of Ad, fd, and Φ.

Keywords: non-spherical particle; ascending velocity; segregation; discrete element method 

Introduction 

A good understanding of the segregation mechanism can help the optimization and control of the 

various related industrial processes. The research of such phenomenon often starts with the 

segregation of a single large intruder in an otherwise homogeneous granular bed of small particles [1]. 

In different experimental and numerical studies, the ascending velocity of the intruder in its rising 

process from the bottom to the top of the vibrated bed, was often modelled against different 

controlling variables. However, most models were based on spherical intruders. Non-spherical 

intruder has not been studied much yet. The intruder shape was once reported to have an insignificant 

effect on the segregation of granular mixtures [2]. However, more recent studies show that the shape 

of particles is important to their motions in particle mixtures when subject to shearing vibrations [3, 4]. 

In addition, our preliminary research suggested that the particle orientation, intuitively, the windward 

area, of an intruder also had a significant influence on its segregation rate. In this paper, the 

segregation process of a single non-spherical intruder is studied by the discrete element method 

(DEM). An equation is proposed to uniformly link the ascending velocity to the vibration conditions, 

the particle’s shape and windward area, and particularly the change of fluid-like behavior of small 

particles with the vibration conditions is also uniformly considered. 

Materials and Methods 

The Discrete Element Method (DEM) was used 

for simulations, and the typical Hertz-Mindlin 

particle contact model is adopted in this work. A 3D 

cuboid ‘container’ without physical walls was 

adopted in this research, as shown in Fig. 1. Periodic 

Boundary Conditions (PBCs) were applied along the 

X-axis and Y-axis directions. The parameters are

given in Table 1. Continuous and sinusoidal

vibrations were applied to the bottom wall along the

Z-axis.

Fig. 1 Single non-spherical intruder system. 
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Table 1 Basic parameters used in the simulations 

Physical constants 
For particle or 

inter-particle 

For container or 

particle-container 

Poisson's ratio 0.25 0.29 

Young's modulus (Pa) 2.01×105 2.55×1010 

Coefficient of restitution 0.5 0.5 

Coefficient of static friction 0.5 0.5 

Coefficient of rolling friction 0.01 0.01 

Material properties Large Small 

Particle diameter (mm) 6.0, variable 2.0 

Particle density (kg/m3) 2500 2500 

Number of particles 1 15260 

In the present research, the equivalent diameter of a non-spherical intruder was calculated in three 

ways, namely, volume equivalent diameter (dVol), area equivalent diameter (dArea), and Sauter 

diameter (dSau). The ascending velocity (va) of the intruder is defined as the average vertical 

displacement of the intruder per oscillation cycle [29]. 

Results and Discussion 

As shown in Fig. 2(a), va of a non-spherical intruder increased first and then decreased with 

dimensionless vibration amplitude Ad (Ad =A/ds), and the critical change occurred at Ad =1.5. Such a 

non-monotonic dependence was also observed to vibration frequency fd, fd = f‧(2ds/g)0.5. The primary 

cause for the critical change is that too high vibration intensity can create very large voids which let 

larger intruders fall down rather than ascend. And a later study [5] on the spherical intruder further 

proved that va has a strong dependence on the porosity variation (∆ε) of the particle bed, which also 

applies to this study, as shown in Fig. 2(b). It is noticeable that the inflection points in non-monotonic 

response curves (va-A and va-f) may vary with A and f simultaneously. Further analysis suggested that 

Γ = 4.83 can be more uniformly identify the critical change of va, and Ad · f 
0.5 

d  can be used to model va

uniformly, as shown in Fig. 2(c). 

(a)                                             (b)                                                 (c) 

Fig. 2 (a) the influence of fd and Ad on va; (b), (c) the response of va to ∆ε and Ad · f 
0.5 

d  

As shown in Fig. 3(a), the decrease of the sphericity (Φ) of the intruder leads to an increase of va, 

with can also be linked to the change of porosity variation (∆ε) at different bed heights. The elongated 

shape of the non-spherical intruder of larger aspect ratio enables its lower-end to reach deeper bed, 

where ∆ε is larger, as shown in Fig. 3(b), and voids-filling is more efficient. Thus, the non-spherical 

intruder rises faster. This is also why the non-spherical intruder’s ascending velocity was much higher 

than that of a spherical intruder (Φ=1.0), and the velocity difference increases with the decrease of Φ. 

Based on the above discussion, a model is proposed to predict va, 

.  (1) 

246



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University

where K1 and K2 are proportionality coefficients, ε1 and ε2 are correction coefficients, respectively. 

The predicted values by the Eq.1 using data in Refs. [6–8] shows a good agreement with the 

experimental values, showing the model has general applicability, as shown in in Fig. 3(c). 

(b)                                                 (c) 

Fig. 3 (a) the influence of Φ on va; (b) ∆ε varies with bed layers; (c) comparisons of va in Refs. [6–8] to 

predictive values based on Eq.1. 

Conclusions 

In this paper, the segregation of a large intruder of different shapes in a vibrated bed of small 

particles was investigated by a DEM model. The ascending velocity (va) of a non-spherical intruder 

increases first and then decreases with the rising of the dimensionless vibration amplitude (Ad). There 

is a similar variation trend of va with increasing dimensionless vibration frequency (fd). An intruder of 

smaller sphericity rises faster under the same vibration conditions. Ad · f 
0.5 

d is shown to be an 

appropriate combined parameter to characterize the influence of A and f on va. And va is related to the 

negative nth power of the intruder’s sphericity Φ. Based on these findings, a piecewise equation has 

been proposed to model va as a function of Ad, fd and Φ. The equation can be well fitted with all our 

simulations results and the experimental results in the literature. 

Acknowledgements 

This research supported by ARC Hub for Computational Powder Technology. 

References 

[1] Rosato, A.; Strandburg, K. J.; Prinz, F.; Swendsen, R. H. Why the Brazil nuts are on top: Size

segregation of particu-late matter by shaking. Phys Rev Lett 1987, 58, 1038-1040

[2] Ahmad, K.; Smalley, I. J. Observation of particle segregation in vibrated granular systems.

Powder Technol 1973, 8, 69-75

[3] Kock, I.; Huhn, K. Influence of particle shape on the frictional strength of sediments — A

numerical case study. Sediment Geol 2007, 196, 217-233

[4] Jha, A. K.; Gill, J. S.; Puri, V. M. Percolation Segregation in Binary Size Mixtures of Spherical

and Angular-Shaped Particles of Different Densities. Part. Sci. Technol. 2008, 26, 482-493

[5] Fernando, D. N.; Wassgren, C. R. Effects of vibration method and wall boundaries on size

segregation in granular beds. Phys Fluids 2003, 15, 3458

[6] Jiang, Z.; Jing, Y.; Zhao, H.; Zheng, R. Effects of subharmonic motion on size segregation in

vertically vibrated granular materials. Acta Phys Sin-Ch Ed 2009, 43-49

[7] Liu, Y.; Zhao, J. A model for the Brazil-nut segregation time. Granul Matter 2015, 17, 265-270

[8] Peng, Y.; Zhang, Z.; Wang, Y.; Liu, X. Experimental and theoretical investigations of the effect

of “Brazil Nut” segregation in vibrating granular matters. Acta Phys. Sin. 2012, 61, 279-286

247



Australasian Conference on Computational Mechanics  
ACCM2021 

13-15 December 2021, Western Sydney University 

The effects of density on particle deposition in the human respiratory 
tract  

Md. M Rahman 1, 2, Ming Zhao 1, *, Mohammad S Islam 3, Kejun Dong 4, 
and Suvash C Saha 3

1 School of Computing, Engineering, and Mathematics, Western Sydney University, Penrith, 
NSW, 2751, Australia; mdmizanur.rahman@westernsydney.edu.au  

2 Department of Mathematics, Faculty of Science, Islamic University, Kushtia-7300, 
Bangladesh 

3 School of Mechanical and Mechatronic Engineering, University of Technology Sydney, 
Ultimo, NSW 2007, Australia; mohammadsaidul.islam@uts.edu.au (M.S.I); 
Suvash.Saha@uts.edu.au (S.C.S) 

4 Center for Infrastructure Engineering, Western Sydney University, 2751 Penrith, NSW, 
Australia; kejun.dong@westernsydney.edu.au 

*Correspondence:  m.zhao@westernsydney.edu.au

Abstract 

Particle transport and deposition (TD) are influenced by lung structure, breathing patterns, and 

particle shape and sizes. Therefore, it is essential to assess different density particles TD in human 

lung airways for the effectiveness of inhaled drugs. Much research has been conducted to understand 

the effects of particle size on TD in the lungs. However, the effect of particle density on the particle 

TD in the lung airways has not to be addressed. The present study investigates TD of particles of four 

diameters (1μm, 3 μm, 7 μm and 10 μm) and two densities (400 kg/m3 and 2200 kg/m3) in generations 

0 to 4 airways of a human lung using computational fluid dynamics (CFD). The flow rate 

corresponding to intense physical activity (Qin=60 L/min) is considered during the simulation. The 

deposition rate of larger density (2200 kg/m3) particles is higher than that of lower density (400 

kg/m3). According to the findings, 68.7% of particles with the largest diameter (10 μm) and lower 

density (400 kg/m3) can pass generation 4 and enter the deep lung. In comparison, 10.83% of particles 

with the largest diameter (10 μm) and higher density (2200 kg/m3) can pass generation 4 and go to 

the deep lung. The present study's findings would help the targeted drug delivery in human lung 

airways.  

Keywords:  Airflow, high-density particle, low-density particle, Lung, Inhalation, Drug delivery, 

1. Introduction:

Experimental and computational studies of aerodynamics and particle TD in human lungs have been

conducted [1]. In addition, inhaled aerosol particles have been used as targeted drug-aerosol delivery

in the human lungs. Therefore, the details of particle deposition in the human lung airways are

essential for human health risk assessment [2].

Particle deposition in the mouth–throat and tracheobronchial lung airways has been studied through 

CFD investigations [3]. In addition, particle TD was simulated and analysed using a Weibel-based 

symmetric lung model for single [4], double [5], and triple bifurcations airways [6]. Recently, 

Rahman, et al. [7] investigated the effect of age on aerosol particle deposition in a human lung model 

up to 14 generations (the number of divisions of bronchioles is called generation). The results showed 

that aerosol particle deposition increased with the increase of either particle size or flow rate.  

Microparticle density and size are significant as a drug delivery into the lung airways for determining 

lung diseases. This study aims to understand the particle deposition rate of each generation (G0-G4) 

through CFD simulations. The results of this study will provide quantitative insight into how particle 

size and density affect particle TD. 
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2. Lung Model

2.1.  Lung Geometry and mesh generation

A three-dimensional (3D) five-generation (G0-G4) upper lung airways based on the symmetric model 

[8] are constructed by SolidWorks software, as shown in Fig. 1(a). When the computational mesh is

generated, ten-layers' smooth inflation is implemented near the wall, which can accurately predict the

wall boundary flow inside the lung airway in Fig. 1(b). The high-resolution mesh in the lung airways

shows in Fig. 1(c).

(a) (b) (c) 

Fig. 1. An overview of the symmetric lung model. (a)Tracheobronchial lung airways (G0-G4) for 

the adult lung, (b) Refined inflation mesh near the airway wall, (c) The mesh on the airway wall 

3. Numerical method

3.1. Airflow model and Particle transport and deposition model

The airflow in lung airways is solved using software ANSYS FLUENT. The governing equations for

airflow are the Reynolds-averaged Navier-Stokes (RANS) equations. To determine the particle TD

in human lung airways, the Lagrangian approach is used. The force balance equation of each particle

is represented as:
𝑑�⃗⃗� 𝑝

𝑑𝑡
= 𝐹𝐷 (�⃗� − �⃗� 𝑝) +

�⃗⃗⃗�

𝜌𝑝
(𝜌𝑝 − 𝜌)  (1) 

where �⃗�  and �⃗� 𝑝  are the fluid and particle velocities, 𝑔 ⃗⃗  ⃗ is the gravitational acceleration, 𝜌𝑃  is the 

particle density. 𝐹𝐷 (�⃗� − �⃗� 𝑝)  is the drag force per unit particle mass. In the simulations, 30400

spherical particles were injected randomly from the inlet surface at one time at generation G0. For 

particle deposition, a trap condition is considered on the lung airway wall, and an escape condition is 

considered at all outlets.     

3.2 Deposition Efficiency calculation 

The deposition efficiency of the n-th generation is defined as the percentages of the particles 

absorbed (trapped) in this generation of airways out of the particles released at the inlet boundary of 

each section, and it is represented by 𝜂.  

 𝜂 =
Number of particles are trapped in lung airways

Total number of particles released at the inlet of this section 
(2) 

4. Results and discussion

 We have selected two densities based on the properties of traffic (2200 kg/m3) and dust (400 

kg/m3) particles. Fig. 3 shows the effects of density on total particle deposition efficiency in the upper 

lung airways (G0-G4). The deposition efficiency of 10 µm particles with high density is much higher 

than the low-density particle. It can be found that 89.2% high density and 31.3% low density particles 

are deposited in the lung airways, respectively. The particle deposition efficiency increases with the 

increase of particle size because the impaction mechanism becomes stronger. Besides, the effect of 

density on particle deposition of 1 µm is significantly weaker. The particle deposition rate of 1 µm is 

14.1 % and 12.6 % for high- and low-densities, respectively. 

249



Australasian Conference on Computational Mechanics  
ACCM2021 

13-15 December 2021, Western Sydney University 

(a) dp=1 µm (b) dp=4 µm (c) dp=7 µm (d) dp=10 µm

Fig. 4 Particle deposition efficiencies at upper airways generation (G0-G4) of the lung defined in 

Fig. 1(a) at flow rate 60 L/min, (a) dp=1 µm, (b) dp=4 µm, (c) dp=7 µm, and (d) dp=10 µm 

How the density and particle size affect deposition rates 

at individual generations in the upper lung airways (G0-

G4) can be examined by the bar charts shown in Fig. 4. 

The locations of different generations are defined in Fig. 

1(a).  Most of the particles are deposited at generation G0 

for both density particles. Around 11.8% and 11.2% of 4 

mm particles are deposited at generation G0 for high- and 

low-density particles (Fig. 4b).  

5. Conclusions

We investigated the effect of density on microparticle

TD in the upper lung airways (G0-G4). According to the 

above findings, small diameter of the particle can go into 

the deep lung airways. However, the larger size particles 

with low density can also go into the deep lung airways. 
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Abstract: With the growing demand for engineered timber products, the numerical analysis of 

fracture behaviour between timber and the adhesive bond becomes an important parameter for 

reliability and applicability in design, planning, and construction. The failure behaviour of bonded 

timber joint resulted in a complex delamination process that involves combined glue and timber 

failure along the glue line in a brittle manner. However, the delamination phenomenon of a glue-

timber joint is often ignored and simplified as a perfect bond in typical numerical simulation. To 

investigate different failure mechanism in the interface of various engineered wood products, a 

realistic numerical prediction of strength and energy release rate along the glue line is essential. This 

paper focuses on the numerical modelling of the glue line and timber failure in Australian radiata pine 

subjected to Mode I double cantilever beam tests using a combination of the cohesive zone method 

and continuum damage mechanics. Numerical results are compared to independent experimental 

findings and calibrated for optimal cohesive zoon modelling by parametric study. The established 

optimum set of cohesive zone parameters are useful in modelling engineered timber products.  

Keywords: Cohesive Zone Method (CZM), Continuum Damage Mechanics (CDM), Double 

Cantilever Beam (DCB), Fracture energy, Glue line failure of timber joint. 

Introduction 

Timber is an anisotropic biological material often treated as orthotropic or transversely isotropic with 

longitudinal (L), radial (R) and tangential (T) fibre orientation. Most of the timber used in the 

construction industry as a sawn timber or engineered timber product in Australia is sourced from 

sustainable fast grown plantations, which has a range of defects and smaller diameter logs than 

natively grown timber from forest. With the help of adhesive technologies in Engineered Timber 

Products (ETP), those low-quality timber logs turn to versatile structural members such as cross-

laminated timber, glue-laminated timber, and laminated veneer lumber. In addition, adhesive 

technologies enable the design of more attractive and innovative wooden structural systems [1, 2]. 

Although a significant amount of progress has been achieved in timber adhesive technologies, 

concerning the characterisation and modelling of bond strength, fracture energy evolution and crack 

propagation in the bond still require extensive research investigations. Bond strength and fracture 

behaviour of timber glue joints are often considered as a perfect bond, and failure in the glue line is 

ignored [3, 4]. Without considering bond strength and fracture energy, numerical modelling can lead 

to over predictions of bending and shear strength in out of plane loading conditions [5]. The 

application of Cohesive zoon modelling in timber bond delamination is relatively newer than in 

composite material. The simulation of timber joint progressive delamination using cohesive elements 

requires experimentally calibrated traction-separation law, which is extremely mesh dependant and 

has difficulties developing gradual softening constitutive models.  

The application of Fracture energy of bonded timber can be specified by three different modes, i.e., 

Mode-I, Mode-II, Mode-III. This paper concentrates on the explicit nonlinear finite element analysis 
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of Australian radiate pine subjected to Double Cantilever Beam (DCB) tests to investigate Mode-I 

fracture behaviour of the glue line. In numerical modelling, a combined finite element approach of 

using Continuum Damage Mechanics (CDM) for timber fracture and the Cohesive Zone Method 

(CZM) for the glued interface are explored here. From the simulation, it has also been found that glue 

delamination process depends not only on cohesive material but also on timber strength, modulus of 

elasticity, timber fracture energy and crack development phenomenon. Therefore, a continuum 

damage mechanics (CDM) based material model has executed for timber modelling. After the 

successful experimental calibration with CZM, a solution of coarser mesh means with longer cohesive 

element length has proposed for further application in engineered timber products.  The key findings 

from this study will contribute to the nonlinear finite element analysis of engineered timber products 

which has far-reaching effect on improving building codes and standards for timber construction.  

 Methodology 

Double Cantilever Beam Test 

Experiments on Australian radiata pine and adhesive joints have been conducted by Mode-I DCB 

fracture tests. Since there is no standardised Mode-I fracture testing method for timber, ASTM 

D5528-13 [6] for Mode-I interlaminar fracture toughness for fibre-reinforced polymer matrix 

composites has been used. The timber beams were 300 mm long and 30 mm wide with a height of 30 

mm as shown in Fig. 1 Experimental set-up of DCB test and crack propagation during testing (a). 

Two beams were glued along the longitudinal grain direction using HB S309 PURBOND and 

specified clamping pressure, temperature and surface conditions were maintained according to the 

manufacturer’s guidelines. It was ensured that the moisture content of the timber was less than 12% 

and 180g/m2 adhesive was applied uniformly. DCB tests were conducted on an INSTRON 10 KN 

load frame and Digital Image Correlation (DIC) was applied to measure the crack length during 

testing. Crack propagation along the glue line of sample DCB-PP-8 at two instants are shown in Fig. 

1 Experimental set-up of DCB test and crack propagation during testing (b) and (c). 

(a) DCB test setup and configurations

(b): Crack initiation at 241 second 

(c) Crack propagation after 404 second

Fig. 1 Experimental set-up of DCB test and crack propagation during testing 

Finite Element Modelling of Mode I fracture test 

Brittle fracture behaviour of timber was simulated by the CDM-based material MAT-261 in the 

commercial finite element software LS-DYNA while the glue interface was modelled by CZM using 

material MAT-138. Cohesive material properties and mesh configurations are shown Table 1. 

Maximum principal stress of colour contours along the glue line and timber face and comparison 

between experiments and numerical results are presented in Fig. 2.  
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Table 1: Material properties and mesh configuration of cohesive elements. 

FEM-

Analysis 
Cohesive 

Element 

length(mm) 

Cohesive 

Element 

thickness(mm) 

Number of 

Elements 

Stiffness of 

Cohesive 

material (N-

mm) 

Fracture 

Energy 

Mode-

I(N/mm) 

Ultimate 

displacement(mm) 

Case-1 1 0.1-0.5 540,660 11,000 0.65 2.5 

Case-2 2 0.1-0.5 72,120 11,000 0.65 2.5 

Case-3 3 0.1-0.5 20,666 11,000 0.65 2.5 

(a): Maximum stress contour in MPa 

(Case-1) 

(b): Test vs FE results on load-extension for DCB-

Mode-1  

Fig. 2 Comparison between experiments and numerical results 

CZM element thickness as glue thickness ranges from 0.1 mm to 0.5 mm and element length from 

1mm to 3mm, respectively. Changing the element thickness from 0.1 to 0.5 has found no significant 

difference in overall delamination response. However, a considerable variation in delamination 

phenomenon and crack growth was experienced in different CZM element lengths. Fracture energy 

release rate for glue interface in CZM are implemented by Double Cantilever Beam (DCB) test and 

kept constant in all simulations. Other cohesive zone parameters were established by an optimum 

solution through trial and error between experimental and numerical crack propagation history. 
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Abstract. Data-driven calibration techniques are presented to find suitable input parameters for the 

finite element simulation of progressive damage in fibre reinforced composites. Different artificial 

neural networks evaluate 10,000s of simulation results obtained from virtual progressive fracture 

tests in tension and compression. It is demonstrated that the calibrated material models are able to 

predict strength values in various open-hole geometries with a maximum error of 7%.

Keywords: Finite Element Analysis; Composites; Continuum Damage Mechanics; Machine 

Learning  

Introduction 

Fibre-reinforced polymer (FRP) composites are widely used in a large range of applications thanks 

to their exceptional strength-to-weight ratio and stiffness. The properties of advanced composites 

can be tailored effectively to satisfy specific requirements by careful selection of raw materials, fibre 

architectures, lay-ups and processing parameters. 

This large design space comes at a cost. To certify composites for aerospace structural applications, 

industry must rely on the building-block approach for which comprehensive testing programs must 

be undertaken. Designers require a high degree of confidence on the performance of advanced 

composites, in particular their actual capacity to safely carry loads. Hence a robust assessment of 

damage evolution and fracture is a critical aspect of material development. Finite element (FE) 

simulation is one method to virtually assess composites before costly and time-consuming 

manufacturing and testing. 

Besides the technical challenges around the simulation of progressive damage in FRP composites, it 

is important to establish clear calibration procedures to determine required input parameters. 

This study presents a systematic approach to use artificial neural networks to find suitable input 

parameters into a continuum damage mechanics model in the commercial FE software LS DYNA. 

Thanks to the efficiency of these FE models, over 10,000 simulation results can be generated to 

ensure sufficient training of the neural networks. 

It is shown that the presented modelling approach in combination with machine learning assisted 

calibration is able to predict size effects in open-hole coupon test samples subjected to tensile and 

compressive loads. 

Finite Element Modelling of Progressive Damage 

The simulation of quasi-isotropic FRP laminates allows for applying isotropic properties in a sub-

laminate based model when delamination is negligible [1, 2]. The material card MAT81 in LS-

DYNA models elastoplastic materials with user-defined isotropic stress–strain curves to account for 

the coupling of damage and plasticity. Although this material model is easy to apply, it requires high 
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quality physical testing and data analysis in order to extract physically meaningful input data to 

simulate damage progression.  

Here, progressive tensile/compressive fracture tests illustrated in Fig. 1 and their analysis on quasi-

isotropic [90/45/0/- 45]4𝑠 IM7/8552 Carbon Fibre-Reinforced Polymer (CFRP) laminates are 

considered. In these cases, failure was mainly fibre-dominated with negligible interlaminar 

delamination [3]. Therefore, these test configurations are ideal candidates to calibrate MAT81. 

(a) (b) 

Figure 1: Illustration of (a) Over-height Compact Tension (OCT) and (b) Compact Compression 

(CC) tests to quantify progressive damage evolution in IM7/8552 CFRP laminates.

Machine Learning Based Calibration 

Instead of sophisticated experimental analyses, data-driven approaches in form of machine learning 

(ML) have been investigated to find suitable damage parameters based on the progressive Over-

height Compact Tension (OCT) [4] and Compact Compression (CC) fracture tests [5] by only

evaluating Force vs POD data.

Thanks to the low computational cost, 10,000s of FE simulations were generated to establish large

datasets for the use of neural networks. In tension, a theory-guided neural network architecture was

established to solve the inverse FE problem [4]. For compressive loadings, recurrent neural

networks with long short‐term memory architecture solved the forward FE problem [5].

Fig. 2 (a) and (b) show Force-POD graphs obtained from ML-trained simulations and experiments 

in OCT and CC tests, respectively. It can be seen that these results are in good agreement, outlining 

the capabilities of simulations to capture progressive damage evolution in tension and compression. 

(a) (b) 

Figure 2: Comparison between simulated and experimentally measured Force vs Pin Opening 

Displacement (POD) graphs IM7/8552 CFRP laminates in (a) OCT and (b) CC tests. 
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Validation: Open-Hole Tension/Compression Tests 

Three different geometries in Open Hole Tension (OHT) and Open Hole Compression (OHC) tests 

have been considered consisting of small, medium and large specimens [2]. The ratio between the 

width of the test specimen and the diameter of the hole is 5. Hole diameters in OHT are 3.2 mm, 6.4 

mm and 12.7 mm in the small, medium and large configuration, respectively. In OHC tests, the hole 

diameters are 6.4 mm, 12.7 mm and 25.4 mm for the small, medium and large test specimen, 

respectively.  In each of the simulations, a prescribed displacement is imposed on one edge along 

the gauge length of the test samples and nodes at the opposite edge are fully constrained. 

Table 1 shows the strength values obtained from simulations and experiments. It can be seen that 

the maximum prediction error is 3.8% and 6.7% in tension and compression, respectively. It should 

be noted that the efficient modelling consisting of one shell element through the thickness enables 

faster-than-realtime analyses with simulation times of 2-3 min on conventional computers using 8 

CPUs. 

Table 1: Strength values (MPa) from open-hole tension and compression tests on quasi-isotropic 

IM7/8552 CFRP laminates. 

Loading Tension Compression 

Geometry Small Medium Large Small Medium Large 

Experiment [6, 7] 478 433 374 351 300 285 

Simulation  [2] 486 419 359 369 320 285 

+1.7% -3.1% -3.8% +5.2% +6.7% 0.0% 

Summary 

This study shows that it is possible to simulate damage evolution in fibre-reinforced laminates 

reliably and efficiently after thorough calibration of damage properties in progressive fracture tests 

using machine learning. The finite element simulation of open-hole tension/compression tests yield 

accurate results with errors of up to 7% compared to experimental measurements. The efficiency of 

the presented models enables fast predictions which allows for applications to large-scale composite 

structures used in real-life scenarios such as aircraft components.  
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Abstract 

The world is experiencing a rapid surge in demand for bone implants due to the ever-increasing 

number of bone defects arising from accidents and diseases. The design and preparation of bone 

scaffolds is a significant part of the treatment procedure as bone tissues tend to grow alongside the 

scaffold surface. Additive manufacturing (AM) revolutionises the fabrication process of bone 

scaffolds due to their ability to construct irregular and complex shapes. This study focuses on 

verifying compatibility of different scaffold designs and materials with AM to fabricate metal-based 

scaffolds. Residual stresses and deformation of the AM manufactured scaffold are numerically 

analysed to compare characteristics of varying design structures and materials. 

Keywords: Bone Scaffold, Additive Manufacturing (AM), Residual Stresses, Design Optimisation, 

Numerical Modelling  

Introduction 

Human bones have an ability to heal and regenerate, however, it is ineffective for large sized defects 

or injuries. In addition, it poses substantial challenges to the patient’s health and quality of life. 

Therefore, Bone Tissue Engineering (BTE) scaffolds should provide a three-dimensional (3-D) 

environment that mimics the natural bone extracellular matrix to promote cell adhesion, proliferation, 

differentiation, and sufficient physical and mechanical properties for new tissue generation [1]. An 

ideal BTE scaffold consists of appropriate mechanical properties, interconnected gradient pore 

structure, biocompatibility, osteoconduction, excellent permeability and patient specific degradation 

rate. 

In 2008, a novel CAD system was proposed, named Computer Aided System for Tissue Scaffolds 

(CASTS), which is based on convex polyhedral cells for AM applications. Neglecting some issues 

with powder getting trapped within the scaffolds, CASTS is deemed to be a viable system for scaffold 

generation [2]. It was observed that significant bone growth could be achieved when ideal pore size 

is greater than 300 µm, with 20 to 1500 µm being an accommodating pore size range for tissue growth 

[3]. An increase in surface thickness of the unit cell, results in a less homogeneous distribution of 

tensile stress inside the models. Minimal Surfaces enable the design of smooth biomorphic constructs, 

providing an optimal biomechanical environment for cell attachment, migration, and proliferation, 

enabling optimisation of the relation between surface area, porosity, and mechanical properties [4]. 

In recent years, AM has experienced a considerable surge in popularity for scaffold manufacturing 

due to significant advantages over conventional methods in construction of complex structures. 

Several AM methods have been employed in recent years to manufacture biomedical components [1]; 

however, this study solely focuses on 3D printing to construct bone scaffolds. 

Bone scaffolds are usually designed using Computer Aided Design (CAD) software, derived from 

medical imaging, which can be built layer-by-layer by using additive manufacturing [5]. AM has 

numerous advantages over conventional methods including the ability to control architecture of the 

bone scaffold at a lower production cost. However, additively manufactured products possess slightly 

lower mechanical strength than conventional methods, and the number of compatible materials is 
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limited. Though, unique features of AM outweigh these limitations. Therefore, it is believed that AM 

has a great potential to become the primary method for scaffold generation.  

Overall, this study aims to investigate the compatibility of AM with the proposed design structures 

and materials. 

Materials and Methods 

Four different scaffold structures were created by using a powerful CAD tool – SolidWorks. To 

accommodate characteristic comparison among all the designs, each scaffold structure was designed 

to be 1000 mm3 in volume, with a 65% porosity and a tolerance of 0.5% due to limitations provided 

by different scaffold designs. Since AM system has a dimensional accuracy of 300 - 400 µm range, 

the minimum thickness of all the designs was 400 µm or greater. 

(a) Schwarz Primitive (b) Gyroid (c) Square (d) Lattice

Figure 1: Bone Scaffold Structures 

The chosen scaffold materials to be used were titanium and steel alloys designated as TiAl6V4 and 

17-4PH, respectively, due to their biocompatible nature and mechanical properties such as high

corrosion resistance, high strength, good rigidity, etc. MSC Simufact Additive was utilised for

numerical evaluation of the scaffold design and relevant material’s compatibility with AM by

analysing total deformation and residual stress in the model.

Results and Discussion 

Figures 2 and 3 show that the maximum deformation and residual stresses in the scaffold structure 

are higher when the material is TiAl6V4 than those from 17-4 PH. Withal, 17-4 PH shows 

approximately 50% and 25% reductions in maximum deformation and residual stresses, respectively, 

compared to TiAl6V4. However, both materials show no noteworthy differences in the relation 

between the values of maximum deformation and residual stress for every scaffold design. 

Figure 2: Maximum Deformation of Scaffold structure for 17-4 PH and TiAl6V4 
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Figure 3: Maximum Residual Stresses in Scaffold structure for 17-4 PH and TiAl6V4l 

(Provided residual stress contours correspond to 17-4 PH material) 

The results evident that lattice structure undergoes the least deformation when the material is 

TiAl6V4. However, when the material is changed to 17-4 PH, square structure extracted the lowest 

deformation. Regardless of the discrepancy in deformation values, square structure possesses the least 

residual stress for both materials after AM. Withal, schwarz primitive structure shows the highest 

deformation and residual stresses regardless of the material type. 

Conclusion 

The study aimed to investigate the compatibility of AM with different scaffold designs and materials. 

The results definitively display the superiority of steel alloy 17-4 PH over titanium alloy TiAl6V4 for 

its 3DP compatibilities. It is also evident that square structure provides better compatibility with 3DP 

over other structures. A further study including physically 3D printing of the included scaffolds 

should be incorporated alongside mechanical strength testing to confirm the available results. Overall, 

this study provided significant insights about the relation between the scaffold structure, its material 

and AM.   
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Abstract. Abdominal Aortic Aneurysms (AAA) rupture as a result of arterial wall stresses exceeding 

failure strength. An accurate representation of the arterial wall properties will improve stratification 

of AAA rupture risk. Modeling of the arterial wall has been often idealized to single or three-layered 

systems composed of the intima, media and the adventitia, leading to overestimation of arterial wall 

stresses. This study aims at developing a novel, spatially varying, heterogenous material model that 

would accurately reflect the structural meta-material like physiological behavior of the arterial wall. 

Three material models were developed, the first a constant strength medial layer, the second model 

included the partial effects of each layer with a gradual variation in properties between each layer, 

and the third model approximated a weakened medial layer representing arterial dissection. These 

formulations were applied to an idealized aneurysm model and Computational Solid Stress (CSS) 

simulations were performed under pulsatile pressure conditions applied to the arterial wall. The 

results indicated highest Peak Von Mises Stress (PVMS) were experienced by the second material 

model and lowest by the first model with a 20.57% difference indicative of aging, and wear and tear. 

The range of von Mises stresses was maximum at the media using the second model (135 kPa), 

establishing a zone of high cyclic loading susceptible to rupture. Additionally, behavior of the second 

material model closely matched a previous fluid-structure interaction study demonstrating a more 

computationally inexpensive approach potentially leading to a clinically translatable solution. 

Keywords: Abdominal Aortic Aneurysms, Wall stress, Arterial wall, Biomechanics, Finite Element 

Analysis, Structural Metamaterial  

Introduction 

The rupture of an Abdominal Aortic Aneurysm (AAA) can be attributed to a state of arterial wall 

stress where it exceeds the breaking stress of the tissue. The current clinical assessment criterion of 

maximum transverse diameter of 55 mm has been found to be insufficient to stratify AAA rupture 

risk. Therefore, an accurate material model of the arterial wall is pivotal to understanding and 

assessing disease progression and eventually, rupture [1]. The abdominal aorta is anatomically 

defined as a three-layered vessel; tunica intima, tunica media and tunica adventitia separated by an 

elastic lamina. There is an increase in the wall thickness as the abdominal aorta ages from birth. This 

is most prevalent in the tunica media wherein a small increase in lamellar units and a significantly 

large increase in the thickness of each unit is observed [2]. Subsequently, a radial distribution of 

layers with varying age and mechanical properties is to be expected [3]. Hyperplastic constitutive 

material models, though accurate in the case of single, thin layers, tend to overestimate the intima 

strength and underestimate the medial strength when applied to single or three-layered idealizations. 

The intima rather than a single cell endothelial layer is often idealized to a layer section (of about 

0.3[mm]) that includes the internal elastic lamina and parts of the weaker media. The media is often 

idealized to a single, large layer without accounting for differences in the mechanical properties of 

regions of varying age and wear. These idealizations neglect the true radial stratification of 

mechanical properties within an aorta which lead to erroneous results [4] without accounting for 

patient specific variations and additional conditions such as dissections. Furthermore, large 

inconsistencies between Fluid Structure Interaction (FSI) and Computational Solid Stress (CSS) 

results necessitate high computational expense for reasonable accuracy. This study aims to overcome 
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these drawbacks through a novel methodology of spatially varying, heterogenous material models 

applied to the arterial wall, allowing for improved results without the overestimations observed in 

composite wall approaches. 

Methods 

An idealized, fusiform, axisymmetric aneurysm model 

with a non-dilated aorta diameter of d = 20 mm and a 

maximum transverse diameter of D = 60 mm was 

generated and meshed with an element size of 1mm using 

SALOMETM. Three spatially varying heterogenous 

material methodologies were used with a Neo-Hookean 

hyperplastic constitutive system with a heterogenous 

Youngs modulus as a function of radial distance from the 

inner wall surface (Fig. 1). The first method employed 

accounted for a media with constant properties and a 

varying intima and adventitia and was accomplished by an 

Akima Cubic Spline Interpolation. The second method 

incorporated a 50% inclusion of the effects of a constant intima, media and adventitia through a 

Piecewise Cubic Hermite Interpolating Polynomial (PCHIP). The third method was generated by 

means of a Bell Curve. The material model curves were generated using the scipy libraries available 

in Python 3. The arterial wall density was set to 1120 kg/m3 with a Poisson’s ratio of 0.45. The meshed 

geometric model was subjected to a pulsatile pressure applied at the inner surface of the arterial wall 

[4]. Simulations were performed using the open-source Finite Element software suite, FEBio, over 2 

cardiac cycles. Results were extracted at the second cardiac cycle to damp out any initial transients. 

Results and Discussion 

 The Peak Von Mises Stress (PVMS) variation across the 

wall thickness at the systolic peak showed lowest stresses 

for the first material model with a value of 263.4 kPa. This 

may be attributed to its representation of a young aorta in 

a state of growth with little wear and tear. The second 

material model induced the highest PVMS across the wall 

thickness with a maximum value of 317.5 kPa, 

representing an aging aneurysm with significant wear and 

tear, which was also accompanied by a noticeable 

increase in the gradient of stress between layers (Fig. 2). 

A 20.57% increase in the peak values between the first 

and second model indicate the increase in rupture 

potential with aging and wear and tear of the aorta. The 

third model showed a delayed PVMS peak, indicating 

dissection like conditions in the arterial wall. The 

variation of model 2 is similar in behavior to a model 

developed as a result of FSI modeling [4] thereby 

demonstrating the effectiveness of the present model. 

The range of Von Mises Stress (VMS) across the wall 

thickness per cardiac cycle follow trends similar to those 

of the material models (Fig. 3). The first model exhibited 

a maximum range of 110.47 kPa and the second model,135 

kPa, leading to a 22.17% increase in maximum range of 

stress between the first two models. This in turn indicated a large cyclic loading system being induced 

at the regions of maximum stress along the wall thickness [5]. 

Fig. 1 Material Models Investigated 

Fig. 2 PVMS Variation with Wall 

Thickness

Fig. 3 VMS Range vs Wall Thickness
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The Von Mises stress showed maximum temporal variation at the intima with a corresponding 

minimum in the second model (Fig. 4). A reversal in roles was found in the media thereby possible 

indicating a high rupture potential due to that layer being 

the driver of arterial wall failure. In the adventitia, the third 

model showed a marginal increase over the second model, 

affirming similar rupture potentials between aging, wear 

and tear and physiological conditions such as dissections. 

Strain energy density variation across wall thickness was 

also computed and observed to have similar behavior of 

PVMS variation, thus affirming the observations of high 

rupture potential at the media (Fig. 5) [5]. 

 

Conclusions 

This study has demonstrated that a spatially varying 

heterogenous material model allowed for the quantification 

of the effects of aging and wear and tear of an AAA. The increase in PVMS with age along with the 

increase in cyclic loading stress during the cardiac cycle represent physiological conditions leading 

to elevated rupture potential. Furthermore, the gradual variation in stresses across the arterial wall 

thickness mimic physiologically realistic conditions that closely match conventional 3-layered FSI 

results. Hence, this novel approach allows for modelling patient specific material conditions 

improving risk stratification of AAAs. Though a Neo Hookean material model was employed for this 

study, the methodology may be easily extended to any hyperplastic constitutive model, allowing for 

greater consideration of the material properties based on experimental data. This study is the first to 

employ spatially varying heterogenous material properties to the best of the authors’ knowledge. 
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Abstract. Using a case study cable-stayed bridge installed with a structural health monitoring 
(SHM) system, this paper studies and compares three common finite-element modelling approaches 
to simulate the bridge deck and identify its global dynamic characteristics. The modal properties of 
the three case study bridge models are identified and compared to those identified from the SHM 
vibration data using operational modal analysis. A candidate model is then selected for further 
model updating to achieve the best fidelity with the field monitoring data. 

Keywords: Structural Health Monitoring, Cable-Stayed Bridge, Modal Analysis. 

Introduction 

The primary aim of structural health monitoring (SHM) systems for long-span bridges is to ensure 
the structural integrity of the bridges by monitoring their dynamic behaviour over time. An 
additional challenge of managing these bridges is the development of numerical models that can 
accurately assess their dynamic characteristics, such as modal frequencies and mode shapes. 
Readily available field monitoring data can now afford the opportunity to validate and update the 
finite element (FE) models of these bridge structures. Additionally, an accurate model serves as a 
baseline reference for damage detection and long-term monitoring efforts. Furthermore, precise 
initial models can better facilitate the updating process. For modelling cable-stayed bridges, 
published literature presents a variety of modelling approaches each with varying degrees of 
accuracy and computational advantages and disadvantages.  

This paper firstly presents a review of the most commonly adopted methodologies for the FE 
modelling of cable-stayed bridges. Focusing on the superstructure, techniques of modelling deck 
girders are considered. Secondly, a case study bridge is modelled in three different ways identified 
from the literature to compare the effect of deck modelling approaches on its overall behaviour. 
These simulation results are compared to the observed dynamic behaviour measured from the on-
structure SHM system. A compatible model is chosen for further updating to reach a better 
agreement with the measurement data. 

Cable-Stayed Bridge Deck Modelling Approaches 

The FE modelling approaches for bridges are usually classified by their level of resolution and 
detail. The literature [1,2] makes this distinction by the type of elements (line, plate, solid) used, the 
number of dimensions (1D, 2D, 3D) used, as well as the anticipated physical behaviour that the 
model can predict (local or global behaviour). Modelling work specific to global behaviour of 
cable-stayed bridges [3,4] has several commonalities, namely that 3D space-frame models are used 
consisting of line elements for the deck, towers, end piers, and stay cables. Further distinction is 
made by how many longitudinal line elements are used to represent the deck, most commonly 
single-, double-, or triple-girder model (Fig. 1, Fig. 2, or Fig. 3, respectively).  
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Fig. 1 Single-girder model Fig. 2 Double-girder model Fig. 3 Triple-girder model 

The choice of deck modelling approach depends on the actual shape and construction of the bridge 
deck (i.e. box section or open section girder) and has subtle effects on its dynamic behaviour, 
especially regarding the vertical bending and warping stiffnesses [4,5]. While there have been 
comparisons between any two different types of approaches [5,6], to the best of the authors’ 
knowledge no study exists where all three modelling approaches are compared for the same bridge 
and validated against the field SHM data. 

Case Study Bridge 

The Phu My cable-stayed bridge, located over the Saigon River in Ho Chi Minh City, Vietnam and 
opened to traffic in 2009, is a critical link in the highway system around the city and an important 
part of the transport corridor from the southern Mekong Delta region to the central parts of 
Vietnam. The concrete bridge is 705m long with a 380m main span. A 27.5m wide open-section 
deck carries vehicular and pedestrian traffic only and is supported by 144 stay cables connected to 
H-shaped towers. To ensure its structural integrity and operational safety, a SHM system was
installed in 2019 comprising three inclinometers on the eastern pylon, eight accelerometers – four
placed on the eastern side deck and another four on the longest mid-span stay cables, one weather
station, and one anemometer. Vibration data over a 5-month period, from July to November 2020
was used to determine the modal properties of the bridge using operational modal analysis (OMA).

Initial Models of the Phu My Bridge 

Three initial finite element models of the Phu My bridge were created based on space frame single-, 
double-, and triple-girder modelling approaches. Using as-built documents for geometry and 
material properties, the models were constructed using linear elastic beam elements for the deck, 
towers, and piers, single linear elastic truss elements for the cables, and elastic or rigid links for the 
connections and boundary constraints. The girder properties and non-structural mass in the single-
girder model were divided by two and three, respectively, for their double- and triple-girder 
counterparts. Dynamic analyses of all three models were conducted using Abaqus software and the 
results are presented in Table 1 alongside the OMA results from the SHM system. 

Discussions 

A noticeable difference between the three models is the occurrence of the lateral and torsional 
modes (Table 1). The reduced lateral stiffness of the single-girder model causes the first lateral 
mode at 0.406 Hz compared to 0.629 Hz and 0.590 Hz for the double- and triple-girder models, 
respectively. Likewise, the first torsional mode occurs at 0.792 Hz, 1.151 Hz (not shown), and 
1.007 Hz (not shown) Hz for the single-, double-, and triple-girder models, respectively. A 
comparison to the OMA mode types shows a direct correlation with the single-girder model with 
the lateral and torsional modes coinciding in the same order and reasonable consistency in the 
natural frequencies. Given the limited number of sensors located on the case study bridge, the 
single-girder model produces better correlation in terms of the order of mode shapes when 
compared with the OMA results. While the double- and triple-girder models produce closer natural 
frequencies to the OMA for some modes, manual adjustment is necessary for mode shape matching 
with limited increase in the accuracy of the global modal property identification. Moreover, the 
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additional model parameters of the double- and triple-girder models may further complicate the 
model updating process as more parameters need to considered and fine-tuned. For the reasons 
given above, the single-girder model was selected as the best candidate for further model updating 
of this case study bridge. 

Table 1. Phu My Bridge natural frequency and mode shape comparison 

Mode 
Single-girder 
model  

Double-girder 
model  

Triple-girder 
model  

OMA mean 
values 

Frequency (Hz) 
1 0.248 (v) 0.258 (v) 0.252 (v) 0.281 (v) 
2 0.331 (v) 0.345 (v) 0.344 (v) 0.362 (v) 
3 0.406 (l) 0.505 (p) 0.501 (p) 0.430 (l) 
4 0.469 (v) 0.518 (p) 0.518 (p) 0.479 (v) 
5 0.515 (p) 0.518 (v) 0.522 (v) 0.555 (v) 
6 0.518 (p) 0.577 (v) 0.580 (v) 0.613 (v) 
7 0.552 (v) 0.618 (v) 0.590 (l) 0.668 (v) 
8 0.600 (v) 0.629 (l) 0.628 (v) 0.690 (v) 
9 0.644 (v) 0.675 (v) 0.677 (v) 0.796 (v) 
10 0.792 (t) 0.892 (v) 0.884 (v) 0.854 (t) 

Note: mode shapes include v = vertical mode, l = lateral mode, p = pylon/pier mode, 
t = torsional mode. 

Conclusion 

Modelling a bridge deck as a single or several line-beams has inherent uncertainties regarding how 
precise the geometrical properties are defined and how accurate the non-structural mass is 
distributed. Three of the most common approaches (single-, double-, and triple-girder models) for 
modelling a case study cable-stayed bridge deck were used to compare its global dynamic 
behaviour with the SHM monitoring data. Despite the case study bridge having an open-section 
deck girder, which would suggest the use of a double- or triple-girder model, the single-girder 
model was found to be the most truthful in terms of natural frequencies and the order of mode 
shapes. With further manual adjustment, the double- and triple-girder models may be limited in 
achieving improved fidelity with the SHM data, which could be attributed to the small number of 
sensors placed in a single longitudinal line along the bridge deck. Given the accuracy of the initial 
single-girder model, this model was chosen for further updating of the case study bridge for long-
term monitoring purposes. 
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Modelling of reacting flows and industry applications: Recent work of 
hydrogen injection processes in ironmaking blast furnaces 

Yansong Shen 
School of Chemical Engineering, University of New South Wales, NSW 2052, Australia 

Email: ys.shen@unsw.edu.au 
Abstract. Process design and control plays a significant role in modern industries. Most processes 
and reactors are very complex, as they usually involve not only multiphase flows but also heat and 
mass transfers related to chemical reactions and their interactions and vary intensively. The 
operation must be optimized in order to be competitive and sustainable, particularly under the more 
and more demanding economic and environmental conditions.  This will need continuous 
innovative research and development. Computer simulation and modelling, supported by online 
data and experiments, has emerged as an indispensable adjunct to the traditional modes of 
investigation for design, control and optimization of processes, reactors, and devices.  In this 
presentation, A/Prof. Shen will report his recent research on process modelling of reacting flows 
and the applications to a range of complex processes and reactors in conventional and emerging 
industries. Several examples of the injection hydrogen in ironmaking blast furnaces will be used for 
demonstration.
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Abstract 

The technical study of many medical devices is being conducted through Computational Fluid 

Dynamics (CFD) which is a powerful tool to optimize the design and evaluate the performance 

of the device before it manufactures. A bunch of experimental and CFD studies was performed 

to measure the impeller rotation effects in centrifugal blood pumps as impeller rotation plays a 

vital role in developing pressure in a centrifugal blood pump. However, the impeller rotation 

effects on many fluids are still unknown. The purpose of the current study is to investigate the 

impeller effects on fluid for the smooth operation of a centrifugal blood pump. CFD was used 

to simulate the fluid flow inside a centrifugal pump for both fluids. The simulation was 

conducted on the generated mesh using an advanced meshing technique. The results showed 

that changes in the pressure and other properties of the fluid has a significant difference 

between the centrifugal blood pump and a water-based pump. The numerical results 

demonstrated that lower density of the fluid led to a higher head gain in a centrifugal pump. 

Besides, shear stress elevation was observed due to stagnation points around the impeller and 

casing of the pump, and the pressure difference among the blades. The pressure developed on 

the blade profile was found highest in the water centrifugal pump which is calculated 1.09104

Pa, and 10.8 Pa in blood centrifugal pump. It was also observed that shear stress induced by 

impeller due to centrifugal force, which may lead to thrombogenicity and damage of blood cell 

in the blood centrifugal pump. Likewise, the impact of friction between the moving blade and 

the fluid has significantly influenced the fluid flow, which is found mainly with high viscosity 

of fluid than the lower viscosity. The findings of the present study would provide the optimum 

design reference for designers to reduce the shear stress on fluids in blood centrifugal pumps. 

A recommendation for further research to control the impact of shear effects on the case of a 
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centrifugal blood pump is proposed, which was observed while studying shear stress 

distribution in this research. 

Keywords: Blood centrifugal pump; Water pump; CFD; Shear effects; Turbulence kinetic 

energy.  

1. Introduction

A Centrifugal pump is the type of pump, which helps to develop the pressure with any viscous 

fluid. Alternatively, a rotary pump is used to perform the same applications. However, the 

centrifugal pump is more efficient with high viscous liquid than a rotary pump. A Centrifugal 

pump is used to transmit the fluid from one place to another, which can be performed by 

creating pressure difference at the inlet to the outlet (Logan Jr 1993).  There are two primary 

components in the centrifugal pump: a rotating constituent (impeller and shaft) and a fixed part 

(casing and bearings). The impeller creates velocity, and the housing aims to guide the fluid, 

transforming velocity to pressure. The fluid enters into the pump through the impeller’s center, 

and the liquid is transferred to the outer diameter by the impeller’s rotation. The vanes extend 

from the impeller’s center, minimize the speed and thus cause an increase in pressure. 

Centrifugal blood pump is also being used to maintain the flow of blood while doing surgery 

of the human heart (Stepanoff 1957). One of the earlier development in a blood pump was 

conducted for a permanent change of heart failure to provide a cardiac function efficiently 

(Kusserow 1958). The use of CFD to develop new medical devices was also recognized by the 

United States Food and Drug Administration (Food, Drug Administration %J Washington & 

Administration 2016). However, the first computational interlaboratory study results published 

by FDA’s in 2012(Stewart et al. 2012), later they used a centrifugal pump as a bench test (Heck 

et al. 2017). However, a bunch of experiments was conducted on animals to make an efficient 

blood pump. A 3-D viscous flow computation is performed using a mixed flow impeller on 

various tip clearance (Goto 1992). The study revealed that reverse flows at the ample tip 

clearance were reported due to tip leakage. Later, they investigated  the flow field 

characterization for pump impeller experimentally as well as numerically (Kaupert, Holbein & 

Staubli 1996). The experimental measurement reported that the flow had in the reverse 

direction at the shroud side of the inlet and outlet of the impeller. The numerical calculation 

illustrated bubble formation happened at the recirculation zone due to the stable characteristics 

of the impeller. A wide range of CFD studies has been conducted to investigate the fluid flow 
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for different types of geometry configurations. The twisted blades have greater efficiency 

compared to the straight blades (Zhou et al. 2003). However, there is no methodology used to 

get the optimum mesh sizing for pumps M1, M2, and M3 in this study. It is also observed that 

the M1 pump has severe recirculation near the impeller passage as the flow was smoother in 

the other two pumps (Zhou et al. 2003). This study also suggested that the overall efficiency 

of twisted blades is higher than the straight blade.  

They modified the original design of their pump and generated a more advanced design 

(Gravlee 2008). The roller ran along with tubing held in place by a grooved backplate, which 

served as a way to inhibit lateral motion while using the pump. The main challenge of designing 

a blood pump is to produce such pressure to pump the blood into the patient's body so that the 

damage of the blood cells will be minimum. The amount of uncontrol acceleration applied to 

the pump may damage the blood cell. If the acceleration is too high, the blood cells will rupture, 

and the fluid will cavitate. To solve these problems, the CFD technique is used, in which 

engineers can use computer models to adjust aspects of the design and prevent stagnant areas 

for the blood to clot, as well as decrease high shear regions (Behbahani et al. 2009). Later, flow 

is analyzed using composite materials for pump design. The study reports that aluminum alloy 

has less chattering noise than any other materials, and impeller provides high performance and 

efficient CAPA with this material(Kumar et al. 2016). Moreover, many studies revealed the 

effect of the clearance gap on blood damage (Graefe, Henseler & Steinseifer 2016). They 

investigated that a small clearance gap can cause of high shear stress in fluid and decrease the 

performance of the pump. On the other hand, a large gap can be beneficial in flow distribution, 

which leads to higher vorticity. Recently research focused on the pump efficiency with respect 

to blade was also conducted to design a reliable blood centrifugal pump (Wiegmann et al. 

2018). They found that the flow can be guided in a better at the outlet of the impeller and better 

efficiency with increase number of blades, however, this can be vice-versa after increasing the 

certain number of blades. In the following year, a study was conducted to determine the axial 

and radial clearances effects on centrifugal rotary blood pump (Rezaienia et al. 2018). They 

revealed that in redial clearance efficiency increase until radial clearance is equal to .015 mm, 

after that it reduces. Moreover, a study has been conducted regarding the temperature rise in 

an insulated centrifugal pump (Sojoudi et al. 2018). It is found that the higher speed of the 

impeller can cause the temperature of the fluid to rise. It is justified from their experimental 

study. Moreover, if the rotational speed of the centrifugal pump is increased, the properties of 

the fluid may alter. This finding may also be applicable to the blood pump. This study, however, 
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does not show any impact of shear stress on fluid. The characteristic flow studies have also 

been carried out using different types of centrifugal pumps and several positions of the pump. 

However, comparison of two fluids has not been reported so far. An extensive eddy simulation 

method is used to identify the characteristics of the fluid in a volute type centrifugal pump with 

off design and design mode (Kye et al. 2018). They have investigated that bubbles are found 

in both cases. However, pressure changes very slowly from the impeller to the volute section. 

They have conducted a numerical study to determine the flow properties in the hub crown plate 

of the pump (Dong & Chu 2018). They have proved that clearance of leakage rate in the 

impeller sealing ring reflects flow in hub crown plate and other parameters. Later, the Rayleigh-

Plesset cavitation method is used to observe the effect of cavitation in multistage centrifugal 

pump (Rakibuzzaman et al. 2018). Their results show that cavitation may have an impact on 

both efficiency and flow of fluid in a pump. Recently , more CFD work has been complemented 

with two different impellers having 6 and 12 blades respectively(Bozzi et al. 2020). They 

suggested that 12 blades pump has more value of stress rate and lower value of stress rate and 

other side with 6 blades provided better blood recirculation. In the following year, optimum 

shroud size has been identified with hydrodynamic bearing to reduce hemolysis in levitated 

centrifugal blood pump (Kosaka et al. 2021). They results showed that the optimum size of 

shroud diameter was 13.5mm which can be helpful to reduce the impact of hemolysis. A 

numerical investigation has been done to investigate on five different volute design to increase 

the pump performance (Aka, Ozturk & Lazoglu 2021). It was observed that the tongue angle 

with 20 degree has a minimum chance of blood damage in blood centrifugal pump. Several 

studies have been conducted to identify various flow characteristics to obtain an optimum fluid 

flow in centrifugal pumps. The centrifugal pump has been used in many engineering 

applications. The blood centrifugal pump is the latest development in this field. Very few 

studies have been performed to measure the properties of the flow of two or more fluids using 

the same geometry. However, it is very important to compare the behavior of two fluids into 

the same pump due to the high operation efficiency requirement in a centrifugal blood pump. 

The present CFD study has analyzed the flow characteristics of two different fluids in the 

centrifugal blood pump. The numerical simulations have been conducted using water and blood 

as fluids on the same geometry of the centrifugal blood pump.  

2. Methodology
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2.1 Pump Design, Grid Refinement, and Boundary Conditions 

A 3-D geometry of the pump has been created using Solid Works. The present centrifugal blood 

pump has eight curved blades, which are fitted on the hub of the pump. The 3-D Cad view and 

generated mesh of the centrifugal pump casing are shown in Fig. 1(a) and 1(b), respectively. 

Several designing commands are used while designing the pump model. The difference 

between the casing and the tip of the blade is also identified. A model of the impeller with 

generated mesh is also shown in Fig. 1(c) and (d). 

(a) (b) 

(d) (c) 

  (f) (e) 
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Fig. 1:  3D Model and generated mesh for a blood pump, (a) Casing of pump with 3-D CAD 

view, (b) Mesh distribution, (c, d) Designed model of pump impeller, (e) Mesh of the fluid 

zone, and (f) CAD view of the fluid region of the pump.    

The impeller design specifications are listed in Table 1. 

Table 1: The design Parameters of the Impeller 

Rotational speed Blade number Impeller diameter 

N Z 𝐷2 

2000 RPM 8 0.1067 M 

ANSYS meshing module was used to generate the mesh for the centrifugal blood and water 

pump. An unstructured tetrahedral mesh was generated for the whole domain. A proper grid 

refinement test was performed for the generated mesh. The fluid velocity at the outlet section 

has been calculated for the grid-independent test. A global coordinate system was used to 

generate the mesh. Meshes are distributed in three different zones of the pump very carefully. 

Fig. 2 shows a higher outlet velocity for a smaller number of computational cells. The velocity 

at the outlet reduces significantly and converges when a number of nodes increases. The 

selected mesh size for simulation was about 7105. The maximum face size and the maximum 

tetrahedral size are adopted as 0.0006754m and 0.00083423m respectively. The total number 

of elements for the final mesh is about 3105. The number of nodes for the casing and the 

impeller is 422549 and 289956, respectively.  
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Fig. 2: Velocity on the outlet at different Node Number 

The main components of the centrifugal blood pump are the impeller, casing, and fluid zone. 

The impeller is kept as the rotating part of the machine while the casing is defined under the 

stationary section of the pump. The impeller speed is defined as 2000 rotation per minute 

(RPM) for both fluids. The inlet velocity of both fluids is taken 0.1 m/s with zero outlet 

pressure. The residual value (convergence criteria) is set as 10-5 for all equations considered 

here. 

 2.2 Mathematical Models 

ANSYS fluent 19.0 provides comprehensive modeling capabilities for a wide range of 

incompressible and compressible, laminar, and turbulent flow problems. The Realizable k- 

turbulent model is adopted for solving the present problems. The Realizable k- model differs 

from Standard k- model with new formula introduced in the Realizable k- model, aims to 

measure turbulent viscosity and modified transport equation for the dissipation rate. To 

understand this model, it is imperative to combine both the Boussinesq relationship and the 

eddy viscosity to get Reynold's stress in an incompressible flow (Shih et al. 1995).  

The Realizable k- model equations are shown below- 
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where, 

(2) 

𝐶1 = 𝑚𝑎𝑥 [0.43,
Ƞ

Ƞ + 5
] , Ƞ = 𝑆

𝑆𝑘

ꜫ
, 𝑆 =  √2 𝑆𝑖𝑗 𝑆𝑖𝑗 

(3) 

where, 

µ𝑡 =  𝜌𝐶µ  
𝑘2

ꜫ

The eddy viscosity formula was initially proposed to have 𝐶µ constant value in the above two 

models (Reynolds 1987). However, 𝐶µ is not constant in realizable model. It can be computed 

by using the flowing equation- 

𝐶µ =
1

𝐴0 + 𝐴
𝑠

𝑘𝑈∗

ꜫ

where, 

𝑈∗ = √𝑆𝑖𝑗𝑆𝑖𝑗 + Ώ𝑖𝑗Ώ𝑖𝑗

 Ώ𝑖𝑗 =  Ω𝑖𝑗 − 2ꜫ𝑖𝑗𝑘𝜔𝑘 

 Ω𝑖𝑗 = Ω𝑖𝑗 − ꜫ𝑖𝑗𝑘𝜔𝑘 

 

Ω𝑖𝑗  is a value of the mean rate of rotation tensor with angular velocity. The model constant is 

listed below-  

𝐴0= 4.04, 𝐴𝑠=√6 𝑐𝑜𝑠𝜙, 

  (5) 

  (6) 

  (7) 

  (8) 

  (4) 
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3. Model Validation

This model is validated for a wide range of flow simulations such as homogeneous flow, free 

flow, and boundary layer flow. So, this model has significant benefits over the standard k- 

model (Shih et al. 1995). Pressure distribution and blade loading of current research are 

compared with one numerical flow simulation, which was performed at a centrifugal pump 

(Cheah et al. 2007). 

Figure 3: Impeller Blade Pressure Distribution 

The pressure developed by the impeller increases gradually from the inlet to the outlet of the 

pump. The highest-pressure value is observed at the outlet of the pump. Shearing effects were 

also observed by this study, as it is also observed in current research while calculating the wall 

shear stress. Shear effects are observed due to the pressure difference among the blade passage 

walls.  

4. Results and Discussions

 4.1 Fluid flow analysis  

The fluid flow is investigated on the selected position of the blades as shown in Fig. 4. 
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Fig. 4: Position of Leading and Trailing edge of the blade to identify surface effects of the 

blade on fluids. 

The computation domain is set to identify the fluid behaviour around the curved blade. The 

fluid density and the dynamic viscosity are set according to the ANSYS default properties of 

each fluid. Fig. 5. shows the results of fluid pressure around the surface of the selected blade, 

which is shown in Fig. 4. The pressure is calculated for both fluids at the leading and the trailing 

position of the blade. As illustrated, the outlet pressure for water is the highest at the outlet 

position of the blade instead of the inlet position. This observation indicates that the kinetic 

energy of the blade or the rotation of the blade is converted to pressure energy. Therefore, the 

present simulation results accord with the observation in the literature (Gambini & Vellini). 

Moreover, it also displays that the inward position of the blade surface impacts the fluid 

pressure. At the inlet inward position for both fluids, the pressure drops considerably. The 

velocity of fluids increased due to centrifugal force, which led to reduce the pressure of fluids. 

From the simulations, it is found that the pressure of fluid increases when fluid passage through 

the blades, and the pressure drops at the inlet position of the blade near the hub of the 

centrifugal pump.    
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Figure 5: Pressure curve for both fluids around leading and trail position

The behaviour of the fluid velocities is observed at the same position of the blade. Fig. 6 shows 

the velocity comparison at the selected lines of the blade.  It shows that the velocity of the 

blood reduces significantly at the outlet compared to the water velocity. Therefore, the effect 

of the viscosity of the fluid is also observed to reduce the fluid pressure. The results of the 

present study match very well with the observation in the literature (Abazariyan, Rafee & 

Derakhshan 2018).The higher viscosity in blood fluid leads to reducing pump efficiency as 

suddenly an increase in frication losses near the impeller shroud and the hub of the centrifugal 

pump. From the fluid viscosity gradient relationship, it was found that the velocity of the fluid 

is inversely proportional to the viscosity of the fluid. The viscosity of blood fluid was found to 

be higher than water. Therefore, the frication losses in the blood pump were higher than the 

water pump. The results also showed that the friction between the pump surface and the fluid 

viscosity has a significant impact on the fluid characteristics. Therefore, blood damage and 

blood clots are the biggest concerns, which can occur while patient-implant interaction and 

shear stress-induced on the fluid under the mechanical pressure developed by the impeller. The 

study also explained the importance of viscosity of the fluid and the impeller rotation in 

creating shear stress in the fluid. Finally, according to these observations, it requires further 

research to identify the impact of shear stress on fluid produced by the impeller.   
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Figure 6: Velocity contour at the trailing and the leading edge of the blade 

4.2 Impeller Speed Effects Analysis 

Impeller speed is one of the dominator factors, which affects various properties of the fluid in 

a centrifugal pump. The density of the fluid influences the fluid behaviour. To discuss further, 

a quantitative study at multiple positions has been observed in terms of the inlet, outlet, 

impeller, and fluid zone. Fig. 7 depicts the gain of pressure energy by the impeller. The 

influence of the viscosity on the pressure distribution is observed, which led to less pressure 

head gained in a blood pump. Hence, it is certainly vital that the pressure head gain in the water 

pump is the highest, which is calculated as 1.09104 Pa. The maximum pressure shows near 

the casing wall and at the outlet of the pump. The dominating factor is observed to have 

frication loss in the blood. Moreover, the gas bubbles are absorbed in a suspended medium of 

the blood pump, which reduces the quality of the suspension. The decrease in impeller pumping 

capacity due to a solid cloud in a blood pump. This may lead to the formation of gas cavities, 
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which impact on the blood turbulence and circulation velocity of the blood. Hence, it is required 

more power to achieve the suspension of blood.  

Figure 7: Pressure distribution around impeller and blade of pumps at 2000 RPM, (a) 

Pressured developed in the water pump, and (b) blood pump respectively.  

Fig. 8 shows the velocity magnitude developed by the impeller motion in both fluids. Fig. 8(a) 

indicates that the velocity of the water pump is the maximum, which is caused by the rotating 

motion of the impeller. However, the blood velocity is found almost negligible as compared to 

the water pump. The higher density of blood causes friction between the moving parts of the 

pump and reduces in the fluid velocity, which means increase in absorbed power in blood 

centrifugal pump. The thickness of blood is higher, some parts of the impeller energy being 

dissipated at the liquid interface, and due to less availability of energy for suspension of blood, 

the velocity is decreased in a blood pump. Hence, the mechanical energy gained by the blood 

from the impeller is lower. The results also represent that the velocity gained by water is six 

times higher than that of the blood pump.    

(a) (b) 
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Figure 8: Velocity Contour at 2000 rpm for (a) water pump and (b) blood pump 

The distributions of shear stress induced by the impeller on the fluid are shown in Fig 9. It is 

observed that the maximum shear stress is induced near the impeller wall. The numerical study 

also reports that shear stress becomes maximum as the radial distance increases. To check the 

impact of rotary motion on the blood cell, the shear stress is calculated and presented in Fig. 

9(b). The highest effect of shear stress is identified near the trailing and the leading edge of the 

impeller. However, the wall shear stress impacts on the blood cells are 13 times less than that 

of the water pump due to density differences between the two fluids. Moreover, the distribution 

of hemolysis is more uniform in the blood pump, and the value is larger at the outlet of the 

impeller and in the casing area. The most area of volute has low shear stress; however, the 

shear stress at the outlet section is more significant, which is .0197 Pa. Hence, the impeller and 

the outlet part are the main causing of blood cell damage, as shown in Fig. 9(b.). The shear 

stress has more effect on blood, lead to the destruction of blood cells. These findings 

recommend further study to overcome the shear effects in the centrifugal blood pump. This is 

the major issue found in the blood pump, which may lead to detrimental impacts on heart 

patients.   

(a) (b) 
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Figure 9: Distribution of wall shear stress in both pumps (a) wall shear stress in the water pump 

and (b) Indicated wall shear stress in the blood pump.     

The turbulence kinetic energy of the water and the blood pump is investigated at 2000 rpm in 

the model of the centrifugal blood pump. Fig. 10(a) and (b) depict the turbulence kinetic energy 

of water and the blood pumps, respectively, and it is found that kinetic energy in all regions of 

the water pump is higher than the blood pump. The kinetic energy develops by the water pump 

is three times higher than the blood pump, which is 0.811 m2/s2. The fluid gains energy while 

passing through the impeller. The gained energy from the fluid depends on various factors such 

as the viscosity of the fluid (Murty 2018). The above results directed that turbulence kinetic 

energy gained by water is higher due to its lower viscosity value than the blood.  

(a) (b) 
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Figure 10: Distribution of turbulence kinetic energy at rotational speed 2000 rpm, (a) Water 

pump, and (b) Blood pump.   

The Turbulence Kinetic Energy is used to investigate the turbulence distributions in the 

centrifugal pump in Figure 11. Three plans are taken to investigate the turbulence intensity and 

the position of planes are taken from x-axis of rotation of impeller to trailing edge of blades. 

The horizontal shows the distance in M from x-axis of rotation. The highest turbulence energy 

is found at plane 2 which is the outlet point of impeller. However, the turbulence kinetic energy 

is almost similar on all plane up to some radical distance. It has been identified that gain of 

turbulence kinetic energy by blood centrifugal pump is very lowest due to the resistance force 

against the flow of fluid produced by blood is higher. There is loss of energy in different form 

in blood pump. The results showed that gain of kinetic energy head by centrifugal blood pump 

and water centrifugal pump is 0.000495m2⋅s−2 and 0.811m2⋅s−2, respectively.  

(a) (b) 
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Figure 11: Turbulence Kinetic Energy around blade

5. Conclusions

The aim of this research was to investigate the impeller rotation effects on the fluid properties 

for the water and the blood pumps. A model of centrifugal pump was designed in SolidWorks 

with eight curved shape blades. The water and the blood were considered as the working fluids 

for overall impeller effect comparison. The Realizable k- model was deemed to be recognized 

as a reliable method dealing with modelling of centrifugal pumps. Therefore, from the present 

study, the following conclusions were obtained:  

• The density of blood in the blood centrifugal pump can reflect the pressure head gain.

The pressure head gained by the water pump was significantly higher than that of the

blood pump at 2000 rpm. The pressure at the trailing edge of the blades was found

constant in the blood pump. However, the pressure produced by the water pump was

higher than that of the blood pump. This outcome was observed due to the higher friction

losses between the blood and the impeller surface.

• The inlet angle of the impeller blade exerts more effects on the blood flowing in the

blood centrifugal pump, and the velocity at the inlet section of the water pump is reduced

near the hub of the pump due to the shape of blades and the density of a fluid.
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• The increase in the impeller node in the blood centrifugal pump exerts the lower

velocity. At the same point, the pressure is higher due to the smoothness of the impeller

blade.

• The density of blood is significantly affected to gain or loss of turbulence energy. The

higher blood density causes a reduction of the turbulent kinetic energy of the pump.

The present study identified the various effects of pump impeller on fluid. The viscosity of 

each fluid has a substantial effect on the pump performance. The results provided a clear 

understanding of the impeller effects on the fluid properties. The generated mesh provided an 

accurate result to reduce the wall shear stress effect on fluid. These findings are highly 

beneficial to develop a model of turbomachine for various applications. However, the 

development of shear effects also needs to be studied to reduce various effects on blood, 

especially in a centrifugal blood pump. Thus, further study would be focused on the effect of 

shear forces in the blood pump. 
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Abstract. In this work, the drag force correlation specific for fixed random arrays of elliptical 

cylinders is formulated under Re = 0.1-100 using Lattice Boltzmann method (LBM) and discrete 

element method (DEM). A new simple drag force correlation format is developed, containing 

modified permeability (K’) and inertial terms (α, λ). The correlations of K’, α and λ are formulated 

as a function of Ar. One can obtain the reliable drag force correlation between the fluid and elliptical 

cylinders in a fixed random array via specifying K’, α and λ for a given Ar and then plugging them 

in the proposed format. 

Keywords: elliptical cylinder arrays; Lattice-Boltzmann simulation; fluid mechanics; drag force; 

modelling.  

Introduction 

Formulate reliable and simple drag force correlations for describing fluid flow through arrays of 

elliptical cylinders is important for engineering application. Generally, the drag force (FD) between 

fluid and particle is correlated to power functions of Reynolds number (Re) with different coefficients 

in a specific limited range of velocities and porosities. Then a generalized non-dimensional drag force 

correlation can be proposed, based on the format of Forchheimer [1], by postulating a power law and 

multiplying Re, so that: 

FD
′ =

1

K′
+ αReλ (1) 

Where FD
′ =

FD

μU
 is by definition, modified dimensionless drag force, μ and U are dynamic viscosity 

and superficial velocity. K’ is the modified permeability. And α and λ are non-dimensional inertial 

coefficients, which are dependent on the porosity (ε) and structure of the media. 

Methods 

In this work, a Lattice Boltzmann method (LBM) is used to describe the dynamic of fluid, and 

Discrete Element Method (DEM) is used to generate the packing structure of arrays of elliptical 

cylinders. The mathematical formulation and validity of the method can be found in our previous 

studies [2, 3]. 

Results and discussions 

Nearly 1000 numerical simulations of fluid flows past elliptical cylinders are conducted to 

characterize flow structures and explore the fluid-cylinder interaction forces. The elliptical cylinders 

used in this study are uniform but with different sizes, which are a/b = 0.15 mm/0.5mm, 0.2 mm/0.5 
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mm, 0.25 mm/0.5 mm, 0.3 mm/0.5 mm, 0.35 mm/0.5 mm, 0.4 mm/ 0.5 mm, and 0.5 mm/0.5 mm 

giving 7 sets Ar = 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 1.0. The number of cylinders in the LB simulation 

ranges from 900 to 1200, depending on Ar.Here the Ar is defined by the ratio of the semi-minor (a) 

to semi-major (b) axis length, i.e. Ar = a/b, obviously, for a circular cylinder, Ar = 1.The data obtained 

from these cases will then be used to derive a drag correlation for random arrays of elliptical cylinders 

based on Eq. 1. The following correlations are formulated by curve-fitting for 
1

K′
, α and λ:

1

K′
= 78.3Ar−3.03 + 357.4

(2) 

α = −20.45Ar0.4292 + 24.23 (3) 

λ = 2.79Ar0.0352 − 1.62 (4) 

Note that these correlations are applicable in a range of Re = 0.1-100 and ε = 0.391-0.424. This way, 

one can obtain the reliable drag force correlation in two steps: (i) specifying K’, α and λ for a given 

elliptical particle aspect ratio (Ar) and (ii) plugging them in the proposed drag force correlation 

format. 

In order to verify the validity of the correlations proposed in this study, the correlations are then 

compared with some previous correlations formulated to estimate the drag force on cylinders (or 

particles, the counterpart in 3D cases), including the correlations from Koch and Ladd [4], Yazdchi 

and Luding [5], and Rong [6]. Note that the correlations from Koch and Ladd [4] and Yazdchi and 

Luding [5] are targeted at the circular cylinder with the non-dimensional format of 
F

μU
= c1 + c2Re

λ,

while the correlation of Rong, et al. [6] is derived for drag force on 3D ellipsoidal particles. A 

prediction of the drag force using these correlations is compared to the present new correlations (Eqs. 

(2-3)), which is shown in Fig. 1. The prediction by the new correlations is close to the results of Koch 

and Ladd [4] and Yazdchi and Luding [5], when the cylinder shape degenerated to circle (Ar = 1), as 

shown in Fig. 14(a). Such a close agreement solidates again the reliability of the newly proposed 

correlation. It should also be pointed out that the quantity compared in Fig. 1 (a) is the total force F 

on cylinders exerted by the fluids, not the drag force FD, being consistent with the works of Koch and 

Ladd [4] and Yazdchi and Luding [5]. These two forces can be correlated by the correlation of nsF =
FD + ∆p ∗ nsVp , with a discrepancy term ∆p ∗ nsVp   representing the buoyancy force due to the 

pressure gradient of the fluids [7]. Here, ns and Vp are the numbers and volume of cylinder, 

respectively. As an illustration of the dimensionality impact, the comparison in Fig. 1 (b) shows that 

the present new correlation (Eqs.(2-3)) derived for 2D elliptical cylinders produces similar tendency 

of  〈FD
′ 〉 with Rong, et al. [6], but the deviation grows more pronounced with increased Ar. Such a

difference indicates that those correlations derived for 3D particles in the published works will be not 

reliable when directly applied to 2D cylinder arrays. Also, an accurate description of the particles’ 

shapes is important in providing correct drag force information. With LB flow simulations, the 

present study brings out an anlysis of the drag properties in cylinder arrays and results in a new 

correlation to calculate the mean drag force. The new correlation would provide accurate 〈FD
′ 〉 values

for a general type of elliptical cylinder in a random array, which can be applied in the simulations of 

fluid flow through filters. 
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0.1 1 10 100
100

1000

10000

Re

<
F

' D
>

0.8

0.5

0.3

Ar Rong et al. (2015)This study

0.1 1 10 100
400

800

1200

1600

2000

Re

F
/

U

 D.L. Koch et al. (1997)

 K. Yazdchi et al. (2012)

 This study

287



Australasian Conference on Computational Mechanics   ACCM2021  

13-15 December 2021, Western Sydney University

Fig. 1 Comparisons of the mean drag force on a cylinder/particle predicted using the present new 

correlation and the published correlations of: (a) Koch and Ladd [4] and Yazdchi and Luding [5], 

corresponding to Ar = 1, and (b) Rong, et al. [6], when Ar = 0.3, 0.5 and 0.8. 

Summary 

In this study, a drag force correlation specific for the random arrays of elliptical cylinders is 

formulated using a LBM-DEM model. First, derived from Forchheimer [1] correlation, a generalized 

modified drag force correlation format is proposed containing inertial (K’) and viscous (α, λ) terms, 

FD
′ =

1

K′
+ αReλ.  By curve-fitting the simulation results, the correlations of K’, α and λ are formulated

as a function of Ar: 
1

K′
= 78.3Ar−3.03 + 357.4

(2) 

α = −20.45Ar0.4292 + 24.23 (3) 

λ = 2.79Ar0.0352 − 1.62 (4) 

This way, one can obtain the reliable drag force correlation in two steps: (i) specifying K’, α and λ for 

a given Ar and (ii) plugging them in the proposed drag force correlation format. The new correlations 

show the same tendency with previous literature works. 
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Abstract. Droplet mobility under shear flows is not only ubiquitous in natural occurrences but also 

of significant importance in a wide range of engineering applications, such as energy harvesting, fog 

collection, and self-cleaning surfaces. For structured surfaces to achieve super hydrophobicity, the 

removal of stains adhered within the microscale surface features strongly determines the functional 

performance and durability. In this study, we focus on the numerical investigation into the droplet 

behaviours within patterned surface structures under shear flows, as shown in Figure 1. During the 

movement, the droplet mainly spreads along the pore space driven by the viscous shear, while a 

certain part of droplet would be split and attached on the obstacles as the leftover volume, owing to 

the capillary effects. Through a series of numerical simulations under various flow conditions, it is 

suggested that three droplet mobility modes can be identified, i.e., the slugging-suppressed, crossover, 

and slugging-dominated mode, due to the complex competition between viscous and capillary effects. 

To quantitatively characterise the droplet dynamics within porous surfaces, we propose a combined 

dimensionless number including a droplet-scale capillary number, considering the driving force and 

capillary resistance, and a geometrical factor, describing the non-uniformity of flow field in given 

structure. By comparing against the simulation results, the proposed dimensionless number presents 

a strong correlation with the leftover volume. The dominating mechanisms revealed in this study 

provide a basis for further research on optimising stain removal strategy for structured surfaces. 

Keywords: Droplet mobility; stain removal; porous surfaces; capillary effects; shear flows. 

(a)   (b) 

Fig. 1 (a) The oil stain within artificially structured surfaces; (b) The schematics of the removal of 

stain droplet within porous surfaces. 
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Introduction 

Adhesively bonded joints are widely used to form aircraft components. More recently, they are 

being applied to modify aircraft structures either to extend the fatigue life or repair damaged regions 

by reducing the stresses in potential areas of cracking [1]. The behaviour of disbond (a subcategory 

of crack) slow growth under fatigue loading [1] and the benefit of disbond damage tolerance 

management strategy for reducing maintenance cost have long been recognised. Lately, a damage 

slow growth management strategy was considered acceptable by FAA, provided that the damage 

growth is slow and predictable [2].  

Recently, an implementation framework for the disbond slow growth management strategy of 

metallic joints was established by the authors [3]. A part of this work identified the effect of stiffness 

imbalances between inner and outer adherend on the adhesive bond strength and disbond growth rate 

under cyclic loading. This information guided the design of the experimental validation undertaken 

in this investigation. This study validates the finite element simulation predictions against the 

experimental assessment.   

Prediction of Disbond Growth Initiation in a Generic Bonded Joint 

Fig. 1 shows the geometry of generic bonded joints considered in [3]. Interfacial failure that may 

arise from debonding of the adhesive was modelled using Cohesive Zone Element (CZE) method 

with an exponential traction-separation law. MSC Marc, a commercial finite element software was 

utilised in this work to predict the disbond growth initiation load (residual strength) in a statically 

loaded joint with pre-defined disbond. Cohesive failure is modelled using a layer of cohesive elements 

at the adhesive interface. The irreversible response was characterised by increasing damage initiated 

from onset to full delamination. Maximum effective traction (tc) responses in pure Mode I and II were 

calculated using the exponential function defined in [4] along with the behaviour of the interface 

material under mixed mode loading. 

Fig. 1 Geometry of the generic bonded joints. 
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Specimens with various pre-disbond lengths as well as pristine specimens were manufactured and 

tested. Due to symmetry, only half of the specimen was manufactured as represented by red 

rectangular section in Fig.1. The gap region end was extended 90 mm for machine gripping (50 mm) 

and mitigate end effects from the shoulder (transition region).  Teflon film was inserted in between 

the adhesive film and inner adherend to represent the pre-disbond. Table 1 summarises the joint 

configuration used for static testing. The first variation was used to analyse the failure load with pre-

disbond from the tapered end (specimen with green Teflon in Fig. 1). Whilst the second variation is 

used to analyse the failure load with pre-disbond from the gap end (specimen with red Teflon in Fig. 

1). 

Table 1 Variation of specimen configuration. 

Two 150 mm Teflon inserts were used between the inner adherend and adhesive film in each 

variation. As presented in Fig. 2, the residual strength predicted using CZE correlated very well with 

the experimental results for both disbond configurations. The predicted displacement was lower than 

the measured displacement as expected, since the simulated section is a part of the entire loading 

system reflected by the measured crosshead displacement. 

Fig. 2 Failure load comparison between experimentally measured and predicted results. 

Fatigue Test 

Preliminary fatigue test results with various pre-disbond lengths are presented in Fig. 3. The fatigue 

peak load was lower than the static strength of the joint by a safety margin (including various 

knockdown factors). A peak fatigue load of 33.3 kN with R = 0.1 was applied. The complete analyses 

on the fatigue failure of the adhesively bonded joints will be presented along with the calibration of 

fatigue crack growth rate parameter in the full-length paper. In the paper, experimentally measured 

results will be compared with the fatigue life prediction using a revised Paris law where the strain 

energy release rates were determined using the Cohesive Zone Element (CZE) technique, and the 

capability of the simulation model will be evaluated. The verified model of the generic specimen 

design could be used to predict allowable fatigue life of the joints. This approach would contribute to 

the certification of damage tolerance (slow-growth disbond) management of bonded joints.  

Variation Thickness ratio 

(Inner to Outer) 

Inner adherend 

thickness 

Outer adherend 

thickness 
Overlap Length 

1 1:1 6 [mm] 6 [mm] 180 [mm] 

2 3:1 9 [mm] 3 [mm] 180 [mm] 
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Fig. 3 Preliminary results of the fatigue test. 
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Abstract. Latest literature demonstrates that efficiency of periodic structures can be enhanced 

through assembly of oriented unit-cells in specific configurations, whilst maintaining the same level 

of periodicity. However, development of a robust methodology for simultaneous optimization of unit-

cell material layout and orientation states remains an open research question. This study attempts to 

address the optimization problem with a solid isotropic material with penalization (SIMP) and 

discrete material optimization (DMO) based approach in which each possible orientation state of 

every unit-cell may exist concurrently within the finite element model, subject to certain weighting 

factors. Through sensitivity analysis, optimality criteria can be applied to simultaneously optimize a 

representative unit-cell (RUC) topology and the orientation weighting factors of the unit-cells in the 

macrostructure. Numerical examples are provided to demonstrate the efficacy of the proposed 

methodology. 

Keywords: Oriented periodicity, Periodic optimization, Topology optimization, Solid isotropic 

material with penalization (SIMP), Discrete material optimization (DMO) 

Introduction 

Topology optimization is a powerful computational tool for the design of efficient engineering 

structures. However, translation of optimal designs to real-world applications is often hindered by 

practical constraints related to manufacturing and construction. A broad approach to mitigate several 

manufacturing related issues is adaption of finite periodic design, allowing for division of a structure 

into smaller components, each of which shares an identical optimized design [1].  

Finite periodic topology optimization is generally implemented with a representative unit-cell 

(RUC) framework [1,2,3,4]. Each unit-cell of the periodic macrostructure is an identical copy of the 

RUC and, as such, the RUC governs the macrostructural layout with respect to a prescribed 

periodicity. Finite element analysis is conducted in the macrostructural domain, from which a 

macrostructural sensitivity is derived with respect to a given objective function and then mapped to 

the RUC domain. Topology optimization procedures are applied within the RUC domain; and the 

new RUC configuration is subsequently used to update the macrostructural design. 

Dependent on unit-cell geometry, it is possible to orient a unit-cell in a variety of different ways 

whilst occupying the same location within a periodic macrostructure. Thus, multiple different 

permutations of periodic assembly may exist for a periodic macrostructure, each of which could have 

a different degree of influence on the objective function [4]. This represents an emerging problem 

which requires the simultaneous optimization of the RUC design and unit-cell orientations. 

This study proposes a novel approach for optimizing finite periodic structures wherein all possible 

orientation states of each unit-cell may present in the periodic macrostructure depending on weighting 

factors. Using a solid isotropic material with penalization (SIMP) based model, unit-cell orientation 

weighting factors and RUC design may be optimized simultaneously in a smooth and continuous 

manner. Through the optimization, a single orientation state for each unit-cell should become 

dominant whilst the corresponding RUC is optimized. This approach is likely to be more robust than 

existing methods available for design of oriented periodic structures. 
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Oriented finite periodic optimization problem 

We consider here a generic periodic structure comprised of a total of 𝐼 identical unit-cells, each with 

a material design Ω𝑅𝑈𝐶 within the design domain Ω, arranged in an arbitrary layout 𝑍. Each unit-cell 

must be assembled in a specific orientation 𝑜 from a set of possible orientations {𝑂}. The permutation 

of unit-cell orientations {𝑜1, 𝑜2, 𝑜3, ⋯ , 𝑜𝐼} defines the macrostructure assembly configuration 𝑆 in the 

set of all possible permutations {𝑇}. An optimization problem seeking to minimize an objective 𝐹 of 

the periodic macrostructure, subject to a material volume constraint 𝑉∗ and boundary conditions 𝑃,

thus seeks to find the optimal configuration 𝑆 in set {𝑇} and the corresponding optimal RUC design 

Ω𝑅𝑈𝐶. This may be mathematically written as, 

𝑚𝑖𝑛: 𝐹 = 𝐹(𝑍, 𝑃, Ω𝑅𝑈𝐶 , 𝑆), 𝑠. 𝑡. ∫ Ω𝑅𝑈𝐶𝑑𝑉
Ω

= 𝑉∗ and 𝑆 ∈ {𝑇}, (1) 

Modified SIMP approach. Without loss of generality, a compliance-based optimization problem is 

considered in this study. Macrostructures are discretized into a finite element (FE) model, meshed 

with identical square elements. A modified SIMP approach may be utilized to define the Young’s 

modulus 𝐸𝑒 of each element 𝑒 with respect to its relative density 𝑥𝑒 as, 

𝐸𝑒(𝑥𝑒) = 𝐸𝑚𝑖𝑛 + 𝑥𝑒
𝑝(𝐸0 − 𝐸𝑚𝑖𝑛),    𝑥𝑒 ∈ [0,1],    𝐸𝑚𝑖𝑛 <<  𝐸0, (2) 

where 𝐸0 is the stiffness of the base material, 𝐸𝑚𝑖𝑛 is a very small modulus and 𝑝 is a penalization 

factor [5]. The compliance 𝑐 of a given finite element model may be expressed as a function of the 

vector of design variables 𝒙, mathematically formulated as, 

𝑐(𝒙) = ∑ 𝐸𝑒𝒖𝑒
𝑇𝒌0𝒖𝑒

𝑁
𝑒=1 ,      (3) 

where 𝑁 is the number of elements in the FE model, 𝒖𝑒 is the elemental displacement vector and 𝒌0 

is the elemental stiffness matrix for an element with 𝐸𝑒 = 1 [5]. 

By introducing weighting factors 𝑤𝑖,𝒐 for each possible orientation state 𝒐 of each unit cell 𝑖, the 

relative density 𝑥𝑒,𝑖 of a given element 𝑒 in the 𝑖 − 𝑡ℎ unit cell may be defined as, 

𝑥𝑒,𝑖 = ∑ (𝑤𝑖,𝒐)𝜑|𝑶|
𝒐=1 𝑥 𝑒,𝒐,    𝑥 𝑒,𝒐 ∈ [0,1],    𝑤𝑖,𝒐 ∈ [𝑤𝑚𝑖𝑛, 1], (4) 

where 𝑥 𝑒,𝒐 is the relative density of the 𝑒 − 𝑡ℎ element in the 𝑜 − 𝑡ℎ orientation of the RUC design 

and 𝜑 is a penalization factor introduced to drive weightings to converge to 𝑤𝑚𝑖𝑛 or 1. 

Sensitivity analysis. The optimization may be split into two separate, but simultaneous processes, 

one for the optimization of the RUC design {𝒙𝑅𝑈𝐶} and another for the optimization of the unit-cell 

orientation weights {𝒘}. Optimality criteria is implemented to update the design parameters utilizing 

sensitivities, derived for the former as follows, 

𝛼𝑒
𝑐 =

𝜕𝑐

𝜕𝑥𝑒
= −𝑝𝑥𝑒

𝑝−1(𝐸0 − 𝐸𝑚𝑖𝑛)𝒖𝑒
𝑇𝒌0𝒖𝑒, (5) 

which may then be smoothed via filtering to 𝛼𝑒
�̂�, relative to a filter radius 𝑟𝑚𝑖𝑛 [5]. These sensitivities

may then be mapped to the RUC domain to update the RUC topology, as 

𝛼𝑒
𝑐̅̅ ̅ = ∑

∑ 𝛼𝑒,𝑜,𝑖
�̂� 𝑤𝑖,𝒐

𝜑|𝑂|
𝑜=1

∑ 𝑤𝑖,𝒐
𝜑|𝑂|

𝑜=1

𝐼
𝑖=1 . (6) 

where 𝛼𝑒,𝑜,𝑖
�̂�  is the filtered sensitivity of the 𝑒 − 𝑡ℎ element in the 𝑜 − 𝑡ℎ orientation of the 𝑖 − 𝑡ℎ unit 

cell. 

Similarly, sensitivities can be derived for unit-cell orientation weights as, 
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𝜕𝑐

𝜕𝑤𝑖,𝒐
= − ∑ 𝜑(𝑤𝑖,𝒐)𝜑−1𝑥 𝑒,𝒐

𝑁𝑖
𝑒=1 𝑝𝑥𝑒

𝑝−1(𝐸0 − 𝐸𝑚𝑖𝑛)𝒖𝑒
𝑇𝒌0𝒖𝑒, (7) 

where 𝑁𝑖 is the number of elements in the 𝑖 − 𝑡ℎ unit-cell. Through substitution of the filtered 

sensitivities 𝛼𝑒,𝑖
�̂� , this may be simplified to,

𝛼𝑤
𝑐 =

1

𝜑

𝜕𝑐

𝜕𝑤𝑖,𝒐
= ∑ (𝑤𝑖,𝒐)𝜑−1𝑥 𝑒,𝒐,𝑖

𝑁𝑖
𝑒=1 𝛼𝑒,𝑖

�̂� . (8) 

The sensitivity 𝛼𝑤
𝑐  may then be utilized in optimality criteria to update the orientation weighting 

factors associated with each individual unit-cell, implemented on a per unit-cell basis. 

Numerical Results 

In this section, a half-bridge structure is considered as a case study, the generic form of which may 

be seen in Fig. 1; each unit-cell in the macrostructure shares an identical meshing to the RUC (a) and 

is assembled into a macrostructure (b) with a specified M by N periodicity. 

Fig. 1 Generic half-bridge structure with square RUC (a) and M by N periodicity (b) 

The simplest non-trivial case is that of a structure with 𝐼 = 2 unit-cells, considered here as a 2 by 

1 periodic structure. Fig. 2 compares the non-oriented translational periodic structure (a and b) with 

the oriented structure (c and d) derived with the newly proposed hybrid topology-orientation design 

approach. The oriented configuration exhibits a 16.3% reduced compliance value. 

Fig. 2 Two by one optimized periodic structures: translational variant with RUC (a) and 

macrostructure (b) 𝑐 = 64.9; oriented variant with RUC (c) and macrostructure (d) 𝑐 = 54.3 
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Considering a significantly larger, e.g. 𝑀 = 8 by 𝑁 = 4, periodic arrangement, as seen in Fig. 3, 

we once again see significant efficiency improvements in the oriented periodic structure, whilst 

maintaining the same periodic constraints. Specifically, the oriented structure exhibits a 16.5% 

reduction in compliance. 

Fig. 3 Eight by four optimized periodic structures: translational variant with RUC (a) and 

macrostructure (b) 𝑐 = 114.8; oriented variant with RUC (c) and macrostructure (d) 𝑐 = 95.9 

Concluding remarks 

Robust optimization of periodic structures for both unit-cell design and unit-cell orientation has been 

identified as a challenging optimization problem [4]. The procedure detailed within this study 

proposed a more rigorous method for the design of periodic structures with oriented unit-cells than 

currently exists in open literature. This novel methodology may provide significant benefits for the 

design of efficient periodic structures in engineering practice. 
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Abstract. With the rapid development of materials science, functionally graded nanocomposite plate 

structures have been widely practiced in engineering. These structures are designed to provide 

reliable carrying capacity for loads, including dynamic loads, which are usually impulsive. Based on 

Budiansky–Hutchinson criterion, the present study investigates analytically the dynamic stability 

behaviour of the imperfect functionally graded graphene oxide/phenolic resin nanocomposite plate 

subjected to in-plane sinusoidal pulse load. The impact of fibre distribution type on the dynamic 

stability characteristics of the plate is assessed. The proposed methodology can be used to evaluate 

the effect of the impulsive load on the dynamic buckling response of composite structures.

Keywords: Dynamic stability analysis; Functionally graded graphene oxide/phenolic resin 

nanocomposite plate; sinusoidal impulsive load; Budiansky–Hutchinson criterion 

Introduction 

In recent years, the discovery of the marvellous properties of various functionally graded (FG) 

materials has promoted the prevalence of FG structures in the engineering field. At the same time, 

graphene nanomaterial has been intensively studied by researchers because of its excellent 

characteristics, but the expensive cost limits its utilization in practice. Compared with the graphene 

fibres, its derivative, graphene oxide platelets (GOPs), is easier to be synthesized and can better bond 

with matrix [1, 2]. Based on their high strength and thermal stability, the existence of the GOPs 

greatly enhances the mechanical performance of nanocomposite plates [3, 4]. Combing with phenolic 

resin (PR), a kind of high-performance polymer material in engineering [5], functionally graded 

graphene oxide/phenolic resin (FG GO/PR) nanocomposite plate can be considered as a promising 

candidate for vehicle shield and head material.  

This paper focuses on the dynamic stability analysis of FG GO/PR nanocomposite plate subjected 

to in-plane sinusoidal impulsive load. According to the variation of weight fraction of GOPs in layers, 

three types of FG GO/PR plates are considered. The proposed method integrates the Airy stress 

function to deal with governing equations, where the correctness of the proposed method is then 

validated against the natural frequency and critical static buckling load of isotropic plates obtained in 

the available published literature [6, 7]. Subsequently, the dynamic stability of the plate is evaluated 

by maximum displacement and critical buckling load according to Budiansky–Hutchinson (B-H) 

criterion [8]. 

Formulations 

The variation of nanofibers weight fraction distribution can lead to a huge difference in the dynamic 

load resistance capacities. Three distribution types are involved: X-type, O-type, and U-type [3]. The 

specific volume fraction in each layer is respectively expressed as 
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k N

V k V

= − −

= − − −

=

(1) 

where 
*

GOPV  is the total GOPs volume fraction, N is the total layer count, k is the specific layer 

number, and ( )GOPV k  is the GOPs’ volume fraction in the k layer. Then Young’s modulus and 

Poisson’s ratio for each layer are calculated by employing modified Halpin Tsai model. 

Based on the framework of classical plate theory (CLPT) and the nonlinear Kármán 

strain-displacement relationship, the compatibility equation is derived, and the equations of motion 

are deduced from Hamilton’s principle. By introducing Airy stress function and incorporating 

material information from Eq.(1), a second-order differential equation for the simply supported FG 

GO/PR plate can be obtained through Galerkin methods shown 

3 2 * * 2
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2
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t
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+

+

 
+ − = +

 

 (2) 

where mnW  is the transverse deflection in the middle point of the plate surface, 
*

mnW  is the transverse 

imperfection in the middle point of the plate surface, xN is the in-plane load amplitude, h is the 

thickness of the plate, and iK , iM are constant coefficients.

Replacing xN with corresponding sinusoidal pulse function, then applying fourth-order 

Runge–Kutta method to Eq.(2), the transverse dynamic response of plate subjected to impulsive load 

can be observed. After verification, the dynamic stability of the plate is evaluated and compared for 

different distribution types. 

Numerical results 

This dynamic stability analysis mainly studies the maximum deflection and critical buckling load of 

the plate. As the most common impact type in engineering, sinusoidal pulse load is dominated by two 

parameters, namely, the maximum amplitude 
max

xN  and load duration sT . Fig. 1 demonstrates the

transverse dynamic responses of X-GF GO/PR plate subjected to various load duration. It can be seen 

that when the loading period is less than double the natural period of the plate, the maximum 

deflection increases with a higher loading duration. The falling tendency of maximum deflection 

appears when the loading period exceeds this threshold. Additionally, the vibration amplitude of the 

plate decays evidently after the impact duration when the ratio is more than one. 
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Fig. 1 The transverse deflection of X-GO/PR plate subjected to different pulse loads ( 20a h = , 

1b a = , 20N = , * 0.02W h = , 0 = , ( ) ( ),  1,  1m n = , max 600xN MPa= ). 

Fig. 2 illustrates the effect of GO/PR plate types on the dynamic stability characteristics of the 

plate subjected to sinusoidal pulse load. With different maximum load amplitudes max

xN  are applied, 

the corresponding maximum deflection values of the plates are collected. The dynamic load 

capacities of plates crN are then assessed according to the B-H criterion [8], which can be 

mathematically expressed as 

max

2 max

max2
0

x cr

mn

x N N

W

N
=


=


(3) 

From Fig. 2, among all three considered types of GO/PR plate, it is revealed that that the 

X-GO/PR plate shows the best dynamic stability and the O-GO/PR one is the poorest, though the

difference is not significant. 

Fig. 2 The dynamic stability of different plate types subjected to sinusoidal load ( 20a h = , 

1b a = , 20N = , 
* 0.02W h = , ( ) ( ),  1,  1m n = , 34 10sT s−=  ). 

Summary 

In the current work, the dynamic buckling characteristic of the FG GO/PR nanocomposite plate under 

sinusoidal impact load is observed. The dynamic stability is evaluated by the B-H criterion. From the 

numerical results, the sinusoidal impact load whose shock duration is the double natural period of the 

plate exhibits the most critical influence on the dynamic response of the plate. Meanwhile, the X type 

GO-PR plate possesses the largest dynamic load capacity. These conclusions can be used for further 

work related to the optimization of FG GO/PR structures and their deployment of practical 

engineering. 
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Abstract. A novel bicycle helmet design is presented with an expandable component to increase 

survivability cycling accidents. The model was placed on a biofidelic head model and underwent 

numerical analysis in LS-DYNA in an impact environment designed to reproduce Australian s. 

Results of testing show decreases in head injury criterion of 54%, peak intracranial pressures of 

52% and decreases of peak and average maximum principal strains in brain tissue from 0.40 and 

0.10 to 0.26 and 0.04 respectively. 

Keywords: Finite element head model; airbag; bicycle helmet; head injury; expandable helmet 

Introduction 

With increasing public awareness for health reasons as well as government promotion, bicycling 

becomes a popular non-motorised form of transport globally. Nevertheless, road traffic deaths 

among vulnerable cyclists are intolerably high. It was revealed that about 40 thousands bicyclists 

die in road traffic accidents each year around the world, and more than half of them are due to head 

injuries. Therefore, preventing cyclist head injuries is becoming increasingly urgent. The 

importance of bicycle helmets for head injuries has been proven through many case studies and 

research papers. Most of the current bicycle helmets, which are ultimately designed to prevent blunt 

trauma, e.g., skull fracture, are comprised of a soft foam comfort liner, a polymeric foam absorption 

liner, encased in a thin plastic outer shell with a chin strap for retention in impact. Polymeric foams 

are the preferred material in absorption liners due to their strong localization effects in compression 

and volumetric hardening characteristics. However, in severe cases, the energy absorbing capability 

of the conventional liners is insufficient to negate serious brain injury or death. Unlike the safety 

features such as passenger airbags and seat belts implemented in automotive vehicles, there is not 

much improvement on bicycle riders’ safety when it comes to crash survivability in cycling.  

In this study, the authors explore the synergetic features of an expandable airbag and a standard 

commuter type EPS helmet in their expandable helmet design. Since most instances of serious harm 

and death in cyclists are attributed to injuries pertaining to the head and neck, the authors 

conceptualised that the novel expandable helmet, comprising of the conventional EPS helmet and 

an airbag that will being deployed prior to impact, will protect the vital regions vulnerable to fatal 

head and neck injuries. This expandable helmet enhances the energy absorbing capability by 

increasing contact area and duration, yet maintaining in a form factor compliant with international 

standards. 

Method and Material 

The expandable helmet design comprises a traditional EPS helmet with expandable feature which 

inflates prior to impact. The helmet shell, EPS liner and retention strap were modelled according to 

[1], whereas the inflatable component was modelled as a fabric Nylon 6-6, in which the fluid inside 

was assumed to be air.  

In the present study, a series of four dynamic impact simulations were carried out on the helmeted 

headform or head with different configurations, using Ansys Workbench LS-DYNA v.192 

(ANSYS, Inc., Canonsburg, PA, USA) (Table 1). The impacts were performed initially on the 
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ballast headform for benchmarking, whereas the subsequent ones on a previously validated human 

head model were used for assessing intracranial injuries [2].  

Table 1: Simulation cases. 

Case No. Configuration 

1 Conventional bicycle helmet on ballast headform 

2 Expandable bicycle helmet on ballast headform 

3 Conventional bicycle helmet on biological head 

4 Expandable bicycle helmet on human head 

The impact simulations were designed to replicate impact testing with a flat anvil, as described in 

Australian Standard AS/NZS 251. For model validation purposes, the impact location directly on 

top was selected to best replicate conditions shown by Sandberg et al. [3] in which an identical 

model was used. The initial velocity of each model was set to 5.4 m/s to simulate the terminal 

velocity of a 1.5 m drop with a 4.73 kg head and 0.2 kg helmet, as outlined in [1]. The steel 

impactor plate was set as a rigid body (Fig. 1).  

Fig. 1 Initial and boundary conditions applied in the simulation environment. 

Results & Discussion 

Figure 2 shows the linear accelerations predicted at the CG of the head when it is equipped with the 

EPS-only helmet and the expandable helmet. A significant decrease in linear acceleration at the CG 

of the head model is shown in the figure. The duration of the impulsive acceleration is significantly 

longer, hence reducing the HIC36 value from 1170 to 536. This resulted in a decrease in the 

probability of AIS level 3 injury from 64% to 17% based on injury curves developed by Mertz et al. 

[4]. 
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Fig. 2 Acceleration histories at the CG of the head model for the ESP control helmet and the 

novel airbag helmet. 

In regard to intracranial injury metrics, the average intracranial pressure taken across tissues in the 

cerebral cortex region shows a 41% drop in peak value from 0.17 to 0.10 MPa. This indicates the 

potential to reduce the risk of moderate brain injury to minor or no brain injury. The case of the EPS 

helmet showed the average MPS was 0.08 ‒ 0.10, whereas, for the case of the expandable helmet, 

the average MPS was 0.02 ‒ 0.04. Both cases show the likelihood of reversable and irreversible 

injury according to [2], using the maximum MPS value in each case shows the probability of AIS 3 

brain injury decreased from 11.9% to 3.7% when the novel helmet design was implemented. 

Fig. 3 Comparison of the EPS-only helmet and the expandable airbag EPS helmet. 

References 

[1] G. Milne, C. Deck, R.P. Carreira, Q.Allinne, R. Willinger, Development and validation of a

bicycle helmet: assessment of head injury risk under standard impact conditions. Computer

Methods in Biomechanics and Biomedical Engineering (2012).

[2] K.M. Tse, L.B. Tan, S.J. Lee, S.P. Lim, H.P. Lee, Development and validation of two subject-

specific finite element models of human head against three cadaveric experiments. International

Journal for Numerical Methods in Biomedical Engineering 30 (2014) 397-415.

[3] M. Sandberg, K.M. Tse, L.B. Tan, H.P. Lee, A computational study of the EN 1078 impact test

for bicycle helmets using a realistic subject-specific finite element head model. Computer Methods

in Biomechanics and Biomedical Engineering 21 (2018) 684-692.

[4] H.J. Mertz, P. Prasad, G. Nusholtz, Head injury risk assessment for forehead impacts. SAE

Technical Paper (1996).

303



Australasian Conference on Computational Mechanics ACCM2021 

13‐15 December 2021, Western Sydney University 

Numerical simulations of laser ablation of metallic structures 

Yutaka Tsumura1, a *, Anna Paradowska1,2, Andrei Rode3, Meera Mohan4 and 
Gwénaëlle Proust1,5  

1School of Civil Engineering, The University of Sydney, NSW 2006, Australia 
2Australian Nuclear Science and Technology Organisation (ANSTO), Lucas Heights, NSW 2234, 

Australia 
3School of Physics, Australian National University, Canberra, ACT 2601, Australia 

4 Transport for NSW, Sydney, NSW 2000, Australia 
5Sydney Manufacturing Hub, The University of Sydney, NSW 2006, Australia 

a ytsu9647@uni.sydney.edu.au 

Abstract: A finite element model of nanosecond laser ablation is developed in this paper. The 
model takes into account multiple physical phenomena such as non-linear material properties, phase 
transformation, and non-isothermal flow. All these phenomena are coupled and solved 
simultaneously in COMSOL Multiphysics. Using this finite element model, the temperature profile 
within the workpiece, the melt front depth, the ablation depth, and the ablation fluence threshold are 
predicted, providing valuable information to guide experimental work.  

Keywords: Laser ablation, numerical simulations, metals and alloys. 

Introduction  

Laser material processing has already been introduced in many manufacturing processes, such as 
cutting and surface ablation [1]. Laser light provides an excellent heat source due to its high energy 
density and allows various materials to be processed by appropriately selecting laser parameters [2]. 
In order to achieve the intended processing effect, it is necessary to appropriately set the laser 
parameters by understanding the complex physical processes at play. Laser material processing 
often involves strong non-linearity attributed to significant temperature changes, material property 
changes and phase transformation. Selecting laser parameters generally involves enormous 
overhead as it is essentially a try-and-error method that requires multiple tests for a given 
application and a given material [3]. It is one of the factors that hinder the introduction of laser 
processing technology into industrial fields where conditions and materials vary. 

The simulations aim to reduce the overhead spent on the calibration of laser parameters by 
understanding the effect of each laser parameter independently. In this paper, we discuss the current 
status and challenges of numerical simulations of laser ablation, especially from the viewpoint of 
physical models, and introduce a new finite element model to investigate laser ablation effects on 
metallic structures.  

Mathematical model 

The Navier Stokes equation coupled with the Fourier law of heat conduction is widely used as the 
governing equation for laser process simulations [4]. This consists of an energy equation that 
considers the heat transport, a fluid flow equation that describes fluid motion, and a continuity 
equation that describes the conservation of mass. 
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The governing equations for laser material heating are representing continuity (1), fluid motion – 
Navier-Stokes equation (2), and energy (3).  

   (1) 

   (2) 

  (3) 

Where ρ is the mass density, v the velocity, T the temperature, k the thermal conductivity, μ the 
viscosity, g the gravitational acceleration constant, Cp the specific heat capacity and Q the source 
(heat generation or heat absorption) term.  

For this work, the equation of state for the metallic material is calculated by the CALPHAD method 
using the commercially available software - Thermocalc.  

Numerical Simulation 

In this study, a coupled fluid flow and heat conduction analysis considering material non-linearity 
was performed using the general-purpose finite element analysis program COMSOL. The Arbitrary 
Lagrangian-Eulerian Method (ALE) is used to track the free surface movement due to fluid flow 
and ablation. The fluid is assumed incompressible, and therefore non-isothermal flow is taken into 
account by the Boussinesq approximation [5].  

The analysis model and boundary conditions are shown in Fig. 1. As an example of the simulation, 
the time evolution of the surface temperature and ablation depth of a 0.1mm thick ANSI 1040 steel 
plate irradiated by a nanosecond laser is presented in this paper. As the laser beam is circular and 
the workpiece is sufficiently large compared to the beam spot size, an axis-symmetric condition is 
applied about the centre of the beam spot to reduce the computation time and memory requirement. 

Figure 1: Simulation geometry and boundary conditions of the finite element model. 

The laser pulse was applied as a heat flux at the top surface with varying intensity over time, 
considering the absorptivity of the material surface. The laser spot size, r0, is set as 0.294 mm with a 
Gaussian spatial distribution (full width half maximum – FWHM). Temporal variation of the pulse 
intensity also follows the gaussian profile with an FWHM pulse duration of 82.4 ns centred at 350 
ns. A parametric study on the fluence is conducted for the range of 0.5-6.0 J/cm2 at 0.5 J/cm2 
increments to investigate the effect of the fluence on the laser ablation. The ambient temperature is 
set as 25 °C with a convective heat transfer coefficient of 10 W/m/K; the emissivity is calculated 
from the material's electrical conductivity. Moreover, as an initial development stage of the model, 
the study focuses on a single laser pulse. The simulation was conducted for 40,000 ns. 

Result - Laser ablation of steel plate 

Fig. 2(a)-(c) shows the time evolution of the maximum surface temperature, melt front depth and 
the ablation depth for different fluences. It can be seen in Fig. 2(a) that the melting point is reached 
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when fluence is greater than 2.0 J/cm2; and for fluences greater than 3.5 J/cm2, the material reaches 
the boiling point, which results in ablation. Fig. 2(b) shows that the melt front depth reaches the 
limiting value of 0.94 μm at the fluence of 4.0 J/cm2

 and does not increase thereafter. From Fig. 
2(c), we can extract the fluence threshold value (Fth) for which ablation starts as other laser and 
environment parameters remain constant. For the case simulated in this paper, Fth was found to be 
3.265 J/cm2. 

Figure 2: (a) maximum surface temperature variation with 
time for different laser fluences, (b) melt front depth 
evolution with time for different laser fluences, (c) 
maximum ablation depth for a single pulse as a function of 
laser fluence. 

Summary 

A finite element model of laser ablation considering multiple physical phenomena is developed. 
This model allows the prediction of the temperature profile within the workpiece, the melt front 
depth, the ablation depth, and the ablation fluence threshold. The model still requires verification by 
comparing the data against the actual test; however, it can provide valuable input for industrial 
application as it gives an initial estimate for ablation threshold without performing any experimental 
testing.  
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Abstract. Traditional drill and blast methods for hard rock extraction impose many safety and 

environmental issues such as air toxicity from explosions, overblasting resulting in rock face cave ins 

and noise [3]. The Dynacut machine is designed to solve these issues with autonomy, but still faces 

challenges in full automation including flexible boom path planning. This study proposes an Artificial 

Intelligence (AI)-based method to optimize the boom path planning for the Dynacut machine. Using 

AI and Deep Neural Networks (DNN) to detect fracture frequencies in the rock face alongside LiDAR 

point cloud data and high definition cameras to identify collapsed regions, the Dynacut machine will 

be able to intelligently create boom path trajectories by examining rock face properties for high 

frequency fractures, incompetent fallen sections of rock and fault line assessments. Experimental 

results demonstrate that the AI method is able to optimize the boom plan trajectories, increase cut 

advancement up to 20% over a complete sump and introducing the possibilities of selective mining 

and higher extraction volumes over time.   

Introduction. Currently, the Dynacut machine mines hard rock with a set profile which is created by 

an operator. The profile is executed over a certain depth and repeated once the depth has been 

completed. The trajectories and paths created ignore critical rock properties such as the competency 

of rock at any given time, whether large sections of rock have already fallen and fracture frequency 

in the rock. The use of AI and DNN will create a higher efficiency path, enabling operators to mine 

safer, increase work productivity, record preventative maintenance, and return higher yields of 

material.  

AI in the mining industry is a growing sector with more companies trying to utilise its potential. There 

have been differing attempts to add AI to various aspects of rock mechanics, but no direct hard rock 

AI method has been practically implemented [1]. The current method of rock extraction in a hard 

rock mine is using Drill and Blast. This method has many flaws including human endangerment, land 

endangerment, over/under blasting, tunnel profile imperfections and having difficulty with mining 

selections [3]. The dynacut machine is designed to solve these issues, increase productivity, remove 

the human aspect from the rock face and harm and have additional aspects in regard to profile 

selectability. Traditionally, mining methods in hard rock applications are limited to using drill and 

blast. The use of explosives in mining dates to the 1600’s where explosive gunpowder replaced 

mechanical tools such as picks. The Dynacut machine, which is currently being developed and tested 

in various locations in Australia and Canada, uses a vibrating eccentric mass connected to a tool tip 

that utilized undercutting to propagate fractures throughout the hard rock face and extract material. 

The path of the 5 degree of freedom boom is predefined, providing a trajectory in 3-dimensional 

toroid space. 

Dynacut Overview. The Dynacut machine, a hard rock miner, uses a 5 axis boom with an eccentric 

mass connected to the tool tip that oscillates at a frequency of 60 Hz. The oscillating disc uses the 

theory of undercutting to create fractures and break rock or propagate fractures that already lie within 
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rock face. The current trajectory of the boom is derived from a stock path creator, developed internally 

at Komatsu, which takes a predefined starting position and follows the 3-dimensional path set be the 

programmers. The trajectory follows one of three movements: straight line, arc, and Bezier curve. 

Once the single cut profile is created, it is extruded along the axis of the boom to create a 3d profile 

that can be used for a 500mm depth of cut. 

 

Solution. Currently the Dynacut machine uses a set path created by operators. This method of path 

trajectory does not consider any aspects of the rock it is cutting, including large broken sections 

sheared off the wall, fracture lines throughout the rock, incompetency in rock hardness and dynamic 

preventative machine wear predictiveness. A solution to these would be incorporating the use of AI 

in the path decision making. Through a LiDAR sensor and high-definition cameras, AI and DNN 

algorithms create trajectories for the boom to follow based on its input data. These trajectories are 

altered and optimized as the algorithm learns the best movements versus yields. Inputting the rock 

material and properties will also yield higher efficiencies in cutting, as the cutting parameters can be 

bespoke for differing compositions. 

 

Results and analysis. LiDAR sensor data captures point cloud depth information which is analyzed 

using Python. The data sets are displayed where users can select an average point for calculations to 

take place, or the algorithm can pick an average based on camera distance from the rock face. The 

lighter shades represent distances further away from the sensor, and darker shades represent closer 

distances. From the scan in Figure 1a, the middle section of the rock face has caved in due to higher 

frequency rock fractures in incompetent rock. This section of rock does not require the boom to travel 

through it, as the machine tool tip will be cutting through air. Over the course of a full cycle this will 

add time-based inefficiencies.  Using an internal algorithm created for this study, a trajectory is 

created avoiding unnecessary movements through large fallen sections of rock, Figure 1b. The path 

created not only takes into consideration the incompetent sections of rock, but also considers real 

world machine limitations such as the forces of gravity. The Dynacut boom has a higher cutting rate 

when it moves in the downward direction (alongside gravity) and a lower cutting rate when it cuts 

upwards against the forces of gravity. These limitations are implemented into the algorithm in which 

the paths are created. Based on simulations, using the LiDAR sensor alone has a time-based profile 

saving of 20%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Region based Convolutional Neural Network (RCNN) is trained using a positive image bank of 

20,000 fracture images. These fractures are segmented using third party software to train the model 

using segmented sections of fractures in concrete. Once the model is trained, it will be able to detect 

large sections of sheared off rock from the face and fracture/fault lines. 

Figure 1a -  LiDAR capture data of Cadia Gold mine rock face                             Figure 1b – New path created avoiding fractured section of the rock face 
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As the network detects higher fracture frequencies indicating less competent rock, it increases 

machine cut sump depth to mine a higher volume of material. In comparison to the standard profile 

generation, the sump depth remains constant throughout a cycle. The simulated results show an 

increase of 50mm – 100mm of a single cycle cut depth, equating to a 2.5m3 increase in extraction 

over the same time frame, indicated in orange. Cutting direction can also be altered to work 

perpendicular or parallel to major fault lines in the rock face to further propagate undercutting 

fractures. 

Figure 2 

Summary. Incorporating the use of AI in the Dynacut machine not only provides a more efficient 

cutting cycle but increases user safety by eliminating requirement of personnel to plan and watch the 

hard rock face, produces a higher yield of rock volume extraction over time and opens the possibility 

of selective mining. The use of LiDAR data and high-definition camera images that scan to identify 

fracture regions, trained algorithms using AI and DNN to create path trajectories with the 

considerations of machines ideal cutting directions result in an increased sump depth of 20%, as 

shown in Figure 2. The increased productivity of the machine also results in a reduction of operating 

time by 15%. As result of these additions, machine data can be streamed and analyzed to provide 

preventative maintenance information in real time. 
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Abstract. Nowadays additive manufacturing (AM) technologies including 3D printing grow rapidly 

and they are expected to replace conventional subtractive manufacturing technologies to some 

extents. During a selective laser melting (SLM) process as one of popular AM technologies for 

metals, large amount of heats is required to melt metal powders, and this leads to distortions and/or 

shrinkages of additively manufactured parts. It is useful to predict the 3D printed parts to control 

unwanted distortions and shrinkages before their 3D printing. This study develops a two-phase 

numerical modelling and simulation process of AM process for 17-4PH stainless steel and it 

considers the importance of post-processing and the need for calibration to achieve a high-quality 

printing at the end. By using this proposed AM modelling and simulation process, optimal process 

parameters, material properties, and topology can be obtained to ensure a part 3D printed 

successfully. 

Keywords: Additive manufacturing (AM), Selective Laser Melting (SLM), 17-4PH stainless steel 

(SS), finite element method, distortion and shrinkage.  

Introduction 

Over past few years, additive manufacturing technologies were recognised widely as an innovative 

manufacturing technologies for metals in aeronautical, medical, and automotive industry, because 

of its greater freedom of design to manufacture complex parts, greatly reducing the assembly time 

with improved mechanical properties [1]. Among the AM technologies for metals, the SLM process 

can handle a wide range of materials and has high cooling rates than other AM technology like 

direct energy deposition (DED) or Electron beam melting (EBM). Numerical modelling and 

simulations of the AM process, additively manufactured materials and products can develop a 

thorough understanding in an optimal design sense to achieve high-quality end products. Optimal 

selection of AM process parameters such as laser power, scanning speed, hatch spacing, part 

orientation, etc., plays a predominant role in the quality of the end products to minimise unwanted 

defects such as distortion and shrinkage.  Pagac et al. [2] carried out an experimental analysis and 

simulation to predict the distortion before 3D printing of the part via SLM of stainless steel AISI 

316L and they optimised the design and orientation to improve product quality. Peter et al. [3] 

simulated SLM with various test geometries to predict distortions caused by residual stresses. Sun 

et al [4] additively manufactured components with17-4PH subjected to heat treatment H900 to 

enhance their mechanical properties and their results revealed that the post-processing with heat 

treatment has significant influences on the distortion, microstructure, and hardness.  

In this study, the numerical modelling and simulation process of SLM process for metals is 

developed by using MSC Simufact Additive. The proposed process is used to model of the SLM 

process on printing tensile testing samples of stainless steel 17-4PH as a showcase to minimise 

distortions with varying build orientation (horizontal and vertical) and using heat-treatment post-

processing. The extracted results from the process include displacement, strain, stress, etc., which 

greatly help optimise the SLM process for SS and assure high quality and efficiency.    
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Development of the Numerical Modelling and Simulation Process for Metals 

Sample Design and Manufacturing. Two different tension testing specimens – sheet type and bar 

type were designed according to the ASTM standards as depicted in Fig. 1. These samples were 

printed with 17-4PH SS by using the SLM process. 17-4PH is a martensite stainless steel and it is a 

3D printable metal alloy. Due to its exceptional corrosion resistance, high strength, and ease to 

fabricate, it is used in a wide range of industries. 

Fig. 1: Tensile testing samples (a) sheet type and (b) bar type 

Modelling of the SLM Process of 17-4PH SS Samples. In this study, MSC Simufact Additive was 

adopted to simulate the SLM process for metals, which can generate design, topology optimisation, 

process simulation, and post-processing steps. The proposed numerical modelling and simulation 

process for metals is devised as a sequential multi-phase process, including a calibration phase and 

a printing phase. The calibration phase is used to guide the settings of 3D printing through 

comparing the simulation data and experimental data and it can have three analyses, namely 

mechanical, thermal and thermomechanical analyses, respectively, and it can be selected based on 

users' needs. For every combination of parameters on a process or material setting, the calibration 

process is mandatory to obtain accurate simulation results. Mechanical calibration is much faster 

and used to calibrate the machine, material, and machine settings, whereas thermomechanical 

calibration is used to calibrate the process setting parameters too. In this study, only 

thermomechanical calibration was carried out and then the calibrated values were further used in the 

printing phase as part of input data and the AM process simulations for two tensile samples were 

conducted. In the printing phase, the heat treatment post-processing was also included as it is 

essential for additively manufactured 17-4PH to minimise unwanted distortions and relieve residual 

stresses. 

Results and Discussion 

By using the proposed two-phase modelling and simulation process, two sets of the SS tensile 

samples were modelled, and Table 1 lists the results of eight SS Tensile samples with two build 

orientations and with and without heat treatment (HT). Fig. 2 illustrates the contour plots of total 

displacements, effective plastic strains, and effective stresses of those sheet-type samples.  

     The obtained numerical results show the heat treatment post-processing can greatly reduce 

unwanted distortions. According to Figs. 2(a) and 2(b), a maximum distortion in sheet-type tensile 

sample without heat treatment was found 0.75 mm, whereas with post-processing, it can be reduced 

to 0.17 mm with a 77.3% reduction. The samples manufactured vertically had a minimum amount 

of distortions compared to the horizontally manufacture components. Higher equivalent stress of 

717.70 MPa can be observed in the samples printed in vertical orientation. The distortions and 

mechanical behaviours of the other bar-type samples were found very similar to the sheet-type 

tensile samples.  

Table 1: Numerical Results for SS Tensile samples with two build orientations and with and 

without heat treatment (HT) 

SS Tensile Samples Building 

direction 

Maximum Total 

displacement (mm) 

Maximum Effective 

plastic strain 

Sheet Type Without HT Horizontal 0.94 0.02 

With HT Horizontal 0.18 0.02 

(b) (a) 
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Without HT Vertical 0.75 0.03 

With HT Vertical 0.16 0.03 

Bar Type Without HT Horizontal 1.01 0.09 

With HT Horizontal 0.28 0.09 

Without HT Vertical 1.11 0.03 

With HT Vertical 0.18 0.03 

Fig. 2: Rectangle Test specimen build horizontal and vertical orientation with & without HT 

Summary 

In this study, the two-phase modelling and simulation process has been successfully developed for 

the selective laser melting process of 17-4PH stainless steel. The obtained numerical results show 

that the devised simulation process can be a useful tool to predict distortions and failures of 

additively manufactured components before its additive manufacturing can be conducted. The heat 

treatment post-processing is very effective to control distortions. As part of on-going work, further 

studies are required to understand the relationship between residual stress and distortion at different 

conditions and these numerical results obtained from the simulations will be validated by 

experimental data.  

References 

[1] P. Konda Gokuldoss, "Design of next‐generation alloys for additive manufacturing", Material

Design & Processing Communications, vol. 1, no. 4, 2019. Available: 10.1002/mdp2.50.

[2] M. Pagac et al., "Prediction of Model Distortion by FEM in 3D Printing via the Selective Laser

Melting of Stainless Steel AISI 316L", Applied Sciences, vol. 11, no. 4, p. 1656, 2021. Available:

10.3390/app11041656.

[3] N. Peter, Z. Pitts, S. Thompson and A. Saharan, "Benchmarking build simulation software for

laser powder bed fusion of metals", Additive Manufacturing, vol. 36, p. 101531, 2020. Available:

10.1016/j.addma.2020.101531.

[4] Y. Sun, R. Hebert and M. Aindow, "Effect of heat treatments on microstructural evolution of

additively manufactured and wrought 17-4PH stainless steel", Materials & Design, vol. 156, pp.

429-440, 2018. Available: 10.1016/j.matdes.2018.07.015.

[5] L. Jiao, Z. Chua, S. Moon, J. Song, G. Bi and H. Zheng, "Femtosecond Laser Produced

Hydrophobic Hierarchical Structures on Additive Manufacturing Parts", Nanomaterials, vol. 8, no.

8, p. 601, 2018. Available: 10.3390/nano8080601.

312



Australasian Conference on Computational Mechanics ACCM2021 
13-15 December 2021, Western Sydney University 

XFEM modeling of fatigue crack growth in prosthetic devices 

Boyang Wan1,a, Ali Entezari1,b Zhongpu Zhang2,c, Nobuhiro Yoda3,d, Michael 
Swain1,e and Qing Li3,f,* 

1 School of Aerospace, Mechanical and Mechatronic Engineering, The University of Sydney, 
Sydney, NSW 2006, Australia 

2 School of Computing, Engineering and Mathematics, Western Sydney University, Penrith, NSW 
2751, Australia 

3 Division of Advanced Prosthetic Dentistry, Tohoku University Graduate School of Dentistry, 4-1, 
Seiryo-machi, Aoba-ku, Sendai, Miyagi 9808575, Japan 

a bwan9310@uni.sydney.edu.au; b ali.entezari@sydney.edu.au; c 

leo.zhang@westernsydney.edu.au; d nobuhiro.yoda.e2@tohoku.ac.jp; e 

michael.swain@sydney.edu.au; f qing.li@sydney.edu.au 

Abstract. While artificial prosthetic devices have been extensively applied in a range of medical 
treatments, fatigue failure has been recognized a main concern for therapeutical longevity. In this 
area, experimental tests are a dominant approach despite its restriction to in-vivo scenarios and 
limitation to extrapolation of the testing results. This work develops an in-silico approach to 
simulating fatigue crack propagation in some common osteosynthetic devices. In the present study, 
two representative prosthetic case studies, namely femoral osteosynthesis plate and the mandibular 
reconstruction plate, are investigated. This study demonstrates a useful approach for fatigue crack 
modelling of prosthetic devices in-silico, which provides an effective tool for design optimization of 
load-bearing prosthetic devices to ensure durability.

Keywords: XFEM, Fatigue failure, Femoral osteosynthetic plate, Mandibular reconstruction plate 

Introduction 
The risk of bone defects caused by trauma, tumour or osteoradionecrosis increases drastically 

as a result of ageing population over past few decades [1, 2]. Use of an osteosynthesis device, such 
as fixation plate, is considered fundamental to stabilize osteointegration and promote bone 
reconstruction. However, there are rising reports on the complications such as screw loosening, 
plate exposure, screw and plate fracture [3]. Clinical experience and specialized literature reveal 
that metallic fixation device are often subject to excessive cyclic stress, leading to fatigue failure 
[3]. Plate fracture could lead to a severe clinical incident, as it will cause further damage to the bone 
and surrounding tissues and potentially result in the further injury and excessive expense to patient. 
Therefore, it signifies a very important research issue that requires to gain better understanding and 
quantitative assessment in a predictive manner [4]. 

The eXtended Finite Element Method (XFEM) technique has been widely used in modeling 
crack initiation and propagation [5-7]. Although some studies have adopted XFEM to model the 
fatigue crack growth (FCG) in several generic engineering problems recently, application of XFEM 
for a broad range of biomedical problems remains an open research question for their relatively low 
cycle fatigue with variable loading in literature to date. This study aimed to expand XFEM fatigue 
model to biomedical problems by investigating the femoral fixation plate and mandibular 
reconstruction plate. 
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Methodology 
Finite element model. Figure 1 illustrates the loading and boundary conditions for the finite 

element (FE) models of the two prosthetic plate systems. For the femoral fixation system shown in 
Fig. 1(a), the load was aplied to the femur head along the stance direction while the bottom of resin 
die was fully constrained in all degree of freedom [8]. In this model, the total number of element is 
961,697 with 829,101 degrees of fredom (C3D4). 

For mandibular reconstruction case as shown in Fig. 1(b), the load was applied on the second 
molar tooth, while the temporomandibular joint was kinematically constrained [9]. The interfaces 
among each component were assumed to be fully bonded after certain period of osseointegration. 
Finally, the mandibular model was meshed with 573,318 (degree of freedom – DOF: 334,461) four-
node linear tetrahedron elements [10]. 

Fig. 1. Finite element models for different biomedical applications: (a) the natural pre-molar tooth 
in 2D. The colours in figure stand for the loading sphere, bone, and each component of the tooth. 

(b) human femur model in 3D.

Extended finite element method (XFEM). XFEM allows insertion of a crack by introducing 
additional degree of freedom to the nodes belonging to the elements affected by the discontinuty. 
The displacement function can be defined by [11].  

(1) 
where  is the shape function,  stands for nodal displacement vectors.  are nodal 
degree of freedom enriched with Heaviside function, , and asymptotic crack-tip function, 

. 
The fatigue crack initiation is estimated by using accumulated hysteresis energy per cycle, , 

and the number of cycles where crack initiates is given by [12],  
(2) 

where A and B are material constants. 
Following such initiation, the crack propagation is charaterized by the stress intensity factor 

(SIF) at the cack tip based upon the Paris law [11], which can be written as, 
(3) 

where  is the crack length and  the number of loading cycles.  and  are material dependent 
Paris’ constant and Paris’ exponent, respectively.  
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Results and discussion 
Based upon the XFEM fatigue analysis, Fig. 2 (a) plots the evolution of the cracking surface 

area with increasing loading cycles for the femoral osteosynthesis plates. The region with the 
highest maximum principal stress (MPS) was identified in the plates, which coours in the margin of 
the screw holes. As shwon in Fig. 2 (b) and (c), the locations of MPS concentration areas identified 
in the XFEM simulation well correlate with the crack origin sites, suggesting that the stress 
concentration exerting crack initiation was driven by the maximum tensile stress.  

Fig. 2 (a) Plots of simulated crack surface areas versus number of cycles. (b) Maximum principal 
stress in the femural plate. (c) Typical cracking fracture patterns in the femoral osteosynthesis plate. 

Fig. 3 (a) describes the relationship between cracking surface area and the number of loading 
cycles for the mandibular reconstruction plate. Similar to the femural plate, the crack site shows 
excellent agreement with the region having a high MPS concentration, which is near the distal side 
of the segmental defect margin, from the top surface of the plate as shown in Fig. 3(b) and (c). 

Fig. 3 Plots of simulated crack surface areas versus number of cycles. (b) Maximum principal stress 
in the mandibular plate. (c) Typical cracking fracture patterns in the mandibular plate. 

Summary 
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This study presents a XFEM-based procedure to model the fatigue cracking process subject to 
cyclic loading. The proposed method was used for predicting the fatigue lifespan and cracking path 
for two common surgical procedures which involve prosthetic devices for supporting the tissue 
scaffold (femoral osteosynthetic plate) and jaw bone graft (mandibular reconstruction plate) 
treatments. The XFEM results revealed that the screw holes largely contributed to crack initiation 
and propagation, which is worth further investigation. Overall, this study developed an effective 
approach to simulating fatigue failure thereby evaluating the longevity of prosthetic system. The 
predicted fatigue life and crack patterns can be used as a guideline for design of reconstruction 
devices to ensure durability on a patient specific basis.  
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Abstract 

It was well recognised that carbon fibre reinforced polymer composite laminates, as widely used 

on aircraft structures, have good fatigue resistance. The fatigue limit of these laminates in fibre 

dominant load cases (which are aimed for in designs) is close to their static strength. Therefore, the 

structure design (sizing) is generally based on the static strength in these cases. The resultant 

structures are generally able to meet the fatigue requirements and pass the fatigue tests required for 

certification. As summarised in CMH17 [1] the non-damage-growth criterion worked well for many 

fatigue non-sensitive composite structures. In these structures damage growth under fatigue loading 

is often a sign revealing through-thickness stresses, unanticipated during the design stage, and thus a 

redesign is required. Likewise, repairs or replacement of damaged in-service structures are often 

required to restore static strength safety margins, well before the need to address fatigue 

performance concerns. 

However, it has also long been recognised that in some damage cases, most typically 

delamination in laminates and disbond in bonded joints where the damage can grow under fatigue 

loading with the peak load as low as 20% of their static (residual) strength in shear or peel, a slow 

growth management approach could apply [2]. Such a damage tolerance management strategy may 

be beneficial towards reducing maintenance cost by delaying or avoiding unnecessary repairs or 

replacement of composite components. Since 2010 this slow growth management strategy has been 

considered acceptable by FAA, provided the damage growth is predictable [3, 1].  

In recent years, DST Group and its partner research organisations (Monash University, 

University of New South Wales and Western Sydney University, as well as National Research 

Council Canada) have jointly carried out a series of computational and experimental research 

programs establishing a framework for implementing the slow growth approach, summarised in this 

paper.   

Static Strength Dominant Cases 

A typical example is a laminate panel subject to compression loading after impact. After 

considering the factors of B-basis value, the difference between design ultimate and design limit 

strengths and hot/wet knockdown, the allowable strength used to compare with the design load 

requirement would be lower than 50% of its average static strength at room temperature. The 

damage growth in such panels in most cases would not occur when peak fatigue stress is lower than 

70% of their average static strength. Thus the static strength is generally the dominant factor to 

consider. Note that AC20-107B [3] specifically indicated that it is not acceptable to leave the 

structure unrepaired should the static strength safety margin be compromised, even when there is no 

fatigue damage growth. 

Disbond Slow Growth 
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Fig. 1 shows a computational model of generic, bonded metallic joint subject to tensile loading 

with geometry, boundary condition and load condition [4]. The implementation framework for a 

slow growth approach was established by analysing this joint (refer to Fig. 2). The key components 

include determination of (i) joint residual strength as function of the disbond length (which 

determines the design limit strength curve by applying a safety factor) computationally calibrated 

with test results, and (ii) crack growth rates as function of fatigue loading governed by strain energy 

release rate parameters, through modelling (using virtual crack close or cohesive element approach) 

and experiments. It is important to note that the length of the bonded region is considered to be 

much greater than the load transfer length. 
 

 

 

 

 

Fig. 1 Illustration of generic bonded joint specimen (symmetric left side not shown) 

Bonded joint damage tolerance has been extensively researched; however, traditionally focus has 

been on early stage of damage growth, whilst the damage considered in a slow growth approach 

needs to be far larger than that. For example, for a typical fatigue peak load level as the dashed line 

in Fig. 2, Categories 2 and 3 damages defined in AC 20-107B [3] are beyond Point C. The region 

approaching Point C and the region between Points C and D are critically important for determining 

allowable fatigue life and inspection interval.  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Slow growth approach illustration (applicable qualitatively for disbond from either end)  

The joints considered also include metal-composite and composite-composite joints. For 

composites adherend more factors, most typically fibre bridging and first-ply delamination, are 

involved, and it is important to assess the joint performance under compression fatigue loading as it 

is a critical load case for composite structures. A 4-point bending specimen (Fig. 3) was designed 

for this purpose. The honeycomb and bottom skin provide effective anti-buckling support. 
 

 

 

 

 

 

 

 

Fig. 3 Composite joint specimen 
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Previous computation [5] indicated since the interlaminate shear strength of the laminate is high 

than that of the adhesive bond line. Only in the case of any defect in the laminate, could the disbond 

growth migrate to delamination, which would grow faster, and thus is an important factor to 

consider. The research program includes not only strip specimens but also large panel specimens 

where disbond from a local area growing in a non-predefined path will be assessed.   

Delamination Slow Growth 

The research started with a series of Mode II delamination tests using specimens made of 

unidirectional and fabric carbon prepreg materials [6]. Static tests were conducted to determine 

critical strain energy release rates of these materials. Constant amplitude fatigue tests were 

conducted to determine N-S curves and delamination growth rates as function of fatigue cycles, 

peak loads and R-ratios. A modified Parry’s law was further established by correlating the measured 

growth rates with strain energy release rates calculated using the virtual crack close approach. This 

model was used to predict the fatigue life of the specimens. The fatigue failure was defined using 

allowable delamination length (based on residual static strength or rigidity requirement).  

Tests with variable amplitude loading (Falstaff spectrum) were also conducted. The delamination 

growth rates established using the constant amplitude fatigue test results were used to predict the 

delamination growth in these tests. Selected results are plotted in Fig. 4. There is significant scatter 

in the fatigue life of the specimens tested. The predicted fatigue lives are close to the average lives.  

Due to the significant scatter of fatigue test results, a B-basis fatigue life was determined (for 

original spectrum, Fig. 4) that could be considered in a practical application.  

Further work is planned for Mode I and mixed mode delamination conditions. 

In the full paper, detailed information about disbond and delamination slow growth research 

programs will be provided.  

Fig. 4 Results of 13 fatigue tests with two spectra  
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Abstract. A machine learning aided uncertainty quantification framework is proposed to investigate 

the engineering structures under the non-probabilistic uncertainty. The non-probabilistic uncertainty 

(e.g., fuzzy sets, interval, etc.) is featured with incompleteness and impreciseness. Within the 

proposed framework, the Twin Extended Support Vector Regression (T-X-SVR) approach, is 

adopted for the regression model architecture. The interval uncertainty quantification is carried by a 

constrained optimization programming on the established meta-model. With the great effectiveness 

and computational efficiency, the proposed non-probabilistic uncertainty quantification framework is 

capable of providing the lower and upper bounds of the concerned structural responses. Furthermore, 

the machine learning aided approach possesses an inherent feature of the information update, which 

can be utilized to diagnose the status of the meta-model or forecast the structural performance. To 

demonstrate the applicability of the proposed framework, the nondeterministic elastoplastic nonlocal 

damage analysis is investigated by involving the non-probabilistic uncertainty.  

Keywords: Machine learning; Non-probabilistic uncertainty quantification; Engineering application. 

Introduction 

In contemporary engineering applications, the existences and impact of structural uncertainties 

acting on the structural behaviours have been extensively acknowledged [1,2]. The systemic 

uncertainty, as an inherent feature of the objective, may originate from the measurements, recognition, 

manufacturing and processing, environments, etc. An appropriate consideration of these uncertainties 

is extremely significant in many fields, especially where high precision for the products is required, 

e.g., medical science, military, aerospace, advanced manufacturing, etc.  

The uncertainty is classified into two categories, i.e., aleatoric and epistemic uncertainties [3]. 

From industry practices, accumulated experiences have repeatedly revealed the fact that different 

projects may share different amount of the information and accessibility to the information. In real-

life engineering applications, the dilemma that the experimental data may be insufficient in the 

quantity or poor in the quality to credibly determine the probability distribution characteristics when 

using the probabilistic approaches. Nevertheless, the epistemic uncertainty is featured with the 

incompleteness and impreciseness. When very limited information of the concerned uncertain 

properties is available, the epistemic uncertainty quantification approaches are still applicable. 

Furthermore, in practical engineering applications the relationship between the systematic 

uncertainties and the quantity of interests is normally underpinned, sophisticated, and implicit. 

Directly implementing the non-probabilistic uncertainty quantification on this constitutive 

relationship is extremely challenging. As one single deterministic calculation could already be very 

time-consuming, the non-probabilistic uncertainty quantification with large simulations to search for 

the extremes would become computationally infeasible.  

Therefore, to provide a possibility for the uncertainty quantification for practically stimulated 

engineering problems with non-probabilistic uncertainty, a machine learning aided uncertainty 

quantification framework is proposed in this extended abstract. order to achieve an effective 

presentation, the core algorithms, results of the numerical investigation, are briefly introduced in the 

following sections. A newly developed machine learning technique, namely the Twin Extended 
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Support Vector Regression (T-X-SVR), is implemented for the model architecture [4]. The non-

probabilistic uncertainty quantification problem is formulated as the constrained optimization 

programming on the metamodel.  

Methodology 

Non-probabilistic Uncertainty Quantification 

Herein, the non-probabilistic uncertainty is modelled as the interval parameters. The interval 

uncertain structural responses X  can be expressed as,  

( ) ( ), : ( ) DX X X  ξ ξ (1) 

where   denotes the interval sample space; D  denotes the total degree of freedom of the structure; 

ξ  denotes the closed interval parameters, which are the set of real numbers given by 

[ ,  ] { : }x x= =   ξ ξ ξ ξ ξ . ( )X ξ possesses the non-probabilistic characteristics. The non-

probabilistic uncertainty quantification is carried out by seeking the lower and upper bounds, i.e., LB 

and UB, of X .  

Machine Learning Aided Non-Probabilistic Uncertainty Quantification 

To provide a more robust, effective and efficient manner to tackle this engineering stimulated 

challenge, a machine learning aided approach is utilized to establish the regression model. The 

Extended Support Vector Regression (T-X-SVR), is imbedded to alternatively depict the underpinned 

constitutive relationship between the systematic inputs and the concerned response. With the 

mathematical support, the optimal solutions for any given interval can be estimated on the established 

regression model.  

There are two main benefits in utilizing the regression model as an alternative: (1) A mathematical 

function for each model possesses cheap computational costs; (2) On any specific interval of the 

inputs, the optimal solutions for the estimation of extremes can be effectively obtained through the 

derivation methods.  

Numerical Investigation 

Turbine Blade 

Stimulated from this engineering demands, the damage performance of a turbine blade with an 

initial edge notch has been investigated involving interval uncertain material properties. The top and 

bottom surfaces are considered as pure Silicon Carbide (SiC) and 316L Stainless Steel. According to 

the convergence analysis within the framework of the finite element method (FEM), the concerned 

structure has been discretized into 60589 10-node quadratic tetrahedron finite elements with a total 

degree of freedom of 181767.  

For the elastoplastic modelling, the threshold of the damage parameter is determined as 41.32 10−

, and the softening curve is controlled by a pair of parameters of {0.92, 280}. Governed by the power-

law constitutive relationship, the generic material properties P , i.e., the Young’s modulus E , 

Poisson’s ratio  , and density  , of the turbine blade are continuously varying in the height 

direction. The Young’s modulus, Poisson’s ratio, and density of 316L, i.e., 
ME , M , and 

M , and the 

Young’s modulus, Poisson’s ratio, and density of SiC, i.e., CE , C , and C , are considered as interval 

uncertainties. The bounds of the involved uncertainties are presented in Table 1. 

Table 1 The bounds of the involved uncertainties 

Parameter ME (GPa) CE (GPa) M C M (
3g/cm ) C (

3g/cm ) 

UB 190.8945 303.0183 0.2928 0.3675 8.0377 3.3589 

LB 189.1185 300.6888 0.2375 0.3325 7.9629 3.0393 
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After convergence study, the number of the training samples for the proposed approach is set as 

100. The LB and UB of the concerned response are estimated by the proposed approach, and the

computational estimations are presented in Table 2, in reference to the brute Monte Carlo Simulation

(MCS) method with 1e3 simulations.

Table 2 The estimated bounds of the concerned response 

MCS T-X-SVR RE (%)

LB 2.2119 2.1719 -1.8105

UB 2.7507 2.8067 2.0348 

From the Table 2, the estimated results by the proposed approach perfectly encloses the MCS 

results. As for the computational efficiency, the brute MCS is conducted on a cluster node with 2 14  

Intel Xeon E5-2690v4 (Broadwell) 2.6GHz cores and it costs 364.4. hours to complete 1000 times 

calculation. Nevertheless, the machine learning based methods are conducted on a workstation with 

Intel(R) Core (TM) i7-9750H CPU @ 2.60GHz 2.59 GHz. The proposed T-X-SVR costs 113.4 

seconds to learn the virtual model from 100 training samples. The superior computational efficiency 

further highlights the applicability of the proposed approach in practical engineering applications.  

Summary 

This extended abstract proposes a machine learning aided non-probabilistic uncertainty 

quantification framework for engineering structures. The Twin Extended Support Vector Regression 

(T-X-SVR) technique is adopted for the model architecture. By conducting the mathematical 

programming algorithms on the established regression model, the bounds of the quantity of interest 

can be obtained effectively and efficiently. The optimal solutions for the mathematical programming 

algorithms for any given intervals can be achieved, as the regression model can be formulated as a 

continuous and differentiable equation. The proposed non-probabilistic uncertainty quantification 

approach can be applied for various engineering applications, including dynamics, multiphysics, solid 

flow interaction, etc. Furthermore, the information update is an inherent feature of the proposed 

approach. Based on the established regression model, the predictions on new samples of inputs can 

be achieved efficiently. To demonstrate the applicability and computational efficiency of the 

proposed approach, the nondeterministic elastoplastic nonlocal damage analysis is investigated. 
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Abstract: Liquefaction of tailings can cause serious disasters. This research models the behaviour of 

unsaturated tailings, with high degrees of saturation, focussing on the propensity for liquefaction 

during monotonic loading. A bounding surface plasticity model was used to simulate a closed solid-

water-air system, relevant to a constant mass undrained (closed) condition which may prevail during 

a fast loading event. Boyle’s law as well as Henry’s law were adopted in the model so that the changes 

of pore air and water pressures with the volume change, as well matric suction, were considered. A 

series of unsaturated triaxial tests, including constant suction conditions and constant water-air mass 

conditions, were performed and simulated by the model. Good agreements were achieved between 

test results and model simulations. 

Keywords: tailings; Boyle’s law; bounding surface; closed system loading. 

Introduction 

Tailings are the leftovers of mining industries. Large in volume, they are usually transferred to and 

stored in a tailings storage facility (TSF) in a slurry form. The silty and loose nature of many tailings 

deposits in a TSF makes them susceptible to liquefaction. Liquefaction is a phenomenon wherein the 

tailings loose much (if not all) of their strength and then flow like a liquid. Liquefaction may happen 

in saturated tailings, as well as unsaturated tailings as long as the degree of saturation (Sr) is large, 

whereby the pore air and water pressures (ua and uw) increase due to a fast loading event and cause 

the effective stress and strength to reduce. 

Understanding the behaviour of unsaturated tailings during a constant mass undrained (closed 

system) loading condition will help understand how their properties relate to liquefaction 

susceptibility. The liquefaction of unsaturated soils or tailings is not understood nearly as well as for 

saturated conditions [1]. Mele et al. [2] conducted undrained cyclic triaxial tests on both saturated 

and unsaturated loose sands to explore the effect of ‘induced partial saturation’ on liquefaction. They 

found that desaturation increases liquefaction resistance from an energetic perspective. Wang et al. 

[3] conducted cyclic triaxial tests on iron ore fines and two sandy soils. They considered the ua and

proposed a new index, the volumetric strain ratio, to evaluate the liquefaction resistance ratio. Kwa

et al. [4] performed shake table tests on unsaturated well-graded geomaterials. Liquefaction was

observed in all the tests, with relative densities ranging from 50% to 60% and Sr ranging from 50%

to 70%. They monitored the change of distribution of Sr and fines content migration during the

shaking. Lü et al. [5] used mixture theory in a deviatoric hardening plasticity model to take air bubbles

into account when simulating the response of unsaturated sand. They used a simplified second-order

work criterion to judge the initiation of static liquefaction and concluded that liquefaction is likely to

occur in loose samples. They also observed drained-like responses at the start of unsaturated

undrained tests due to the compressibility of the air phase. However, very few researchers have

proposed a constitutive model which accounts for the air pressure induced effective stress reduction,

and matric suction (s = ua - uw) to capture the behaviour of tailings under undrained monotonic loading.

In the present research, a bounding surface plasticity model is used to characterize the undrained 

behaviour of unsaturated tailings subjected to monotonic loading. Suction, as well as ua and uw, are 

treated as variables. 
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The bounding surface plasticity model 

A bounding surface plasticity model [6], formulated in a critical state soil mechanics framework, 

is adopted. The effective stress concept [7,8] is also used. A simple isotropic elastic stress-strain 

relationship is assumed, with the bounding surface plasticity theory enabling a (near-linear) purely 

elastic region to be avoided as it limits the accuracy of simulations. The loading surface and a 

bounding surface are defined to have the same shape, which can be easily adjusted to fit a wide range 

of tailings types. The saturated critical state line (CSL) in the e-logp plane (e is the void ratio, p is 

the mean effective stress) was assumed to be a straight line. Unsaturated CSLs are also linear in the 

e-logp plane, but have locations that depend on s/se, where se is the air expulsion suction. A non-

associated flow rule is used. Boyle’s law was introduced to link the volumetric strain of the tailings

to the ua change. Henry’s law was also included to correct the dissolved part of air in the closed

system. The changing Sr and the water retention curve were used to compute the changing s and,

when combined with ua, enabled uw to be determined.

Material and experimental procedure 

The material used in this research is a low plasticity silty sand tailings from a copper and gold 

mine in Western Australia [9]. 

Saturated drained triaxial tests were performed to locate the saturated CSL. Constant s triaxial tests 

were performed on unsaturated samples. The samples were 50mm in diameter and 100mm in height. 

The initial e of the samples ranged from 0.72 to 0.77. The initial states of the constant s samples were 

located above the saturated CSL in the e-logp plane. They exhibited volumetric expansion during 

shearing. 

Unsaturated undrained triaxial tests were also performed on loose samples. The samples were 

brought to Sr of 60~75% before shearing. Both the water and air drainage lines were closed during 

shearing and the changing ua and uw were recorded. A sample volume change was calculated using 

Boyle’s and Henry’s law and the ua change. Henry’s law was found to have a very minor influence 

on the calculated values. 

Preliminary results 

Figures 1 and 2 show a selection of test results and model simulations. For the undrained test, 

Fig.1, initially e = 0.94 and Sr = 63%. At the start of shearing, the tailings show a near-drained 

response, because the ua is not large enough and the compressibility of the overall pore fluid (i.e., the 

combination of air and water) is still too large. As further shearing takes place, the compressibility of 

the pore fluid reduces, and the response becomes a bit like that for a saturated undrained condition. 

Similar findings were reported in [5]. The ua from the simulation is plotted against directly measured 

values. With proper calibration, the model can simulate the tailings’ behaviour with good accuracy, 

as can be seen from the plots. For the constant s drained test, Fig.2, initially e = 0.74, and s is constant 

at 50kPa. The simulation matches the test result well also for this test. 

(a) (b) (c) 

Fig.1. Preliminary results of undrained unsaturated triaxial shearing tests. Dash lines indicate 

simulation results while continuous lines indicate test results 
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(a) (b) (c) 

Fig.2. Preliminary results of drained unsaturated triaxial shearing tests. Dash lines indicate 

simulation results while continuous lines indicate test results 

Summary 

An unsaturated tailings’ behaviour can be modelled well by a bounding surface plasticity model. 

The effect of both pore fluid compressibility and s can be captured simultaneously. The model 

simulations and test results generated in this research can help improve the understanding of 

liquefaction of unsaturated tailings. 
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Abstract. Fluid-fluid displacement in porous media is commonly encountered in a wide range of 

natural and industrial processes, such as water infiltration into soil, carbon sequestration, and 

enhanced oil recovery [1,2]. Thus, it is vital to understand the fluid displacement mechanisms in 

porous media. Here, we present an efficient interface tracking algorithm for simulating fluid-fluid 

displacement processes in porous media. The algorithm tracks the interface motion during multiphase 

flow and allows the explicit determination of different types of pore-scale instabilities, including 

burst, touch, and non-local cooperative pore filling events. By considering the sharp edge pinning 

phenomenon at corners of irregular grains that constitute the media, this numerical method can 

capture the meniscus pinning mechanism under complex pore geometry, making it the first 

interface-tracking algorithm that can be applied to fluid-fluid displacement in porous media of 

arbitrary pore structure. Fig. 1(A) shows a magnified region of a grayscale image of a representation 

of Berea sandstone [5], and Fig. 1(B) shows the corresponding menisci (indicated by blue curves) 

configurations during the fluid-fluid displacement process. As can be seen, the pore space, i.e., the 

solid-pore boundaries are discretized using computational nodes (dots). More specifically, the 

gray/blue/black colors denote the mesh points of dry/wetted/trapped surfaces, respectively. To verify 

the algorithm, we firstly conduct simulations under imbibition and drainage conditions in a single 

junction micro-model and in disordered porous media for validation. It is shown that the invasion 

mechanisms at pore scale are accurately captured, and the macroscopic invasion morphology in 

porous media are reproduced [3,4]. Then, a series of simulations for fluid displacement processes are 

carried out across a wide range of intrinsic contact angles in a two-dimensional representation of a 

Berea sandstone [5]. Fig. 1(C) shows the final invasion morphology at percolation, i.e., when the 

invading fluid injected from the bottom-right reaches the outlet located at the top-left. For smaller 

instinct contact angle (solid matrix being wetting to the invading phase), compact displacement with 

less trapping of defending phase can be observed. As the contact angle increases, the invasion pattern 

shifts towards capillary fingering, leading to more trapped defending phase and greater fluid-fluid 

interfacial area. To provide quantitative analysis on the influence of wettability on the displacement 

processes, the transition between stable displacement and capillary fingering is characterized using 

displacement efficiency, fractal dimension, and fluid-fluid interfacial length. The connection between 

pore-scale instability events and macroscopic invasion morphology is analysed. This work deepens 

the understanding of fluid-fluid displacement processes in porous media. Furthermore, the presented 

interface tracking algorithm offers a highly efficient tool for further exploration of effects of 

wettability, geometry, and topology on multiphase flow in realistic porous materials.  

Keywords: Multiphase flow, pore-network model, wettability, porous media 
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Figure 1. Interface tracking algorithm for simulating fluid-fluid displacement processes in 

representative porous media. (A) A sub-region of the grayscale image of a representation of Berea sandstone 

[5]. (B) A snapshot of local menisci configuration during simulation with blue curves showing the menisci 

location. Dots represent the computational nodes. Specifically, the gray/blue/black colors denote the mesh 

points of dry/wetted/trapped surfaces, respectively. The blue arrows denote the menisci advancement 

directions. (C) Invasion morphology at perlocution (when the invading phase reaches the outlet) for different 

intrinsic contact angles 0. The blue invading fluid is injected from the bottom-right, and the point outlet is 

located at the top-left of the domain (marked by blue arrows in the last picture). 
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Abstract. Selective laser sintering (SLS) is a widely used method in additive manufacturing (AM). 

In this paper, a sintering model based on the discrete element method (DEM) was developed to model 

SLS. The model included particle dynamics, laser input, heat transfers, particle melting and 

solidification. Simulation of the sintering of two particles and a packed bed were presented and the 

results in terms of the changes of temperature, radius, sintering neck and particle bed porosity during 

the process were analysed. 

Keywords: discrete element method, selective laser sintering, heat transfer, partial melting 

Introduction 

Selective laser sintering (SLS) is a widely used method in additive manufacturing (AM) as it can 

construct complex objects by consolidating successive layers of powder material on top of each other 

[1]. The thermal energy provided by a focused laser beam which can be controlled in a highly 

selective way. Numerical modelling can quantitatively assess these parameters and helps design and 

control the process. 

Discrete element method (DEM) is a method based on the Newtonian interaction of particles. It can 

track velocity and positions of particles based on the inter-particle interactions. Ganeriwala and Zohdi 

[2,3] used both even distributed and Gaussian distributed laser source to scan on particle bed of steel 

particles with different particle size distribution. They observed the temperature of smaller particles 

increased more quickly, and the laser power and scanning speed influenced the temperature evolution 

greatly. Melt pool sizes with different laser parameters were obtained and results agreed well with 

the experiments. Xin et al. [4] investigated the scattering effect of laser source, and the results 

revealed it widened the sintering zone. For heat transfer, Moser et al. [5] studied effective thermal 

conductivity of particle beds, and results showed the influence of gas conductivity in particle-fluid-

particle conduction was significant, but emissivity in radiation had low sensitivity. For sintering force, 

Steuben et al. [6] applied a bond model to bind sintered particles. The bond force was created 

immediately, when conditions were satisfied. Multi-layers sintered products were successfully built 

in their simulation work.  

Previous DEM models on SLS neglected the partial melting, particle rearrangement, and neck width 

growth in the process. However, these mechanisms influenced the process and sinters [7]. In this 

work, a DEM model is established to simulate the laser sintering process of SLS. It involves laser 

energy input, heat transfers, partial melting phenomenon, solidification and particle dynamics. Both 

two-particle system and a packed particle bed are simulated to obtain the variation of temperature and 

sintering neck, and porosity change of the particle bed. 

Method and Simulation Conditions 

Sintering models. The simulation was conducted by MFiX (Multiphase Flow with Interphase 

eXchanges) [8]. Some required functions were added via user defined functions. The SLS process 

involves phenomenon of laser-particle interaction, heat transfers, particle partial melting, 

solidification and particle rearrangement. In current model, the laser source moves following a 

presenting laser path. The laser energy is Gaussian distributed throughout the laser spot, and the 

energy reduces further in vertical direction. Particle, which is inside the laser spot, absorb heat energy 
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from laser source and it caused temperature increase of the particle. For heat transfers, heat 

conduction, radiation and convection are considered. As particle’s temperature reaches its melting 

point, a portions of solid particles become molten and particle size reduces. An imaginary heat pool 

is created for each particle to model the partial melting. When the temperature of a particle reaches 

its melting temperature, the surpluses heat will transfer into its heat pool instead of contributing to 

further temperature increase until the heat pool is full. The updated particle size and molten volume 

are based on the state of heat pool. In solidification process, the molten portion transfers to solid 

sintering neck gradually. For particle dynamics, the model considers Hertzian contact force, van der 

Waals force, capillary force, bond force and gravity.  

Simulation conditions. A two-particles simulation was conducted to test the model. Particles were 

set side by side, and the laser path was a straight line through the middle of two particles. Then the 

simulation extended to random packed particle bed. In the simulation, the laser source scanned three 

times on a pre-packed particle bed. The initial position of the layer spot was outside the particle bed. 

When the simulation started, the laser spot was moving into the particle bed with a chosen laser 

scanning speed. As the laser spot completely moved out of the particle bed, the laser set to the initial 

position of next track. 

The tested particles were 316L stainless steel with 20 [μm] diameter. Its melting temperature was 

1700 [K]. For laser input parameters, the laser power was 250 [W], scanning speed was 0.05 [m/s], 

and the spot radius is 7.5d (d is particle diameter). The initial temperature of the particle was 293.15 

[K]. For simulation of particle bed, the size of particle bed is 15d×15d×7.5d and the hatching space 

is 7.5d. 

Results and Discussions 

Two-particles simulation. A two-particles simulation was conducted, the final state of two particles 

is shown in Fig. 1(a). The red area is a diagram of sintering neck, it is transferred by particle’s molten 

volume during the process. As the laser heat source passed by, particle temperature increased, which 

is revealed in the Fig. 1(b). When the temperature reached melting point, particle began to melt. Then 

the input heat went into particle’s heat pool, and particle’s temperature remained at its melting point. 

The temperature dropped from approximately 13 [ms], as the laser source moved away and heat 

transfers took the place.  

Fig. 1 (a) Final state of two sintered particles, (b) variation of particle temperature and neck width 

during sintering process 

The solid neck was formed when the particle began the cooling process. The width of neck grew with 

the decrease of heat in heat pool. In the meanwhile, the capillary force between two particles 

transferred to bond force gradually. 
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Simulation of random packed particles. The final state of particle bed is revealed in Fig. 2(a). In 

the sintering process of first track, due to Gaussian distribution of laser source, only particles closed 

to laser spot center were partial melted. However, numbers of particles between two tracks were 

already heated up. During the sintering of next track, the laser spot covered heated particles and 

generated a sintered area with relatively uniformed diameter distribution. In the process, due to the 

capillary force among partial melted particles and their size reduction, particles approached to each 

other further and caused densification of sintered part. In addition, because of laser energy was 

attenuated more in vertical direction, the dimension of sintered area in vertical direction was much 

smaller than horizontal direction. 

The porosity of the considered sintered area in particle bed (x and y directions: 0.08[mm] to 0.28[mm]; 

z direction: 0.0105[mm] to 0.0145[mm]) reduced from 52.3% to 44.3%. In Gu’s experimental results 

[9], the porosity of tested plate was dropped from approximately 55% to around 38%. Results 

comparison is shown in Fig. 2(b). For similar conditions, the porosity decrease from simulation is 

less than experimental result, but two results are comparable. 

Fig. 2. (a) Final state of particle bed simulation (yellow arrow: first track path; green arrow: second 

track path; blue arrow: third track path), (b) result of porosity of particle bed comparing with Gu’s 

work [9] 

Summary 

This work established a sintering model based on DEM. The simulation works of two-particles system 

and random packed particle bed were conducted. The particle of stainless steel was applied. In two-

particles simulation, the relationships of particle’s temperature, radius and sintering neck change were 

obtained. In simulation of particle bed, the result of variation of particle bed’s porosity was 

comparable with the experimental result. 
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Abstract. The rapid development of additive manufacturing technology enables an efficient 
fabrication of multiscale structures with usually complex geometries, attracting increasing attention 
and invesitagtion on multiscale structure design. However, there is a common issue for multiscale 
structures, i.e., stress concentration, which may lead to structural failure and catastrophic disasters. 
This paper is developing a concurrent topology optimiztion approach to constrain the microscopic 
maximum stress using a P-norm stress function in the design of multiscale structures. A numerical 
case study is performed, demonstrating the effectiveness of current method, while an on-going 
concurent optimization considering both micro- and macro-scale structures design is under 
implementation 

Keywords: Multiscale, Topology optimization, P-norm stress function, Compliance, Stress 
concentration.  

Introduction 

Multiscale structures can be widely seen in nature, such as animal bones, plant stems, etc. 
attributed from its excellent lightweight and mechanical properties [1]. In addition, the rapid 
development of additive manufacturing technology opens a new approach to conveniently fabricate 
multiscale structures with usually complex geometries, attracting increasing studies on multiscale 
structure design. 

Nevertheless, there is a common issue for multiscale structures, i.e., stress concentration, which 
may lead to structural failure and catastrophic disasters. However, hitherto, there are few relevant 
studies, and this work is to explore and develop a concurrent topology optimization method to design 
multiscale structures under stress constraint. 

Method 
The current concurrent topology optimization method is mainly based on a design framework 

proposed by Gao et al [2].Two steps are currently accounted and developed, including a macroscopic 
structure design with an extraction of maximum von Mises stress/strain and a microscopic structure 
design with stress constraint based on a P-norm function [3] and subjected to the extracted 
macroscopic maximum strain.  

To validate the design method, a case study is carried out as shown in Fig. 1, where  the boundary 
conditions are depicted for the macroscopic structure design. Then, an energy-based homogenization 
approach [4] is adopted in the design of microscopic structure under stress constraint (i.e., the 
maximum stress value is smaller than 20) with the aid of P-norm stress function. The design domain 
of the macrostructure is discretized into 80× 30 elements, while the design domain of the 
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microstructure is discretized into 50×50 elements. Throughout this article, the Young’s modulus E is 
200 and the Poison’s ratio nu is 0.3. 

Fig. 1 The numerical setup for concurrent topology optimization 

Result and discussion 

The numerical results after the macroscopic optimization are shown in Fig. 2 where the maximum 
von Mises stress is 6.87 after 182 iteration at convergence. Then, the strain components were 
extracted and imposed on the microscopic design domain; after optimization, the results using the 
method without and with stresss constraint are shown in Fig. 3(a) and (b), respectively. By 
comparison, the maximum stress in Fig. 3 (a) is 29.2, about 30% larger than that (19.1) under stress 
constraint in Fig. 3(b); meanwhile, the maximum stress is well controlled under 20 for the 
microscopic structure as consistent as our design. All the results prove the effectiveness of current 
model. However, the current design is only an initial step, and a complete and final concurrent 
optimization considering concurrent micro- and macro-scale structures design is in progress.   

(a)                                                                            (b) 
Fig. 2 (a) The optimized configuration and (b) von Mises stress distribution after the macroscopic 

structure design  

332



Australasian Conference on Computational Mechanics ACCM2021 
13-15 December 2021, Western Sydney University

(a) 

(b) 
Fig. 3 The optimized configuration (left) with its stress distribution (right) after the microscopic 

structure design using the method (a) without stress constraint and (b) with stress constraint 
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Abstract. Reinforced concrete (RC) structures may experience accidental lateral impact loading 
during their service life, which could lead to structural failure. It is imperative to improve the impact 
resistance of key structural components. The current study presents a numerical investigation on the 
impact resistance of ultra-high performance concrete (UHPC) strengthened RC beams. Two types of 
RC-UHPC beams were designed and numerically tested, including the RC beam retrofitted with 
UHPC layer on the tension surface as well as the RC beam reinforced with UHPC layer that was not 
directly attached to the tension surface but with a 5 mm gap between the interfaces. Hydrocode LS-
DYNA was employed to perform numerical simulations of RC-UHPC beams against low-velocity 
impact loading. The numerical model was verified against experimental drop hammer impact tests. 
The effect of UHPC strengthening layers was discussed.

Keywords: finite element modelling; UHPC strengthening layers; drop hammer impact test; 
structural response 

Introduction 

Beam structures have been widely adopted for civil applications. During their services life, 
beams might be subjected to dynamic loadings from blast and impact. The localised damage of 
these beams, caused by the accidental dynamic loading may trigger the collapse of the structure.  

The beams mentioned earlier are usually made of reinforced concrete which is known for its 
brittleness and low tensile performance. The dedicated design and protection of concrete beams 
subjected to low-velocity impact loads are therefore required. UHPC is an emerging material 
undergoing fast development over the past few decades; it demonstrates superior compressive and 
tensile strength as well as material ductility. Due to the high material cost at the current stage, one 
functional strategy of applying UHPC is structural retrofitting and strengthening. Yin et al. [1] 
conducted experiential tests to investigate the static flexural performance of RC-UHPC beams. It is 
noted that UHPC layers effectively enhanced the crack resistance and flexural capacity. Noshiravani 
et al. [2] highlighted that the addition of UHPC layers enhanced bearing capacity, rotation capacity, 
and static flexural resistance capacity. However, limited studies were carried out to explore the 
dynamic response of RC-UHPC beams against impact loading.    

In the current study, the dynamic behaviour of UHPC strengthened RC beams was studied 
through numerical simulation of low-velocity lateral impact tests. Two different types of RC-UHPC 
beams were designed and tested through Hydrocode LS-DYNA. The effect of UHPC strengthening 
layers was investigated numerically.   

Specimen design 

Test specimens include a total of three beams (one control RC beam and two RC-UHPC beams) 
with a 2000 mm span and a cross-section of 168 × 168 mm. The concrete cover was 25 mm. The 
longitudinal reinforcement was deformed bars with a 400 MPa yield strength and a 12 mm 
diameter. Stirrup bars with a 10 mm diameter and a 400 MPa yield strength were adopted to provide 
shear resistance. The reinforcement arrangement is shown in Fig. 1 (a). The concrete strength was 
30 MPa for the beam and 147 MPa for the UHPC strengthening layer. Specimens include: (a) RC-
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UHPC-15 (Fig. 1 (b)), RC beam strengthened with a 15 mm UHPC layer on the tension surface; (b) 
RC-UHPC-20 (Fig. 1 (c)), RC beam strengthened with a 15 mm UHPC layer that was not directly 
attached to the tension surface but with 5 mm gap between the interfaces; (c) control beam without 
UHPC strengthening. 

(a) reinforcement configuration

(b) RC-UHPC-15

(c) RC-UHPC-20

Fig. 1 Specimen design 

Numerical simulation 

In the test reported in Ref [3], a drop hammer with an impact mass of 641 kg and an impact 
velocity of 3.13 m/s were employed to impact four RC-UHPC beams. The clamping devices were 
employed to provide a fully fixed boundary condition. The clear span of specimens was 1400 mm, 
and the length of the two clamping devices was 500 mm with leaving an overhang of 50 mm at each 
end. The drop hammer fell freely along the guide rails at the mid-span. 

The numerical simulations were conducted with hydrocode LS-DYNA. The FE model of the 
simplified experimental setup is shown in Fig. 2. The longitudinal bars and stirrups were modelled 
adopting Hughes-Liu beam elements. The concrete beam, strengthening layer, indenter, clamping 
devices and steel frame were modelled using eight-node solid elements. The clamping devices were 
constrained in all directions to model the experimental boundary. A mesh size of 5 mm was selected 
for the beam and reinforcement. Moreover, the bond-slip behaviour between the reinforcement and 
concrete was modelled by the *Contact_1D. The keyword *Contact_Automatic_Surface_to_Surface 
was employed to model the contact between indenter and beam, beam and clamping devices. The 
interfacial surface between the RC beam and UHPC layer was modelled by the 
*Contact_Tiebreak_Surface_to_Surface. To reduce the computational time, the free-falling process
was simplified as the initial impact velocity by using the keyword *Initial_Velocity_Generation.

The elastic material model was used to simulate the indenter, clamping devices, steel plates and 
drop hammer frame to improve computational efficiency. This material model employed the 
realistic values for the material constants (e.g., mass density, Young’s modulus and Poisson’s ratio). 
The nonlinear material models *MAT_Piecewise_Linear_Plasticity (MAT_24) were utilized for the 
longitudinal and stirrup bars to define arbitrary stress versus strain curves. The key parameters 
including mass density, Young’s modulus, Poisson’s ratio, yield stress were determined as 7800 
(kg/m3), 2.0e11 (Pa), 0.3, and 4.0e8 (Pa), respectively. In the current study, the continuous surface 
cap model (CSCM, MAT_159) in LS-DYNA was applied to describe the behaviour of conventional 
concrete and UHPC. *MAT_CSCM_CONCRETE was utilized to model conventional concrete. 
The maximum aggregate size, unconfined compressive strength and mass density were 20 mm, 40 
MPa, and 2400 kg/m3, respectively. However, *MAT_CSCM_CONCRETE was suggested for 
concrete with the unconfined compressive strength between 28 and 58 MPa. *MAT CSCM model 
modified by Wei et al. [4] was employed to simulate the UHPC layer. 
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Fig. 2 Details of simulation model 

Validation of FE model 

The numerical and experimental results are summarized in Table 1. The maximum error for both 
the impulse and deflection is less than 20%. Based on the simulated mid-span deflection data of the 
control specimen, the maximum and residual deflections were decreased by 9.1% and 25.3% in RC-
UHPC-15 and decreased by 20.7% and 37.4% in RC-UHPC-20. It is noted that RC-UHPC-20 had a 
better impact-resisting performance in both the experimental and numerical tests because, prior to 
the dynamic process, the flexural cracks extended into the UHPC layer in the RC-UHPC-15, 
whereas the flexural cracks did not extend in the RC-UHPC-20, leading to a fully developed 
resistance from the UHPC strip. Moreover, 5 mm spacing enhanced the effective moment capacity. 

Table 1 Modelling results on impulse and deflection 

No. 
Test 

Impulse 
(kN × s) 

FE 
impulse 
(kN × s) 

Error 
(%) 

Test max 
mid-span 

(mm) 

FE max 
mid-span 

(mm) 

Error 
(%) 

Test residual 
mid-span 

(mm) 

FE residual 
mid-span 

(mm) 

Error 
(%) 

Control - 2.66 - - 59.45 - - 46.86 - 
RC-UHPC-15 3.07 2.74 10.5 54.03 50.56 6.4 34.98 37.81 -8.1
RC-UHPC-20 3.11 2.64 15.2 47.16 46.08 2.3 29.35 33.69 -14.8

Conclusion 

This study presents the numerical low-velocity lateral impact tests on RC-UHPC beams. The 
simulations and the test data agreed well with each other for the low-velocity impact tests. It is 
noted that UHPC strengthened beams had a good impact resistance, whereas RC-UHPC beams with 
non-attached interfaces exhibited even better impact resistance. 
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Abstract.  A plasticity model is developed to capture the transformation band phenomena 
associated with the tetragonal-to-monoclinic phase transformation in zirconia. The model is 
actuated by strains and allows bands to develop and interact with adjacent bands. Results from the 
simulations are found to agree with experimental observations of the same phenomena.  

Keywords: Transformation Bands, Ceramic, Plasticity. 

Introduction 
Zirconia has been observed to generate characteristic transformation bands when subjected to 
bending load, arising from the tetragonal-to-monoclinic phase transformation. This transformation 
has been investigated at the sub-granular level by [1] in which simulations in individual grains 
captured a “gable roof” phenomena observed in experiments. 
At the macroscopic scale a distinctive phenomenon emerges, as presented in Fig. 1 – the semi-
regular spacing of major bands, and the local suppression of minor bands developing in the region 
adjacent to the major bands. This work aims to provide a plasticity model and simulation 
framework capable of capturing the nuance of the interaction between transformation bands as they 
develop, with the regular spacing of major transformation bands organically emerging from the 
finite element simulation. 

Fig. 1   Minor transformation bands adjacent to major transformation bands. Image taken from [2]. 

Plasticity Model 
A plasticity model has been developed to actuate dilation in a finite element model which depends 
on some definitions of strain: Total strain in a 2D plane stress finite element is comprised of pre-
strain (dilation or compression applied as a load, prior to the finite element solver being launched), 
and result strain (strain arising from nodal deflections, produced as output by the finite element 
solver). 
The fundamental action of the plasticity model is to ratchet up dilation. This is achieved by 
progressively “yielding” finite elements by increasing their pre-strain. The procedure works by 
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examining the total strain in one of the local axes of an element. The total strain is compared with 
the current value of pre-strain - if the pre-strain is too low, the element “yields” a little more by 
increasing the pre-strain. 
Elements yield over a narrow band corresponding to the range 400 – 401 MPa, however the 
simulation includes some relaxation, so an increase in pre-strain is scaled back. For this reason, 
elements take a number of iterations to progress from unyielded to fully yielded. 

Results and Discussion 
Experiments have been carried out by [2] to investigate the transformation band phenomena. One 
finding of this work is that as the beam gets deeper, fewer transformation bands are observed (see 
Figure 8 in [2]). 
The present work has replicated this result. Plane stress finite element simulations have been 
undertaken in which the beam has a constant thickness (from the finite element thickness) and a 
constant length. The depth of the beam is varied - Fig. 2 and 3 show the pattern of transformation 
bands (in pink) against the untransformed material (blue) for a shallow and deep beam, respectively. 
Transformation sites have been initiated with regular spacing on the top surface of the beam in 
bending, with the progression into major bands arising from the numerical prodecure. The shallow 
beam shows close spacing of the major transformation bands. The deep beam shows fewer major 
bands, further spaced apart. This trend is borne out in Fig. 4, where a range of aspect ratios are 
considered. 

Fig. 2  Shallow beam bending with a relatively large proportion of major bands. 

Fig. 3   Deep beam bending with a relatively low proportion of major bands. 
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Fig. 4   Fewer major bands are observed for deeper beams in the simulations. 
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Abstract. Design for Additive Manufacturing (DfAM) is an extension of the well-known Design 

for Manufacturing and the new design philosophy was specifically developed for additive 

manufacturing. In this study, a coupled Finite Element Method (FEM)-Computational Fluid 

Dynamics (CFD) analysis process is developed to implement the principles of DfAM into a 

redesign of a real-world metal mechanical part – a water spray block ready for additive 

manufacturing. This part was originally designed for traditional manufacturing technologies. 

According to DfAM, geometrical modifications are made to improve printability while maintaining 

the intended performance of the original design. Implementing DfAM principles enables the design 

of this water spray block with improved printability and performance in the form of a more 

streamlined fluid flow. At a cost of a 10.52% increase in weight, 77.17% of the otherwise necessary 

support material is eliminated, thus ultimately lowering both cost and manufacturing time. 

Keywords: Design for Additive Manufacturing (DfAM), Finite Element Analysis (FEA), 

Computational Fluid Dynamics (CFD), Stainless Steel, Water Spray Block 

Introduction 

Additive manufacturing typically involves progressively building a component in a layer-by-layer 

fashion [1]. There are four primary approaches for metal additive manufacturing – powder bed 

fusion, direct energy deposition, material jetting, and binder jetting and the former two are the 

commonly used technologies in industry [2]. Optimising the performance of the AM technology 

and minimising potential microstructural flaws that occur during the printing process are of research 

interests in past few decades. However, the additive manufacturing process can still fail due to 

insufficient design consideration. Design for Additive Manufacturing (DfAM) is a crucial design 

philosophy, aiming to improve the success rate of a product fabricated by utilising additive 

manufacturing. The limited implementation of DfAM is what prevents additive manufacturing from 

becoming a more widely utilised technology [3]. DfAM principles should be considered in the early 

stages of design to minimise late design modifications [4]. By considering possibilities and 

limitations of AM, designs can incorporate complex geometries that can ensure printability while 

also reducing weight. DfAM methods can include making modifications to the original geometry 

that facilitate the additive manufacturing process [5-7].  

In this study, the DfAM design framework including the coupled Finite Element Method (FEM)-

Computational Fluid Dynamics (CFD) analysis process is developed to implement the principles of 

DfAM into the design process for a part ready for 3D metal printing. DfAM is implemented by 

adapting internal walls of a component to feature lofts of 45° or greater. As a case study to employ 

the proposed design process, the redesign of the real-world metal mechanical part – a water spray 

block ready for additive manufacturing. This redesign not only results in the elimination of 

significant amounts of support material, but also improves the performance of the mechanical part 

by streamlining fluid flow.  
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DfAM Design Framework and Redesign of the Water Spray Block 

In the first phase of the propose DfAM design process, the original water spray block was redsiend, 

which has a hollow chamber where high-pressured fluid could enter and be redirected through inlets 

and outlets. Figure 1(a) shows its semi-transparent cross-sectional view. Figure 1(b) illustrates the 

semi-transparent cross-sectional view of the redesigned water spray block. 

Figure 1 Cross-section views of (a) the original water spray block and (b) its redesign 

In the second phase, the coupled FEA-CFD analysis was conducted, which has two sequential steps 

with CFD and FEA of the water spray block to model fluid-structure interactions. The material 

assigned to the blocks was 17-4PH stainless steel for AM. ANSYS Fluent and Static Structural were 

utilised respectively to determine pressures, velocities, and particle streamlines under boundary 

conditions the spray block during its service as shown in Figs. 2 and 3, respectively.  

Figure 2 CFD models for (a) the original and (b) redesigned water blocks 

Figure 3 FE models of (a) the original and (b) redesigned water spray blocks 

In the third and last phase, the powder bed fusion process of the water spray blocks was simulated 

by using MSC Simufact Additive. The simulation included the building, cutting, and support 

removal processes before settling on the finished product.  

Results and Discussion 

Pressure contours, velocity vectors, and particle streamlines were the results of interest for the CFD 

analysis. Furthermore, the pressures were exported to a static structural analysis to acquire 

deformations, stresses, and strains from the fluids acting upon the water spray block. Fig. 4 shows 

particle streamlines of the original and redesigned water spray blocks, respectively. Apparently, the 

redesigned block has much smooth internal flows. Fig. 5 shows the contours of equivalent stress for 

the original and redesigned blocks. It is worth noting that there exists a stress concentration running 

along the bottom fillet of the interior chamber for the original variant while in the redesign for 

printability the stress concentration was shifted to the junction above where the added lofts meet. 

In favour of improved printability, a compromise on weight and cost was warranted. When 

comparing the mass of the two variants, both comprised of 17-4PH stainless steel, the original water 

spray block had a mass of 2969.65 grams while the redesign for printability water spray block had a 

mass of 3282.20 grams. The redesigned block requires significantly less support material than that 

of the original block, as shown in Fig. 6.  

(a) (b) 
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Figure 4 CFD particle streamlines of the (a) original and (b) redesigned water spray blocks 

Figure 5 FEA stress contours of the (a) original and (b) redesigned water spray blocks 

Figure 6 Predicted support material generations for (a) the original and (b) redesigned water blocks 

Summary 

By developing the Design for Additive Manufacturing (DfAM) design framework, a metal 

mechanical component with superior printability was redesigned. Despite a 10.52% increase in 

weight, the redesigned part eliminated the need for 77.17% of the support material, ultimately 

decreasing both cost and manufacturing time. The coupled fluid-structure interaction analyses were 

performed to evaluate the performances of a mechanical part and its DfAM counterpart. The 

redesigned component exhibited a secondary effect of encouraging a significantly more streamlined 

fluid flow profile. The static structural analyses indicated that the mechanical performances of the 

two variations were largely similar, except for equivalent stress, where the DfAM redesign and 

original design experienced 4.024 MPa and 2.473 MPa, respectively.  
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Abstract. Tissue scaffolds have gained particular interest from research community attributable to 
their potential for treating major tissue loss induced by trauma, infection or injuries. To investigate 
bone regeneration outcome, computational mechanics methods have exhibited great potential to 
model new bone formation within tissue scaffold, offering an effective alternate and viable 
complement to laborious and time-consuming in vivo studies. However, modeling the multiscale 
dynamics of neobone formation in tissue scaffolds remains very challenging due to its computational 
complexity in solving inherent mechanics–material–biology interactions. To tackle this issue, this 
study proposes a new approach by using the emerging machine learning (ML) techniques to predict 
new bone formation in bulk tissue scaffolds. The applications in determining tissue regenration 
parameters and design optimization are also provided to demonstrate the effectiveness and efficiency 
of the proposed approach.  

Keywords: machine learning, tissue scaffold, tissue regeneration, optimization, bone remodeling. 

Introduction 
Compared with conventional therapeutic approaches such as transplantation of allografts and 

autografts, scaffold treatments provide a new route to overcome considerable drawbacks such as risks 
of infection, disease transmission, donor site morbidity and shortage. Although in-vivo animal studies 
provide important information on the effects of scaffold structural design on bone regeneration 
outcome, they are generally expensive and less efficient for systematic analyses of scaffolding 
systems [1]. Thus, there is a growing demand recently to efficiently predict bone formation in tissue 
scaffolds by using computational modeling techniques [2]. One major limitation to the existing 
numerical procedures involving repetitive finite element (FE) analyses is their prohibitively high 
computational cost, which severely impedes their applications to bulk tissue scaffolds typically 
comprising hundreds or thousands of representative volume elements (RVEs) [3]. To reduce 
substantial computational burden, a novel machine learning approach is proposed to predict bone 
formation in tissue scaffolds. As a representative case study, the proposed approach is implemented 
into two typical scenarios for demonstrating its efficiency and effectiveness.  

Methodology 

In the macroscopic model, the scaffold implanted into a critically-sized segmental defect is 
presented with homogenized material properties. The homogenized elastic tensor can be calculated 
using the asymptotic homogenization technique. To reduce the computational cost, the machine 
learning technique is employed at the microscopic level as illustrated in Fig. 1. The first neural 
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network (NN-1), the second series of neural networks (NN-2) and the third neural network (NN-3) 
are fully connected with a single layer, while the fourth neural network (NN-4) is a deep learning 
neural network with more hidden layers for design optimization [4]. 

Fig. 1 Method overview of the machine learning approach. (a) Homogenization of porous scaffold for 
the macroscopic analysis by using neural network NN-1 to predict effective mechanical properties; 
(b) In vivo image data are used to correlate with machine learning-based in silico results to inversely
identify the remodeling parameters (R1, R2, R3, K, s) associated with Wolff's law by using neural
network NN-2; (c) Microscopic bone densities within RVE are the input for neural network NN-3 to
evaluate the strain energy density (SED) that is used as a mechanical stimulus to update bone
densities by using Wolff’s law [3,5]. (d) Microscopic bone densities within different TPMS-based
scaffolds are the input to the deep learning U-net NN-4 to evaluate the microscopic strain. The bone
regeneration outcome is taken as the objective to seek optimal bulk tissue scaffolds.

Results and discussion 

The first example of the proposed machine learning approach is an inverse identification of bone 
formation parameters by correlation with in vivo X-ray images. Fig. 2 (a) displays the distribution of 
simulated bone density in the 2D cross-sections in the mid-plane of the cylindrical scaffolds 
(approximately in the same location as the histological section in Fig. 2 (b)), which is fairly consistent 
with the histological analysis, demonstrating the effectiveness of the ML-based approach.   

Fig. 2 (a) Simulated bone density distribution in the 2D cross-sections predicted by the proposed 
ML-based method. (b) Histological image of a longitudinal section at the center of scaffold.
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The second example of the proposed machine learning approach is to design the TPMS-based 
scaffolds. Fig. 3 compares the bone regeneration outcomes in 9 different optimized scaffolds, 
including different primitive (P), Gyroid (G), Diamond (D) TPMS surfaces with either uniform or 
graded (axially-graded and laterally-graded) designs. The design optimization of TPMS-based 
scaffolds exhibits promising results for the enhancement of long-term bone ingrowth. 

Fig. 3 Simulated bone ingrowth in optimal uniform, axially-graded, and laterally-graded scaffolds. 

Summary 
The proposed machine learning model predicting new bone formation in large tissue scaffolds 
enables to reduce the computational cost substantially, which offers a new alternative to existing 
computational approaches and sheds some light on the use of emerging artificial intelligence 
technology for futuristic tissue engineering and biofabrication. 
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Abstract. Fibre reinforced concrete (FRC) has been increasingly used in civil engineering 

constructions because of its superior performance to ordinary concrete, such as its improved strength, 

toughness, impact resistance and fire resistance. In this study, a temperature-dependent constitutive 

model recently proposed by the authors for steel fibre reinforced concrete is further developed to 

predict the behaviour of hybrid fibre reinforced concrete (HFRC) at elevated temperatures. A series 

of empirical equations are proposed to calibrate the relationship between the mechanical properties of 

HFRC and temperature. To accurately capture the behaviour of HFRC at high temperature, the effects 

of various influencing factors are taken into account in the proposed model, including fibre type, fibre 

shape, fibre dosage, compressive strength at room temperature, water to binder ratio, moisture 

content and alumina content. By comparing the numerical predictions with experimental results, the 

proposed model is demonstrated to be effective and accurate.  

Keywords: Hybrid fibre reinforced concrete; elevated temperature; constitutive model; empirical 

equation.  

Introduction 

At present, the application of fibre reinforced concrete (FRC) in civil engineering constructions has 

attracted global interest. The addition of fibres can effectively improve the performance of concrete 
[1-3]. Fire is one of the inevitable threats to building structures during their service life. In a fire event, 

FRC will have strength deterioration and cracks due to high temperature, which may lead to the 

failure of the structure. Steel fibre and polypropylene fibre have been proved to have positive impact 

on the fire resistance of FRC [4-6]. Steel fibre mainly provides tensile strength to FRC, and 

polypropylene fibre prevents FRC explosive spalling at high temperatures [7-12]. However, steel 

fibre reinforced concrete (SFRC) may have excessive strength reduction at high temperatures due to 

the deterioration of the strength of steel fibres [13]. Basalt fibre has excellent tensile strength and 

good high-temperature stability, which can make up the strength reduction of steel fibre during fire 

[14]. Therefore, an appropriate amount of basalt fibre can be added to improve the performance of 

FRC at high temperatures. 

In this study, a temperature-dependent constitutive model is proposed for FRC mixed with hybrid 

fibres, including steel fibre, PP fibre and basalt fibre. To improve the accuracy of the proposed model, 

the mechanical properties of hybrid fibre reinforced concrete (HFRC) under elevated temperatures 

will be calibrated based on the experimental results. The numerical prediction is then performed by 

incorporating the proposed model into the commercial finite element software LS-DYNA, and the 

effectiveness of the model is validated by comparing the numerical results with the experimental data. 

A constitutive model for HFRC subjected to elevated temperatures 

A constitutive model recently proposed by Yang et al. [15] for SFRC at ambient temperature is 

further developed to predict the mechanical behaviour of HFRC subjected to elevated temperatures. 
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The damage function, strength surface, equation of state, lode effect and plastic flow of the model are 

modified to take into account the temperature effect.  

Parameter calibration for HFRC at elevated temperatures 

To calibrate the parameters of the present model, experimental results are analysed, and the empirical 

equations for the temperature-dependent mechanical properties (i.e. compressive strength, tensile 

strength, elastic modulus, Poisson’s ratio and strain at peak stress)  of HFRC with steel, PP and basalt 

fibres are developed. The proposed empirical models are then employed in the present constitutive 

model for simulating HFRC under high-temperature conditions. Besides, a temperature-dependent 

damage parameter is proposed to describe the changing of the peak plastic strain due to the influence 

of temperature. Based on the experimental data analysis, a new fibre index for HFRC is proposed in 

the present model for predicting the compressive strength and tensile strength parameters at room 

temperature and elevated temperatures to improve the prediction accuracy of the model. Three 

cement-based matrix indexes are also proposed by authors to calibrate the mechanical properties of 

HFRC at different temperatures by various water to cement ratios, moisture content and alumina 

content. 

Numerical simulations and validations 

The behaviour of HFRC with different dosages of steel fibre, basalt fibre, PP fibre, water to binder 

ratios and alumina contents at elevated temperatures are predicted using the present model. By 

comparing the numerical results with experimental data, the present model is demonstrated to be 

effective and accurate. 

Conclusions 

In this study, a constitutive model is proposed to predict the behaviour of HFRC under 

high-temperature conditions. This model can be used for simulating FRC mixed with steel fibre, PP 

fibre and basalt fibre subjected to temperature up to 800 degrees Celsius. The proposed model is 

demonstrated to be accurate by comparing the simulation results with the experimental data. 
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Abstract. Sandwich panel, which consists of a low-density core and two thin skins, is widely 

employed in applications when a combination of high structural rigidity and lightweight is required, 

such as in aerospace, ship, and rail. A sandwich panel construction offers higher specific stiffness and 

strength to weight ratio compared to its monolithic counterpart. Cellular materials such as metal 

foam, honeycombs, truss, and corrugated material are frequently used as the core of sandwich panels. 

A metal foam is a cellular structure that consists of a solid metal with a large portion of gas-filled 

pores. The metal foam can generally be classified as closed-cell (the pores are sealed) and open-cell 

(the pores are interconnected). The strength of foamed metal possesses a power law relationship to its 

density. The advantage of metal foams is that the reaction is constant, regardless of the direction of 

the force. Metal foam sandwich panel usually fails via face yielding, face wrinkling, core yielding, 

and indentation under three-point bending. 

 The common feature of honeycomb structure geometry is an array of hollow cells formed 

between thin vertical walls. The geometry varies widely, and the most commonly used cell shapes are 

hexagonal, columnar, and square. A honeycomb structure has relatively high out-of-plane 

compression properties and out-of-plane shear properties with low density. The failure mechanisms 

of the honeycomb sandwich panel under three-point bending test include core shear, face yielding, 

indentation, and face wrinkling 

A lattice material is a type of cellular material consists of periodic unit cells with several struts, 

each meeting at a node. The unit cell should have a minimum level of symmetry to generate a 

consistent tessellation. A lattice material can be classified into bending and stretching-dominated 

materials with respect to the microscopic failure mode of the unit cell elements. The potential fully 

open interior structure of truss core sandwich panel facilitates its multifunctional applications. When 

under bending load, the failure mechanisms of truss core sandwich panel are face yielding, face 

wrinkling, core yielding, and core shear. 

 The corrugated core is made up of plates or sheets that are folded into a corrugated shape. The 

core can be in different shapes, such as triangular, trapezoidal, and curvilinear. Corrugated sandwich 

panels are often preferred in many applications since they are straightforward to manufacture, 

typically through a welding route. Four failure mechanisms, i.e., face buckling, face yielding, core 

buckling, and core yielding, can be observed in corrugated sandwich panel under bending load. 

Previous work was mainly concerned with the performance of each type of sandwich panel under 

three-point bending. The research on the comparison among different types of sandwich panels is still 

rare. In this study, the comparison of sandwich panels with aluminum foam, honeycomb, corrugated, 

truss, and corrugated core under three-point bending was carried out experimentally and numerically. 

Three-point bending tests were first performed on each type of sandwich panel that had the same 

face-sheets. The experimental and simulated results matched well with each other. Parametric studies 

were subsequently conducted on each type of sandwich panel. The panels with different cores 

presented various deformation modes. The effects of the core geometric parameters on the 

deformation mode and specific energy absorption (SEA) were studied. Finally, the SEA of different 

types of sandwich panels was compared. 

Keywords: corrugated, honeycomb, aluminum foam, truss, sandwich panel. 
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Abstract. The migration of fines in suspension flow through a solid packed bed cannot be reliably 

modelled at particle scale using the conventional CFD-DEM approach with divided particle volume 

method (DPVM), especially when the particle size ratio between the solids and fines is large. In this 

work, based on the unresolved CFD-DEM framework, a smoothed volume distribution model 

(SVDM) is developed to simulate the migration of fines in suspension flow through a solid packed 

bed. In this model, the porosity of coarse solids is calculated by extending particle volume 

distribution from inner particle to a certain distance outside of the particle using a smooth diffusion 

function. Di Felice drag model is modified for such polydisperse systems. The model is validated 

using two solid-liquid systems: sedimentation of one nylon ball in silicon oil and a solid-liquid 

fluidised bed. Then, the SVDM method is used to simulate the migration of fines in suspension flow 

through a solid packed bed including percolation and holdup of the fines. Compared with the 

simulation results by the DPVM where a low-resolution mesh has to be used, the SVDM method 

allows a high-resolution mesh and can achieve a high efficiency and applicability. Moreover, the 

effects of inlet fine concentration and solid/fine size ratio on fines migration behaviour are studied. 

The results indicate that more holdup of fine powders in the packed bed especially in the upper zone 

can be captured, when a higher concentration fine phase and a larger size ratio is used. Based on the 

local holdup information, four powder migration mechanisms are proposed, i.e., size exclusion, 

powder bridging, powder deposition and powder locking. The study offers an effective way to 

understand and optimise the suspension flow of fines and liquid through packed beds at particle scale.

Keywords: solid-liquid systems, unresolved CFD-DEM, smoothed volume distribution, fines 

migration, numerical simulation. 

Fluid-fine-coarse solid system Method Results 

Fig. 1 The schematic diagram of fluid-fine-coarse solid system and smoothed volume distribution 

model (SVDM) 
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Abstract. This study proposes a machine learning (ML) based method to optimize continuously 

variable stiffness composite structures using level set method. The radial basis functions (RBFs) are 

employed to construct the level set function. In this way, the level set function can be expressed 

explicitly. Fiber orientations are determined according to the level set values of the nodes within 

elements. The path of zero level set is extrapolated to other element nodes and to maintain the fiber 

path, the fast marching method is used as a re-initialization scheme in the optimization process. The 

objective of the optimization problem is to minimize the structural compliance while ensuring the 

fiber orientation changes in a continuous way. Due to the non-convexity of structural performance, 

the optimum solution highly depends on the initial design. To alleviate this issue and improve the 

design efficiency, the artificial neural network is firstly trained with data samples obtained from the 

level set optimization framework, then the trained neural network model is used to predict the 

optimization results corresponding to different initial designs. This work aims to search for a better 

optimum for composite structures with continuously variable stiffness properties using machine 

learning techniques.

Keywords: Variable stiffness composites; Fiber orientation optimization; Level set method; Machine 

learning. 

Introduction 

Fiber reinforced plastic composites has been widely applicated due to their excellent mechanical 

performance and design flexibility [1]. For variable stiffness composites (VSC), fiber paths can be 

varied in the same layer to make better use of CFRP constituents. In the literature, patch design and 

curvilinear design are two typical ways for demonstrating the features of VSC structures [2]. In the 

patch design, one layer can comprise a number of patches with different fiber orientations; as for 

curvilinear design, fiber orientation can continuously steer in a curvilinear manner to improve 

mechanical performance. Note that design of VSC structures appears to gain more attention recently 

as it creates an opportunity to better utilize the anisotropy of CFRP and the manufacturing techniques 

such as automated fiber placement (AFP) and additive manufacturing have been developed rapidly. 

In the optimization of variable stiffness composites, the well-known optimization methods for 

fiber orientations are using strain-based [3] and the stress-based methods [4]. Many other studies 

concentrated on curvilinear formula [5] and laminate parameterization [6]. Brampton et. al [7] 

optimized the outline of the zero level set and described the fiber paths with equally spaced contour 

line of the level set surface in order to produce a solution that can be manufactured using AFP. 

Machine learning methods have drawn growing attention of structural optimization design [8]. For 

the design of fiber reinforced plastic (FRP) materials using ANN, most existing studies have largely 

concentrated on the analysis and the prediction of structural responses [9]. Besides, neural networks 

have also been employed as surrogates for finite element analysis (FEA) to provide mapping, from 

design variables to structural responses [10]. Considering the optimization of structural performance 
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for FRP structures, very limited works have been available on machine learning techniques in current 

open literature [11]. 

This work aims to optimize the continuously variable stiffness composite structures using RBF 

based level set method. To find the better optimization solutions in the non-convexity problems, the 

machine learning technique is employed to predict the optimization results with different initial 

designs. 

Optimization method 

In this study, four-node elements are considered and fiber orientations within elements can be 

defined with the shape function and the nodal level set function values [7]: 

𝜃𝑒 =
𝜋

2
+ 𝑎𝑟𝑡𝑎𝑛 [

∑ (𝜕𝑁𝑖/𝜕𝑥)𝜑𝑖
4
𝑖=1

∑ (𝜕𝑁𝑗/𝜕𝑦)𝜑𝑗
4
𝑗=1

] (1) 

where 𝜃𝑒 is the fiber orientation in element 𝑒; 𝑁𝑖 is the shape function of node 𝑖; 𝜑𝑖 is the level set 

function value at node 𝑖. 
The MQ spline is used as the basis function to construct the level set function: 

𝑔𝑖(𝑥) = √(𝒙 − 𝒙𝑖)2 + 𝑐2 (2) 

where 𝑥 ∈ 𝐷 ⊂ {(𝑥, 𝑦)|𝑥, 𝑦 ∈ ℝ}; 𝑐 is the shape parameter. 

The level set function can be defined as [12]: 

𝜙(𝒙, 𝑡) =∑ 𝛼𝑖(𝑡)𝑔𝑖(𝒙)
𝑛

𝑖=1
+ 𝑝(𝒙, 𝑡) (3) 

where 𝛼𝑖(𝑡)  is the expansion coefficient; 𝑝(𝒙, 𝑡)  is used to ensure the positive definiteness of

solutions. 

The expansion coefficient matrix can be updated according to the following equation: 

𝛂(𝑡𝑖+1) = 𝛂(𝑡𝑖) + Δ𝑡𝐆−1𝐁(𝛼(𝑡𝑖), 𝑡𝑖) (4) 

where 𝐁 is the velocity vector. 

Optimization and machine learning steps 

Steps of RBF level set based optimization framework are given as follows: 

1. Initialize LS function and expansion coefficient.

2. Calculate the orientations for all the elements.

3. Conduct finite element analysis.

4. Calculate the velocity vector.

5. Update LS function and expansion coefficient with fast marching method.

6. Repeat steps 2-6 until convergence is achieved.

Steps for machine learning prediction: 

1. Train the machine learning model with different data samples generated from the optimization

framework.

2. Initialize a number of LS functions and predict their corresponding optimization results with

the trained machine learning model.

3. Select the best optimization solution as the final optimization result.

4.
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Conclusion 

This paper introduces a machine learning (ML) based method to optimize continuously variable 

stiffness composite structures using radial basis functions (RBFs) level set method. The level set 

method is able to provide reasonable fiber paths on the structure and maintain the continuity of fiber 

orientations. It’s found that the optimum solution highly depends on the initial designs and the well-

developed neural network models can provide better optimization results by predicting the optimized 

fiber paths corresponding to different initial designs. 
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Abstract 

The dissolution of the mineral is extremely important for geopolymer synthesis, as it affects 

not only the dynamics but also the final structure of the geopolymers. Significant work has 

been done on geopolymer formation from kaolinite or its calcined product, metakaolin. Yet 

very little research has been reported on geopolymer formation from montmorillonite, another 

important component of the clay. This study aims to deepen the understanding of MMT 

dissolution at molecular level, using molecular dynamics simulation. Analysis using Materials 

Studio software showed that the alkaline species are heavily deposited at the basal plane and 

tend to expand the interlayers from the edge surface. In addition, solution at lower molarity 

attaches the MMT particles more evenly while a high solution content develops better 

continuity across the voids. A lower alkaline concentration or a higher liquid to solid ratio tends 

to intensify the interlayer expansion during the dissolution process.  

1 Introduction 

To foster sustainable development, geopolymer is increasingly proposed to replace lime and 

cement in the soil modification. Its formation starts from mineral dissolution in an alkaline 

environment. Clay is rich in aluminosilicate, and when it is attacked by alkaline solution, 

silicone and aluminum species are dissolved from the mineral surface into solution. The species 

regroup to form short-chain and long-chain oligomers, which finally combine into geopolymer 

with a 3D network structure. 

Many studies have demonstrated that the dissolution of the mineral is extremely important for 

geopolymer synthesis, as it affects not only the dynamics but also the final structure of the 

geopolymers [1, 2]. An alkali concentration greater than 5M, typically from 8 to 12 M, is often 

used to dissolve enough species [3]. The alkaline erosion of the mineral mainly starts from the 

edge and basal surface, and slowly penetrates towards the inner layers[4]. At the same time, 

release of species is usually selective, where Aluminum is often preferentially dissolved [5]. 

Consequently, silicate is often added to the solution to adjust the Si: Al ratio to the range from 

3.3 to 4.5, which is most conducive to geopolymer formation [6]. 

The previous studies provide a lot of insights to the geopolymer synthesis, especially the 

material dissolution. However, it is noticed that most of the research is based on kaolinite or 

its calcined product, metakaolin (MK). Yet very little research has been reported on 

geopolymer formation from montmorillonite. Given that MMT has a different structure, the 

effect of MMT structure on the species adsorption still needs to be clarified. In addition, more 

work needs to be done to understand the preferential surface adsorption of MMT. 
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This study aims to deepen the understanding of MMT dissolution at molecular level, using 

molecular dynamics simulation. The specific objectives include: 

1. Investigate the dynamic adsorption of alkaline particles onto MMT surface.

2. Understand the effect of alkaline concentration on the species adsorption.

3. Study the effect of L/S ratio on the species adsorption.

2 Methodology 

The adsorption progress is simulated using the Materials Studio (MS) software. The generated 

trajectory and concentration profile are used to analyze the molecular behavior of alkaline 

substances at the interface. 

The principle of molecular dynamics simulation is that when the solution is adsorbed to the 

mineral surface, the alkaline particles have a set of initial status, for example, the initial position 

and initial velocity. At the same time, the charges and surrounding forcefield exert a net force 

to each particle. By solving a set of Newton equation of motions, the evolution in time can be 

predicted for the entire system. 

In the MS modelling, the MMT cell (mont0_333_na_15_cell) is imported from the MS library. 

Due to the symmetry of the cell, a (0 0 1) plane and a (0 1 0) plane are cleaved to represent the 

basal surface and the edge surface, respectively. Components of the alkaline solution are 

individually drawn, cleaned, and labelled. 

The simulation consists of three tests. In the first test, a solution of fixed concentration of 10M 

and L/S ratio of 0.5 is used to observe the molecular activity during the adsorption. In the 

second test, the L/S ratio remains at 0.5, and the molarity varies from 5M, 10M to 15M to test 

how the alkaline concentration will affect the adsorption. In the third test, the molarity is kept 

at 10M while different L/S from 0.2, 0.5, to 0.8 are used to test the impact of liquid content on 

the adsorption. 

3 Results and Discussion 

3.1 Molecule Adsorption at Interfaces 

At the basal plane, the concentration profile shows that the alkaline materials are heavily 

deposited at the interface (Figure 3-1). The distribution is governed by the double layer theory 

where the concentration decreases as the distance increases. 

Figure 3-1: Alkaline Distribution at Basal Plane Figure 3-2: Solution Entering the Interlayer at Edge 

At the edge plane, the solution clearly shows a tendency to enter the interlayer zone (Figure 

3-2), which is not reported in the kaolinite dissolution. This is because the weaker Van der

Waals bond between the silicone sheets in MMT is easier to break in the alkaline solution. As

a result of the interlayer expansion, more basal planes can be created and exposed to alkaline.

In view of this, it can be inferred that in the dissolution of MMT, the basal surface is the main

target of the alkaline attack.

356



Australasian Conference on Computational Mechanics ACCM2021  

13-15 December 2021, Western Sydney University 

3.2 Effect of alkaline concentration on the adsorption 

The simulation result also shows that at a lower molarity, the solution attaches to the MMT 

surfaces more evenly. When the solution becomes viscous at higher molarity, it tends to cluster. 

As a result, the coating on the MMT surface becomes ununiform. 

At the edge, the lower concentration also allows the solution to enter the interlayer more easily. 

This could be contributed to the same reason, that the lower alkalinity has the better mobility. 

3.3 Effect of L/S ratio on the surface adsorption 

When the liquid is limited (L/S = 0.2), it is completely absorbed by the surfaces, leaving 

nothing between the MMT particles. When the solution volume increases to 0.8, better 

continuity is developed across the voids. A good continuity allows the better mobility of the 

species, which is conductive for the geopolymer quality. 

At the same time, solution doesn’t enter the interlayer until a sufficient volume is used. 

Therefore, increasing the L/S ratio facilitates the expansion of interlayer. It is worthwhile to 

mention that, since a lot of solution is trapped in the interlayer zone, it indicates that MMT 

activation has a higher water demand. 

4 Summary 

In this study, MS software is used to dynamically simulate the process of alkali adsorption on 

the MMT surface. Some major findings are summarized as follows: 

1. On the basal surface, the alkaline elements are heavily deposited at the interfaces

2. On the edge of MMT particles, the solution tends to enter and expand the interlayers

3. At lower molarity, alkaline solution attaches to the MMT particles more evenly

4. Increasing solution volume can improve continuity of geopolymer across the voids

5. A lower molarity or a higher liquid content tends to intensify the interlayer expansion

during the dissolution process.

6. MMT activation requires more liquid content, as a part of the solution is trapped in the

interlayers
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Abstract. In this study, a three-invariant plasticity and damage-based constitutive concrete model, 

i.e., Karagozian & Case Concrete (KCC) model, is modified for hybrid steel and polypropylene fibre

reinforced ultra-high performance concrete before and after exposure to elevated temperatures.

Material strength and failure surfaces were updated with consideration of fire hazards. The validity

of this numerical model was subsequently evaluated against available experimental results.
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Introduction 

Ultra-high performance concrete (UHPC) is a promising material with extraordinary strength and 

energy absorption capacity as well as durability. However, owing to its compact structure and low 

porosity, UHPC is extremely vulnerable to explosive spalling when exposure to fire. Literature 

studies reported that the residual compressive strength (samples were cooled down to ambient 

temperature prior to testing) of UHPC was only 20% of its room-temperature strength after exposed 

to 800 °C temperature [1, 2]. Many efforts have been devoted to improving the fire tolerance of UHPC. 

So et al. [3] manufactured a UHPC by using a combination of ternary pozzolanic materials including 

blast slag, silica fume and fly ash. The compressive strength of UHPC after being exposed to 1000°C 

extreme temperature was 31~36% of its original strength. Felicetti et al. [4] developed a UHPC 

reinforced with 2% steel fibres and 2% PP fibres, and the low melting point of PP fibres was found 

to prevent thermal spalling and the material retained up to 50% of the original tensile strength after 

exposure to 500-600 °C high temperatures. Recently, the authors developed a UHPC with hybrid steel 

and PP fibre reinforcement, and granulated steel slags were adopted as the aggregates to enhance the 

thermal performance. This UHPC retained approximately 60% of its original compressive strength 

after exposed to 800 ºC temperature under uniaxial compression [5]. Further, its residual triaxial 

strength after exposure to 200-1000 °C was explored. 

In the present study, the uniaxial and triaxial strength test data were incorporated in a three-invariant 

plasticity concrete model, i.e., KCC model. The KCC model has been widely used in structural 

dynamic response analysis against blast and impact loads. The majority of literature studies had used 

the auto-generated parameters of the KCC model based on either normal strength concrete or few 

modifications on compressive/tensile damage scaling parameters. These modifications are proved to 

be inadequate for UHPC after fire hazards. Therefore, this study aims to calibrate the KCC model 

utilised in the FE simulations for UHPC after elevated temperatures. 

Strength surface parameters 

Based on the maximum strength surface point (p, σm), the corresponding yield surface point (p’, σy) 

can be suggested as σy=0.45σm at 𝑝 =0 and p’=p-0.55σm/3 [6]. The definition of the residual strength 

surface can be easily obtained by fitting the triaxial testing data where the residual strength (due to 

confinement) can be identified from stress-strain curves. The residual strength is zero at zero pressure 

(𝜎𝑟 =0 when 𝑝 =0) as the residual strength should be zero in the unconfined compression test. The 

three independent shear strength surfaces are defined as follows: 

𝜎𝑚 = 𝑎0 +
𝑝

𝑎1+𝑎2𝑝
   (maximum strength surface) (1) 

𝜎𝑟 =
𝑝

𝑎1𝑓+𝑎2𝑓𝑝
    (residual strength surface) (2) 

𝜎𝑦 = 𝑎0𝑦 +
𝑝

𝑎1𝑦+𝑎2𝑦𝑝
    (yield strength surface) (3) 
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Data for the maximum strength meridian were obtained from the unconfined compression tests and 

triaxial compression tests with various confinement levels from previous study [5]. 

Table 1 Modified strength surfaces parameters for UHPC after various target temperatures 

a0 a1 a2 a1f a2f a0y a1y a2y 

UHPC at 20 ºC 3.37E+07 0.4463 7.09E-10 0.4417 6.39E-10 2.90E+07 0.625 1.98E-09 

UHPC after 800 ºC 1.77E+07 0.4463 1.35E-09 0.4417 1.25E-09 1.47E+07 0.625 3.90E-09 

The default and modified three strength surfaces of the fire resistant UHPC before and after exposure 

to 800 ºC are presented in Fig. 1, as compared to the default strength surfaces. The modified three 

strength surfaces agreed well with the triaxial test results [5]. Owing to the uniaxial compressive 

strength decreased after exposure to 800 ºC, thus, it could be suggested that the strength parameters 

a0 and a0y increased with the uniaxial compressive strength, whereas a2, a2f and a2y decreased with 

the uniaxial compressive strength.  

(a) 20 ºC (b) 800 ºC

Fig.1 Triaxial compression data and model predictions of the fire resistant UHPC before and after 

elevated temperatures 

Material model validation 

Uniaxial compression and tension tests were performed by using single element simulation with a 

size of 5 mm. The simulation of uniaxial compression tests on the cubic specimen was performed 

using the modified KCC model with implicit algorithm. The dimensions of the specimen were 50 mm 

diameter × 100 mm height. Displacement-control loading was applied on the Z-axial of the cylindrical 

sample. The modified KCC material parameters of UHPC were used in the numerical simulation. The 

comparison of simulated results with the experimental results for UHPC before and after elevated 

temperatures is shown in Fig. 2. The compressive test simulation exhibited acceptable stress-strain 

curves as compared to the experimental data [5].  

(a) 20 ºC (b) 800 ºC
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Fig.2 The comparison of stress-strain curves of the fire resistant UHPC before and after elevated 

temperatures 

Conclusions 

The KCC material model was updated on strength surface considered fire effect. The modified KCC 

model was validated via material simulation. The following conclusions are made based on the 

findings of this study: 

• Strength modification for UHPC after exposure to elevated temperature was essential.

• The numerical simulation of the UHPC cubic specimens under uniaxial compressive  loads

validated the accuracy of modified material model.

• The updated model for UHPC after fire could be further used in the structural analysis.
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Abstract. This research is to apply a topological optimization method for creating a new type of 
auxetic architectures to revolutionize coronary stenting structures under hemodynamics. A level set 
method is correlated with the numerical homogenization method and computational fluid dynamics 
(CFD) to implement the auxetic stenting architectures. A Darcy-Stokes system is used to describe 
the coupling of the stent structure and fluid, and a homogenized effective modify fluid permeability 
(MFP) is developed to connect design variables with motions of blood flow around the stent. The 
optimization is formulated to consider MFP, auxetic property and stenting stiffness. The new 
architectures, from the aspect of mechanical structural factors and adverse hemodynamics, is 
expected to low the occurrence of the stent thrombosis (ST) and in-stent restenosis (ISR) in stent 
implantation. The simulation results show that the new stenting architectures can not only supply 
desired auxetic behavior to benefit the deliverability and reduce incidence of the mechanical failure 
but also improve wall shear stress distribution to low the induced adverse hemodynamic changes. 
Hence, the proposed stenting architectures can help improve stent safety and performance, to finally 
facilitate new generation of stents and benefit clinic practice in treating heart diseases.

Keywords: Coronary stents; Auxetic metamaterials; Hemodynamics; Topology optimization. 
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Abstract. Post-tensioned anchors are widely used for the purpose of strengthening or raising height 

for existing concrete gravity dams since it requires minimum demolition. The working capacity of 

anchoring system highly depends on the design of bond length where the pull-out failure may occur, 

which is one of the principal failure modes. Moreover, the bond-slip phenomena at rock-grout 

interface may induce stress losses and further affect the performance of post-tensioned anchors. 

However, in the literature the bond-slip is barely discussed for the seismic analyses of post-

tensioned gravity dams as it is usually assumed as perfect bond. In this work, the bond-slip behavior 

at bond length is considered by inserting interface elements automatically. The scaled boundary 

finite element method allowing polygonal elements alleviates the meshing burden of creating 

conforming meshes along the bond length to establish bond-slip interaction. Intersection nodes of 

anchor configuration and dam mesh can be inserted into the dam mesh directly and then conforming 

meshes are easily obtained.  Interface elements can be created automatically by connecting 

duplicated intersection nodes belonging to anchor and dam meshes. The robustness, accuracy and 

efficiency of proposed approach is demonstrated through several numerical examples with inclined 

multiple post-tensioned anchors. 

Keywords: Post-tensioned gravity dam; Bond-slip; Scale boundary finite element method; Seismic 

analysis 

Introduction 

The number of old dams is significantly increasing and more than 70% of existing large dams in 

Australia are more than 50 years old [1]. Those old dams are in need of strengthening and 

rehabilitation because of their (1) aging, (2) material degradation, (3) deficiency in design and 

construction, and (4) more stringent safety standards [2]. Moreover, raising the height of existing 

dams is common for increasing the storage capacity. Post-tensioned anchors are widely used for the 

purpose of strengthening or raising height for existing concrete gravity dams. This technique 

requires minimum demolition, and is cost-effective using a small number of anchors [3]. 

The pull-out failure occurring at the bond length is one of the principal failure modes of the 

anchoring system [4]. The design approach to calculate the bond length is based on an assumed 

uniform bond stress between the grout and the rock. However, theoretical and experimental data 

show that the bond stresses are not uniformly distributed along the bond length. This deficiency can 

lead to extraordinary and wastefully long bond length. Besides, the bond-slip behavior at grout-rock 

interface is complex, which can be affected by the borehole roughness and diameter, the type of 

cement used in the grout, etc. [5] In dam engineering practice, full-scale pull-out tests on trial 

anchors are necessary to check the anticipated design [4]. 

However, the seismic response of post-tensioned dams considering the bond-slip is barely discussed 

in the literature. The bond length of the post-tensioned anchor is usually considered as perfect bond 

[6, 7]. This report aims at the numerical simulation of post-tensioned gravity dam considering the 

bond-slip at the bond length using the scaled boundary finite element method. 
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Interface element creation 

The scaled boundary finite element method allowing polygonal elements alleviates the meshing 

burden of creating conforming meshes along the bond length to establish bond-slip interaction. 

Intersection nodes of anchor configuration and dam mesh can be inserted into the dam mesh 

directly and then conforming meshes are easily obtained.  Interface elements can be created 

automatically by connecting duplicated intersection nodes belonging to anchor and dam meshes. 

Figure 1 demonstrates the scheme of inserting interface elements based on the availability of 

polygonal elements. The original element representing dam comprises of Nodes 1,2, 3, 4. The 

anchor is inserted into the dam and the intersection position locates at Node 5,6. The additional 

nodes can be added to the original elements directly and form a new element comprising Nodes 1, 2, 

3, 4, 5, 6. By duplicating the inserted nodes, Nodes 7, 8 can form a truss element to represent 

anchor. Automatically, a zero-thickness interface element containing Nodes 5, 6, 7 , 8 can be 

generated and it connecting anchor and dam. 

Seismic analysis of Manly Dam 

A schematic of the dam-foundation-reservoir system of Manly dam is depicted in Fig. 2. The 

geometric characteristics of the modeling has been indicated in Fig. 2, in which h is the height of 

dam. The reservoir depth is 18.52 m [6]. The size of foundation is chosen to have extended lengths 

of 3h , 2h and h in the upstream, downstream and downward directions, respectively. The material 

properties of the dam body, foundation and anchor of Manly dam are listed in Table 1.  

Fig. 1 Interface element creation 

Figure 2. Dam-foundation-reservoir system of Manly dam 

363



Australasian Conference on Computational Mechanics ACCM2021 

13-15 December 2021, Western Sydney University

Table 1: Material properties of Manly dam 

Component Young's Modulus E [GPa] Poisson's ratio ν Density ρ [ kg/m3 ] α β 

Dam body 25 0.2 2500 1.76 0.000685 

Foundation 10 0.2 2400 - - 

Anchor 210 0.3 7900 - - 

Transient analyses of Manly dam-foundation-reservoir system are performed by imposing a 

vertically propagate shear wave for an ABAQUS model a model based on SBFEM approach. The 

wave is modified from Taft wave by scaling and generates a peak horizontal acceleration of 0.5g. 

The seismic responses, i.e., horizontal relative displacement between dam crest and heel obtained 

from two models are compared in Fig. 3. Excellent agreement is obtained from ABAQUS and 

SBFEM models. 
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Abstract: There is an urgent need for the manufacturing sector including the furniture industry to 

implement new product design and development philosophies – Digital Twins (DT), Design for 

Environment (DfE), Design for Sustainability (DfS) and Circular Economy (CE) into their design 

and manufacturing processes. This would significantly expand product development efficiency, 

production capacity and capability to ensure that products are manufactured with the highest quality 

components at competitive prices. This study develops a systematic optimal design framework and 

process with Industry 4.0 features for product development and safety assessment in the design 

practice on furniture products. It integrates the concept of digital twins and innovative design 

philosophies of Design for Environment, Design for Sustainability and Circular Economy. Two new 

commercial furniture products from Maxton Fox – Tasman Workstation and Ada Chair are 

engineered and optimised as the results of implementing the proposed design framework.     

Keywords: Industry 4.0, Digital Twins (DT), Finite Element Method (FEM), Design for 

Environment (DfE), Design for Sustainability (DfS), Circular Economy (CE), Furniture Product 

Design and Development.  

Introduction 

Manufacturing industries including the furniture industry are currently experiencing a digital 

transformation from traditional manufacturing to advanced manufacturing as the fourth industry 

revolution – Industry 4.0. Under the Industry framework, Digital Twins (DT) or Digital Twinning is 

one of its critical components [1]. A digital twin is a virtual representation that serves as the real-time 

digital counterpart of a physical object or process. It can greatly improve the efficiency of product 

design, e.g. 10 times, by using Digital Twin Technologies. Under the big umbralla of the Design for 

X (DfX), Design for Environment (DfE) [2] and Design for Sustainability (DfS) [3,4] are two 

important componeets of DfX. The former is a design method to minimise or eliminate environmental 

impacts of a product over its life cycle and the latter seeks to reduce negative impacts of a product on 

the environment, and the health and comfort of end users and customers. Circular Economy (CE) [5] 

is a business model to maintain components, materials, and products at their maximum values of 

utility and time and to eliminate wastes. As a result, raw material input, waste generation, emissions, 

and energy are minimised by promoting the circularity of materials and energies; via repair, reuse, 

remanufacture, refurbishing and recycling. These new philosophies enable the product design to 

interact with the environment and predict customers’ usage. It is very beneficial to put all of these 

elements together into a practical design process as a good starting point for research.  

    In this study, to meet urgent needs from real-world practice in the furniture industry, a systematic 

optimal design framework and process with Industry 4.0 features for furniture product design and 

development and safety assessment is developed and it integrates the concepts, models and 

technologies of Digital Twins (DT), Finite Element Method (FEM), Design for Environment (DfE), 

Design for Sustainability (DfS), Circular Economy (CE) into the furniture design. For demonstration 

and validation, two new commercial furniture products from Maxton Fox – the Tasman Workstation 

and the Ada Chair are engineered by using the proposed design framework and process.     
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Development of Digital Twin-driven Design Framework for Commercial Furniture Products 

The digital twin-driven design framework with Industry 4.0 features is developed for commercial 

furniture product development and design. As shown in Fig. 1 (a), the developed Digital Twin-based 

Design Framework includes the following 5 main components: a) digital twin development module; 

c) digital testing module; c)  Material Selection and Geometry Optimisation Module; d)  Design for

Sustainability (DfS) and Design for Environment (DfE) module; and e) Circular Economy (CE)

module. It is an integrated concurrent digitalised design process for commercial furniture product

development and design with built-in interfaces between the design process and working environment

and conditions, as well as the end users and customers’ experience.

Fig. 1: Digital twin-driven furniture design framework and two new engineered commercial 

furniture from Maxton Fox 

    To implement the developed digital twin-driven design framework into commercial furniture 

product development and design process, the commercial computer-aided design and engineering 

analysis package – SolidWorks and the Microsoft EXCEL were used in current project. SolidWorks 

provides its powers on Computer Aided Design (CAD), Stress Analysis using Finite Element 

Analysis (FEA), optimal design functions and embedded DfS module. Based on Microsoft EXCEL, 

a DfS/DfE calculator was developed specifically for commercial furniture design which has multiple 

workbooks, containing Bills of Material (BoM), Material Library for Sustainability and Sustainability 

Calculator, respectively.  

Results and Discussion 

To implement the developed Digital Twin-based design framework into commercial furniture product 

development and design process, the commercial computer-aided design and engineering analysis 

package – SolidWorks and the Microsoft EXCEL were used in current project. SolidWorks provides 

its powers on Computer Aided Design (CAD), Stress Analysis using Finite Element Analysis (FEA), 

optimal design functions and embedded DfS module. Based on Microsoft EXCEL, a DfS/DfE 

calculator was developed specifically for commercial furniture design which has multiple workbooks, 

containing Bills of Material (BoM), Material Library for Sustainability and Sustainability Calculator, 

respectively. Fig. 2 shows the Tasman workstation with its (a) digital twin model, (b) finite element 

model, (c) stress contour and (d) final design and the Ada chair with its (e) digital twin model, (f) 

finite element model, (g) stress contour and (h) final design, respectively.  

    The two furniture products were revised three times from their initial design by using the proposed 

design framework and process. For the Tasman workstation, after optimising their designs, sizes and 

materials, the carbon emission is reduced by 20.13%, PO4 is reduced by 14.67%, SO2 is reduced by 

11.36%, energy consumption is reduced by 17.60%. Its material cost was reduced by 7.2% and its 

(a) Proess Flow of the Digital Twin-driven Furniture Design Framework

(b) End Product – the Tamsman 

Workstation 

(c) End Product – the Ada
Chair 
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weight was reduced 11.5%. The Ada chair got reductions on its weight by 48% and material cost by 

28.53%. As a result, carbon emissions are reduced by 29.37%, PO4 by 35.29%, SO2 by 27.03%, and 

energy consumption by 11.74%, respectively. The final products were successfully manufactured 

which can be found in Figs. 1(b) and (c).  

Fig. 2: Digital Twin models of Tasman Workstation (a)-(d) and Ada Chair (e)-(h) 

Summary 

In this study, the systematic digital twin-driven optimal design framework and process has been 

successfully developed with Industry 4.0 features for furniture product design and development. The 

employment of the proposed design process on the optimal design of two furniture products has 

showed its effectiveness and efficiencies to improve the products significantly by using the 

fundamentals and models of Design for Environment (DfE), Design for Sustainability (DfS), Circular 

Economy (CE) in the design practice. The future research will focus on including Design for 

Manufacturing (DfM) and developing a digital twin-driven integrated design and manufacturing 

process for commercial furniture product design and manufacturing.  

Acknowledgements 

The co-authors would like to show their gratitude for financial support from the via the NSW 

TechVoucher Program on their research and they are also thankful for great support from Don Wright, 

Inu Rana from the LauchPad Program Team, Western Sydney University.  

References 

[1] Fei Tao, Fangyuan Sui, Ang Liu, Qinglin Qi, Meng Zhang, Boyang Song, Zirong Guo, Stephen

C.-Y. Lu & A. Y. C. Nee, 2019, Digital twin-driven product design framework, International

Journal of Production Research, 57:12, 3935-3953, DOI: 10.1080/00207543.2018.1443229.

[2] Ulrich, Karl T., Eppinger, Steve D., and Yang, Maria C., 2020, Product Design and Development.

7th ed., McGraw-Hill Education

[3] Tracy Bhamra, Vicky Lofthouse, 2008, Design for Sustainability - A Practical Approach, 1st ed.,

Taylor & Francis Group.

[4] SolidWorks Sustainability 2020, SolidWorks user manual.

[5] De Carvalho Araújo, Cristiane et al., 2019, Circular Economy Practices on Wood Panels: A

Bibliographic Analysis. Sustainability (Basel, Switzerland), 11(4), p.1057.

(a) (b) (c) (d) 

(e) (f) (g) (h) 

367



Australian Conference on Computation Mechanics         ACCM2021 
 13-15 December, Western Sydney University 

A molecular dynamics study on the interactions of gold nanorods 

Pan Yang1, Qinghua Zeng1, 2, *, Kejun Dong2 and Haiping Zhu1 
1 School of Engineering, Design and Built Environment, Western Sydney University, 

Penrith, NSW 2751, Australia 

2 Centre for Infrastructure Engineering, School of Engineering, Design and Built Environment, 
Western Sydney University, Penrith, NSW 2751, Australia 

Email: pan.yang@westernsydney.edu.au, *q.zeng@westernsydney.edu.au, 
kejun.dong@westersydney.edu.au, h.zhu@westernsydney.edu.au 

Abstract. Development of interaction force models between gold nanorods (AuNRs) enables 

us to explore their potentials of designing and fabricating nanostructures for various 

applications. In present study, molecular dynamics (MD) simulations have been performed on 

the interactions between two identical gold nanorods with different geometry and conditions 

(e.g., length/diameter ratio, rotation, and surface modification). Our results reveal that their 

attractive interaction will lead to the collision of AuNRs, which agrees with our previous 

work on gold nanospheres. Moreover, quantitative models have been developed for non-

contact interparticle forces between AuNRs.  Such force models can be then integrated into 

larger scale discrete element method (DEM) to explore their self-assembly process and design 

of nanostructures from AuNRs. 

Keywords: molecular dynamics simulation; interparticle force model; gold nanorods; 

orientation configuration, surfactant modification 

Introduction 

The interparticles force is one of the dominate factors in governing particles’ packing or 

assembling processes to form ordered structures with specific properties [1]. Therefore, 

understanding and quantifying such interactions plays a critical role in advanced materials 

manufacturing, particularly for highly demanding nanomaterials such as gold nanorods 

(AuNRs) [2-4]. In present study, molecular dynamics (MD) has been performed on the 

AuNPs to compute the interactions between them with different geometry and conditions 

(e.g., length/diameter ratio, rotation, and surface modification). More importantly, the newly 

established interparticle force models can also be employed by discrete element method 

(DEM) to explore the self-assembly of AuNRs, paving the way for AuNRs-based 

nanomaterials’ manufacturing. 

Simulation method 

All MD simulations are computed by Forcite module in Materials Studio package with 

COMPSS II force field, in which the part has been comprehensively introduced in our 

previous study for gold nanospheres [5]. Additionally, the surface modified AuNRs are 

constructed by a thiol (-SH) group binding the surfactants with AuNRs’ surface [6].  

The state-of-the-art MD simulation is capable to fully and precisely calculate the interaction 

potentials of a given particles’ system, and once a series of interparticle potentials have been 

determined on different surface separations, the interparticle force can be derived and written 

as the gradient of on interparticle potentials with respect to its particle’s separation which can 

be written as, 

𝐹𝐼𝑛𝑡𝑒𝑟 (𝑑) =
𝜕𝐸𝐼𝑛𝑡𝑒𝑟 (𝑑)

𝜕(𝑑)
   (1) 
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Results and conclusion 

Our results demonstrate that their attractive interaction will lead to the collision of AuNRs as 

shown in Fig.1, which agrees with our previous work on gold nanospheres [5]. More 

specifically, the interactions between AuNRs increase linearly with length/diameter (L/D) 

ratio, and the orientation configurations such as rotation (X-axis) also have some impact. In 

addition, the surfactant (e.g., CTAB) attached on the AuNRs’ surface could enhance their 

interparticle interactions when they are approaching. 

Moreover, quantitative models have been developed for non-contact interparticle forces 

between AuNRs. Such quantifying of the interparticle interactions between non-spherical 

nanoparticles and the development of the new force models is sophisticated yet with great 

significance, enabling the larger DEM simulations on several hundreds or thousands of 

AuNRs to investigate their self-assembly structures. 
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Fig.1 Interparticle potentials as a function of surface distance of AuNRs 
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Abstract. A finite element modelling approach was proposed to replicate the structural behaviour of 
reinforced concrete flat plate structures under increased load. The models developed in this study 
were validated by two experimental tests conducted on two multi-panel substructure specimens. The 
numerical solutions and the test results were seen in good agreement, indicating the accuracy of the 
models. In addition, the load redistribution pattern of one of the test specimens was also evaluated 
numerically. The numerical results obtained in this study will serve as the basis for future study of the 
residual load resistance of the substructure specimens after punching shear failure occurs at their 
interior slab-column joints.

Keywords: Progressive collapse, flat plate structures, Finite Element Method 

Introduction 
Abnormal loading events (overloading, fire, explosion etc.) can trigger upward (UPS) or downward 
(DPS) punching shear failure initiated at one or several slab-column joints of a reinforced concrete 
(RC) flat plate structure. Following subsequent load redistribution, punching shear failure may 
progressively spread to adjacent joints. If these joints have insufficient strength to resist additional 
loads, the entire structure or a significant part of it may eventually collaspe. A very recent collapse of 
a flat plate building has happened in June 2021 in Miami, USA [1], causing mass casualties and 
unmeasurable economic loss. 

In this paper, a numerical modelling approach was proposed based on the finite element method 
and the models were validated through two experimental tests, where either UPS or DPS failure was 
induced at the interior joint of an RC flat plate multi-panel substructure. The structural behaviour 
obtained from the numerical analysis was in good agreement with the test observations, proving the 
effectiveness of the proposed modelling approach. Finally, the load redistribution pattern of the DPS 
test specimen was also numerically studied. 

Model Details 
The numerical analysis was conducted using LS-DYNA [2]. Test results of two 1/3-scaled 2×2-bay 
flat plate substructures [3] were used to develop and calibrate the proposed models. The model 
geometry is shown in Fig. 1. Each model had a concrete slab with a dimension of 5000mm × 5000mm 
and nine square columns (each of 150mm × 150mm cross section) supporting the slab at a space of 
2000mm. The slab depth was 90mm. Each column consists of a top concrete stub (90mm) and a 
bottom concrete stub (120mm); the bottom stubs of eight peripheral columns were also connected to 
steel columns with a height of 680mm. Note that no steel column was used underneath the interior 
column, yet a steel plate was placed to its top or bottom concrete stub, to apply increased upward or 
downward load to the interior column until UPS or DPS failure occurred. Fig. 2 presents the 
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reinforcement layout of a typical modelled specimen, which was designed in accordance with both 
Chinese Building Codes [4] and Australia Standard of Concrete Structures [5].  

Fig. 1 Model geometry Fig. 2 Reinforcement layout 

Table 1 summarises the model configurations for each component of the modelled specimens. 
Specifically, the concrete slab and column stubs were modelled using 3D solid elements with a 
characteristic mesh size of 22.4mm. However, finer elements (14.1mm) were used around each 
slab-column joint. To simulate the column punching through the slab, element deletion algorithms 
were employed for the solid elements. The thresholds of the element deletions were obtained with 
iterative trials and errors. In addition, the bond behaviour between concrete and reinforcement was 
achieved through keyword card *Constrained_Beam_In_Solid. 

Table 1 Model configurations 

Component Element type Material model 
Concrete slab  
and column stubs 3D solid elements MAT_CSCM 

Steel columns 2D shell elements MAT_Elastic 
Reinforcement 1D beam elements MAT_Piecewise_Linear_Plasticity 

Model Validation 
The model validations were conducted by comparing the load-displacement curves obtained from the 
numerical solutions and the test observations. Note that the load-displacement curves denote 
increased load applied to the interior column versus its vertical displacement. Both UPS and DPS 
tests were validated and plotted in Fig. 3. It can be seen that the numerical results are in good 
agreement with the experimental results. In addition, crack patterns on the top and bottom slab 
surfaces were also obtained through numerical modelling, shown in Fig. 4, representing typical 
failure patterns of flat plate structutures [6].  

Load Redistribution 
Based on the validated models, the load redistribution pattern of the DPS test was evaluated 
numerically. Table 2 summarises the applied load at the interior column and the reaction forces at the 
four edge and four corner columns before punching shear failure occurred. Results indicate that a 
large percentage of the applied loads was transferred to the edge columns. Only 4% of the total load 
was transferred to the corner columns.  
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Table 2 Load redistribution pattern of DPS test 

Column position DPS test (kN) Percentage of load 
Interior column 
(Applied load) 59.6 100% 

Edge columns (4) 57.2 96% 
Corner columns (4) 2.4 4% 

Conclusion 
In order to gain an in-depth understanding of the collapse behaviour of RC flat plate structures, 
numerical models were developed and validated against two experimental tests. Based on the 
validated models, the load redistribution pattern of the DPS test was evaluated. In addition, the 
validated models will be used for further investigation of the residual load resistance of the 
substructure specimens after punching shear failure occurs at the interior slab-column joint. 
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Abstract. Microsolder joints are essential parts of electronic packaging structures, but their electric–
thermal–mechanical (ETM) coupling properties are particularly critical and unclear so far. Their 
performance failure often causes function loss and even the failure of an entire electronic product and 
equipment [1]. Microsolder joints are often subjected to electrical, thermal, and force loads 
simultaneously in practice [2]. With the continuous miniaturization and multifunction of electronic 
products, the resulting current, temperature, and mechanical loads causes various reliability problems, 
and the fatigue life of microsolder joints is particularly critical [3]. In this article, an experimental and 
a numerical hybrid method are proposed to investigate the fatigue life of microball grid array solder 
joints under ETM coupling loads.

Keywords: Numerical calculation, microsolder joints, fatigue life. 

Method and Materials. In this study, solder joint fatigue was investigated under ETM coupling loads. 
When describing the mechanical properties of lead-free solder, the parameters of the conventional 
Anand model are only affected by temperature [4]. That is to say, the conventional Anand model does 
not involve parameters related to current density. Therefore, we propose a modified Anand 
constitutive model to consider the influence of current density on solder, which could accurately 
describe the coupling behavior of solder under the condition of current, temperature, and mechanical 
field. Strain soft/hardening coefficient, h0, is correlated with temperature and current density, and the 
effects of current density and temperature field on solder were considered. The modified Anand 
constitutive model and h0 are, respectively, as follows: 

1
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RT s

  σ ε = ε = − ξ   
    

  ,             (1) 
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where h0 is the modified strain soft/hardening coefficient, ξ  the stress coefficient, pε  the inelastic
strain rate, A the coefficient of the exponential function, Q the thermal activation energy, R the ideal 
gas constant, T the thermodynamic temperature, m the strain rate sensitivity coefficient, S* the 
saturation of equivalent stress (S) at a given temperature and strain rate,  the deformation 
impedance coefficient, n the strain rate sensitivity coefficient, J the current density, whereas ah, n1, 
n2, and n3 are parameters related to the material. 

ŝ
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The considered solder joint material is SAC305, whose composition is shown in Table 1. In this study, 
the parameters of the modified Anand constitutive model are determined and verified using an 
experimental and numerical hybrid method; the hybrid method is described as follows. First, the 
experimental parameters of SAC305 solder are obtained via multiple uniaxial tensile tests at different 
strain rates and temperatures; the experimental model is shown in Fig. 1(a) [5]. Further, the uniaxial 
tension of SAC305 solder is simulated by finite element software, whose results are shown in Fig. 
1(b). The experimental stress–strain curve agrees well with the numerical one when the experimental 
curve and numerical results are compared, as Fig. 1(c) shown. Finally, to verify the accuracy and 
validity of the modified Anand constitutive model, we use the model to simulate the fatigue life of 
SAC305 solder as well, the results of the fatigue test on the solder and numerical results agrees well. 

Table 1 Composition of SAC305 solder joint. 

Material/Content 
Ag/3% Cu/0.5% Sn/96.5% 

(a) Uniaxial tension
experimental of SAC305 model.

(b) Uniaxial tensile numerical
simulation of SAC305 model.

(c) Comparison of
experimental and numerical
stress–strain curves.

Fig. 1 Comparison of experimental and numerical results 

Result. Based on the modified Anand constitutive model, a fatigue life prediction model of SAC305 
microsolder joint is proposed, and fatigue life prediction of the actual model of microball grid array 
(MBGA) solder joint is performed. At present, most plastic strain fatigue lives are derivatives of the 
Coffin–Manson model [6], which is expressed as follows: 

1

1
2 2

C

f
f

N
 ∆γ

=   ε 
,               (3) 

Where Nf  is the average life of fatigue failure, which is described by cycle; 3∆γ ∆ε=  is the range of 
inelastic strain εf =0.375;  is the fatigue toughness coefficient; C is the fatigue toughness index. 
Considering the effects of strain rate, current density, and temperature on fatigue life, the toughness 
index C is expressed as follows: 

( ) ( )4 20.442 6 10 1.74 10 ln 1n
mC T J f− −= − − × + + × + ,  (4) 
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where Tm is the average temperature in the temperature cycle, f is the thermal cycle frequency, J is 
the current density, and n is the current density index. 

Through numerical calculation, the fatigue life of microsolder joints under different temperature 
cycles and current densities is obtained as Fig. 2 shown, and the prediction formula of fatigue life of 
micro-SAC305 solder joints was obtained as follows: 

4 2.2432.184 10fN J −= × (5) 

Fig. 2 BGA circuit board model and results. 

Conclusion and Discussion. In this study, an experimental and numerical hybrid method is proposed 
to obtain the parameters of a modified Anand constitutive model under the ETM coupling field. 
According to the modified Anand constitutive model, the fatigue life of microsolder joints under ETM 
coupling is investigated, and the prediction formula of fatigue life of micro SAC305 solder joints is 
given. The experimental and numerical results show that the proposed formula can effectively predict 
the fatigue life of microsolder joints. Notably, the size of the solder joint significantly affected the 
life of the solder joint [6]. The studied solder joint has a height of 540 μm. Subsequent studies will 
focus on a unified model for predicting the fatigue life of solder joints of different heights. In addition, 
the electromigration effect of microsolder joints will be a future research topic. 
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Abstract. The progression of macrocell corrosion is closely related to the properties of aging concrete 
cover. Inaccurate interpretations of material characteristics lead to unrealistic estimations of early 
corrosion propagation. In this study, the non-uniform corrosion cell created due to progressive 
carbonation is numerically obtained by comprehensive chemophysical modelling. The macrocell 
corrosion under material non-uniformity is then investigated by electrochemical modelling based on 
finite element method. The developed method is validated against reported experiments, which is 
demonstrated to be particularly important for advancing the service life monitoring and assessment 
of ageing concrete infrastructures. 

Keywords: Chemophysical modelling; Electrochemical modelling; Macrocell corrosion analysis 

Introduction 

This paper focuses on carbonation-induced macrocell corrosion, considering the significance of 
progressive carbonation in creating non-uniform corrosion cells. In the literature, numerous 
experiments have been reported, relying on accelerated carbonation, to create desired corrosion cells 
and measure the corrosion profiles, such as corrosion current, half-cell potential, steel mass loss, and 
rust formation [1]. These electrochemical responses were useful on many occasions, which have been 
widely implemented in health monitoring, field, and laboratory research on macrocell corrosion under 
diverse cathode-to-anode (C/A) ratios, structural defects, and incompatible patch repairs [2, 3]. In 
terms of computational investigation, finite element method (FEM) has become the most suitable 
approach, given its ability to model the entire corrosion cell that incorporates any potential aging-
induced material non-uniformity and structural defects [4].  

In this extended abstract, a novel approach combining electrochemical and chemophysical 
modelling is developed to investigate the macrocell corrosion under non-uniform material aging. In 
order to achieve an effective presentation, the core approach, comprising chemophysical modelling 
for concrete carbonation analysis and electrochemical modelling for corrosion assessment, is briefly 
introduced in the following section. The proposed approach integrates the progressive material 
deterioration into the evaluation of material non-uniformity for the corrosion cell, where the 
effectiveness of the proposed method is then validated against a series of reported corrosion 
experiments as triggered by laboratory accelerated carbonation.  

Methodology 

Carbonation modelling.  
The corrosion initiation by carbonation can lead to a variety of chemical reactions in the hydrated 

cement system depending on the service conditions, either natural or laboratory acceleration. A 
universally applicable model has recently been developed by the authors [5], and successfully been 
applied to ordinary Portland cement (OPC). Based on authors’ previous work [5], the carbonation of 
CH and C-S-H is modelled through chemical kinetics. The resulting calcite formation is calculated 
by Eq. (1) and the corresponding derivative term is written in Eq. (2) [5], which should be included 
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in the multi-species transport model to model the rate-controlled carbon dioxide ingress. For the 
detailed definition of each modelling parameter in Eqs. (1-2), one may refer to Yu et al. [5].  
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(2) 

Immediately upon steel depassivation under carbonation, the service life of reinforced structural 
member enters the active corrosion propagation stage. Considering the potential pitting corrosion due 
to a non-uniform steel depassivation or a multi-layer reinforcing configuration, the corrosion rate 
generally comprises of two main parts, i.e., microcell and macrocell corrosion, see Eq. (3). The 
macrocell corrosion describes the case where anodes and cathodes are spatially separated, which 
stimulates a current flux within the concrete that functions as an electrolyte with an effective 
resistivity. The current flux obeys Ohm’s law and calculates from the corrosion potential distribution 
in concrete that is governed by Laplace equation [6], given in Eq. (4). In Eq. (4), we also note that 
the macrocell corrosion current density equals to the current flux at the steel-concrete interface. For 
the detailed definition of each modelling parameter in Eqs. (3-4), one may refer to Yu et al. [7, 8].  

corr mic maci i i  (3) 
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Modelling 

Macrocell corrosion under non-uniform concrete aging. 
The presented method is exploited through modelling the frequent case of macrocell corrosion 

with partially active reinforcements. As reported by Nasser et al. [9], steel depassivation was achieved 
by accelerated carbonation in a condition of 65% RH and 50% carbon dioxide for 16 weeks. The steel 
depassivation was judged by phenolphthalein, and a carbonation depth of the summation of concrete 
cover and the rebar radius, roughly 20-21 mm, was achieved [9]. In the present numerical simulation, 
the reported boundary condition for accelerated carbonation is implemented and the computation is 
carried out for 16 weeks. By using the proposed method, a carbonation depth of 20.37 mm is achieved. 
For a detailed experimental setup, one may refer to Nasser et al. [9]. Herein, the modelled streamline 
of current density for the macro-corrosion cell is showcased in Fig. 1, where the comparison of 
macrocell corrosion current is presented in Fig. 2 to demonstrate the importance of considering the 
influence of progressive and non-uniform material aging caused by accelerated carbonation.  

Fig. 1 Modelled streamlines of current density 
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Fig. 2 Comparison of macrocell corrosion current 

Summary 

The corrosion initiation by concrete carbonation that creates a non-uniform corrosion cell is a 
critical factor for the assessment of the subsequent corrosion propagation phase of reinforced concrete 
structures. From the perspective of numerical modelling, the present study addresses this research 
topic by targeting specifically the transition phase from the corrosion initiation into the early stage of 
corrosion propagation. An integrated FEM approach combining chemophysical and electrochemical 
methods is developed and demonstrated to be effective by validating against reported experiments.  
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Abstract. The design of concrete confined with FRP rings/ties has heavily depended on the “arching 

action” assumption, which is not necessarily accurate. In this study, an advanced finite element (FE) 

model is adopted to look at the axial stress distributions at the mid-way of adjacent FRP rings/ties. A 

theoretical model for the axial stress distribution at the mid-way between adjacent FRP rings are then 

proposed. Additionally, the relationship between the arch height and the confining parameters is 

obtained based on a proposed theoretical model. The theoretical results based on the proposed arching 

action angle are shown in line with the FE results.

Keywords: FRP, confinement, arching action, finite element modeling, FRP rings, FRP ties. 

Introduction 

The design of concrete confined with FRP rings/ties (Fig. 1) has heavily depended on the “arching 

action” assumption [1-2], which is not necessarily accurate as it was proposed for the concrete 

confined with steel stirrups (spirals or ties). The theory of “arching action” assumes that the arching 

angle (θ) (see Fig. 2) equals to 45°, which had never been verified experimentally. The experimental 

difficulty for stress measurement is also strangling the audiences’ understanding on FRP ring-

confined concrete. The errors associated with this assumption can be substantial as the confinement 

efficiency ratio is heavily depended on the “arching action” assumption. In lights of research demand, 

an advanced finite element (FE) model [3] is adopted to look at the axial stress distributions in 

concrete confined with FRP rings. A theoretical model for the axial stress distribution at the mid-way 

between adjacent FRP rings are proposed. Additionally, the relationship between the arch height and 

the confining parameters is obtained based on a proposed theoretical model. The theoretical results 

based on the proposed arching action angle are shown in line with the FE results. 

Fig. 1 FRP ring-confined concrete  (a) Arch effect (b) Effective confinement area

Fig. 2 Arching action angle (θ) and effective confinement area 

Finite Element Modeling 

A modified concrete damage plasticity model (CDPM) [3] is adopted for the concrete in the FE 

modelling. A revised dilation model is adopted in the analysis-oriental stress-strain model [4-6] to 

produce the necessary material parameters of confined concrete. The details of material definition, 

boundary and mesh convergence can be found in Zeng et al. [7]. Parametric studies and more details 

of the modelling setup can be found in the study published by the authors [7]. Each specimen in the 
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FE analysis is given a label which starts with a capital letter “H”, followed by four digits representing 

the width of the FRP rings, the clear spacing of two adjacent FRP rings, the number of FRP layers 

and the unconfined concrete strength, respectively. 

FE Results 

Figure 3 shows a stress contour diagram of the axial stress distribution at a mid-way between two 

adjacent FRP rings, showing the axial stress is the lowest at the section edge at the mid-way between 

two adjacent FRP rings. The axial stress distribution in different heights between the center of two 

adjacent FRP rings are shown in Fig. 4. The additional label ‘M-M’ represents the path at the mad-

way between two adjacent FRP rings and ‘C-C’ represents the path at the center of an FRP ring. It is 

interesting to find that the axial stress exhibits a smallest value (can be below 70% of the peak axial 

stress) at both ends of the path while it shows a plateau in the middle of the path (“at the effective 

confinement area”), by looking at the axial stress distribution along the path at the M-M section. This 

implies that the validation of an ineffectiveness of FRP confinement between two adjacent FRP rings, 

demonstrating the realness of the effective confinement area assumption. It is also interesting to find 

that the highest axial stress value exhibits at the ‘C-C’ path, while the axial stress distribution at the 

center of each FRP ring show another peak at both ends of a diameter (Fig. 4).  

(a) Concrete confined with FRP rings (b) Axial stress contour diagram of section M-M

Fig. 3 Distribution of axial stresses along the M-M section and the diameter path 

-25 0 25 50 75 100 125 150 175
-50

-45

-40

-35

-30

-25

-20

Specimen H-20-40-2-30

A
x

ia
l 

st
re

ss
 (

M
P

a)

Diameter (mm)

 200 (C-C)

 210

 220

 230 (M-M)

-25 0 25 50 75 100 125 150 175
-70

-60

-50

-40

-30

-20

𝑦 = 𝑘2𝑥 + 𝑏2

(D/2,y3)

(D,y1)

(D-x2,y2)(x2,y2)

(0,y1)

A
x

ia
l 

st
re

ss
 (

M
P

a)

Diameter (mm)

 FE results

 Piecewise function model

𝑦 = 𝑘1𝑥 + 𝑏1

  Fig. 4 Distribution of axial stress in diameter              Fig. 5 Comparisons between FE results 

paths at different heights of a specimen (𝜀𝑐 = 0.01) and theoretical results: (𝜀ℎ=0.015)

Theoretical Model for Axial Stress Distribution at the Mid-Way Between Two FRP Rings 

A theoretical model is developed for the axial stress distribution along the path (i.e., diameter) at the 

mid-way between two adjacent FRP rings based on the FE results: 

𝑦 = {

𝑦2−𝑦1

𝑥2
𝑥 + 𝑦1,  𝑥 < 𝑥2

𝑦3−𝑦2

𝐷 2⁄ −𝑥2
𝑥 + 𝑦2,    𝑥2 < 𝑥 <

𝐷

2

   (1) 

where 𝑥2, 𝑦1 and 𝑦2 are the coefficients. All these coefficients are function of the variables including 

𝑏𝑓  (the width of FRP rings), 𝑠𝑓
′  (the clear spacing of two adjacent FRP rings) and 𝑓𝑙,𝑤  (the FRP 

working confining stress). Figure 5 shows comparisons between axial stress distribution from the 

theoretical model and those based on the FE analysis, demonstrating a high accuracy of the model.  

Theoretical Model for the Arching Action Angle 

Figure 6a shows a typical example of axial stress distribution versus the coordinate of the specimen 
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diameter, showing a highest axial stress at the center of the section at the mid-way between two 

adjacent FRP rings and a descending trend from the center to the section edge. It is assumed that in 

the effective confinement area, the axial stresses are larger than 85% of the average stress of the 

section. The arch height of the arching action equals to the distance between the critical point and the 

section surface (𝑙), as shown in Fig. 6a. The diagram of the arching angle derivation is shown in Fig. 

6b, provided that 𝑙 and 𝑠𝑓
′  can be determined. The following theoretical model (which is a function of 

variables include 𝑏𝑓, 𝑓𝑙,𝑤 and 𝑠𝑓
′) for the arch height is proposed: 

𝑙 = 16.70 + 0.1𝑏𝑓 −
67.1

𝑓𝑙,𝑤
−

137.00

𝑠𝑓
′ − 0.10𝑓𝑐𝑜

′ (2) 

Subsequently, the arching angle can be derived using: 

θ = asin (
4𝑠𝑓

′ 𝑙

4𝑙2+𝑠𝑓
′2) 

180°

𝜋
(3) 

The comparisons between the theoretical arching action angle values and the FE values (Fig. 6c) 

demonstrate that the arching action angle is not a constant value and are within a range of [35°,65°], 

which contradicts the well-known assumption that the arching action angle equals to 45°. 
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Fig. 6 Arch height, arching angle (θ) derivation and comparison between FE θ and predicted θ 

Conclusions 

This paper has presented a numerical study on the arching action assumption by investigating the 

axial stress distribution at the mid-way between two FRP rings. Based on the numerical study and the 

comparisons, the following conclusions are drawn: (1) The axial stress is very small (as small as 70% 

of the peak axial stress) at both ends of the diameter path of the mid-way section between adjacent 

FRP rings while it is largest in the centre of the same path. This demonstrates the presence of the 

arching action assumption. (2) Theoretical models for the axial stress distribution at the mid-way 

between adjacent FRP rings are proposed and both the models provide reasonably close predictions 

with the FE analysis. (3) The proposed theoretical model for the arching action angle provides close 

predictions with the FE results, and it is found that the arching action angle is not a constant value. 
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Abstract 

Origami-based metamaterials have been widely used in the field of energy absorption structures 

because of its low-weight and high-energy absorbability. However, it is a highly iterative process to 

design and optimize the origami-based structures, even a simplest one, which leads to huge 

computational cost and time-consuming. Therefore, a new data-driven framework has been proposed 

to overcome the above major obstacle and shorten the design cycle. The feasibility and value of the 

framework are demonstrated through the analysis of Miura-origami structure in-plane quasi static 

compression. The example verifies that the data-driven framework is not only an ideal alternative 

method when the analytical and empirical solutions are not accessible for complex origami structure 

problems, but also a promising way of obtaining the energy absorption properties of the origami 

structures instantaneously and accurately once the geometry and boundary conditions are specified.  

Keywords: Machine learning, Energy absorption, Finite element analysis, Origami structures 

Introduction 

Origami (ori meaning ‘folding’ and kami meaning ‘paper’ in Japanese) is the art of paper folding [1]. 

In recent years, origami structures have been applied to numerous engineering fields because of their 

extensibility [2], foldability [3], low-weight and high-energy absorbability [4]. Many researchers 

referred to structure optimization on energy absorption characteristics when they applied the origami 

patterns to engineering applications. However, it is a highly iterative process to design or optimize the 

origami-based materials due to quantities of interests. Most current research only focused on effects 

of geometric parameters on the mechanical properties roughly and qualitatively. There is a lack of 

complete analysis of the influence of various geometric parameters on origami structure due to high 

dimensionality. 

This study proposes a new data-driven framework combining machine learning method to 

investigating the energy absorbability of origami structure. Fig.1. illustrates the framework that 

includes three steps: (1) Individual Simulation; (2) Batch Processing; (3) Machine Learning.  

Fig.1 A data-driven framework combining machine learning to investigate the energy absorbability of origami structure 
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Validation Framework 

Fig.2. and Table 1 show the predicted results on maximum displacement of five different machine 

learning methods. At each pair of points (one green points with one red points), the distance between 

the red point and the green one represents the difference between the predicted value and the finite 

element simulation results. For most pairs, the distance is very small which presents the prediction is 

highly precise. From these indicators, the results of five different algorithms are acceptable in this 

case. LR, MLR and SVM (kernel: linear) show the better performance in the prediction of maximum 

displacement, because the side length a has very little effect on the maximum displacement so that 

side length b and maximum displacement have an approximately linear relationship, see Formula (1) 

[2] for detail, which is highly consistent.

Fig.2 the predicting results on maximum displacement using LR. In these five indicators (see Table 1 for five algorithms), 

the value of Mean Absolute Error (MAE), Mean Square Error (MSE) and Median Absolute Error (MedAE) presents the 
error between predicting results and simulation results. The value of Explained Variance Score (EVS) and R-Square 

Score (R2) is closer to 1, the performance of the prediction model is better. 

Table 1 The indicators for prediction results of different algorithms for maximum displacement 
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Methods MAE MSE MedAE EVS R2 

DecisionTreeRegression 3.061644 28.05567 1.687489 0.964937 0.964923 

KNeighborsRegression 2.901082 17.45806 1.937466 0.978175 0.978173 

LinearRegression 2.174799 9.38386 1.647279 0.988343 0.988268 

MLPRegression 2.168950 8.82871 1.737471 0.989013 0.988962 

SupportVectorMachine 2.259299 9.53241 1.791378 0.988282 0.988082 
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Abstract. Inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), are released into the 
fracture callus immediately after the fracture, and play a critical role in the early stage of fracture 
healing. TNF-α is reported to govern the mesenchymal stem cells (MSCs) mediated healing 
processes. However, how the abnormal TNF-α level in fracture callus caused by chronic 
inflammatory diseases (e.g., diabetes) affects the healing outcomes is still unclear. The purpose of 
this study is to develop a numerical model for investigating TNF-α mediated bone fracture healing. A 
mathematical model representing the reactive transport of cells and cytokines in the fracture callus is 
developed in this study and then implemented to investigate the influence of TNF-α level on the early 
stage of bone healing. The results show that the elevation of TNF-α in normal condition could have a 
significant influence on MSCs concentration and cell differentiation three days post-fracture. In 
addition, the excessive secretion of TNF-α induced by diabetes decreases the concentration of MSCs 
at the initial stage of healing. These predictions suggested that there should be an optimal 
concentration of TNF-α in fracture callus, which benefits the healing at the early stage, and either 
excessive or insufficient TNF-α could significantly hinder the healing process. 

Keywords: Bone fracture healing, inflammation, TNF-α, macrophages, mesenchymal stem cells, 
fracture callus 

Introduction 
Secondary healing is the most common form of fracture healing which includes four overlapping 
stages: inflammation, callus formation, ossification, and remodeling [1]. Acute inflammation occurs 
at the fracture site immediately after the hematoma formation in the secondary healing process and 
has been known to be critical for the entire healing process [2].  TNF-α is a major inflammatory 
cytokine that is mainly secreted by macrophages and cell debris at the fracture site post-fracture [3]. 
TNF-α level in patients with chronic inflammatory diseases is elevated and thus inhibits the fracture 
healing process [4]. In addition, impaired bone healing in TNF-α receptor-deficient mice has also 
been reported [5]. Whereas, researchers found that low-dose TNF-α could enhance the fracture 
healing process [6]. Despite numerous studies investigating TNF-α function in fracture healing, the 
specific effect of different TNF-α levels on fracture healing is still unclear. 
Therefore, the primary purpose of this study is to build a mathematical model and simulate the TNF-α 
mediated inflammation process in fracture healing. Then, the developed model will be used to 
investigate the influence of different inflammation conditions on the early stage of fracture healing.  

Materials and methods 
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The schematic overview of the developed model is illustrated in Figure 1. After the fracture, 
macrophages are attracted by damaged tissue into the fracture site and eliminate the debris via 
phagocytosis [7-9]. TNF-α, released by debris and macrophages, could affect the MSCs proliferation 
rate.  Later, MSCs differentiate into fibroblasts, chondrocytes, and osteoblasts under the simulation of 
growth factors [10], and generate fibrous tissue, cartilage, and bone, respectively, within the fracture 
callus. 
Three different inflammation conditions are considered in the current study. While case 1 represents 
the normal inflammatory response (i.e., Control), Case 2 represents the TNF-α signaling absence (i.e., 
TNF-α receptor-deficient conditions). Case 3 represents the inflammatory response with elevated 
TNF-α level caused by diabetes. 
The reactive transport of cells and cytokines in the fracture callus can be expressed using diffusion 
equations and solved numerically using commercial finite element software COMSOL® v5.2.   

Fig. 1 Schematic overview of the mathematical model developed in this study. 

Results 
The effect of TNF-α signaling absence on the early stage of healing. During the first 2 days 
post-fracture, TNF-α has limited influence in the concentration of MSCs, differentiation of 
chondrocytes and osteoblasts, and tissue development in fracture callus (i.e., around 5%). The effect 
of TNF-α becomes significant starting from day 3 post-fracture. For example, the absence of TNF-α 
signaling could reduce the concentration of MSCs by more than 20% in cortical callus at day 4 
post-fracture, and the influence of TNF-α in MSCs becomes negligible at day 7 post-fracture (Fig. 2a). 
In addition, insufficient TNF-α will cause impaired fracture healing outcomes by reducing the 
differentiation of chondrocytes and osteoblasts, ultimately cartilage and bone tissue development at 
the early stage of healing. 
The effect of excessive TNF-α on the early stage of healing. The diabetes-induced significant 
increase in TNF-α secretion rate could decrease the concentration of MSCs at the initial stage of 
healing, particularly reduce the concentration of MSCs in cortical callus by around 25% (Fig. 2b). 
This could impair MSCs mediated differentiation of chondrocytes and osteoblasts as well as cartilage 
and bone tissue development in fracture callus by around 20% during the first week post-fracture. 
Importantly, the impairment due to diabetes-induced over secretion of TNF-α is spatially dependent, 
e.g., the reduction in the level of cells and tissues in callus is more significant in the cortical callus
than that in the endosteal and periosteal callus.
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Fig. 2 Percent increase of MSCs within periosteal, cortical, and endosteal callus: (a) TNF-α signaling 
condition in comparison with normal inflammation condition; (b) Diabetes condition in comparison 
with normal inflammation condition. 

Summary 
In this study, a computational model was developed to investigate the TNF-α mediated inflammation 
process during the early stage of healing. Here are the major findings of this study: 1) TNF-α has 
limited influence in the concentration of MSCs and cell differentiation in callus during the first two 
days post-fracture, but the influence becomes significant starting from day 3 post-fracture; 2) 
Diabetes-induced over secretion of TNF-α could decrease the concentration of MSCs at the initial 
stage of healing, particularly reduce the concentration of MSCs in cortical callus; 3) There could be 
an optimal concentration of TNF-α in fracture callus, which enhances the early stage of healing. 
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Abstract. 

Recently, porous structures have been widely used for floating breakwaters. In this paper, a numerical 

method based on OpenFOAM for simulating the hydrodynamic performance of porous floating 

breakwater is proposed. A two-phase flow solver (OlaFlow) was adopted to describe the 

wave-structure interactions around a floating breakwater with Volume-Averaged-Reynolds-Average 

Navier-Stokes equations (VARANS) for two incompressible phases. The accuracy of this method is 

verified by numerical results and experimental results from previous studies. Comprehensive 

numerical investigations of hydrodynamic performance for different types of floating breakwaters 

were carried out.  

Keywords: Floating breakwater, Porous medium, fluid-structure interaction, OlaFlow 

Introduction 

In recent years, floating breakwaters have become an alternative option to protect coastal zones from 

wave attack compared traditional fixed breakwaters. It has been reported that floating breakwaters 

can be effective in coastal areas with mild wave environment conditions [1]. Furthermore, floating 

breakwaters are more economical in deep water [2]. Porous medium floating breakwater is a new type 

of floating breakwaters, which takes advantage of the ability of porous structures to increase the 

dissipation of waver energy. In general, porous medium floating breakwaters have better behaviors 

on hydrodynamic performance compared to fixed breakwaters and normal shape floating 

breakwaters, however, they usually have more complex wave-structure interactions. 

Contributions have been made by many researchers to the hydrodynamic performance analysis of 

porous floating breakwaters. For example, He et al. [3] carried out a series of model experiments to 

investigate the hydrodynamic performance of floating breakwaters with and without the installed 

pneumatic chambers. Recently, Ji et al. [4] investigated the influence of perforated plates installed in 

the front of the structures on wave transmission and hydrodynamic performance of pontoon-type 

floating breakwater. Duan et al. [5] studied the hydrodynamic analysis of different perforated floating 

breakwaters. From the previous research and design, it can be obtained that different installing 

locations of the porous medium will have different hydrodynamic performance. Previous studies 

provide mature theories for the design of porous floating breakwater, however, there are still 

challenges for the design of porous floating breakwaters. Some important parameter studies are 

lacking such as the location of the porous medium. Therefore, further study is required. 

In this study, four types of floating breakwaters with porous medium (shown in Fig. 1) at different 

location are proposed and analyzed. For the Type 1, 2 and 3 of floating breakwaters, the porous 

medium is installed at the front, at the bottom and in the middle of the structure respectively. And for 

Type 4 floating breakwater, the porous medium is installed both at the front and in the middle. The 

cross-section of all five types of floating breakwaters is shown in Fig. 1. There are some experimental 
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data for the Type 1 porous floating breakwater which can be used to verify the model. The total area 

of porous medium for these four types of floating breakwaters is set to the same in the cross-section. 

A global coordinate system is established for the 2D model, in which incident wave propagates 

perpendicular to the structures as show in Fig. 2. Factors like added mass, transmission coefficient 

and motion response are considered. The hydrodynamic performances of these four types of floating 

breakwaters are compared with a box-type floating breakwater using the same dimension. The 

principal dimension of these floating breakwaters is outlined in Table 1. 

Fig.1 Cross-section of box-type floating breakwater and other 4 porous floating breakwaters. 

Fig. 2 A sketch layout of the model setup. 

Table 1 Principal dimension of floating breakwaters. 

Parameters Type 1 Type 2 Type 3 Type 4 Box-type 

B [m] 20 20 20 20 20 

D [m] 10 10 10 10 10 

Tp/D 1 0.5 0.5 1/0.25 / 

Bp/B 0.5 1 1 0.33/0.67 / 

where B is the width and D is the draft. Bp/B is the porous part width divided the total width. Tp/D is 

the porous part draft divided total draft as shown in Fig.1.  

Summary 

In this study, the numerical method is applied to analyze the hydrodynamic performance of porous 

floating breakwaters. The numerical results show that porous medium installed at different location 

can have different influence on reducing the wave force, motion response and improving the wave 

elimination ability. The numerical results demonstrate that porous medium installed on a structure 

influences the numerical results for added mass, and it has insignificant effect on the damping 

coefficient. The floating breakwaters with a porous medium in the simulation have better wave 

elimination ability than that of the box-type breakwater. Wave amplitude behind these porous 

floating breakwaters is lower than box-type, however, each type has its own best performance range. 
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Among these four types of porous floating breakwaters (referring to Fig.1), Type 4 have better 

behaviors than the others in a large range of wave-length as shown in Fig.3. In general, porous 

floating breakwaters can reduce more wave amplitude than box-type floating breakwater. In the case 

of Fig.3, the porous structure of Type 1 can form a nearly closed moon-pool with resonance inside 

which can reduce the hydrodynamic performance. Type 3 have a good wave elimination ability in 

some cases. The porous medium installed in the middle and in the front of the structures can improve 

the performance of the floating breakwater obviously. 

Fig.3 Distributions of the wave amplitude vs nondimensional with (k0B) behind different types of 

floating breakwaters 
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Abstract. Point cloud-based geometry acquisition techniques have seen an increased deployment in 
recent years and can be used in many branches of science and engineering. Different from 
conventional computer aided design (CAD) models, point cloud data can be obtained directly from a 
laser scanning device, which is efficient and highly automatic. However, in order to perform 
numerical analysis on point cloud models, human intervention is usually required to smooth the noises 
of the point clouds, which is both time consuming and error prone. Therefore, a direct numerical 
analysis framework based on point cloud data is developed in this research. To this end, an octree 
mesh containing only a fixed number of element patterns is generated from the point cloud model 
without the need for a surface reconstruction. Hence, the element stiffness and mass matrices can be 
obtained from pre-computed master elements, which significantly reduces the computational costs. 
Furthermore, it is easily possible to incorporate the proposed approach in a high-performance 
computing (HPC) environment. By means of a numerical example the versatility and efficiency of 
the developed method in handling complex engineering problems is illustrated.

Keywords: Point cloud; Octree mesh; High-performance computing; Pre-computation; Scaled 
boundary finite element method.  

Introduction 
Oriented point clouds are a relatively new data format for geometric modelling rapidly developed 

in recent years. It has been widely used in reconstructing geometric models for existing structures. 
As the point cloud data can be easily obtained from laser scanning devices mounted on unmanned 
aerial vehicles or hand-held equipment, the modeling process is efficient and highly automatic. 
Furthermore, the data format is simple to implement.  

Integrating point cloud modeling and structural analysis has a great potential in many branches of 
science and engineering. For instance, the assessment of the structural integrity of ancient buildings 
can be performed without a conventional CAD model. However, until now, most of the techniques 
in this area still rely on surface reconstruction techniques. As the point clouds are usually noisy and 
contain outliers, manual intervention is typically required to smooth these errors, which is time 
consuming, especially for large-scale models with complex geometries.  

Therefore, in this research, we aim to propose a direct numerical analysis framework which 
integrates point cloud modeling and structural analysis. The methodology is based on the direct 
generation of an octree mesh from the point cloud data without surface reconstruction, which is 
similar to the technique proposed in Ref. [1]. The polyhedral elements in the octree mesh are 
straightforwardly formulated employing the scaled boundary finite element method (SBFEM). 
Additionally, a pre-computation technique is proposed to exploit the fixed number of octree patterns. 
Note that this approach also facilitates the implementation in a HPC environment. 

Scaled boundary finite element method 
The SBFEM is a semi-analytical method which requires the discretization of the boundary of an 

element only. The scaled boundary coordinates are introduced with η, ζ as the circumferential 
coordinate along the boundary and ξ as a radial coordinate, as shown in Fig. 1. A typical polyhedral 
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element 

constructed in SBFEM is shown in Fig. 1 (c), which provides a higher degree of flexibility in mesh 
generation compared to standard finite elements which are typically restricted to simple element 
shapes. 

The so-called scaled boundary finite element equation—Eq. (1)—is solved to obtain the element 
stiffness and mass matrices of the polyhedron element. The details of can be found in Ref. [2]. 

[𝐸𝐸0]𝜉𝜉2{𝑢𝑢(𝜉𝜉)},𝜉𝜉𝜉𝜉+ ([𝐸𝐸0] + [𝐸𝐸1]𝑇𝑇 − [𝐸𝐸1])𝜉𝜉{𝑢𝑢(𝜉𝜉)},𝜉𝜉− [𝐸𝐸2]{𝑢𝑢(𝜉𝜉)} = 0.  (1) 

Point-cloud based mesh generation 
An octree mesh can be generated directly from the point cloud model. The idea is briefly illustrated 

in 2D in Fig. 2. A background grid is generated from the point cloud model, which is locally refined 
on the boundary, see Fig. 2 (b). The inside/outside of each element in the mesh can be identified from 
the coordinates and direction vectors of the point cloud model. Then the part outside of the model is 
discarded, as shown in Fig. 2 (c). 

As there are only a fixed number of patterns in a balanced octree mesh, a pre-computation 
technique can be developed. The element stiffness and mass matrices can be obtained from the master 
elements by simple scaling and transformation techniques, which greatly reduces the computational 
costs. Furthermore, in problems involving matrix-vector multiplications, such as explicit dynamics 
and iterative solvers, balanced octree meshes can be exploited for efficient parallel processing in HPC 
environments [3]. 

Numerical example 
A numerical example is presented here to demonstrate the versatility of the proposed method when 

handling complex models. The model is a Chinese bronze vessel as shown in Fig. 3 (a). An octree 

Fig. 1 SBFEM coordinates and element (a) in circumferential direction (b) 
in radial direction (c) polyhedron element 

Fig. 2 Point-cloud based mesh generation in 2D (a) point cloud model (b) quadtree mesh 
refined on the boundary (c) trimming of the quadtree mesh 
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mesh is directly generated from the point cloud, the details of which are shown in Fig. 3 (b). The 
handles of the vessel are fixed while only self-weight is considered. The displacement and stress 
fields are plotted in Fig. 3 (c) and Fig. 3 (d), respectively. 

Summary 
In this research, a novel numerical method for direct point-cloud based structural analysis is 

proposed. The advantage offered by a balanced octree mesh is fully exploited. The versatility and 
efficiency of the proposed method is demonstrated by a numerical example with complex geometry. 
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Abstract. Rail pads are placed between the rail base and the top surface of concrete sleeper in open 

tracks and concrete bearer of turnouts. The pads are very important track components and played 

significant roles in the railway track system. Continuing development has led to the use of resilient 

pads in reducing the risk of rail seat erosion, absorb/deduct the static and dynamic wheel load and 

some types of railway vibration and noise. Within this paper, the current design concepts of rail pad 

is summarized and represented. The technical parameters that predominate the performance of rail 

pad have been discussed. To obtain accurate result of cracking strain of pre-stressed concrete 

sleeper sample, a three-dimensional (3D) finite element model was created to carry out the cracking 

strain calculation. Based on the results from the FEA study, the special designed laboratory test 

equipment and work instructions are presented. 

The traffic load at the railway turnout zone is significant different and higher than at the open 

track, especially when the wheel rail contact over the crossing transfer zone. At this location, it has a 

dip-like shape where the wheel trajectory is not smooth. Until nowadays, there is no engineering 

specification for the turnout rubber pads. Within this paper the dynamic wheel loads at the turnout 

zone is studied. Moreover, a 3D non-linear finite model is created to undertake the parametric study 

of elastomeric turnout pads. 

Keywords: Rail pad, performance, heavy haul, passenger, laboratory test, finite element. 

Introduction 

As the indispensable part of the railway track, the rail pads play very important roles of mitigate 

high-frequency vibration and resultant dynamic forces, protect the rail seat of concrete sleeper from 

erosion, absorb the wheel loads, etc.. In recent decades, along with the consequent development of 

concrete sleeper design and maintenance, concepts of rail pad design are also developed and keep 

improved. 

Characteristics of Train Load Condition 

The majority of the railway networks on the eastern coast of Australia are operated the railway 

traffic of mixed heavy haul freight trains and passenger trains. From the requirement of the traffic 

loads, the rail pads need to combine the functionality of both resilient and durable. 

The conventional concepts in producing resilient pads had been based on the assumption that it is 

beneficial to absorb the energy of any vibration in the track within the rail pad. This leads to the 

belief that the pad must have high hysteresis. This causes problems for two reasons. Firstly, a high 

damping coefficient implies that pad will be stiff at high rates of loading. This follows from the 

mathematical definition of damping coefficient. In most practical cases, the dynamic force 

transmitted through the various track components is the result of an imposed displacement. 

Consequently, for a given amplitude of vibration, the magnitude of the force increases with pad 
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stiffness, and also increases with loading rate (and thus with frequency) if the damping coefficient is 

non-zero. Secondly, the high hysteresis implies that the energy is absorbed within the pad itself. 

State-of-the-Art Materials for Rail Pad 

Better understanding of resilient of rail pad. A further requirement of rail pads, which has an 

influence on the choice of material which will be used, arises from the need to withstand the static 

loading due to the rail fastener toe load even when there are no live loads applied. 

The most state-of-the-art of the rail pad materials. Base on the results from many tests, the best 

results were obtained by shaping the surface in the form of a large number of cylindrical studs. 

Initially, as a pad of this kind is loaded, the studs behave as a number of separate “springs”, but at 

higher loads, the studs bulge until they touch each other. When this happens, the stiffness of the pad 

increases significantly. 

Laboratory Tests 

To validate and confirm the performance of any newly designed rail pads, the laboratory tests must 

be undertaken. Considering the current track features and condition of rail surface in Australia, two 

most important tests – impact attenuation and fatigue tests should be verified to address the traffic 

and rail conditions. 

Cracking Strain of Pre-Stressed Concrete Sleeper Test. To obtain accurate result of cracking 

strain of pre-stressed concrete sleeper sample (2.6m in length, HUMES), a three-dimensional (3D) 

finite element model was created to carry out the cracking strain calculation. 

Fig. 1 3D finite element model was created to carry out the cracking strain calculation 

Fatigue Test & Impact Attenuation Test 

Device for fatigue test Device for impact attenuation test 

Fig. 2 The devices for the fatigue test and impact attenuation test of rail pad 

Train Loads at the Turnout Zone 

The traffic load at the railway turnout zone is significant different and higher than at the open track, 

especially when the wheel rail contact over the crossing transfer zone. At this location, it has a dip-
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like shape where the wheel trajectory is not smooth. Usually, the track surface irregularity is 

simulated using dip angle parameters. 

Fig. 3 Transfer zone at crossing - wheel trajectory in transfer zone 

Turnout Force. It has been assumed that the high frequency impact force (P1) occurred either at a 

nose or at a wing rail has little effect on the rail foot. On the other hand, the dynamic P2 force 

occurred further along the crossing has significant influence on the crossing components. A 

modified formula has proposed for estimating a crossing P2 force as follows: 
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Numerical Study for the Elastomeric Turnout Pad 

Fig. 4 3D finite element model that utilized to validate the new designed elastomeric turnout pad 

Summary 

Base on evaluation of a very wide range of different elastomers, it can be concluded that the best 

materials available for the manufacture of resilient rail pads are natural rubber compounds with 

filler materials selected to give low hysteresis. 

Since elastomers are essentially incompressible, the geometry of the pad must be such that there 

are voids in the material into which it can move under load. This may be achieved either by mixing 

the elastomer to include pores of compressible material or by putting grooves into the surface. The 

design process involves adjusting the stud height and spacing on the pad surface, the overall pad 

thickness, and the rubber hardness, to obtain the desired performance. 

The function of the turnout rubber pads is quite similar to the rail pads on open tracks. However, 

considering the track stiffness of the turnout is much higher than plain tracks, and the turnout rail 

pad is to be sustained higher wheel impact load, special technical requirements should be included 

into the material chosen and design practices. 
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Abstract. Mechanized Track Patrol (MTP) inspection vehicle (also been known as track geometry 

inspection car or track recording car) has been widely utilized by the major railway authorities 

around the world for track geometry inspection, track condition assessment, as well as rail profile 

and surface defects collection since decades ago. These inspection vehicles have the capacity to 

undertake track geometry data measurement, real-time analysis / processing and storage at the speed 

up to 160km/h in Australia. The huge amount of track data is indispensable for the railway 

companies and authorities for the daily track routine maintenance works and for department of asset 

management to make the short term and long team track maintenance and overhaul plans. 

The rail profile data is one of the most critical measurement of the track inspection system. The 

most state-of-the-art rail profile measurement system that are currently utilized by the modern track 

inspection system are the laser based system. 

To understand the measurement capacity and accuracy of the output results from the vehicle 

mounted Rail Profile Measurement System (RPMS) of a newly introduced mechanized track patrol 

inspection car, the reliability and repeatability of the RPMS have been studied. This study is 

consisted of the acquisition of raw data from MTP, development of the algorithm/model for the data 

analysis, a series of data comparison of the rail profile data, develop/test/provide the special “rules”, 

which can be used to undertake further/secondary/alternative analysis to improve the accuracy of the 

output results from the RPMS. The methodology and outcomes from this innovation is represented 

in this paper. 

Keywords: Assessment, rail profile, measurement system, big data, model, processing 

methodology. 

Introduction 

A modern mechanized track inspection vehicle usually is a self-propelled railway vehicle which is 

equipped with measurement systems to assess the track conditions that affect rail vehicle dynamics 

and safety. As a minimum, most MTPs measure track gauge, curvature, cross-level (super-

elevation), alignment, and surface (or rail profile). 

The whole project is to be separated into three sub-projects (three phases). The three sub-projects 

including: 

 Phase I of Reliability study: Assessment of RPMS’ capacity of the identification of the

rail type (53kg/m and/or 60kg/m rails);

 Phase II of Reliability study: Find out the reasons of why the rail types that predicted by

MTP are not matched with the rail types which recorded within the railway company’s

database (Trackdata) at some locations. In addition, the potential “rules” are to be

developed to narrow down the ratio of tolerance; and

 Assessment of Repeatability.
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The Raw Output Data from RPMS 

The rail profile data from the MTP is obtained from two sets of vehicle amounted laser based 

measurement systems (as shown in Figure 1). The raw output data from the RPMS is consisted with 

two major parts, both of them can be obtained as the .csv format (ASCII data). Part I is the raw rail 

profile data (outputs of the data acquisition software). Within it, for each measurement point (just 

for one rail and measurement interval is 250mm), there are 1300 to 1500 two-dimensional 

coordinate points are provided to present the profile of the rail at that measurement points. In 

addition, the most significant feature of the MTP output data is the tremendous size - “Big Data”, 

rail profile data of 200km track is 250GB. 

Fig. 1 Laser based Rail Profile Measurement System (RPMS) for modern track inspection car 

Methodology and Algorithms for the Assessment of Accuracy 

Match of Rail Type - MTP vs. Track Database. The flow chart for the data comparison and 

relative raw data pre-processing is shown in Fig. 2. 

Fig. 2 Flow chart that designed to study the capacity of the identification of the rail type by RPMS 

Potential Technical Solutions (“Rules”) 

To manage the not confirmed RPMS data, i.e. the “unknown” rail type rail profiles, some potential 

technical solutions (“rules”) are need to be developed. The rules can be the algorithms and/or 
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models that used to undertaken the secondary analysis for the not confirmed RPMS data. After the 

analysis, at least part of the not confirmed results can be clarified with a determined rail type, and 

the results from the analysis have a high accuracy. The data process flow chart for the potential 

“rules” is shown in Fig. 3. 

Fig. 3 Data processing flow for any potential rules 

Summary 

Some preliminary findings and conclusions are obtained from the practices of the data evaluation 

works for the RPMS project. These include: 

 The procedure and model that designed to study the accuracy of the rail type identification of

RPMS has shown its high performance and high productivity.

 From the rail type comparison results, the percentage of 53kg/m rail profiles from RPMS’

identification which are significantly lower than the records of Trackdata. It is believed that

this is mainly caused by the re-railing work within past 3 years.

 Three potential technical solutions (“rules”) have been chosen for the secondary analysis for

the “unknown” and irrational rail profiles from the RPMS. The rules include the rail head

shape study, turnout structures, and the non-standard rail profiles. The relative models for

these rules have been utilised for considerable amount of rail profile samples (≥ 1000

profiles), both of the average precision and recall are high. Hence, these models have high

effectiveness for the secondary analysis.
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Abstract. The rail re-profiling work has been widely utilized for rail track maintenance since 

decades ago. The traditional rail grinding technology and newly introduced rail milling works have 

all shown their advantage and effectiveness on the removal of rail surface defects. However, 

considering the high cost from both of the utilization of the machines and the occupation of the 

track (possession), using the rail grinder or miller for the main line track maintenance must be 

scoped and planed precisely. To achieve this, significant amounts of information and data are 

required to support for rail condition evaluation, risk assessment of potential track components 

failure, and prioritization of the rail modulus. 

To effectively undertake the risk assessment, cost/benefit analysis and maintenance prioritization 

the rails on the railway network, a specified analysis model is developed to carry out this work by 

using the “big data”. 

Moreover, in recent 2 decades many newly developed sophisticated rail condition measurement 

tools are available and have been successfully used in data collection and analysis. Their results 

have been processed and utilized as the base for scoping the rail re-profiling work. 

Keywords: Big data, life cycle modelling, state-of-the-art technologies, scope, rail re-profiling. 

Introduction 

In recent years, what is significantly different from decades ago is vast amount of information and 

data are available and accessible for the track engineers and maintenance planners. Hence, how to 

effectively collect, process, analysis and utilize these “big data” for the decision making of rail 

maintenance works and make the accurate maintenance plan is a challenge for the department of 

track maintenance. 

Whole of Life Cycle Model Problem Scenario 

A need for technical analysis that can support the desicion making of milling vs. re-railing to reduce 

inefficiencies and redundant future works. 

Fig. 1 Life cycle model based rail milling vs. re-railing decision graphic 
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Track Data Volumes – Big Data 

Big data is data that is too large and complex to be handled by traditional databases. Big data can 

be formally defined as a collection of very huge data sets from which it is practically impossible to 

analyse and draw inferences. The rapid technological advancements have led to an exponential 

increase in the size of data. Big Data usually has a multi-dimensional structure and can be 

characterised by the 5V’s, they are: volume; velocity; variety; veracity; and value. The monthly 

based track data volumes of a railway authority is presented in Table 1. 

Table 1: The monthly based track data volumes of a railway authority 

The benefits from “Big Data” including: ways to see patterns, discover relationship, and develop 

predictive analytic capabilities and to make sense of varied images, data streams and information. 

Rail Milling Decision-Making Flow Chart 

The concept of “Big Data” is adapted to the rail milling decision-making flow chart. The 

methodology of MRX results and big data based rail milling scope is summarized and presented in 

the flow chart as illustrated in Fig. 2. 

Fig. 2 Big data based rail milling decision-making flow chart 
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Studying of the Growth Rate of Rail Surface Cracks 

The growth rate of rail surface crack of a 500m rail section within 20 months time interval is plotted 

in Fig. 3. 

Fig. 3 Growth of crack on rail surface on a rail line in 20 months time interval 

Summary 

As a practice of big data analysis approach, the methodology of MRX results and big data based rail 

milling scope has been developed and successfully utilized to undertaken the rail re-profiling work. 

It has been shown that this is an accurate and effective method to systematically study, assess and 

prioritize the condition of rail surface defects. 

The intervals of rail milling for RCF and Squat predominated rails are to be different. This is 

because of the cracks’ growth/propagation ratio for these two types of surface defects are not the 

same. Based on the experience obtained from MRX results, the milling work must to be undertaken 

before the RCF reached to the condition of RCF initiated squats have been found on the rails. 

Improve the productivity and effectiveness of rail milling by means of new metal removal 

strategy. For the rail cracks which are distributed at the field side and crown of rail head, the 

effectiveness of milling is not as significant as for the cracks which located at the gauge side. 
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Abstract. For the conventional railway tracks, the concrete sleeper and ballast are two of the major 

railway track components, and they have been successfully applied for railway tracks around the 

world for over 60 and 150 years. The interaction of concrete sleeper and ballast plays a very 

important role in track safety and stability, riding comfort of trains, cost of routine maintenance as 

well as their service lives. To better understanding the reasons of premature deterioration and failure 

of concrete sleepers on Australian heavy haul railway networks and to validate the new designed 

heavy duty concrete sleepers, the 3-dimensional non-linear finite element model is created to 

undertake the numerical analysis. Different types of ballast conditions have been simulated by the 

finite element model to study how the different of ballast conditions can impact to the concrete 

sleepers. The detailed stress distribution on the concrete sleepers which are resulted from different 

ballast conditions are represented within this paper. It is used to give the explanation for the features 

of the failure of concrete sleepers. By the combination of the in-field investigation of the failure of 

concrete sleepers and the results from numerical study, some major findings are presented. 

Keywords: Concrete sleeper, ballast, interaction, finite element, in-field assessment. 

Introduction 

As one of the most important track component, the concrete sleepers is designed to distribute the 

wheel loads from rails to the ballast layer. The ballast is installed and packed between, below, and 

around the sleepers as a layer to provide a “track bed” to support the sleepers. The interaction 

between the ballast layer and concrete sleeper plays a very important role in track performance and 

maintenance, i.e., the condition and performance of ballast can significantly impact the functionality 

and life of concrete sleepers. 

As part of the track strengthening strategy of the main line tracks on the Australian eastern coast, 

the new type of heavy duty concrete sleeper is to be designed. To optimize the design work, the 

features of concrete sleeper failure under the Australian heavy haul traffic condition have been 

studied and addressed. 

To understand the interaction and stress distribution on the concrete sleeper and the surrounding 

ballast, the 3-dimensional non-linear finite element model is created to undertake the numerical 

analysis. Five types of ballast conditions have been simulated by the finite element model to study 

how the different of ballast conditions can impact to the concrete sleepers. 

Traffic Condition 

The most significant feature of the railway traffic on the railway networks of Australian eastern 

coast is heavy axle freight trains (25t on the north south corridor which linked the 3 largest capital 

cities of Australia: Brisbane, Sydney and Melbourne; 30t on the mineral corridor - Hunter Valley) 

mixed with the semi high speed passenger trains (XPT train, the maximum speed is 140-160 km/h). 
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The majority of the railway networks were designed and constructed more than 100 years ago 

and relatively lower technical specification and low strengthen materials were applied and utilized 

for design and construction. This situation is manifested by sharp curves (curve radius R ≤ 400 m), 

steep gradient, low strengthen track components and poor ballast profile and condition (depth of 

ballast layer and width of ballast shoulder outside of the end of sleepers are not adequate, ballast 

material was deteriorated and contaminated, at many locations the ballast are fouled with fine 

materials and bog holes are existed). 

Features of the Failure of Concrete Sleeper 

Fig. 1  

Technical Specifications of New Designed Concrete Sleeper for Heavy Haul Track 

The heavy duty concrete sleepers shall be designed and manufactured to provide a minimum service 

life of 50 years based on annual tonnage of 25 MGT, nominal axle load of 25 t axle load freight 

train predominated traffic at speed of 80km/h.  Sleepers should be designed to a preferred length of 

2.5 m, 667 mm sleeper spacing (1500 sleepers/km). It is suggested that the maximum depth of the 

concrete sleeper is located at the rail seat area to resist the positive bending moment from the wheel 

load and the highest shear stress that introduced by the wheel load. The concrete sleeper is to be 

designed with an adequate width, which can have a larger contact area with the ballast. Hence, the 

ballast pressure underneath of the concrete sleeper is to be not higher than 500 kPa. The width of the 

rail seat on the top of concrete sleepers is to be not less than 160 mm plus any chamfer or rounding. 

The new designed sleepers are to be assembly with resilient fastenings and insulators. 

Nonlinear Finite Element Modelling 

Fig. 2 Finite element types that used to create the concrete sleeper (Details) 
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Results from Numerical Study 

Fig. 3 

Conclusions and Recommendations 

The higher z-direction tensile stress at the rail seat area is a major reason of longitudinal crack 

between the pair of steel shoulders. The technical solution for design is provided (web 

reinforcement steel tendons). The suggestion for optimized longitudinal shape of concrete sleeper is 

provided. The ideal ballast pressure (500 kPa) and the results from the numerical study for heavy 

haul traffic condition have been presented and compared. In addition, the best practical engineering 

solution is provided (high resilient rail pad). 
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Abstract. Railway track maintenance is the work of ensuring railway infrastructure remains in good 

condition and provides the foundations for the railway traffic in safety. To achieve this, significant 

amounts of information and data are required to support track condition evaluation, risk assessment 

of potential track component failure, and maintenance planning. Mud holes result from the 

deterioration of ballast and present as severe track geometry defects and pumping action under the 

dynamic wheel loads. They are widely distributed on the heavy haul freight and passenger railway 

tracks. Within Australia, mud holes are one of the major reasons for “rough ride” of the train and 

temporary speed restrictions on track sections. In contrast to several decades ago, vast amounts of 

data have become available in recent years to track engineers and maintenance planners. However, 

the effective collection, processing, analyzing, and utilization of this “big data” for decision-making 

in track maintenance works and the creation of accurate maintenance plans is a challenge for the 

department of track maintenance. To effectively undertake the risk assessment and maintenance 

prioritization of the mud-hole locations on the railway network, a specified analysis model is 

developed to carry out this work using the “big data.” 

Finite element models are created to simulate the mud pumping track. In this case, 5 bays of 

sleeper has been considered as it is often found to be the critical case for rough riding (medium-

wavelength track geometry defect). The effectiveness of different remedial actions are studied by 

the FEA models by changing the material properties at the defective area for different maintenance 

practices. 

Keywords: Big data, maintenance, mud-hole, prioritization, numerical study, railway track. 

Introduction 

For the route maintenance of railway track, removal of “mud holes” is a major task. To better and 

more effectively manage the mud hole defects within the railway corridor, all the registered existing 

“unrepaired” mud-hole locations within the database need to be prioritized based on their risk-

related conditions, locations, and importance. This prioritization work is the foundation of the 

annual maintenance plan for track sections with mud-holes. 

The prioritization work includes the development of a specified analysis methodology (algorithm 

model), processing of data, and providing recommendations for short, medium, and long-term 

remedial actions. Within this paper, all the relevant information about analysis modeling and 

preliminary results is documented. In addition, based on the outcomes of the data analysis and 

condition evaluation of the mud hole defects, some recommendations for the maintenance remedial 

actions are provided. 

To optimize the methodologies and materials that to be used for the remedial action of mud-hole 

maintenance, the 3D finite element models are created for the feasibility study. The outcomes are 

presented in the section of numerical study. 
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Mud Hole Defects 

A “mud hole” is a kind of common and widely distributed railway track defect where the sleepers 

are surrounded by mud rather than clean ballast. Mud-holes occur when the ballast becomes 

contaminated (or fouled) with fine materials. This can be due to severely deteriorated ballast 

condition, which is a breakdown of the ballast material and/or the failure of the formation (the track 

subgrade), which rises up through the ballast. The fouled ballast retains water, prevents effective 

drainage, and usually results in poor track geometry. For the railway revenue, mud-hole is one of the 

major reasons for “rough ride” of the train and temporary speed restrictions on track sections. There 

are three types of mud holes, which are classified according to the cause of generation. 

Fig. 1 

Big Data 

Concepts of Big Data. Big data is data that are too large and complex to be handled by traditional 

databases. Big data can be formally defined as a collection of very huge data sets from which it is 

practically impossible to analyze and draw inferences. Rapid technological advancements have led 

to an exponential increase in the size of data. 

Big data usually has a multidimensional structure and can be characterized by the five Vs: 

volume, velocity, variety, veracity, and value. 

Application for Track Maintenance. In recent years, the railroads industry has started to make 

extensive use of its big data. The industry’s focus is on optimizing capital infrastructure and safely 

managing operations while keeping costs under control. 

One of the major reasons the railroad industry is so interested in leveraging big data is the potential 

for considerable value adding with relatively little expenditure. As pointed out by Zarembski, 

“Rather than collecting new data from new sources, deep data analysis can provide new information 

from extant data, i.e. using data that is already available. Integrating multiple data sets and making 

sure data cross references is a big challenge”. 

Methodology and Algorithm 

Regarding the specially designed analysis model for mud hole prioritization work, all the factors 

affecting the generation of mud holes were categorized into two parts: the “system average damage 

factors” and “engineering adjustment factors.” 

The “system damage factors” are included in track maintenance practices and must be combined 

with all three major reasons for the development of mud holes, which are: 

 deterioration of ballast

 drainage issues

 evenness of rail top surface (rail surface defects).
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In quantifying the average “weight” of the three major factors, in terms of track maintenance, the 

approximate results were: 

 deterioration of ballast: 40% – 50%

 drainage issues: 30% – 40%

 evenness of rail top surface: 20% – 30%.

The design features and track conditions of individual track sections were used as the 

“engineering adjustment factors” to modify the risk ranking scores of these three major reasons. 

A mathematical formula to represent the above general concept is: 

Where: 

SBH = overall score of risk ranking for each mud hole location; 

RBHi = risk ranking scores of the three major reasons for the development of mud holes; 

FMn = factors for each of the reasons (i.e. the “engineering adjustment factors”); and 

n = number of factors. 

Numerical Study 

The finite element model for the mud-hole track is shown in Figure 2, in which 5 sleeper spacings 

along the track is simulated as severe deteriorated ballast layer and track formation. This is used to 

represent one of the most typical rough riding which is initiated from mud-hole resulted medium 

wavelength track geometry defect. 

Fig. 2 FEM of a railway track with mud pumping (red elements = mud pumping) 

Summary 

As a practice of big data approach, the “Systematic Factors Weighted Method” model has been 

utilized to undertaken the mud-hole prioritization work. It has been shown that this is an accurate 

and effective method to systematically study, assess and prioritize the condition of bog hole 

locations. 
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Abstract. This study assesses the feasibility of replacing established stress integration methods in 

finite element (FE) simulations with a proposed Neural-Network stress integration (NNSI) method. 

Comparing to conventional multistep iterative stress integration methods such as Newton’s method 

[1] or Cutting Plane (CP) method [1], the NNSI method enjoys greater efficiency when updating the

state variable at each integration point through using simple algebraic operations like matrix

multiplication instead of cumbersome iterative computations [2]. Although many previous studies

showed that Neural-Network based constitutive models could reproduce complex stress-strain

relations for various materials [3], the application of Neural-Networks to replace stress integration in

actual sheet metal forming simulations are scarce. In this study, we will examine the feasibility and

accuracy of using NNSI method to model typical sheet metal forming operations. The sheet thickness

and springback behaviour predicted by FE-NNSI simulations will be compared against to the FE-CP

counterparts. FE-NNSI simulations show good comparison to FE-CP for five forming processes

including cup drawing, single point incremental sheet forming, double point incremental sheet

forming, deep drawing and stretch forming.

Keywords: Neural-Network Stress Integration; Machine Learning; Sheet Metal Forming; Finite 

Element Simulation; Anisotropic; Plasticity.  

Introduction 

The sheet metal forming simulation can help to save lead times, material waste, and energy cost by 

improving the process design, determining part manufacturability, and assessing the quality of 

manufactured parts. One important component within a sheet metal forming Finite Element (FE) 

simulation is the stress integration method used to update the state variables such as stresses and 

strains at each integration point. Our previous study found that the current performance bottleneck for 

a highly paralleled Graphic Processing Unit (GPU) based explicit FE software is the stress integration 

method [4]. This is because first the conventional stress integration methods such as Newton’s 

method [1] or Cutting Plane method [1] often require to solve nontrivial functions for the constitutive 

updates many times and second is the performance deficiency caused by the heavy register pressure 

on each GPU unit when storing and updating many state variables. In order to overcome these 

challenges, this study investigates to adopt a proposed Neural-Network stress integration (NNSI) 

method for updating the state variables at each integration point. As NNSI only involves simple 

algebraic operations like matrix multiplication, it is expected that the NNSI will be less 

computational expense and have less register pressure on GPU. In this study we will assess the 

feasibility of using FE-NNSI in actual sheet metal forming simulation via comparing the thickness 

and springback behaviour predicted by FE-NNSI and FE-CP simulations on five different forming 

processes. 

Methodology 

This study is based on an in-house GPU-based explicit FE software developed through one Advance 

Queensland (AQ) Innovation Partnership #2016000418 project [5]. This FE software is composed of 

the Bubnov-Galerkin FE scheme, the solid shell element formulation, a co-rotational framework 
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(material objectivity), mid-point time integration, lumped mass matrix, bulk viscosity, damping, 

mass and tool-speed scaling, hourglass control, penalty method for contact and friction, explicit 

cutting plane stress integration and material models [5]. Yld2004-18p anisotropic plasticity model [6] 

is used in this study with parameters calibrated by Evolutionary Algorithm [6,7] and experiment data 

in [8].  

 (a)  (b) 

(c) (d) 

(e) (f) 

(g) (h) 

(i) (j) 

Fig. 1 Non-dimensional sheet thickness distributions predicted by FE-NNSI (a), (c), (e), (g), (i) and 

FE-CP (b), (d), (f), (h), (j) simulations for cup drawing (a), (b); single point incremental sheet forming 

(c), (d); double point incremental sheet forming (e), (f); deep drawing (g), (h) and stretch forming (i), 

(j) of 5086-H111 Al-Mg alloy sheets [8]. Yld2004-18p model [5] is used in FE-CP. The red and blue

colours are associated to the thinnest and the thickest parts of the sheet, respectively. 

This study will only replace the stress integration method by using Neural-Networks trained by 

integration point-level state variable data generated from thousands of virtual simulations under 

random strain paths. The input layer includes stress increment, initial deviatoric stress, pressure, yield 
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stress and effective plastic strain. The output level includes the updated deviatoric stress, pressure, 

yield stress and effective plastic strain. The current network architecture uses no hidden layer and 

linear activation function. Tensor Flow 2 and Keras [7] are used for training and outputting the 

network parameters.  

Results and Discussion 

Results in Fig. 1 show that the non-dimensional sheet thickness distribution and the geometry of the 

formed sheet after springback predicted by FE-NNSI (a), (c), (e), (g), (i) and FE-CP (b), (d), (f), (h), 

(j) simulations agree reasonably well with each other. This facilitates the validation of the feasibility

of using FE-NNSI for metal sheet forming simulations. The largest observed deviation (around 2 per

cents) of thickness predictions between FE-NNSI and FE-CP is found in cup drawing simulations.

We found that comparing to FE-CP simulations, FE-NNSI simulations require less than half of

computational time in all forming simulations.

Summary 

This study shows that the proposed Neural-Network Stress Integration (NNSI) method can be applied 

to replace conventional stress integration method such as Cutting Plane (CP) method. FE-NNSI 

simulations predict the sheet thickness and the springback geometries match well with the FE-CP 

counterparts. Results show that the adoption of NNSI could significantly speed up an explicit 

GPU-based FE software. 
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Abstract 
Mechanical properties of single layer graphene kirigami are investigated by nanoindentation test via 
molecular dynamics simulations. The test is conducted on graphene kirigami with different 
geometrical parameters. Numerical results show that compared with pristine graphene, graphene 
kirigami has significantly improved flexibility in resisting indentation. The optimal geometrical 
parameter setting is obtained based on the indentation depth. The research findings of this work 
provide useful guidance for the practical application of graphene kirigami as flexible materials. 

Keywords: graphene kirigami, nanoindentation, flexibility 

Introduction 
Graphene is famous for its extraordinary engineering properties, such as high stiffness and strength, 
exceptional thermal and electrical conductivity[1-3]. However, it is also recognized that pristine 
graphene experience brittle fracture under loading, which limits its application where flexibility is 
critical. Kirigami/origami structure has been found to be an effective way of improving the flexibility 
of material and has been widely applied in macro-scale research[4]. The concept of graphene kirigami 
was firstly introduced by Ebbesen and Hiura[5], though extensive research was not available until 
2014. Blee et al.[6] fabricated the first graphene kirigami by optical lithography and concluded that 
property of graphene kirigami is determined by pattern of the structure. Comparing with experimental 
work, simulation by molecular dynamics or finite element method is more popular in analyzing the 
properties of graphene kirigami. Graphene kirigami with different patterns were designed and 
mechanical properties were tested. It was found that under tensile loading, the in-plane stretchability 
of graphene kirigami was improved significantly comparing with pristine graphene[7-9]. An obvious 
elastic region was observed due to flip and rotating of the structure, which makes graphene kirigami 
deform like ductile material. In this work, mechanical property of graphene kirigami is further 
explored by nanoindentation test via MD simulation. Load-indentation depth relationship is obtained 
and it is shown that the out-of-plane flexibility of graphene can be tuned by proper tailoring and 
design of kirigami pattern. 

Numerical results 
Molecular dynamics simulations are conducted by Lammps [10] based on the widely used AIREBO 
potential[11].  The AIREBO potential is proved to be accurate in describing C-C interactions for 
carbon-based nanomaterials. Fig. 1 shows the schematics of graphene kirigami with indentation tip. 
A single layer square graphene (20 nm×20 nm) is tailored with two rectangular holes and edge cuts 

symmetrically, for this type of kirigami, two dimensionless parameters  and 

 was defined by Qi et al.[7] to describe the geometrical relationship between the cuts 
and the model. Initially indentation tip (diamond sphere with a diameter of 4 nm) is placed on top of 
the geometric center of the graphene kirigami. A constant velocity is then applied to the tip to move 
towards the graphene kirigami during nanoindentation test. 
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Fig. 1 (a) Schematics of graphene kirigami with indention tip (top and side view); (b) Dimension of 
the graphene kirigami 

Fig. 2 depicts the relationship between load and indentation depth of pristine graphene and graphene 
kirigami. As can be seen, the failure load of graphene kirigami is 73.92 nN, 19% lower than that of 
pristine graphene. However, the failure indentation depth for graphene kirigami is improved by 27% 
comparing with that of pristine graphene. Also, it should be noticed that beginning stage of 
deformation (depth<6 Å) for graphene kirigami comes with very minor load, indicating the 
deformation is mainly caused by stretching the kirigami structure instead of applying external stress. 
After this initial stage, the load increases monotonically with the indentation depth. 

Fig.2 Load-indentation depth curves for graphene kirigami and pristine graphene under 
nanoindentation  

Different kirigami parameter are considered by variation of . Fig.3 shows the relationship between 
 and fracture indentation depth. It can be concluded that the out-of-plane flexibility is better for 

graphene kirigami with negative . This is very different from in-plane flexibility, where graphene 
kirigami with positive  performs better under tensile loading in terms of strain/stretchability [7]. 
Base on this result, it is expected that desired out-of-plane flexibility can be achieved by adjusting the 
geometric parameter of kirigami. 
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Fig.3 (a) Effect of geometry parameter on fracture indentation depth ( ); (b) Fracture of 
graphene kirigami in indentation test 

Summary 
Nanoindentation test is conducted on graphene kirigami to test its mechanical property. Based on the 
MD simulation, the following conclusions are reached: 1) graphene kirigami is more flexible in 
out-of-plane direction than pristine graphene; 2) the flexibility of  kirigami structure is determined by 
the geometrical parameter; 3) desired flexibility can be accomplished by proper design of kirigami 
structure. Result of this work can be beneficial for possible application of graphene as flexible 
materials. 
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Abstract 

Peak tensile stresses usually indicate the likelihood of fracture and fatigue failures in ceramic 

structures, such as dental prostheses. Thus, minimising peak stresses is a major design goal in all-

ceramic systems typically comprised of porcelain and zirconia. This study develops a new procedural 

basis for the design of mechanically sound all-ceramic structures. It combines the powers of the 

Bidirectional Evolutionary Structural Optimisation (BESO) and eXtended Finite Element Method 

(XFEM) and both minimisation of the peak tensile stress to strength ratio and associated fracture 

incidence criteria are considered. A demonstration example is presented for porcelain-zirconia 

materials with or without pre-cracks. The results show that this proposed XFEM based non-gradient 

topology optimisation method can improve the structural design by minimising the incidence of 

fracture. This BESO procedure provides a new tool for developing optimal ceramic structures, with 

particular implications for the design of prosthetic devices in biomedical engineering. 

Keywords: Fracture; All-ceramic Structures; BESO; XFEM; Topology Optimisation 

Introduction 

Brittle materials, such as most ceramics and glasses, can be stiff and hard, but generally manifest a 

wide scatter in strength and often have insufficient capabilities to withstand a high tensile stress 

concentration [1]. Moreover, structures made of such brittle materials can fail catastrophically, as 

they commonly exhibit little or no plastic deformation prior to fracture. To overcome this problem, 

layered or multiphasic ceramic structures were increasingly adopted in engineering. These structures 

are comprised of two or more different ceramic materials, one being a strong and reinforcing ceramic 

core for bearing high mechanical loading, and the other a weaker ceramic covering to provide an ideal 

aesthetic appearance and/or erosion resistance. The question remains as to what the best allocation of 

these ceramic materials is for certain boundary conditions. 

Most previous studies of topology optimisation neglected the incidence and consequence of 

material cracking and fracture. In fact, topology optimisation for structural fracture is an important 

topic in engineering design, that allows the optimisation of material layout for avoiding or arresting 

cracks and damage to structural components. Some studies showed that externally bonded composite 

patches are effective in extending the operational life of cracked structural components economically 

[2]. Bonding of cracked components can reduce the peak stresses near the crack tips by shifting the 

loading flow from the cracked plate to a composite patch, leading to retardation or complete cessation 
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of crack growth. Further, more robust structures may be generated if damage evolution and 

propagation are considered properly in the optimisation procedure. 

This study develops a new topology optimisation procedure within the XFEM framework for pre-

cracked and non-cracked virgin ceramic structures. A stress-based design criterion is proposed for 

addressing the structural strength issue. Within the XFEM framework, the non-gradient based BESO 

algorithm is adopted for the new design procedure. An illustrative example is provided to demonstrate 

the effectiveness of topology optimisation for enhancing fracture resistance and arresting crack 

growth. 

Materials and Methods 

Two ceramic types, porcelain and zirconia (Y-TZP), are selected in this study for their structural 

aesthetics and strength features, respectively. For a ceramic structure, design concerns typically are 

its structural strength and stiffness. The basic idea of this study is either to prevent the structure from 

either crack initiation or to arrest existing cracks by better allocating the strong/weak materials 

available to achieve an overall stronger structure. To measure the overall improvement in structural 

strength, a sum of the average material quotients is formulated as a “performance index (PI)” similar 

to that described in [3]. 

A two-dimensional (2-D) onlay bridge model was created, consisting of pontic, adjacent teeth, 

dentine, pulp, periodontal ligament, cortical bone, cancellous bone and implant [4]. The radius for 

gingival embrasures varies from 0.26 to 0.32 mm [5]. The connector diameter for the onlay long-span 

dental bridge varies from 3.52 to 4.58 mm. The model was meshed using a non-structured mesh to 

capture the geometric and anatomical sophistication. Before topology optimisation, a convergence 

test was conducted for the model to ensure that changes in mesh size and fracture responses remain 

insignificant. A distributed load equivalent to a 300-N occlusal force is applied to the central fossa of 

the pontics and two abutments. The boundary of the bone segments is fixed, and all material 

components of the model are fully bonded, as illustrated in Fig. 1. 

Fig. 1: Schematic for 2-D FE model of onlay implanted supported long-span dental bridge. 

Results and Discussion 

Fig. 2 shows the evolution of the PI value and topological change together with some fracture patterns. 

Multiple cracks are present in the initial design and during topological optimisation. It is observed 

that the porcelain material is gradually replaced in the areas of gingival embrasure of natural molar 

tooth and the occlusal region of the implant pontic, where high stress concentrations occur. After 

sufficient zirconia material is allocated to the implanted pontic area, no crack occurs in the ceramic 

dome region, as indicated at the iteration 25 in Fig. 2. 
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Fig. 2: Evolution of performance index (PI) and volume fraction for Example IV implant-supported 

five-unit dental bridge: at iterations 6, 11, 18, 25 and the final optimum obtained at the iteration 91. 

Conclusion 

This study developed a novel topology optimisation procedure within an XFEM fracture analysis 

framework by allocating weak but aesthetic porcelain and strong zirconia ceramic materials for 

various engineering and biomedical applications. The topology optimisation resulted in novel 

material configurations, as illustrated by using the demonstrative example – the onlay implanted 

supported long-span dental bridge for enhancing fracture resistance and arresting crack growth. 
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Abstract: Wire Arc Additive Manufacturing (WAAM) technology is a member of big family of the 

Additively Manufacturing technologies and it has potential applications in aerospace, automobile and 

biomedical industries. Numerical modelling and simulations of WAAM can enhance an 

understanding on the whole process in an optimal design sense to reduce residual stress and 

distortions. In this study, a finite element modelling of a typical WAAM process is developed to study 

its temperature, stress and residual stress profiles. The ASTM standard tensile specimen made of Ti-

6Al-4V is used to be a sample model. On the purposes of reducing residual stresses and unwanted 

distortions, two scanning paths and two interlayer cooling modes are investigated. The obtained 

numerical results show the two-scanning path and interlayer cooling mode greatly impacts on the 

quality of the product manufactured by the WAAM process.  

Keywords: Wire Arc Additive Manufacturing (WAAM), Finite Element Modelling, Residual Stress, 

Distortion, Scanning Path, Cooling Mode.  

Introduction 

Wire Arc Additive Manufacturing (WAAM) technology is a synchronous wire feeding method, using 

the arc as heat source, through the molten pool by a process from point, line, plane to body to achieve 

rapid prototyping parts of a process. This technology has the advantages of high forming efficiency, 

up to several kilogram per hour, low production cost, especially suitable for the rapid forming of large 

size integral components, and it has broad application prospects in aerospace, automobile and 

biomedical industries [1]. In recent years, based on the Gas Metal Arc Welding (GMAW), Gas 

Tungsten Arc Welding (GTAW) and the Plasma arc welding (PAW) technologies, the additive 

manufacturing technology developed and attracted many research interests. To study the process of 

WAAM, its temperature and stress fields are two key aspects, which greatly impact the quality of 

product. Numerical modelling and simulations of WAAM can obtain its temperature and stress fields 

to enhance an understanding on the process [2]. Purmohamad et al. [3] studied the distribution of 

residual stress during ring butt welding of nickel-based alloy pipes. Deng D et al. [4] analysed the 

temperature field and stress field of multi-pass weld seams of 304 stainless steel tubes. Mukherjee T 

et al. [5] found that the metal thickness of the weld layer is inversely proportional to the residual stress 

of the weld layer during additive manufacturing. Zhao et al. [6] studied the influence of GMAW 

multiple stacking path on remanufacturing quality and carried out simulations of the remanufacturing 

process of single-pass multi-layer, multi-layer single-pass and multi-layer multi-pass. There was no 

a comprehensive understanding on the effects of the scanning path and cooling mode on the final 

product fabricated by using the WAAM.  

    This study develops a finite element modelling for the WAAM process and employs it to 

investigate the effects of welding path and cooling on WAAM process, aiming to reduce residual 

stresses and distortions. The ASTM standard tensile specimen made of Ti-6Al-4V is designed as the 

5-layer sample model to simulate the WAAM process, and the stress and temperature fields during

the WAAM process can be obtained. Then the residual stresses of the product can be analysed. The

effects of the scanning path and cooling mode on temperature, stress and residual stress are

investigated for reducing residual stresses and unwanted deformations.
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Finite Element Modelling of WAAM Process 

In the process of heating melting and cooling solidification for WAAM, welding involves complex 

physical metallurgical reactions, solid phase transformation of metals, welding stress and 

deformation, and heat transfer. According to ASTM E8M standard, a sheet-type dog-bone specimen 

was designed. In order to better reflect the WAAM welding process, the size of specimen cannot be 

too small and thus it has a center width of 5 mm as shown in Fig. 1 (a). Ti-6Al-4V was used in this 

research for both base plate and welding wire and it has a melting point of 1873.15 K, a solidus 

temperature of 1823.15 K and a latent heat of 419000.0 J/kg.  

Fig. 1: Design of Ti-6Al-4V coupon sample manufactured by using WAAM (Unit: mm). 

    A 5-layer finite element model was built by using SolidWorks and meshed by using HyperWorks 

as shown in Fig. 1(b), and the simulation was run by using MSC Simufact Welding. This numerical 

analysis process can accurately model the welding process effectively, and precisely predict welding-

induced deformations and residual stresses. It also can accurately define the actual clamping and 

predict the weld pool geometry shape of the actual artifacts, after welding. Tungsten Inert Gas (TIG) 

welding with a double ellipsoid heat source model was used in the referred experiment, which is a 

kind of arc welding. The specimen was designed to weld in two paths. The first welding path is 

scanning along the long side in the same direction and the second path for specimen is reciprocating 

scanning along the short side. To investigate the effects of the cooling, two kinds of welding time 

control were also designed. The first one is welding continuously without interlayer cooling and the 

second time process is welding with interlayer cooling, 50 seconds cooling time is inserted between 

each layer. 

Results and Discussions 

Fig. 2 shows the temperature variations during the WAAM process with different scanning paths 

Comparing the temperature curves under two paths, the long-side path is preheated before welding 

due to the heat source reciprocating close to the observation point, while after welding, the heat source 

passes through again to achieve the heat treatment effect, while the short side path does not have this 

process. In this respect, the long-side path is better than the short-side path. 

Fig. 2 Temperature variations of (a) long-side and (b) short-side scanning path in WAAM 

The maximum stress of 1287.67 MPa in long-side-path specimen locates at the outer surface of the 

middle part of the specimen connected with the bottom plate as shown in Fig. 3(a). The maximum 

stress of 1293.75 MPa in the short-side-path specimen is close to that of the first specimen and it also 

locates at the outer surface of the specimen connected with the bottom plate, but close to the welding 

(a) (b) 

(a) (b) 
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end position. Fig.4 shows the cooling effects on equivalent stresses along the centreline of the 

specimens.  

Fig. 3: Scanning path effects on stresses with (a) long-side and (b) short-side scanning paths. 

Fig. 4: Cooling effects on equivalent stresses with (a) long-side and (b) short-side scanning paths. 

Summary 

In this study, the finite element modelling of the WAAM process has been developed and its 

temperature, stress and deformation profiles can be obtained. The WAAM processes of standard 

tensile specimens were simulated with two different paths and two cooling modes. The obtained 

numerical results revealed that from the aspect of residual stress, the welding with long-side scanning 

path is better than that with short-side scanning. The maximum stress usually exists in the middle part 

of the outer surface side, because the bottom has better heat dissipation and the top has less 

constraints, while the residual stress inside the component is smaller than the outer surface, and the 

middle part of the surface receives the tension stress pointing to the center caused by 

contraction.Adding cooling time between each welding layer can effectively reduce welding residual 

stress and deformation, especially for long-side scanning path. 
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Abstract. This study aimed to provide new understanding of microscopic heterogeneity of the 

periodontal ligament (PDL) with quantifications at both tissue and collagen network levels in a spatial 

manner, by combining phase-contrast microscopic computerized tomography (micro-CT) imaging 

and a purpose-built image processing algorithm for fiber network analysis. Both variations within a 

PDL and among the PDL with different shapes are described in terms of tissue thickness, fiber 

distribution, local fiber densities, and fiber orientation. Furthermore, the tissue and collagen fiber 

network responses to mechanical loading were evaluated in a similar manner. A 3D helical alignment 

pattern was identified from the analysis of fiber network, which appears to regulate and adapt a screw-

like tooth motion under occlusion. The microstructural heterogeneity quantified here allows 

development of sample-specific constitutive models to characterize the PDL’s structural-functional 

responses to pathological load, thereby providing a new multiscale framework for advancing our 

knowledge of this complex limited mobility soft-hard tissue interface. 

Keywords: Phase-contrast micro-CT, computational image processing， fast-Fourier transform, 

fibrous network quantification, soft tissue heterogeneity 

Introduction  

The periodontal ligament (PDL) is a highly heterogeneous fibrous connective tissue and plays a 

critical role in distributing occlusal forces and regulating tissue remodeling. Its mechanical properties 

are largely determined by the extracellular matrix, comprising a collagenous fiber network interacting 

with the capillary system as well as interstitial fluid containing proteoglycans. While the phase-

contrast micro-CT technique has portrayed the 3D microscopic heterogeneity of PDL, the topological 

parameters of its network, which is crucial to understanding the multiscale constitutive behavior of 

this tissue, has not been characterized quantitatively.  

This study aimed to quantitatively elucidate the 3D microstructure of the collagen network in fresh, 

unstained and unfixed rat PDLs by establishing an image analysis framework [1]. The topological 

parameters of the fiber network are evaluated at both the tissue and fibrous levels for different PDLs, 

and the network change before and after loading is compared. However, due to the page limit of the 

abstract, only the results of a loaded round PDL will be demonstrated and discussed below. Our 

findings provide structural-functional insights into the different biomechanical roles of PDLs in load-

bearing and tissue turnover, enabling to develop a predictive modelling approach in a sample-specific 

manner. 

Methods 

Experimental set-up. Fresh and unstained rat hemi-mandibles were mounted onto a customized 

humidity chamber which comprised a mechanical loading apparatus [2]. The hemi-mandibles were 

aligned in the chamber to ensure the loading apparatus generating an occlusal-like force on the second 

molar (Figure 1a). Such humidity chamber was mounted on a rotating stage in the micro-CT scanner 

(MICRO XCT-400 Xradia) (Figure 1a). Scans were performed under the optimum phase contrast 

settings for the PDL network, thus enhancing the detection quality of the soft tissue microstructure 
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[2]. During the scan, the loading apparatus was set to move at a displacement rate of 1 μm/sec, 

generating a load to extend the PDL of the second molar until the displacement reached 250 μm. For 

one sample, an additional micro-CT scan without further loading was performed for comparison. 

Image processing and analysis. The PDL tissues were segmented from the bulk volumes of the micro-

CT data, and then imported into an in-house built (MathWorks Inc., Natick, MA, USA) program for 

detecting the collagen networks within the complex PDL tissue. Briefly, the key element in the newly 

developed detection algorithm is the use of the Fast Fourier Transform (FFT) combined with a high 

pass filter (Figure 1b). An FFT first converts the segmented PDL image slices from the spatial domain 

to a 2D frequency domain. In the frequency domain, the use of high pass filter allows to highlight a 

fibrous content in the original image. Thereby, after applying an inverse FFT, the fibrous network can 

be segmented out in the spatial domain and then exported as binarized image stacks. 

Figure 1. a) Macroscopic view of the experimental set-up and CT slice of a hemi-mandible, showing the anatomy position 

and morphology of molars and their roots. The second molar is highlighted in orange. b) The schema of the in-house 

fiber segmentation program based upon a Fast Fourier Transform (FFT) combined with high pass filtering. 

Afterwards, the PDL’s spatial heterogeneity was quantified with respect to the imaged PDL tissue 

and its segmented fiber network, respectively. The quantification results, including PDL thickness, 

local and global fiber densities as well as principal orientation, of such 3D tissue were summarized 

by 2D lattice maps and/or bivariate volume-weighted compass histograms.   

Results and Discussion on a loaded ML PDL 

Outcomes of image processing. Our segmentation algorithm obtained satisfactory outcomes, 

suggesting that the collagenous networks are composed of fibrous sheets and bundles (Figure 2a), 

which have a highly heterogeneous structure with variations within a PDL and among PDLs of 

different roots.  

Quantification at tissue and fiber levels. The fiber volume fraction (𝜌𝑙𝑜𝑐) per se is heterogeneous with 

higher values in the cervical half and being noticeably sparser towards other regions. The spatial 

heterogeneity of the fiber density distribution is not simply associative with the PDL thickness (Figure 

2b). From a mechanical perspective, it appears that the role of the dense fibers in the cervical collar 

region is to enable them to better suspend and stabilize tooth intrusion under physiological loadings, 

whereas, in the apical region and interradicular regions, the sparse fiber network with more space for 

local ground substances provides a cushion to further absorb intrusion energy [3]. The orientation 

histogram (Figure 2b) indicates that the fibers were oriented in a helical manner in the PDL space, 

suspending the root in the alveolar socket, which may have a unique role in guiding tooth movement 

with screw-like motion under occlusion [4]. In addition, when a cone-shaped root intrudes into its 
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alveolar socket, this helical organization allows fibrous phase of the PDL simultaneously provides 

tensile suspension in the same local region, whereas the fluidic phase provides transient resistance to 

compression.  

Figure 2. a) 2D slices at the same slice of raw micro-CT, the image after PDL tissue isolation, and the final image after 

the in-house built image processing algorithm, respectively. The 3D rendering of the fiber network demonstrate an 

example of satisfactory segmentation results. b) Examples of quantification analysis based on the segmentation outcome, 

including quantification of PDL thickness (tissue level), local and global fiber densities as well as fiber orientations (fiber 

level).  

Conclusion 

The proposed image processing and analysis framework allowed the quantification of micro-

architectural characteristics for biological fibrous networks. The identified microstructural 

heterogeneity may lead to different biomechanical behaviors at the tissue (in compression) and fiber 

(in tension) levels in response to loading. This study underpins the development of a sample-specific 

computational model for the PDL, which will allow linking the tissue structure to its mechanics and 

functionality in both physiological and pathological processes. 
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Abstract: Finite element (FE) model and analysis procedures are developed in this paper to analyse 

the structural behaviour of engineered cementitious composites (ECC) link slabs. The adopted 

material models of ECCs were validated based on results obtained from an experimental study of 

small beams while the FE model of the link slab was verified by the test results reported in the 

literature. The structural performances of three ECC link slabs (LS-A, LS-B, and LS-C) were 

evaluated using the developed models and modelling procedures. It is observed that the LS-B 

demonstrated a balanced integrated performance on ductility and strength among three link slabs.

Keywords: Engineered cementitious composites, finite element analysis, link slabs 

Introduction 

Link slabs are the structural component connecting two adjacent spans of simple supported bridges. 

Link slabs are used to accommodate the deformation induced by traffic and temperature loads. 

However, conventional concrete failed to be used on constructing the link slabs due to the insufficient 

ductility and cracking behaviour.  

Experimental studies demonstrated that engineered cementitious composites (ECC) link slabs have a 

better ductility and crack width control ability when compared with conventional concrete[1]. 

However, it is noted that there were various ECCs with different material properties for link slab 

practices. The effects of ECC’s material properties, such as ultimate strength and ultimate strain on 

the structural performance of link slabs should be investigated for design and engineering applications 

Experimental study and numerical analysis were commonly used to investigate the effects. The 

experimental studies, however, are resource and time consuming. Towards this end, finite element 

(FE) analysis is an effective method to evaluate the structural performance of link slabs. In this study, 

FE modelling procedures for ECC links slabs are developed and validated. Furthermore,  the effects 

of material properties on the structural performance of link slabs are also studied. 

FE model and analysis procedures 

The commercial FE software ABAQUS is utilized for conducting FE analysis in this paper. The FE 

models of small ECC beams and link slabs were developed in this paper. The material models were 

firstly developed and validated via the FE analysis of the small beams. Subsequently, the FE models 

(FEM) of ECC link slabs were developed for structural analysis. The Concrete damage model (CDP) 

was used to implement the material properties of ECC. The simplified constitutive models of ECC 

under tension and compression [2] were adopted in this study. The compressive and tensile properties 

were given in an experimental study [3].  The standard  three-dimensional 8-node linear hexahedral 

element C3D8R available in ABAQUS was used. Optimal mesh size was chosen after the mesh 

sensitivity study. The boundary and contact conditions were applied accordingly to the ECC small 

beam FE models and ECC link slab models.  
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Fig. 1 Establishment of the FE models 

Validation of material models. The FE analysis of three small beams denoted as ECC-A, ECC-B, 

and ECC-C were conducted. The numerical results of three different ECC beams are shown in Fig. 2 

compared with the corresponding experimental results. The predicted load-deflection curves from FE 

analysis agreed with the one observed in tests as shown in Fig.2 and this proves the accuracy of FE 

analysis on ECC material and validates the material models of ECC. 

Validation of FE model of link slabs. As shown in Fig. 3, the FE model of the link slab was 

established and validated against Qiao et al.’s study [4]. As shown in Fig. 4, the mesh sensitivity 

study was conducted and a mesh size of 40 mm was suggested for analysis. It is found that the 

predicted load-deflection curve at the elastic stage and the inflection point to stress hardening stage 

well met the test results. As shown in Fig. 5, the agreement between the predicted load to mid-

deflection curve and the observed curve again proves the accuracy of FE analysis on the link slabs.  

Fig. 2 Tests and FEM results of small beams Fig. 3 FE model of the ECC link slab 

Fig. 4 Mesh size sensitivity study Fig. 5 Test [4] and FEM results of the link slab 

Structural performance of different ECC link slabs. The structural behaviours of three link slabs 

namely LS-A, LS-B, and LS-C, which were constructed by those ECC materials used in the small 

beams ECC-A, ECC-B, and ECC-C [3] were analysed through FE models. It should be noted that the 

ECC material used in the small beams are different. In general, ECC-A is the most ductile ECC while 

ECC-C has the highest strength and ECC-B is balance in terms of both strength and ductility. This 

has an impact on the structural behaviour of link slabs. The load to deflection curves of LS-A, LS-B, 

and LS-C obtained from the FE analyses were shown in Fig. 6. The ultimate strength of the link slab 

is increasing in the order of LS-A<LS-B<LS-C while the deflection at peak load, namely the ductility, 

is decreasing in the order of LS-A>LS-B>LS-C. The plastic strain of steel reinforcement is observed 

in Fig. 7. The structural performances of the slabs are summarized as the following: 

LS-A. At peak load of 48.5 kN, deflection of 57 mm and maximum plastic strain of reinforcement 

of 15430 με were observed. 

FE analysis of small beams 

FE analysis of link slabs 

Geometry Material Mesh Loads & Boundaries Analysis 

Validate 
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LS-B. At peak load of 50.7 kN, deflection of 41 mm and maximum plastic strain of reinforcement 

of 9954 με were observed. 

LS-C. At peak load of 52.2 kN, deflection of 37 mm and maximum plastic strain of reinforcement 

of 10190 με were observed. 

Fig. 6 Load to deflection curves of link slabs Fig. 7 Plastic strain of steel reinforcements 

The use of the most ductile ECC (ECC-A) in link slab (LS-A) produced the largest mid-span 

deflection at peak load while obtained the largest strain of the steel reinforcement. LS-B obtained 

both high ductility and the lowest strain of the reinforcements at peak load among three slabs, which 

demonstrates the best cooperative deformation between the ECC and steel reinforcements. 

Conclusions 

The adopted material models are accurate and reliable to model these three ECC materials and link 

slabs.  It is suggested that the use of an ECC (ECC-B) with balanced performances on both ductility 

and strength on the link slab should be considered for an integrated performance of the link slab. The 

FE method is suggested as an alternative for engineers to determine the optimal material for practical 

designs of ECC link slabs. 
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Abstract. Heat exchangers are playing a major role in modern day’s process industries primarily for 

energy exchange. Among crucial prerequisites for appropriate application of heat exchanger in highly 

diverse industrial environments, the combined effects of dynamic mechanical impacts and turbulent 

flows remains one of the major elements that complicate the design and development of a smart 

machine with Industry 4.0 features for remotely monitoring and controlling of such equipment. In 

this study, a three-dimensional (3-D) finite element model is developed to predict structural weak 

points of a Shell-and-Tube Heat Exchanger (STHE) numerically. The obtained computational results 

can be further used as preliminary inputs for a digital twin model using a comprehensive coupled 

CFD and FEA study on STHEs for closely interrogating its structural behaviours and flow fields 

under both static and dynamic loading conditions, which helps build a smart machine upgrade kit 

with sensors and Internet of Things (IoT) for this product.

Keywords: Shell-and-Tube Heat Exchanger (STHE), Finite Element Method (FEA), Structural 

Integrity, Vibration Analysis, Structural Health Monitoring (SHM) and Machine Condition 

Monitoring (MCM)  

Introduction 

Shell-and-tube heat exchangers (STHEs) are widely used in process industries for ease of 

manufacturing and maintaining, and flexibly adaptable to a broad range of applications [1,2]. 

Typically, a shell-and-tube heat exchanger includes certain number of bundled tubes that are 

contained within the hollow body of the heat exchanger where in two fluids flow through tubes in 

counter direction during which course the heat exchange process takes place. The major factors 

involved in development of STHEs are thermodynamic and fluid dynamic design, cost estimation 

and optimisation, all of which heavily relies on experimental data and empirical design guides [3]. 

This makes the development process of STHEs extremely complex and thus, numerical modelling 

using finite element analysis (FEA) and computational fluid dynamics (CFD) [4, 5] is an economical 

means for optimal design of a STHE. Jin, et al. [6] devised two FE models of STHEs in which 

conventional theory of elastic foundation model was employed. Their study suggests the deformation 

distribution and stress intensities is negligibly different between two models. Wang et al. [7] 

investigated the stiffness and buckling of corrugated tubes in heat exchanger under internal 

compressions and external pressure using FEA and performed a characteristic value analysis and non-

linear stability analysis. Diersch et. al [8] studied a single borehole heat exchanger (BHE) of its arrays 

with a fully discretised 3D model (FD3DM) and obtained accurate results.  

   In this study, a 3D finite element model is developed to investigate the structural integrity and 

dynamic response of a Shell-and-Tube heat exchanger with two baffles and ten tubes. Two static 

structural analyses are performed to check the structural integrity of the STHE subject to fluid 

pressures while two frequency analyses are conducted to obtain the first six natural frequency modes 

of the Shell-and-Tube heat exchanger, one of which is for free vibration – no boundary conditions 

applied, another is for vibration with fixtures. The computational results are validated by comparison 

with existing data available in literatures. This study is part of on-going research as a preliminary 

study to generate inputs for a coupled CFD-FEA analysis of STHEs. 
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3D FEA model of the Shell-and-Tube heat exchanger 

Fig. 1 shows the 3D FE model developed by using 8-node tetrahedron elements available in the 

commercial finite element analysis software ANSYS Workbench for the STHE with two baffles and 

ten tubes. For the structural integrity analysis, boundary conditions included fixtures to all four 

mounting holes and gravitational effect in conjunction with internal & external compressive pressure 

of 1.0 MPa and 1.5 MPa. Elastoplastic material model was employed in this FE model though plastic 

deformations were not expected [6]. AISI 321 Stainless Steel was selected to for the STHE material, 

it has a higher yield strength than ASTM 106 B. For the dynamic response analyses, there is no 

boundary conditions applied to the free vibration analysis. The elements used in this meshed model 

is Solid187.  

Fig. 1: The devised 3D FE model of the Shell-and-Tube heat exchanger and its (a) parametric 3D 

model and (b) sectional view and (c) FE mesh   

Results and Discussion 

The deformation, strain, and stress profiles were obtained from the static structural FEA for checking 

the structural integrity of the STHE and the obtained results were found comparable to those results 

available in literature [2, 8]. The computational results showed the maximum von Mises stress was 

found 123.82 MPa subject to the 1.5-MPa uniform compressive exterior load. While the minimum 

von Mises stress was found as 29.839 MPa under the 1.0-MPa uniform compressive interior load. 

Both are well under the permitted yield strength of AISI 321. However, the maximum deformation is 

obtained to be 0.158 mm which happens under the combined 1.5-MPa exterior and interior load, 

whilst the minimum deformation is 0.008 under 1.0 MPa interior load. Fig. 2 shows the contour plots 

of stresses and deformations extracted from the two static structural integrity analysis. 

Fig. 2: Contour plots of von Mises stresses and deformations under compressive loads 

(a) (b) (c) 

(a) von Mises stress - 1.0 MPa

pressure

(b) von Mises stress - 1.5 MPa

pressure

(d) Total deformation - 1.5 MPa

pressure

(c) Total deformation - 1.0 MPa

pressure
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    The numerical results obtained from dynamic FE analyses include six natural frequency modes of 

the STHEs in free vibration mode and with fixtures. All these were found higher than 120 Hz which 

is beyond the frequency range of the STHE under normal operation conditions as listed in literature 

[9]. In comparison to the free vibration, all six resonant frequencies are higher by 60.89 Hz on average 

when four mounting holes on the STHE were applied with fixture. The highest discrepancy is 144.38 

Hz and occurred at the 3rd resonant frequency where the discrepancy percentage is 45.14%. The 

lowest discrepancy is 16.33 Hz occurring at the 6th resonant frequency where the discrepancy 

percentage is 4.81%. Results indicate that with fixtures applied to the four mounting holes the STHE 

has much higher resonant frequencies due to greater stiffness. These obtained numerical results are 

useful to turn this traditional STHE to a smart product for remotely structural health monitoring 

(SHM) and machine condition monitoring (MCM).   

Conclusions 

In this study, 3D finite element model has been devised to simulate static and dynamic responses of 

a typical Shell-and-Tube heat exchanger (STHE) under fluid pressure loads. The devised FE model 

has successfully extracted comparable results validated by using those data available in literature. 

The numerical results obtained from static structural analyses showed the design of the heat 

exchanger is very safe while the vibration analyses also give good results to demonstrate that the 

dynamic performance of the STHE is satisfactory. These obtained results in this study will be further 

used as preliminary input for a more thorough and in-depth coupled FEA and CFD study on the Shell-

and-Tube heat exchanger under Industrial Internet of Things (IIoT) context in preparation for the 

development of a universal remote structural heal monitoring (SHM) and machine condition 

monitoring (MCM) system, which can convert a traditionally manufactured STHE to a smart heat 

exchanger with Industry 4.0 features.  
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Abstract. The work develops a reaction-diffusion-based level set method to minimize the mean 
compliance of 3D structures efficiently. We used the topological derivative method to obtain the 
sensitivity of the objective function to the level set function and the bi-sectioning algorithm to 
calculate the Lagrange multiplier of the volume fraction constraint. Unlike the traditional upwind 
scheme, we updated the level set function within a finite element analysis framework. As a result, it 
only takes a dozen of iteration steps to converge. Numerical examples verify the effectiveness and 
robustness of the proposed algorithm. We also provide a Matlab program in the Appendix for 
educational purposes. 

Keywords: Structural topology optimization, Level set method, Reaction-diffusion method 

Introduction 
Structural topology optimization aims to design the layout of materials within a given design domain 
so that the performances of some mechanical or physical properties can be extremized under all types 
of constraints. The original idea of structural topology can be tracked back to 1904, when Australian 
inventor Michell proposed the lightest truss via theoretical analysis [1]. However, this topic has not 
been rapidly developed until the maturity of finite element analysis and the build-up of the 
well-known homogenization method [2] in the late 1980s. During the last few decades, the 
development of this field was boosted up by the Solid Isotropic Microstructure with Penalization 
(SIMP) method [3], Evolutionary Structural Optimization (ESO) method [4, 5], topological 
derivative [6], level set method [7-9], method of moving asymptotes [10] and Bi-directional 
Evolutionary Structural Evolutionary (BESO) method [11, 12]. 

The reaction diffusion-based level set method [13] plays an increasingly significant role in 
structural topology optimization. This method employs the reaction-diffusion equation instead of the 
Hamilton-Jacobi equation [14, 15] to update the level set function value iteratively. The level set 
function and the material distribution are updated by solving the reaction-diffusion equation to 
approach objective functions. With this method, qualitative control of the geometrical complexity of 
optimized structures is achieved by setting appropriate parameters. Also, topological change that 
generates new boundaries is allowed. Thus, the level set function re-initialization procedure can be 
avoided during the optimization procedure. As we know, a large amount of research has been 
conducted on the reaction diffusion-based level set topology optimization. Otomori et al. [16] 
presented a simple 2D MATLAB code for the reaction diffusion-based level set topology 
optimization. Zhang et al. [17] applied this method in the 3D image segmentation field. Afterward, 
Zhuang et al. [18] proposed a reaction diffusion-based level set method using body-fitted mesh for 
structural topology optimization. This paper presents a MATLAB code for 3D mean compliance 
minimization problems using the reaction diffusion-based level set method. Furthermore, we also 
extend this code to solve both 2D and 3D compliant mechanism designs. This integrated work can 
release the stability criteria of Courant–Friedrichs–Lewy condition, avoid the level set function 
re-initialization procedure and produce reliable and accurate configurations. In addition, the recently 
developed topological derivative capable of generating inner holes is utilized to guide the 
optimization process. Besides, the bi-sectioning Lagrangian method constrains the volume when 
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solving the reaction-diffusion equation to boost the convergence, further increasing the efficiency. 
The proposed method features are demonstrated using numerical examples for the minimum mean 
compliance problem and the optimum design problem of compliant mechanisms. 

Numerical examples 

In this paper, a few benchmark examples demonstrate the proposed method’s efficiency, beginning 
with mean compliance minimization problems and followed by optimum design problems for 
compliant mechanisms. The optimized configuration of a short cantilever beam design is displayed in 
Fig. 1. The design domain is 200 mm in length, 200 mm in width, 1 mm in thickness, and occupied by 
30% solid material. 

Fig. 1 The optimized configuration of the cantilever beam using the proposed method 

Summary 
This work provides a MATLAB code using reaction diffusion-based level set topology optimization 
for 3D mean compliance minimization and compliant mechanism designs. It aims to precisely control 
the volume, accelerate convergence, and achieve better objective function values. The algorithm of 
this well-organized MATLAB code is based on rigorous mathematical derivation and is introduced 
clearly and logically in this paper. We used the bi-section Lagrangian method to strictly control the 
volume fraction of optimized configurations to meet the volume constraint. Numerical examples for 
minimum mean compliance and compliant mechanism problems justify its effectiveness and 
robustness in expressing complex geometrical configurations, more closely approaching optimum, 
and converging within dozens of iterations. It is expected that this paper can assist more people to 
understand the level set-based topology optimization and the updating strategy by solving the 
reaction-diffusion equation. 
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