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ABSTRACT 

Over the last century, numerous practitioners and researchers have investigated the 

particle behaviour of granular soils based on laboratory testing, to improve their 

knowledge of strength qualities. The discrete element modelling (DEM) technique has 

been commonly used to improve the understanding of granular soil behaviour. Since 1979 

from the development by Cundall and Strack, spheres have commonly been used to 

represent soil particles or aggregates in DEM, despite increasing appreciation that particle 

shape significantly influences the strength properties of granular soil when subjected to 

shear. As such, it is widely acknowledged that results from spheroidal modelling do not 

accurately portray how particle edges and shapes affect a grain’s true strength, however 

there is an absence of a ‘more accurate’ alternative technique. Addressing this lack of 

accuracy in the DEM technique, this study investigated the characteristics and three-

dimensional behaviour of granular geomaterials due to shear.  

The first step for this study was to investigate the shear behaviour of poorly graded 

angular metasandstone particles. Particle Image Velocimetry (PIV) and the four-stage 

shearing model were used to interpret the shear behaviour of metasandstone. Large direct 

shear tests were conducted on gravel-size metasandstone at normal stress of 50 kPa, 100 

kPa and 150 kPa. 

A novel process of X-Ray scanning was used to obtain the actual particle shape of 

metasandstone gravels. Micro-CT scanning was used to scan 20 types of metasandstone 

particles which were converted into a 3D mesh format known as Standard Tessellation 

Language (STL). Using ‘Rocky DEM’ software, the actual scanned particle shapes were 

incorporated into an ‘advanced-DEM’ technique to represent soil particles in simulations 

without the use of sphere clumping. These advanced-DEM results using realistic particle 

shapes were then compared with spheroidal modelling simulation results.  

To validate the advanced-DEM technique, 3D-printed synthetic particles were also 

produced from the X-Ray scans, and then sheared as a calibration and validation exercise. 

Using the known material properties and shear behaviour of the synthetic particles, the 

material interaction parameters were calibrated in DEM to ensure adequate simulation 

results were produced. 

Direct shear test simulations using sphere particles were found to overestimate the peak 

shear stress while an underestimate was observed at residual state across various normal 

stresses. The difference in shear stress when using sphere particles compared to laboratory 



 

 

results ranged from 8.9% to 42.8% in DEM. This broadly agreeable magnitude of shear 

stress was significantly improved by adopting the realistic particle shapes in DEM where 

the difference in shear stress was reduced to a range of 3.2% to 6.5% compared to the 

laboratory results. 

The research findings are immediately useful for the design and construction sector, 

where accurate soil characterisation and modelling can enable more streamlined design 

due to removing additional ‘factors of safety’ margins that have been necessary with 

‘approximate’ spheroidal DEM results. Given the significant cost associated with bulk 

earthworks and soil stabilisation, there are significant gains to be made in spending more 

time ‘up front’ in project to accurately model the granular structure of major soil types 

present.  

In the pursuit of improved understanding of the effects of particle geometries on soil-

structure interaction and composite material behavioural properties for designing 

geostructures, the research findings were implemented in the assessment of pipe-jacking 

forces. The shear strength properties of metasandstone aggregates were used to assess the 

vertical stress acting onto two pipe jacking drives to demonstrate the possible occurrence 

of arching phenomenon. Using the laboratory test results of metasandstone, the calculated 

jacking forces were found to match agreeably with the site records. With the improved 

DEM technique, it is hoped to simulate a complete pipe jacking process in the near future. 

 

Keywords: Direct Shear Test (DST), Particle Image Velocimetry (PIV), X-Ray MicroCT 

Scan, 3D Printing, Selective Laser Sintering (SLS), Discrete Element Modelling (DEM), 

Rocky DEM, Realistic Particle Shape, Pipe Jacking, Microtunnelling, Arching. 
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  Chapter 1: Introduction 

1 

1.0 PROJECT SUMMARY 

Direct shear tests (DST) were used to study angular particle behaviour during shear. 

Laboratory tests were conducted on metasandstone aggregates to obtain its shear strength 

properties. To obtain a visual understanding on the particle activities during shear, particle 

image velocity (PIV) technology was adopted to analyse sequence images of the test 

specimen during shearing. PIV was used to understand the particle behaviour during shear 

by producing vector plots depicting the movement of particles at various shearing stages 

during the direct shear test. The particles movement were linked to the shear stress and 

volumetric plots to describe the shear behaviour of the material. The findings were used 

to further understand and discuss the shear behaviour of metasandstone during laboratory 

and simulated DST using discrete element modelling (DEM). 

Past studies have used discrete element modelling (DEM) to demonstrate the particulate 

behaviour of coarse-grained soils. However, the material properties used as input 

parameters for DEM simulations are often generalised due to limited data used during 

calibration and validation exercises (Ng 2006, Liu et al. 2016). The mechanical behaviour 

of granular media depends strongly upon the shape and size distribution of the particles. 

Simplified geometries such as spheres have usually been assumed for such methods 

(Alonso-Marroquín et al. 2013). More detailed methodologies are required for the aim of 

describing, predicting and explaining material morphology influencing hierarchical 

origins of surface-localised physical behaviour of geomaterials. However, the use of 

simplified geometries on case-by-case basis could be used effectively (Alonso-Marroquín 

et al. 2013, Hanaor et al. 2013).  

DEM simulations can be improved by using realistic scanned geometry of granular 

particles obtained from micro-CT scan. This eliminates the use of spheres or clumps of 

sphere which are commonly adopted as an average representation of the particle 

geometry. Difference in geometry between a sphere and a real granular particle will 

influence localised activities such as particle interlocking during shearing which will 

affect the specimen’s internal friction angle and apparent cohesion. With the aid of micro-

CT scanning, realistic geometries of the granular material are expected to provide a more 

accurate interparticle behaviour during shearing.  

The use of synthetic particles, produced by means of 3D printing the scanned particles 

was used for calibration and validation of the discrete element model (DEM). 3D printing 

sintering powder with known properties was used to print synthetic particles with specific 



  Chapter 1: Introduction 

2 

stiffness. These particles were then subjected to direct shear tests. The outcomes from the 

improved DEM models and shearing of synthetic printed particles were used to calibrate 

and validate the mechanical behaviour and particle interaction during shearing through 

the independent study of particle morphology, size, angularity, gradation and mineralogy. 

The synthetic particles exhibiting shear behaviour and shear strain response were 

discussed with respect to its influencing parameters.  

Using the laboratory test results, the DEM simulation results were calibrated and 

validated to ensure realistic shear behaviour were being simulated. This advanced DEM 

could improve understanding on the effects of particle geometries on soil-structure 

interaction and can more accurately characterise composite material behaviour (e.g., 

strength and hydraulics) properties for design of geostructures. The findings were 

subsequently used for the assessment of jacking forces during pipe-jacking works. The 

shear strength of metasandstone was used to discuss its influence on jacking forces for 

specific geology and the effect of arching. Arching is a phenomenon which occurs during 

pipe-jacking where the surrounding soil self-stands without collapsing onto the jacked 

pipes. Better understanding of micromechanical behaviour may also open new avenues 

for more applications such as usage of recycled materials in the construction industry 

while promoting sustainable infrastructure projects with low carbon footprint.  

1.1 Background 

Particle shape, size and gradation were found to significantly influence the shear strength 

of granular materials (Fitsum 2011). Direct shear tests and numerical simulations have 

been used by past researchers with aid to better understand the particle behaviour during 

shear (Potts et al. 1987, Fukuoka et al. 2006, DeJong and Westgate 2009, Indraratna et al. 

2014). Due to the opaque nature and other equipment limitations, the particles along the 

shear band could not be studied. Hence, with the aid of particle image velocimetry (PIV) 

and the use of a transparent shear box, particles movement along the shear band can be 

analysed and linked to the shear stress behaviour (Peerun et al. 2019). To further improve 

the understanding of complex particle behaviour, numerical simulations have been 

utilised by means of discrete element modelling (DEM). 

DEM has produced significant contributions during the fundamental study of soil 

behaviour through the influence of particle morphology impacting the mechanical 

properties of granular soils (Mahmood and Iwashita 2010, Wang and Gutierrez 2010, 

Zhou et al. 2013, Fu et al. 2017, Wei et al. 2018). Similarly, Shin and Santamarina (2013) 
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used two types of sand with different grain shapes to examine the influence of particle 

shape during shearing. A substantial contrast between the shear strengths was found 

although similar testing condition was maintained for both sands. Mattutis et al. (2003) 

used differing arrangements of spherical and elongated particles to numerically examine 

the effect of mechanical response while focusing on interparticle friction. Nouguier-

Lehon et al. (2003) studied how initial anisotropic specimens are initially influenced by 

physical characteristics such as angularity using DEM simulations. For arrangement with 

elongated grains, the initial anisotropic specimen and frictional angle were found to be 

relatively higher as opposed to isotropic ones. Cho et al. (2006) studied the influence of 

particle shapes on packing density and small-to-large strain mechanical properties of 

sandy soils. It was found that with an increase in particle irregularity, the critical state 

friction angle and compressibility under zero lateral strain loading would both increase. 

The aforementioned studies highlight the ongoing efforts to understand the influence of 

particulate properties on the constitutive behaviour of soils. The current challenges in this 

field together with the use of 3D printing to overcome such obstacles are reviewed, 

hereinafter.  

1.2 Brief Literature Review  

It is important to understand the shear behaviour of granular materials and its implications 

on soil-structure interactions. Several practitioners and academicians have researched on 

the particle behaviour of granular soils based on laboratory testing to increase their 

understanding on the strength qualities such as ‘friction angle’ and ‘apparent cohesion’ 

(Potts et al. 1987, Fukuoka et al. 2006, Indraratna et al. 2014). Xiao et al. (2014) 

concluded that particle shape and void ratio would influence the specimen volumetric 

behaviour and hence affecting its strength values.  

It is possible to have a better knowledge of the shear strength parameters by correlating 

the particle morphology and mechanical behaviour. This is explained through the four-

stage shearing model developed by Li and Aydin (2010) which interprets the particle 

behaviour during shear. To gain visual understanding of the particle behaviour, particle 

image velocimetry (PIV) has been used by several experts (White and Take 2002, White 

et al. 2003). Peerun (2016) investigated the localised particle activities that contributed to 

the strength values of granular materials. By analysing sequential images of the test 

specimen during shear, vector plots were obtained and analysed to depict localised 
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activities such as particle interlocking and breakages. These localised activities were 

found to influence the shear strength. 

To gain deeper insights on the behaviour of granular materials, it is proposed to develop 

an advanced DEM simulation which incorporates realistic particle morphology. Synthetic 

particles by means of 3D printing will then be tested using a laboratory direct shear 

equipment to validate and calibrate the advanced discrete element model (DEM). A 

comparison between the use of conventional spheres and real particle shape can be made 

using the DEM simulations to demonstrate its influence on shear strength parameters such 

as friction angle and cohesion. 

With current technological advances, the use of 3D printing has demonstrated the ability 

to synthetically print quantifiable particle attributes (e.g. size, shapes or roughness) for 

fundamental study of particulate interaction and mechanical behaviour. The use of 

synthetic particle would allow independent study of particulate responses for various 

materials based on controlled particle stiffness and angularity which are important 

considerations for the application of micro-tunnelling. 

Various soil geometries can now be cloned at micrometers-level using 3D printing 

materials such as resins, plastics, ceramics and metals (Ferro and Morari 2015). 

Replicating such complex soil geometries requires high resolution 3D imaging which can 

be obtained from X-ray microCT scanning. Wei et al. (2018) applied spherical harmonic 

descriptors and fractal dimension on X-ray microCT images of natural sand particles to 

produce a methodology on replicating realistic morphological features from the real sand 

particles. Two types of sand assemblies were generated using 3D printing and were 

compared with the actual sand particles in terms of shape parameters. Hanaor et al. (2016) 

simulated complex granular morphology which were analysed and used to create 3D 

printed particles and DEM simulations for triaxial testing. 3D printed particles have 

shown potential enhancement during the study of particle behaviour for various 

geotechnical applications. 

One of the many applications would be the assessment of jacking forces during pipe-

jacking works. Jacking forces during pipe-jacking works has been of great importance 

from past researchers (Barla et al. 2006, Staheli 2006). During the planning stage to obtain 

the thrust ram capacities and to determine whether there will be a need of intermediate 

jacking stations, the governing factor would be the anticipated jacking force. 

Conceptually, the frictional resistance during pipe-jacking is obtained by multiplying the 
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friction coefficient by the total normal forces acting on the pipes. Friction coefficient is 

defined by the angle of friction between the pipe surface and the soil (Pellet-Beaucour 

and Kastner 2002). Kishida and Uesugi (1987) found that particle angularity has a major 

influence on the pipe-soil interface shear strength due to greater interlocking occurs for 

angular particles as opposed to sub-rounded ones. Using the advanced DEM technique, 

geological strength properties can be accurately predicted to demonstrate its influence on 

pipe-jacking forces. Although not being part of this research scope, future research using 

advanced DEM may be used for to simulate the operation of the pipe-jacking process. 

1.3 Problem Statement 

Since Coulomb (1884) studies more than 100 years ago, a direct comparison between the 

mechanical responses and particle morphology for granular soils has yet to be achieved. 

The main issue when trying to assess this relationship is due to shape being an infinite 

parameter, which leads to its systematic exploration being unattainable (Jaeger et al. 1996, 

Peña et al. 2007, Zuriguel and Mullin 2008, Torquato and Jiao 2009, Liu and Nagel 2010, 

Schreck et al. 2010, van Hecke 2010, Miskin and Jaeger 2013).  

Distinct or discrete element modelling has contributed to improvements of micro-

mechanical modelling methods by integrating more influences of microstructures in 

numerical modelling (Cundall and Strack 1979). However, such models at the granular 

scale are usually calibrated and validated against limited experimental data (Ng 2006, Liu 

et al. 2016). Consequently, the material properties are usually modified such that the 

stress-strain curves and state paths from the macroscopic experiments match the 

calibration and validation models. The selection process for the material parameters is 

said to be usually not properly established when adopting such methods (Wang et al. 

2016).  

A micromechanical model would generally implement more details during the calibration 

phase as opposed to macroscopic models where one of the many parameters is expressed 

by strain histories. Such details can be relevant to particle morphology (particle 

arrangement, size, shape, fabric orientation and packing) and micro-mechanics material 

behaviours (fracture energy and surface roughness) (Gupta et al. 2018). It is often noted 

that due to the unavailability of data, only some of these parameters are used during the 

calibration process which would lead to a highly flexible curve-fit to match the 

constitutive responses by combining microstructures and constitutive laws in various 

ways. Friedman (1997) described such arbitrariness as the curse of dimensionality, where 
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the calibrated DEM model lacks true prediction ability (Wang et al. 2016, Gupta et al. 

2018).  

1.4 Research Questions 

Addressing the knowledge gaps raised in the project described above, the question was 

asked, does particle shape influence shear strength in DEM? 

This comprised the following component questions: 

▪ RQ1: Can PIV be used to understand particle behaviour during laboratory DST? 

▪ RQ2: Can DST be simulated using realistic particle geometry in DEM? 

▪ RQ3: Can printed synthetic particles be used for controlled-environment calibration? 

▪ RQ4: Can DEM capture the influence of particle shape on shear strength? 

 

1.5 Hypothesis 

It was postulated that the development of: 

i) A methodology for incorporating realistic particle geometry in DEM 

simulations; 

ii) A series of DEM simulations using various particle shapes; and 

iii) Synthetic particles with various shapes and known stiffness,  

will assist in understanding: 

i) Particle behaviour during shearing; 

ii) Development of internal friction angle and apparent cohesion; 

iii) Soil-structure behaviour, for example, the assessment of jacking forces based 

on particle shape and stiffness. 

The use of realistic particle geometry in DEM and development of synthetic particles has 

great potential in further understanding particle behaviour during shear. By combining 

the proposed DEM simulation and development of synthetic particles, better 

understanding can be made on the mechanical behaviour of irregular particle shapes and 

stiffnesses. It is proposed that this methodology will improve the understanding of jacking 

forces based on specific geology. Such knowledge supports practitioners and authorities 

in making sound decisions on the use of their construction materials and resources. As 

such the study can contribute to improved design and construction outcomes through 
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enabling predictive soil-structure interactions (e.g., pipe jacking forces) for specific 

geology. 

1.6 Research Objectives 

The objectives of this research are as follows: 

▪ RO1: To conduct laboratory direct shear tests on angular rock particles 

▪ R02: To adopt particle image velocimetry (PIV) technology for understanding the 

particle behaviour during laboratory direct shear tests.  

▪ RO3: To create a direct shear test (DST) simulation in DEM. 

▪ RO4: To develop a method for extracting realistic particle geometry and 

incorporating it in DST simulation. 

▪ RO5: To synthesise and verify a method for 3D printing synthetic particles with 

specific stiffness. 

▪ RO6: To evaluate, discuss and compare the DEM outcomes with actual DST. 

1.7 Significance of Study 

If a realistic direct shear test can be simulated, a geotechnical breakthrough in site-based 

condition assessments would be achieved. Time consuming and expensive sample 

extraction and lab-testing might be reduced or become unnecessary. A virtual direct shear 

test with a library of materials database would be available to researchers and engineers 

to predict material strength properties based on mapped typologies, perhaps best describes 

what is possible in the near future, but not without stringent calibration and verification 

of its use.   

In terms of practical application of the methodology being postulated here, an example 

would be for use in trenchless technology, which has been widely accepted throughout 

the world due to its low environmental and socioeconomic impacts. Construction of 

tunnelling shafts has a significant economic impact on the overall cost of a pipe-jacking 

project. The length of a pipeline is determined based on the maximum jacking capacity 

and hence, governs the number of shafts required. Prediction of jacking forces is hence 

crucial during the planning, design and construction phases of pipe-jacking to ensure that 

the project is cost-effective as compared to an open-trench alternative (Staheli 2006). 

Hence, it is crucial to develop better understanding on the frictional jacking resistances 

along the pipe-soil interfaces so that a sustainable and cost-effective pipe-jacking project 

can be executed. Hence, better understanding of the shearing mechanism and frictional 
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behaviour for granular materials is required. With better insight of the shearing 

mechanism, the jacking force development could be better appreciated, controlled and 

predicted (Staheli et al. 2006). 

The outcomes of this research project could contribute to the pipe-jacking industry in the 

following ways: 

▪ Enhance technical expertise on pipe-jacking technique in various geological 

conditions.  

▪ Enable the evaluation of jacking stresses based on types of geology encountered. 

▪ Enable the evaluation of the contribution of soil arching to geotechnical stresses 

for various geological conditions. 

▪ Reduce construction costs by assisting forward planning through reliable 

prediction of jacking forces. 

 

Another sector which could benefit from this study is the road pavement industry. The 

Queensland Government reviewed its waste reduction and recycling plan for year 2016 

to 2021, in which they describe their vision and targets, approach to waste management 

and implementation plan. The Department of Transport and Main Roads (DTMR) has 

developed a waste reduction and recycling plan in view of the act supported by the 

Queensland’s Waste Avoidance and Resource Productivity Strategy for 2014 to 2024 

(DepartmentofTransportandMainRoads 2015). One of the major waste streams is 

construction and demolition waste (CDW) and green waste from transport, infrastructure 

and maintenance. By 2024, Queensland targets to improve recycling of construction and 

demolition waste by 80%.  

Past major projects such as Gateway Motorway and Bruce Highway have made use of 

high-quality recycled products such as recycled aggregates and road base 

(WasteManagementReview 2016). To support the use of recycled materials, the 

Queensland DTMR published a technical specification MRTS35 guideline on using 

recycled material blends for pavements (DepartmentofTransportandMainRoads 2018). 

Using realistic geometry for DEM simulations, better prediction could be made for 

pavement performance using recycled granular materials. Understanding the mechanical 

behaviour of the recycled irregular shape particles would boost confidence on their 

strength selection and may open more avenues for the use of recycled materials. 
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1.8 Expected Research Outcomes 

The outcomes from the improved DEM models and shearing of synthetic printed particles 

will be used to validate the mechanical behaviour and particle interaction during shearing 

through the independent study of particle morphology, size, angularity, gradation and 

mineralogy. The synthetic particles exhibiting shear behaviour and shear strain responses 

will be discussed with respect to its influencing parameters. This DEM modelling can 

improve understanding on the effects of particle geometries on the assessment of jacking 

forces and can more accurately characterise granular material behaviour (e.g. strength and 

hydraulics) properties for design of geostructures. Better understanding of 

micromechanical behaviour may also open new avenues for more applications in the use 

of recycled materials in construction industry while promoting sustainable infrastructure 

projects with low carbon footprint. 

1.9 Research Originality 

Original knowledge contributions through this research are as follows: 

▪ Use of PIV to study particle behaviour during laboratory DST: It has been a 

physical challenge to study the movement of particles along the shear band due to 

equipment limitations. With the use of an original transparent shear box and 

sequential images of the DST specimen, particle movements can be captured in 

terms of vector plots. 

▪ Incorporation of realistic particle geometry in DEM: This is a breakthrough in the 

field of DEM where actual particle shapes are simulated instead of generic shapes 

and clumps of spheres. 

▪ Creation of realistic printed particles: This is a breakthrough in 3D printing for 

soil studies, wherein multiple 3D printed synthetic particles can now be used for 

calibration and validation of the new ‘advanced DEM technique’. 

▪ Ideal comparable testing condition between laboratory and simulated DST by 

adopting similar material stiffness and identical particle shape using micro-CT 

scanning and 3D printing. 

Alongside these original knowledge contributions, the author has also acquired expertise 

in new and emergent knowledge and processes as follows: 

▪ Micro-CT X-Ray image processing: Image filtering, 3D reconstruction from 

image slices, export to mesh format (standard tessellation language). 
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▪ Mesh editing: mesh cleaning and scaling, verify and repair broken triangular 

mesh. 

▪ High performance GPU intensified computing: Graphic and memory 

requirements for DEM, availability and pricing of GPU in the market, use of 

graphic card’s double-precision value in DEM. 

▪ Modelling capabilities: DEM process, contact laws, geometry import, material 

properties, application of forces and displacement in a model, calibration of 

material interactions and, post-processing for data extraction and plotting results. 

▪ Advanced 3D printing process (selective laser sintering): material selection based 

on engineering properties, SLS printing resolution, printing process, supported 

file for printing input, batch printing process. 

▪ Direct shear testing: testing standards, sample preparation based on relative 

density, data processing, interpretation of shear strength and failure properties. 

▪ Particle Image Velocimetry: image processing, MATLAB, GeoPIV calibration, 

vector scaling, displacement unit conversion from pixels to millimetres. 

▪ Assessment and prediction of pipe-jacking force: pipe-jacking process, jacking 

force model, assessment of arching onto jacked pipe, prediction of arching and 

jacking force for specific geology. 

Limitations of DEM Study 

Conducting high-end DEM simulations using scanned particle shapes requires extensive 

computation and financial resources along with the processing time. Those factors would 

increase drastically as the complexity of the model increases. As such, this study is limited 

in the number of DEM simulations conducted on scanned particle shapes. 

1.10 Contents of Thesis 

The thesis consists of eight main chapters as summarised here: 

Chapter 1 – Introduction:  
Research background, problem statement, research questions, research objectives, 
significance of study, expected research outcomes. 

Chapter 2 – Literature review:  
Past studies focusing on particle behaviour during shear, particle image velocimetry, 
direct shear test, particle image velocimetry, discrete element modelling, particle shape, 
micro-CT scanning, 3D printing and assessment of pipe-jacking forces. 

Chapter 3 – Methodology: 
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Methods adopted during this study for specimen characterisation, particle image 
velocimetry, laboratory direct shear test procedures, particle geometry extraction, 3D 
printing process and development of advanced DEM technique. 

Chapter 4 – Particle Image Velocimetry (PIV): 
PIV technology used to demonstrate particle behaviour during shear via vector plots. The 
vector plots were combined with direct shear test results to describe the shear strength 
behaviour of angular metasandstone particles. The findings were used in the subsequent 
chapters to further understand the shear behaviour of geomaterials. 

Chapter 5 – Laboratory Test Results: 
The findings from the direct shear test on metasandstone aggregates are presented and 
discussed. The four-stage shearing model and PIV findings were used to describe the 
shear strength of metasandstone aggregates. Direct shear test results of the printed 
particles were also reported. 

Chapter 6 – Discrete Element Modelling (DEM) Results: 
The findings are presented and discussed. A comparison between the use of spheres and 
realistic particle shape is provided to demonstrate the importance in DEM accuracy. Other 
results such as specimen classification, calibration and validation results using 3D printed 
synthetic particles were also documented. 

Chapter 7 – Applications of Advanced DEM in Pipe-Jacking: 
The use of advanced DEM which utilises realistic particle shapes was shown to have 
potential benefits for the assessment of pipe-jacking forces and to provide more 
confidence in using recycled aggregates during pavement construction.  

Chapter 8 – Conclusions and Future Recommendations 
The findings of this study were provided along with future research recommendations. 

Appendix: 
The abstract of the published papers during this study have been attached for the 
examiner’s reference. 
 

1.11 List of Publications during this Study 

The following journal papers, conference papers and books were led and co-authored 
during this study, with author contributions bolded and underlined. 

Journal Papers: 

Peerun, M. I., Ong, D. E. L., Desha (2022) A strategic review on enhanced DEM 
simulation and advanced 3-D particle printing techniques to improve pipe-jacking 
force prediction, Tunnelling and Underground Space Technology. 123, 104415. 
https://doi.org/10.1016/j.tust.2022.104415. [Impact Factor = 5.915, Q1] 

 
Peerun, M. I., Ong, D. E. L., Choo, C. S., Cheng, W. C. (2020) “Effect of interparticle 

behavior on the development of soil arching in soil-structure interaction”, Tunnelling 
and Underground Space Technology. 106, 103610. 
https://doi.org/10.1016/j.tust.2020.103610. [ Impact Factor = 5.915, Q1] 
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Peerun, M. I., Ong, D. E. L, Choo, C. S (2019) “Interpretation of Geomaterial Behavior 

during Shearing Aided by PIV Technology”, J. Mater. Civ. Eng. (ASCE), 31 (9), 
https://doi.org/10.1061/(ASCE)MT.1943-5533.0002834.  [Impact Factor = 3.486, Q1] 

 

Conference Papers: 

Peerun, M. I., Ong, D. E. L., Desha, C., Oh, E. and Choo, C. S (2021) “Advances in the 
Study of Micromechanical Behaviour for Granular Materials using Micro-CT Scanner 
and 3D Printing”, 16th International Conference of the International Association for 
Computer Methods and Advances in Geomechanics (16th IACMAG), 5-8 May 2021, 
Torino, Italy, Politecnico Di Torino [online]. 

 
Peerun, M. I., Ong, D. E. L., Desha, C., Oh, E. and Choo, C. S (2019a) “Recent 

Advancements in Fundamental Studies of Particulate Interaction and Mechanical 
Behaviour using 3-D Printed Synthetic Particles”, 1st Malaysian Geotechnical Society 
(MGS) and Geotechnical Society of Singapore (GeoSS) Conference 2019, Petaling 
Jaya, Malaysia, 24-26 June 2019.  

 
Peerun, M. I., Ong, D. E. L., Desha, C., Oh, E. and Choo, C. S (2019b) “Influences of 

Geological Characteristics on the Construction of Tunnels”, World Engineers 
Convention 2019, Engineers Australia, Melbourne, Australia, 20-22 November 2019. 

Book 

Ong, D. E. L., Barla, M., Cheng, J. W., Choo, C. S., Sun, M. and Peerun, M. I. (2022) 
Sustainable Pipe-jacking Technology in Urban Environment – Recent Advances and 
Innovations. Cities Research Series. Springer. https://doi.org/10.1007/978-981-16-
9372-4  
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2.0 LITERATURE REVIEW 

This chapter presents a comprehensive review of literature about the quest to predict soil strength 

through accurately modelling particle shape influence on shear strength. The chapter provides a 

strong foundation for the thesis study, clearly stating the challenges and limitations of past 

methodologies to improve the modelling of soil particles, and opportunities to contribute to the 

field of geotechnical research. The structure of the chapter provides a logical progression of 

context for the thesis, considering interparticle behaviour under shear, which has been primarily 

studied based on laboratory tests and numerical models: 

• Laboratory direct shear testing is fundamental to predicting shear strength of soils. The 

chapter begins with a synthesis of current best practice in conducting and interpreting ‘direct 

shear tests’. [Section 2.1] 

• Particle image velocimetry (PIV) allows better insights on particles movement along the shear 

band and its influence on the strength properties. This chapter complements the laboratory 

direct shear testing by describing the interparticle behaviour during shear and how it is 

interpreted in a shear stress plot. [Section 2.2] 

• Numerical modelling of the shear strength test using granular particles enables improved 

understanding of soils under different conditions, and improved design outcomes through 

iterative analysis of design options. The chapter then introduces the importance of particle 

shape and discusses the evolving role of discrete element modelling (DEM) to improve 

modelling outcomes through improvements in particle shape representation. [Section 2.3] 

• It has been problematic to validate discrete element models, with limited progress over the 

last decade. Challenges in DEM calibration are summarised, including insufficient data and 

issues with the generalised curve fitting approach. [Section 2.4] 

• Addressing issues using spherical shapes in numerical models is key to more accurately 

predicting particle shear strength. The chapter includes a discussion of the influence of 

spherical particle shapes in DEM, and presents a summary of micro-CT scanning methods 

that have been attempted to create more realistic particle shapes that can be used in DEM. It 

also discusses opportunities for 3D printing these scanned particles for use in direct shear 

tests, as a model calibration method. [Section 2.5] 

• More accurately predicting particle behaviour will be a major break-through for the 

geotechnical field. An example of typical challenges that can be addressed through improving 

particle representation are presented using a typical pipe jacking case study. [Section 2.6]   
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2.1 Tests for Determining Particle Shear Strength 

Over the last century, numerous practitioners and researchers have investigated the 

particle behaviour of granular soils based on laboratory tests, to improve their knowledge 

of strength qualities such as ‘friction angle’ and ‘apparent cohesion’ (Potts et al. 1987, 

Fukuoka et al. 2006, Indraratna et al. 2014). According to Xiao et al. (2014), particle 

shape and void ratio would impact the dilation and compression of the test material under 

shear, affecting its strength values substantially. In the following sub-sections, laboratory 

testing methods are summarised and discussed in relation to their ability to account for 

particle shape and composition.  

 Direct Shear Test 

The direct shear test is commonly used to determine the strength of granular materials 

like sand. Internal friction angle and cohesion are two shear strength parameters derived 

from a direct shear test. The testing process and sample preparation are outlined in ASTM 

(2003). Figure 2.1 depicts a schematic diagram of a direct shear test, in which a normal 

weight is imposed on top of the specimen while the specimen is displaced horizontally 

by a shearing force. 

 

Fig. 2.1 Schematic diagram of a direct shear test (Das 2008) 
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 Typical Direct Shear Results 

The density of a tested sand sample determines its strength and volumetric behaviour (Das 

2008). Dense and medium sand samples yield a distinctive peak shear stress, which 

eventually decreases to a steady residual shear stress. The specimen will compress during 

the early stages of shearing then dilate as the shear displacement increases. The volume 

of the specimen will stay almost constant for high shear displacement. Shear stress rises 

with shear displacement for loose specimens until it approaches a constant shear stress at 

residual state. During the residual state, the specimen will compress with increasing shear 

displacement until a constant volume is attained. Shear stress and volumetric plots for 

dense, medium, and loose specimens are shown in Figure 2.2. 

 

Fig. 2.2 Typical shear stress and volumetric plots for dense, medium and loose 

specimens (Das 2008) 
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 Four-stage Shearing Model 

To better understand strength behaviour during direct shear tests, an interpretation of the 

particle mechanism behaviour is required. Li and Aydin (2010) suggested a four-stage 

shearing model that provides a visual representation of particle behaviour during 

shearing. It is possible to have a better knowledge of the shear strength parameters by 

correlating the particle morphology and mechanical behaviour. This is explained through 

the four-stage shearing model: 

1. Stage 1 - End Zone Deformation. This occurs when the specimen contracts at the 

beginning of the shearing phase. When a shear force is applied, the contraction may 

be caused by a change in the stress field within the sample (Li and Aydin 2010). With 

the applied shear force, the particle arrangement created during the previous 

compression stage is reorganised. Due to the fluctuation in the stress field, the 

particles, mostly along the shear band, reorganise themselves within existing voids, 

causing the sample to contract. Before reaching peak shear stress, localised stresses 

arise near the end of the shear band. The end zone deformation stage terminates when 

there is no further contraction owing to particle interlocking at the lowest volumetric 

strain (Shimizu 1997). 

2. Stage 2 - Particle interlocking. This begins at the lowest point of the volumetric plot 

and causes the specimen to dilate as particles along the shear band attempt to 

overcome interlocking among particles in contact with each other. The magnitude of 

particle interlocking is defined as the amount of friction that stops particles from 

sliding, rolling, or rotating. The peak shear stress will be reached when the greatest 

particle interlocking activities inside the shear band have been reached. 

3. Stage 3 - Shear Zone Development. This begins when the shear stress reaches its 

maximum and continues until it reaches a constant value. A loose layer would emerge 

from particle mobility along the shear band (Oda and Kunishi 1974, Fukuoka et al. 

2006). The smaller particles will replace in the existing voids during this step, while 

the bigger particles will roll or spin, allowing the shear band to realign its structure 

and minimise shear resistance. Larger particles will dilate, resulting in greater 

interlocking, whereas dynamic compression will cause the specimen to contract. With 

a significant shearing displacement, a constant shear band is frequently established 

(Li and Aydin 2010). 

4. Stage 4 - Steady Shear. This is the final stage of shearing where unequal layers of 

particles are shifted on a regular basis, resulting in no additional dilation or 
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compression. To obtain a residual condition, the specimen is sheared with little 

vertical displacement. The particles move down the surface at this point, producing a 

balance of dilation and contraction (Li and Aydin 2010).  

Figure 2.3 depicts the four-stage shearing model, using a standard shear stress and 

volumetric plot. 

 

 

Fig. 2.3 Four-stage shearing model (Li and Aydin 2010) 

2.2 Particle Image Velocimetry (PIV) 

Several experts have looked at particle behaviour along shear bands. Laboratory studies 

and numerical modelling are commonly used to gain a better understanding of particle 

behaviour during shearing. However, various limitations were discovered over the course 

of such investigations. The limitations were found to be (1) non-uniform stress obtained 

from direct shear test was only portrayed in numerical modelling (Potts et al. 1987, 

Indraratna et al. 2014), (2) obstruction of specimen along shear zone due to the equipment 

setup (Fukuoka et al. 2006), (3) particle activities and shear ban development were 

observed in an isolated and non-continuous manner (Wang and Sassa 2002, Wafiq et al. 

2004), and (4) granular materials were assumed and studied as plain-strain matter (Yuan 

et al. 2017, Peerun et al. 2019a). 
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The constraints demonstrated the importance of physical testing for experimental 

validation of simulated particle behaviours and for providing continuous and 

unobstructed views of granular materials during shearing. To solve the previously 

mentioned shortcomings, it is critical to get clear evidence of the test specimens during 

shearing for the investigation of particle movement along the shear zone. This was 

accomplished in the current work by acquiring continuous sequential high-resolution 

photos during direct shear testing on sand-sized metasandstone via a totally transparent 

shear box. Although particle image velocimetry (PIV) is not a novel technique, its use in 

validating a standard shear box test and then in interpreting parameters such as friction 

angle and apparent cohesion based on particle activities is considered advantageous for 

understanding the fundamental shear behaviour of granular materials.  

Particle image velocimetry is a method that use double-flash photography to determine 

velocity (Adrian 1991). The approach generates displacement vectors by examining a 

sequence of successive photos taken during a seeded flow with an autocorrelation 

function. GeoPIV is a MATLAB package that performs PIV calculations in geotechnical 

testing applications. Vector displacement is captured during geotechnical testing using 

PIV principles. The texture of the soil specimen being evaluated can be monitored using 

a batch of photos to generate a comprehensive vector trajectory map of the specimen 

(White and Take 2002, White et al. 2003). GeoPIV can be utilised to aid in the 

development of an understanding of the particle dynamics within the shear box. Localised 

activities such as dilation and compression can be detected as a result of particle 

behaviour during shear. While the analysis is unable to quantify such localised activities, 

it does give an accurate description of particle mobility for improved visualisation when 

comparing particle behaviour to the direct shear test results. As a result, a more complete 

understanding of particle behaviour and strength development may be obtained. GeoPIV 

establishes a reference point with the first image and compares successive photographs 

to the reference image to determine the relative displacement between the images as 

shown in Figure 2.4. As a result, as Mehdizadeh et al. (2015) clarified, any distortion 

caused by curvature, the camera lens, or light refraction is avoided. 
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Fig. 2.4 Principals of particle image velocimetry analysis (White and Take 2002) 

Prior to this study, Peerun (2016) examined particle behaviour during shear and 

interpreted its strength features using a state-of-the-art transparent direct shear box and 

particle image velocimetry (PIV) technology. Figure 2.5 depicts various typical PIV 

vector patterns that indicate (a) particle interlocking, (b) potential particle breakage, and 

(c) no vertical movement during residual shear state. 

 

Fig. 2.5 Typical PIV vector pattern representing (a) particle interlocking (b) possible 

particle breakage and (c) no vertical movement (Peerun 2016) 

 

PIV was used to test and analyse sand and shale specimens in order to investigate the 

localised particle activities that contribute to their respective strength values. Sand 

featured rounded particles of strong quartz minerals, whereas shale comprised angular 

particles with weak mineral matrices. The interlocking activities of the strong rounded 
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sand particles were higher, resulting in localised dilation as seen in Figure 2.6 (a). As 

evidenced by the localised compression in Figure 2.6 (b), the significantly weaker and 

angular shale particles were suspected of being broken. According to Peerun et al. 

(2019a), particle interlocking causes dilation, which increases apparent cohesion, whereas 

potential breakages cause compression, which lowers peak shear stress. When normal 

stress is increased, more particle interlocking occurs, resulting in more dilation and 

apparent cohesion, as well as a decrease in internal friction angle (Peerun et al. 2019a). 

Peerun et al. (2019a) found a clear distinction between rounded and angular particles, as 

well as their impact on shear strength. 

 

Fig. 2.6 Comparison in localised activities for (a) rounded particles of sand and (b) angular 

particles of shale (Peerun et al. 2019a) 

 

2.3 Modelling for Determining Particle Shear Strength 

With continuous and rapid advancements in computing capacity, practitioners and 

researchers have been increasingly using numerical approaches that do not focus on the 

granular assembly as a whole, but rather determine its global properties by analysing the 

discontinuous behaviour of each particle (Zhao et al. 2022). A modelling challenge is to 

address the reality that granular media (i.e., soil particles) should adopt a discontinuous 

simulation approach due to their substantially discontinuous nature (Zhao et al. 2022).  

Discrete element modelling (DEM) has emerged to address the ‘discontinuous 

simulation’ challenge in rocks, incorporating external (real-world) variables – known as 
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‘contact interaction’ forces. These forces include gravity, objects contacting surrounding 

objects, and particle movement in accordance with Newton's equations of motion 

(Britannica 2021). In summary, the mechanical response of a typical material is predicted 

through understanding its mechanical qualities. Mechanical qualities are understood 

through examining its macro-properties, wherein the model assumes that: 1) the granular 

particles of the materials are the ‘discrete-elements’, 2) the particles interact through 

local, pairwise connections; and 3) the particles are susceptible to external variables 

(Kozicki and Donze 2008).  

The first DEM technique was developed in 1979 for examining rock through investigating 

the mechanical behaviour of discrete-element assemblies (Cundall and Strack 1979). The 

macro-mechanical response of the physical material (deformability, strength, dilatancy, 

strain localisation, and other) was reproduced by determining the contact interaction 

forces of the material. These included normal, tangential, and rolling stiffnesses, local 

friction, and non-dimensional plastic coefficients (Kozicki and Donze 2008). 

 The Importance of Particle Shape  

It has long been understood that one of the most important influencing aspects for 

granular material’s shear behaviour is particle shape (Shimobe and Moroto 1995, Miura 

et al. 1998, Dyskin et al. 2001). Some of the categories used to describe particle shape 

include roundness, roughness, sphericity, and texture (Santamarina and Cho 2004, Cho 

et al. 2006). It is also known that increasing angularity or reduced sphericity results in 

larger values of ‘maximum void ratios’ (emax) and ‘minimum void ratios’ (emin), as well 

as a greater difference (Ie) between the two values (de Graff-Johnson et al. 1969, 

Santamarina and Cho 2004, Cho et al. 2006).  

A visual assessment chart for particle shape based on sphericity and roundness 

measurements is shown in Figure 2.7. Soils containing ‘platy’ particles have lower 

packing density, stiffness, and constant volume strength, but irregular particles have the 

reverse effect (Hight et al. 1998, Guimaraes 2002, Cho et al. 2006).  
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Fig. 2.7 Visual assessment chart for particle shape based on sphericity and roundness 
measurements (Sims and Brown 1998) 

In triaxial testing on a combination of gravel and sand, Holtz and Gibbs (1956) discovered 

that angular quarry materials produced higher shear strength than subrounded and 

subangular river materials. Cho et al. (2006) used sphericity, roundness, and smoothness 

of the particle to describe the particle shape and surface roughness of sand by examining 

the relationships between particle shape and packing density, stiffness, and strength of 

sand. The study found that as irregularity increased, emax, emin, and Ie increased, but critical 

state friction angle and compressibility under zero-lateral strain loading decreased, 

resulting in a drop in small-strain stiffness. In 2013, Li et al. (2013) elucidated the process 

by which altering the gravel content affects the peak and constant volume friction angle 

of a clay-gravel mixture. The researchers discovered that when the asymmetry and 

roughness of the gravel particles increased, the constant volume friction angle increased 

but the peak friction angle decreased.  

Hence, it is important to categorise the particle shape for each tested specimen as it is one 

of the most essential aspects impacting the materials' shear behaviour. The angularity of 

particles is classified as angular, subangular, subrounded, or rounded. Sharp edges and 

relatively rough flat surfaces are the characteristics of angular particles. Subangular 

particles resemble angular particles but have rounded edges. The sides of subrounded 

particles are almost flat, while the corners and edges are well-rounded. Finally, rounded 

particles are defined as those with smooth curving sides but no edges (U.S.Service 1990).  
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Figure 2.8 depicts the different categories of particle shapes with low and high sphericity, 

such as extremely angular, angular, subangular, subrounded, rounded, and well-rounded. 

 

Fig. 2.8 Visual assessment of particle shape based on morphological observation (Sims 
and Brown 1998) 

 Representing Particle Shapes  

Since particle shape is a critical element determining shear strength, there have been 

various attempts to incorporate realistic particle shape in DEM (Wang et al. 2021). In 

discrete element modelling (DEM), spheres have long been a popular and primary choice 

for contact detection. In DEM models, a sphere generally represents a (whole) single 

particle. Over time, complex particle structures began to be estimated by multiple spheres, 

which were combined to form a cluster (see for example, Šmilauer (2010)). A ‘clumping’ 

approach evolved to produce more precise simulation results, which comprised a 

collection of firmly linked and overlapping spheres of varying sizes (Zhan et al. 2019). 

The clumping approach has been used to create ellipsoids, polygons / polyhedral, and 

other forms to replicate irregular aggregates, as illustrated in Figure 2.9. 

 

Fig. 2.9 Clump templates of irregular aggregates (Zhan et al. 2019) 
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Some DEM software programmes such as Yet Another Dynamic Engine (YADE), 

Particle Flow Code (PFC), and Altair EDEM use the sphere clumping approach to provide 

an estimate depiction of the real particle. As illustrated in Figure 2.10, the sphere clumps 

provide a reasonably realistic picture of particle form (DesignWorld 2019). However, a 

vast number of spheres of varying sizes would be necessary for the clump for the user to 

assure precision. Furthermore, it is unclear how the cluster of spheres' overlap area and 

moment of inertia are corrected in the simulation contact laws.  

 

Fig. 2.10 Complex shape generation using sphere fitting technique by EDEM software 

(DesignWorld 2019) 

DEM needs a lot of processing power, which is mostly provided by a Graphical 

Processing Unit (GPU) in a workstation. As a result, the accuracy of particle shape and 

DEM outputs are mostly determined by computing power. Because of this, while 

improvements in accuracy result from the clumping approach, a major disadvantage of 

complex ‘high resolution’ clumps – which could consist of hundreds of overlapping 

spheres – is the resultant increase in computing processing load (Wang et al. 2021). As a 

consequence, users frequently use a simpler clump form. Figure 2.11 shows simplified 

spherical clumps adopted to represent ballast particles (Dahal and Mishra 2020).  

 

Fig. 2.11 Sphere clumps to represent actual ballast shapes (Dahal and Mishra 2020) 

In a 2021 study, sphere clumps were used to generate ballast shapes in DEM (Wang et al. 

2021). A large direct shear test of 300 mm x 300 mm x 195 mm was simulated using PFC 
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3D software as shown in Figure 2.12. Concluding that balance was needed between the 

number of particles required to sufficiently simulate the various ballast shapes and the 

cost of the analysis, nine irregular shaped clumps were generated using several spherical 

particles that range between 10 and 16 mm. These shapes approximately represent, to a 

large extent, the overall geometry of the investigated ballast particles and, at the same 

time, resulted in significant cost saving to the computation process (Wang et al. 2021). 

 

Fig. 2.12 Direct shear test simulation using sphere clumps to represent ballast particles 
(Wang et al. 2021) 

 
Wang et al. (2021) also validated the DEM results against laboratory direct shear tests as 

shown in Figure 2.13. In general, the DEM results achieved comparable peak shear state. 

However, with increasing normal stress, the DEM result required improvements to better 

estimate the residual shear stress behaviour. Although the DEM results can be considered 

acceptable on case-by-case basis, the authors concluded that direct shear test simulation 

using DEM could be further improved in terms of particle shape to produce more accurate 

results, hence the potential value of the research carried out here. Additionally, there are 

limited studies on poorly graded gravel size particles in DEM. Most studies focused on 

sand-sized particles with well-graded or gap-graded size distribution. This study aims at 

simulating gravel size angular particles of metasandstone in DEM. 
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Fig. 2.13 Shear stress plots of ballast by means of experimental tests and DEM 
simulation using sphere clumps (Wang et al. 2021) 

 Challenges and Limitations of DEM in Practice 

During granular scale calibration and validation exercises, most DEM models employ 

limited experimental data (Ng 2006, Liu et al. 2016). As a result, the input parameters 

utilised in the calibration and validation models, such as material characteristics, are often 

adjusted to match the stress-strain and state path derived from macroscopic tests. 

According to Wang et al. (2016), there is no adequate process for selecting material 

parameters. When calibrating a macroscopic model, as opposed to micromechanical 

models, more information is necessary. Strain histories may be used to convey a variety 

of factors, including particle morphology (size, shape, packing, and arrangement) and 

micromechanical behaviour (surface roughness and fracture energy) (Gupta et al. 2018).  

Due to the unavailability of data, various combinations of microstructures and 

constitutive laws are typically employed to match the constitutive responses utilising 

extremely flexible curve fitting exercises throughout the calibration process. Friedman 

(1997) described such arbitrariness as the "curse of dimensionality," in which calibrated 

DEM models are unable to deliver genuine prediction (Wang et al. 2016, Gupta et al. 

2018). As a result of DEM's limitations, experimental tests are required to validate such 

models. The shear strength gained through the investigation of macro-mechanical 
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behaviours of granular particles is predicted to aid to a more accurate prediction of 

strength parameters by bridging the gap between DEM models and experimental testing. 

2.4 Calibration and Validation of Simulation using 3D Imaging and Printing 

The concept of 3D printed granular particles is beginning to be utilised as a standard soil 

specimen for calibration and quality control in geotechnical testing (Hanaor et al. 2016).  

3D scanning is used to extract the geometry of granular particles, which is then recreated 

using 3D printed synthetic materials. Through a series of parametric experiments, 

independent examination of influencing characteristics such as particle shape, angularity, 

and stiffness is possible. Several technologies are discussed in the following sub-sections. 

The fundamental conditions for creating synthetic granular particles using 3D printing 

are that the simulated particle should pragmatically represent the original specimen and 

that all of the characteristics utilised to make the simulated granules should be taken from 

the real specimen (Hanaor et al. 2016, Peerun et al. 2021). To achieve this, high resolution 

3D imaging is required to replicate intricate soil geometries. As such, only a few 

standardised materials, such as soils from a certain source or mineral sands like Ottawa 

sands, are readily available in geotechnical laboratories (Tarnawski et al. 2009).  

Due to insufficient data and the complexities of soils, calibrating and validating DEM 

models has been an ever-present problem, making it impossible to undertake an 

independent investigation on each influencing variable (Miskin and Jaeger 2013). This 

has recently been addressed with the use of 3D imaging via micro-CT scans and 3D 

printing, hence the value in using these techniques in the current research. 

 X-Ray MicroCT Scanning 

With the aid of X-ray micro-computed tomography (micro-CT), progress has been made 

in the study of micromechanical behaviours of sand particles in 3D visualisation and 

characterisation, for example particle kinematics (Lim et al. 2015, Alshibli et al. 2017) 

and formation of local shear band (Oda et al. 2004, Alshibli and Hasan 2008, Kawamoto 

et al. 2018). The use of high-resolution X-ray CT scanning has made it feasible to study 

the microstructure and micromorphology of natural sand particles in recent years (Wang 

et al. 2007, Zhao et al. 2015).  

Porous media, X-ray micro-CT scanning has made significant progress in obtaining 

microscopic images of the dimensional configuration of complex structures (Cnudde and 

Boone 2013). Using a non-destructive study approach, it is now feasible to get qualitative 
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and quantitative inner features of multiphase porous materials (Tippkötter et al. 2009, 

Mooney et al. 2011). During the study of pore scale processes, digital imaging and 

modelling – or 'digital rock physics' – has provided a better understanding of single and 

multiphase flow dynamics (Blunt et al. 2013, Ferro and Morari 2015, Peerun et al. 2021). 

Given the numerous challenges associated with the variety of soil microscale and its 

impacts on microscopic dynamics (Baveye et al. 2011), there have been few attempts to 

improve such understanding by combining 3D imaging and 3D printing. Examples are 

summarised here, highlighting the challenges faced by the respective authors:  

• Ferro and Morari (2015) utilised X-ray microCT and a 3D multijet printing process 

to duplicate complex soil structures in a cylindrical shape with an 80-m resolution, 

then performed triaxial tests on the printed soil-like structures to compare hydraulic 

characteristics to genuine soil specimens. The printed soil-like structure had similar 

porosity and pore shape. However, the results demonstrated a drop in pore 

connectivity due to closed pores inside the triaxial specimens due to testing 

limitations. 

• Wei et al. (2018) used spherical harmonic descriptors and fractal dimension to create 

an approach for reproducing realistic morphological traits of sand particles using X-

ray microCT images of natural sand particles. In terms of form characteristics, two 

types of sand assemblies were created via 3D printing and compared to genuine sand 

particles. When analysed visually, the form metrics of the 3D printed particles, such 

as sphericity, convexity, roundness, and elongation index, were equivalent to those of 

genuine sand particles. DEM was used to provide particle morphology characteristics 

to a granular column collapse simulation. Through particle flow resistance, an 

improvement in the interlocking effect and anisotropy degree was seen, which 

enhanced slope stability.  

• Miskin and Jaeger (2013) employed an evolutionary algorithm to produce over 2000 

granular particles with the optimal morphology. The simulated particles were printed 

using ultraviolet-cured plastic materials on an object 3D printer with a resolution of 

less than 40 µm. The size of the printed spherical particles ranged from 3 to 5 mm, 

which is comparable to the simulated ones. The printed particles were subjected to a 

4-percent strain triaxial compression test, and the DEM simulation findings were 

compared to the results of the real triaxial compression test. The measurement 

inaccuracies were caused by statistical fluctuation in the randomly selected materials.  
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• Hanaor et al. (2016) employed three alternative techniques to mimic the morphology 

of realistic granular materials. For creating complex particles, simulation methods 

include fractal surface overlay, contour rotation interpolation, and directed polyhedral 

aggregation. The three particle morphologies were analysed, and the contour rotation 

interpolation approach was found to be the most suited for creating 3D printed 

particles and DEM simulations for triaxial testing. The findings of the triaxial tests 

revealed that 3D printed materials display shear behaviour, and that morphology has 

an impact on bulk material behaviour. During the research of particle behaviour, 3D 

printing technology would enable segregation of particle morphology and particle 

material. Printing resolution and accessible printing materials are, however, the 

existing constraints. Bulk printed granular particles with coarse angular shapes are 

seen in Figure 2.14.  

 

 

Fig. 2.14 Bulk printed granular particles with rough angular shapes (Hanaor et al. 2016) 

• Gupta et al. (2018) developed an open-source prototype test that uses microCT scans 

to extract particle morphologies from real sand particles and feeds the form 

characteristics into 3D printing to create sand particle replicas. Shape descriptors used 

in discrete element modelling are compared to this approach (DEM). To calibrate and 

verify the prototype test against discrete element models, oedometric compression 

experiments were performed.  
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 Selective Laser Sintering (SLS) 

Selective laser sintering (SLS) is the leading technology for printing synthetic granular 

particles since it employs resin powders as the main material and can reach printing 

resolutions of up to 200 micrometres (EOS 2008). As illustrated in Figure 2.15, selective 

laser sintering (SLS) machines have the same design idea as electro optical system (EOS) 

laser sintering machines (Noorani 2006), wherein powder deposition, powder 

solidification, and lowering of the build platform by individual layer thickness are all part 

of the manufacturing process. These steps are repeated until the sintered product is 

complete.  

 

 

Fig. 2.15 Setup for selective laser sintering consisting of (a) vertically movable build 

platform, (b) powder bed with embedded sintered model layers, (c) laser source and (d) 

laser optics, (e) powder feedstock and deposition hopper and (f) blade for powder 

distribution (Ligon et al. 2017) 

A 3D object's CAD file is utilised as the input, and a laser beam is applied to the powder 

bed, where the laser optic traverses over the outlines of the 3D item layer by layer. The 

heat acquired from the laser beam softens, melts, and solidifies the particles around it 

(Tolochko et al. 2000, Kumar 2003, Ligon et al. 2017, Peerun et al. 2019b). 
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The powder particles are delivered by a hopper or a separate powder feed platform, and 

the powders are distributed across the building envelope using a blade during the sintering 

of subsequent layers. The temperature of the chamber is kept a few degrees below the 

treated material's softening point to decrease processing time and the amount of thermally 

generated internal stress. Curl distortion during layer solidification will be avoided as a 

result of this. To avoid oxidative deterioration of the material during the process, an inert 

gas environment must be maintained within the chamber by having a constant heat load.  

During the process, the loose powder particles stay in the powder bed and serve as support 

for the sintered items. This eliminates the requirement for support structures or materials 

in the creation of complicated and fragile structures. Furthermore, the powder bed has a 

stabilising effect that aids in the manufacturing of stacks of models, reducing disruptions 

caused by part removal. The loose powders may simply be recycled when the production 

process is completed and utilised in subsequent sintering cycles (Ligon et al. 2017). 

 Materials for synthetic particles 

Resin powders are used as the printing materials, allowing for micrometre-level printing 

resolution. There are currently only a few commercially available resin powders, usually 

known as polyamide powders, although a greater range of powders is generated for 

research and patents. These powders require sophisticated techniques to manufacture, 

characterise, and process, and hence have had limited commercial success. Polyamide 

powders are primarily supplied by EOS, 3D Systems, Advanced Laser Materials (ALM), 

CRP Technology, and Stratasys (Ligon et al. 2017). PA-12, which is manufactured of 

PA-12 basic powder Vestosint, accounts for the majority of the polyamide market. 

Semicrystalline polyamides are found in other goods such as PA-6 and PA-11.  

Other powders with varied mechanical qualities are also available, such as HDPE, PP 

polymers, and PA-12 grade mixes with carbon, aluminum-based fillers, and glass. PA-

12, which is sold by 3D systems and EOS as Duraform PA12 and PA2200, respectively, 

accounts for more than 90% of the polyamides market. Both products are made up of the 

same Evonik raw material called PA-12 basic powder Vestosint (Ligon et al. 2017). PA-

11 and PA-6 are two more semicrystalline polyamides. Other powders with lesser 

mechanical qualities, such as HDPE and PP polymers, are available from Diamond 

Materials as options for items with reduced strength needs. To produce better material 

strength, a combination of PA-12 grades with carbon, glass, or aluminium-based fillers 

can be used, or PEEK powder can be used (Ligon et al. 2017).  
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As a result, based on the polyamide powder chosen, the ideal synthetic particle stiffness 

may be attained. This is especially advantageous for the independent investigation of 

particle stiffness, as the particle shape may be preserved while the stiffness is varied. Due 

to the varied characteristics of soil particles, such an activity would be difficult if real 

particles were employed. Figure 2.16 depicts the mechanical characteristics of a variety 

of commercially available SLS materials (Ligon et al. 2017, Peerun et al. 2019b). 

 

 

Fig. 2.16 Commercially available SLS materials versus their mechanical properties 

(Ligon et al. 2017) 

 Engineering responses of synthetic particles 

Few researchers have attempted to explore the behaviour of granular particles using 

synthetic particles (Miskin and Jaeger 2013, Hanaor et al. 2016, Gupta et al. 2018). 

Examples are discussed in the following paragraphs: 

• Miskin and Jaeger (2013) printed more than 2000 synthetic particles composed of 

ultraviolet-cured plastic material using an Objet 3D printer with a resolution of less 

than 40 µm. The particle diameter ranged from 3 to 5 mm, with a modulus of 67 MPa 

and 25 MPa for the stiffest and softest forms, respectively. The predicted modulus, 
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according to the simulation, was 46 MPa. For experimental packings, however, an 

acceptable modulus of 47 ± 1 MPa was attained. 

• Hanaor et al. (2016) employed an Objet Eden250 poly-jet 3D printer with horizontal 

and vertical resolutions of 4 µm and 32 µm, respectively. Bulk printing 8000 grains 

of surrogated sand particles with a mean diameter of 2 mm was performed with 

Fullcure 720 resin, which has a specific gravity of 1.19 and an elastic modulus of 2.87 

GPa. These characteristics, however, differ from those of normal quartz (Gs = 2.64, 

elastic modulus 90 GPa). The dimensionless stress stiffness ratio for quartz at 1 MPa 

confining stress was calculated using triaxial testing on surrogated sand particles with 

an effective confining stress of 20 kPa. The printed particles demonstrated shear 

behaviour and the effect of particle shape on bulk material behaviour, according to 

the triaxial test findings. 

• Gupta et al. (2018) 'box printed' 100 granular particles, using SCULPTEO fine 

polyamide PA 2200, which has a Young's modulus of 1250 ± 150 MPa, shear 

modulus of 475 ± 25 MPa, and tensile strength of 45 ± 3 MPa. A resolution of 60 m 

was used to produce fine printing layers. During a one-dimensional compression 

oedometer test, the synthetic particles exhibited normal granular behaviour. When 

compared to natural sand, synthetic materials demonstrated superior ductility, which 

is owing to the plastic material's low bulk and shear modulus, which prevents particle 

breakage and crushing. During cyclic loading, however, a vertical strain of 10% was 

found in the synthetic particle during compression and recompression, which is 

approximately equal to actual sand (Gupta et al. 2018). 

2.5 Realistic Particle Shape Extraction 

Both DEM models and 3D printing of granular particles need the replication of realistic 

geomaterial grain morphologies (Matsushima et al. 2003). Although using simplified 

geometries on a case-by-case basis could be effective (Alonso-Marroquín et al. 2013, 

Hanaor et al. 2013), more detailed methodologies are required for describing, predicting, 

and explaining material morphology influencing hierarchical origins of surface-localised 

physical behaviour of geomaterials.  

When analysed microscopically, surface patterns with self-similarity geometries and 

features within the length scales range in naturally occurring geomaterials mostly affects 

the friction characteristics and contact stiffness along particles (Hanaor et al. 2014, 

Russell 2014, Hanaor et al. 2016). Sphericity, convexity, roundness, and roughness were 
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previously used to characterise and classify particle morphologies (Barrett 1980, 

Pourghahramani and Forssberg 2005, Blott and Pye 2007). The description of 

geomaterials has been done for decades using Krumbein and Sloss's standard charts 

(Krumbein and Sloss 1951). However, rather than physical definition, this kind of 

morphological characterisation is predicated on user convenience. These geometric 

descriptors are not the sole way to characterise geomaterials, and while image analysis 

has made it simpler to collect these characteristics (Liao et al. 2010, Altuhafi et al. 2013), 

they are insufficient for numerical simulation and granular particle printing (Hanaor et al. 

2016). 

To include particle geometries into DEM simulations, an image processing approach 

known as the ‘marching cubes algorithm’ can be used to reproduce the 3D particle 

surface, which builds a polygonal mesh of an isosurface from 3D scalar voxels collected 

from X-ray CT scans (Lorensen and Cline 1987, Lindblad 2005, Wei et al. 2018). To 

replicate a realistic particle model, statistical shape descriptors such as fractal surface 

overlay (FSO), contour rotation interpolation (CRI), directed polyhedral aggregation 

(DPA), and the more modern descriptor known as proper orthogonal decomposition 

(POD) are not necessary. Gupta et al. (2018) employed single-distance function in micro-

CT scans to reproduce 3D grains with comparable shape to genuine sand particles without 

the usage of statistical descriptors. Further improvements in DEM will be required to 

accurately simulate realistic particle shapes while avoiding complex computational 

approach and shape descriptors as discussed in the past studies (Wang et al. 2021). 

 Influence of Particle Shape in DEM 

Micro-CT scans may be utilised to obtain realistic geometric extraction of granular 

particles, which can then be used as input to DEM models to produce more accurate 

simulation results. This avoids the usage of spheres, which are typically used to describe 

particle geometry as an average. The comparison of a sphere and its equivalent-volume 

particle acquired from a micro-CT scan is shown in Figure 2.17. The internal friction 

angle and apparent cohesion of the specimen will be affected by such differences in 

geometry, which will impact localised activities such as particle interlocking during 

shearing. Although reliable results have been discovered when employing spheres in 

some circumstances, the assumption of treating a granular particle geometry as a sphere 

will have a significant impact on its interparticle behaviour. 
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Fig. 2.17 Comparison of (a) a sphere and (b) a grain-size particle with both having a 

diameter of 10 mm and volume of 523.6 mm3 (Liu et al. 2019). 

To make railway ballast templates, Indraratna et al. (2014) employed the sphere clumping 

approach. When compared to the usage of spheres, an approximate geometry of ballast 

was attained, which is considered to be an enhancement for DEM models. Railway 

ballast, on the other hand, is frequently described as elongated and angular, as seen in 

Figure 2.18 (a). Due to the amount and sizes of spheres utilised for reproducing a ballast 

template, such characteristics were not recorded using the existing clump approach 

(Figure 2.18 (b)). The simulated templates' rounded edges may not accurately represent 

the behaviour of angular ballasts.  

 

Fig. 2.18 Visual comparison between (a) railway ballast and (b) simulated clump ballast 

templates (Indraratna et al. 2014, WashingtonRockQuarries 2019). 
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Kumara et al. (2015) used DEM to investigate the deformation behaviour of fouled 

ballast. Figure 2.19 shows how the ballast material was mimicked by clumping four 

equal-size spheres together.  

 

Fig. 2.19 Clump particle (a) solid view and (b) cross-sectional view (Kumara et al. 

2015) 

Laboratory experiments and simulations of triaxial compression tests were conducted. 

Kumara et al. (2015) stated that an irregular particle shape should be included in the DEM 

simulation to mimic irregular material such as railway ballast in order to produce 

equivalent stress-strain behaviour. The DEM simulations produced different peak 

deviatoric stresses, but the laboratory experiments revealed a progressive increase in 

deviator stress followed by a residual state (see Figure 2.20).  

 

 

Fig. 2.20 Comparison of stress strain behaviours for (a) dense and (b) loose samples at 

0% and 30% fouling indexes during laboratory tests and DEM simulations (Kumara et 

al. 2015). 

Angular particles are more sensitive to compression and prone to breakages during 

shearing, and hence fewer interlocking activities would reduce peak shear stress (Peerun 
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et al. 2019a). For railway ballast, compression was predicted during laboratory tests, but 

substantial dilation during DEM modelling might explain the discrepancy in results. 

 Optical Scanner versus Micro-CT 

The 3D geometry of the actual particles must be extracted before the synthetic granular 

particles can be printed. Instead of using form descriptors, 3D scanning is used to create 

realistic particle replicas. 3D optical scanners and micro-CT scans are the most regularly 

utilised tools for scanning objects at a macroscopic level. When compared to micro-CT, 

an optical scanner is less expensive, safer in terms of radiation, and portable. Because the 

geometry acquired is solely of the particle surfaces and does not penetrate into the object 

like micro-CT, it needs less data processing.  

However, this technique may only be appropriate in limited circumstances. For the 

computation of surface area and volume of flat, elongated, round, and angular particles 

spanning from 16 to 19 mm, Liu et al. (2018) investigated the differences between optical 

scanner and micro-CT. For rounded and angular particles, the difference between the two 

scanning methods was found to be less than 3%, whereas for flat and elongated particles, 

the difference was up to 20%. As a result, the technique of geometry extraction should be 

chosen depending on the particle size, angularity, and scan resolution. Kulczyk et al. 

(2019) employed an optical scanner and a micro-CT to compare the two methods for 

acquiring 3D data for tooth replication. The difference in surface quality between an 

optical scanner and a micro-CT is seen in Figure 2.21. Micro-CT revealed more surface 

texture information from the two models. 

 

Fig. 2.21 Difference in surface texture for tooth replica model using optical scanner 

(left) and micro-CT (right) (Kulczyk et al. 2019) 
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 Improved Modelling using Scanned Particle Shape 

Realistic particle shape must be integrated into DEM models as the need for better and 

more accurate DEM outputs arises. To create complicated geometries, traditional sphere 

clumping is insufficient. The schematic representations of clumping methods to depict an 

irregular particle are shown in Figure 2.22.  

 

Fig. 2.22 Clumping techniques to simulate irregular particle shape (Yun et al. 2013) 

In the Figure 2.22: a) depicts non-overlapping spheres; b) employs a single sphere; c) 

depicts an ellipsoid; and d) enables sphere overlapping. In comparison to technique (a), 

(b), and (c), methods (a), (b), and (c) do not generate a fair depiction of the real particle 

in terms of shape and volume (Yun et al. 2013). Due to the rounded aspect of the spheres, 

the overlapping approach is unable to replicate the sharp edges of the real particles. 

During the spheres fitting procedure within the scanned surface, the sphere sizes, number 

of spheres, and overlapping volume must all be taken into account. The effect of sphere 

radius on the surface edges is seen in Figure 2.23.  

 

Fig. 2.23 Sphere fitting process (Zhihong et al. 2018) 
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Wei et al. (2018) discovered two factors that allows irregular particles produce realistic 

clumps. The radius ratio of the smallest to the largest sphere and the circle-to-circle 

intersection angle would determine the number of filling spheres. Wei et al. (2018) 

adopted 278 spheres to create a clump of Leighton Buzzard sand particle, as illustrated in 

Figure 2.24, for computational efficiency and clump accuracy. 

 

 

Fig. 2.24 Clump generation using various sphere parameters (Wei et al. 2018) 

For sphere filling inside a given surface, there exist sphere fitting techniques as well as 

commercial tools such as MATLAB and GMesh. PFC software was used by Gong et al. 

(2019) to mimic a gravel-shaped particle. A micro-CT scan was utilised to create an STL 

file of the surface geometry, which was then filled with spheres using PFC's built-in 

clump multisphere method. Figure 2.25 depicts (a) the real gravel fragment, (b) the 

scanned gravel's STL mesh surface, and (c) particle creation utilising sphere clumping to 

populate the STL surface (Gong et al. 2019). The cluster formed has the same geometry 

as the real particle. Using actual particle geometry, this innovation in the clumping 

approach will yield substantially more accurate results. 
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Fig. 2.25 (a) an actual gravel fragment (b) STL mesh surface of the scanned gravel and 

(c) particle generation using sphere clumping to fill the STL surface (Gong et al. 2019) 

2.6 Addressing Emergent Challenges 

From the above literature review, particle shape has been found to significantly influence 

the shear strength of granular materials. Numerical simulations such as DEM have been 

proven useful to study the mechanical behaviour of these geomaterials. However, an 

improvement in terms of particle shape simulated in DEM is expected to produce better 

prediction results. This improvement in DEM would have direct impact and may 

contribute to more sustainable and cost-effective projects. Several geotechnical 

applications make use of the strength properties during the design process. Slope stability 

and pipe-jacking forces are among the applications which may benefit from the advanced 

DEM, as described below. 

 Addressing Modelling Challenges  

Shear stress, friction angle, and cohesion are critical failure factors in geotechnical 

applications such as when determining the lateral pressure exerted to retaining walls, 

foundation bearing capacity, and slope stability. For analysing such geotechnical 

applications, DEM simulation could be a preferred solution. However, the use of particle 

shape descriptors and the generalisation of input material properties may result in 

differences in the mechanical performances of such materials. As a result, for the 

generation of micromechanical interaction among particles, the constitutive models 

employed for granular models require a precise characterisation approach (Druckrey et 

al. 2016). 

The stress-strain and density-strain relationships of granular materials are influenced 

significantly by particle shape. According to Mattutis et al. (2003), elongated particles 
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with an average elongation of 1.8 can carry almost double the stress as spherical 

polydisperse and monodisperse particles. Shin and Santamarina (2013) discovered that 

various angular particle combinations inhibit particle mobility and hinder the 

development of densely packed sands, resulting in a greater frictional angle and a lower 

lateral stress coefficient. 

It is envisaged that by employing realistic geometric extraction with micro-CT for 

printing synthetic particles, a more accurate mechanical response for both numerical 

models and laboratory tests may be produced. With a larger number of angular particles, 

the friction angle is projected to grow. The realistic morphology acquired during the 

printing process of synthetic particles would have an impact on the friction angle, as 

opposed to spheres or spherical clumps employed in numerical simulations. It is thus 

hypothesised that by using a realistic particle morphology, more dependable geotechnical 

designs, such as slope stability, may be accomplished. The effect of particle circularity 

on slope angles was studied by Robinson and Friedman (2002) (see Figure 2.26). In 

contrast to sphericity, particle circularity considers the particle's surface roughness. High 

slope angles can be attained with increasing circularity, as seen in Figure 2.26. As a result, 

the relevance of realistic particle morphology might help to get a more accurate slope 

angle through numerical modelling and physical testing while maintaining identical 

parameters in both studies. 

 

Fig. 2.26 Slope angles versus circularity for sand and sand-sphere mixes (Robinson and 

Friedman 2002). 
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 Addressing Industry Challenges in Micro-tunnelling via Pipe Jacking Method 

Due to shortages of land as a result of urbanisation, trenchless technology has grown in 

popularity over traditional open trenching. When compared to alternative approaches, this 

is owing to a variety of ecological, environmental, and economic benefits such as minimal 

ground surface settlement, construction space, and road traffic interruption 

(PipeJackingAssociation 1995, Peerun et al. 2022).  

Pipe jacking, also known as micro tunnelling for smaller tunnel diameters, is a trenchless 

technology method for installing subsurface pipelines for a variety of purposes, including 

oil and gas pipelines, sewage lines, and services cable installation. Pipe jacking employs 

a tunnel boring machine (TBM) and hydraulic jacks to build underground pipes, as 

opposed to traditional trenching, which requires extensive excavation followed by pipe 

placement and backfill. In comparison to traditional open trenching, this technology 

employs a smaller construction area and resources, making it more sustainable and cost-

effective. Figure 2.27 depicts a schematic representation of a typical jacking site, showing 

how a launching shaft is utilised to set up major project components such as hydraulic 

jacks, TBM lowering, and reinforced concrete pipe segments at the necessary tunnel level 

(Stein 2005). The hydraulic jacks move the concrete pipe segments to form a continuous 

pipeline as the TBM bores into the earth until it is retrieved at the receiving shaft. Due to 

conservative estimations of jacking forces usually produced, the jacking distance, also 

known as the drive length, is often generalised (Osumi 2000, Peerun et al. 2022). 

Pipe jacking is a difficult technique that is heavily impacted by the traversing geology, 

while being the most advantageous choice in urban and complex settings. The key design 

factor that determines the allowed drive length is jacking force, which varies depending 

on the specific geologies. Several researchers have reported the evaluation of jacking 

forces in relation to different geologies (Terzaghi 1943, Pellet-Beaucour and Kastner 

2002, Staheli 2006, Choo and Ong 2015, Khondoker et al. 2016, Ong and Choo 2016, 

Peerun et al. 2020, Peerun et al. 2022). 
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Fig. 2.27 Schematic diagram of typical pipe jacking technique (Peerun et al. 2022) 

During the pipe jacking process, significant amount of stresses and deformation can be 

observed within the pipes and pipe joints. As a result, the jacking force is established as 

the primary design criterion for micro tunnelling projects, and it will be utilised to 

determine the thrust ram capacity and whether intermediate jacking stations are required. 

The frictional jacking force will be influenced by variables such as pipe material, pipe 

diameter, soil type, soil moisture content and grading, cover depth, and construction 

procedure. The study of frictional jacking force has gained attention, and numerous 

frictional jacking force models have been produced for varied site circumstances (Bennett 

1998, Chapman and Ichioka 1999, Osumi 2000, Pellet-Beaucour and Kastner 2002, Barla 

et al. 2006, Staheli 2006).  

During pipe jacking, a process known as soil arching may arise, which minimises the 

vertical loads pressing on the pipe crown (Terzaghi 1943). The jacking forces will be 

greatly affected by the reduction in vertical load. The link between friction angle and the 

soil arching factor for various design standards was published by Shao et al. (2016), as 

illustrated in Figure 2.28.  

More accurate prediction of jacking forces might be obtained by adding real particle 

morphology into numerical models rather than employing shape descriptors. The 

synthetic particles, which represent identical features as in the numerical models, may be 

utilised for interface shearing to acquire the necessary friction angle to validate the 

models. The latter may therefore be used to predict jacking forces as well as calibrate for 

different geologies. 
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Fig. 2.28 Relationship between friction angle and soil arching factor (Shao et al. 2016) 

2.7 Concluding Remarks 

The preceding sections have established a critical understanding that particle angularity 

has a strong influence on the shear strength properties. Past researchers have shown the 

potential of using 3D scanning for incorporating realistic particle shape in DEM. 

However, the methodology adopted is still considered complex where a larger number of 

spheres with different sizes are required to overlap and form a clump representing the 

actual particle shape. This complex methodology has shown to overload the 

computational power during DEM. As a calibration medium, 3D printed particles have 

shown potential in demonstrating shear behaviour.  

By taking into consideration of all the above comprehensive and critical study of relevant 

literature, the author proposes a methodology for improved Discrete Element Modelling 

(DEM) and 3-D particle rendering approaches which do not require sphere clumping 

technique. A simplified DEM method consisting of scanned particle surface mesh and 3D 

printed synthetic particle for calibration purpose are proposed in the next chapter.  

This study will provide an original methodology for simulating direct shear tests using 

poorly-graded specimen consisting of realistic particle shapes without the need of sphere 

clumps and scaled down experiment. The test specimen in this study consists of gravel 

size metasandstone particles to address the limited studies on gravel particles in DEM. 
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The findings from the study of particle behaviour during shear via DEM can then be 

applied to the assessment of pipe jacking forces. Better estimate of jacking forces for 

diverse ground conditions can be obtained using improved DEM that integrates realistic 

particle shape. This could lead to a more environmentally friendly project design that uses 

less materials, resources, and has a lower carbon footprint. 
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3.0 METHODOLOGY 

This chapter describes the methods adopted in this study which incorporates realistic 

particle shapes in DEM. The methodology consists of material characterisation, 

laboratory direct shear test procedures, particle geometry extraction using micro-CT, 3D 

printing of synthetic particles and the development of a direct shear test simulation using 

discrete element modelling (DEM) (Figure 3.1). Particle image velocimetry (PIV) has 

also been used to visually demonstrate the shear behaviour of granular material. 

 

Fig. 3.1 Methodology overview 

The following pages detail the methods used, following the flow shown in Figure 3.1, 

namely:  

1) Specimen characterisation   [Section 3.1] 

2) Laboratory Direct Shear Testing   [Section 3.2] 

3) Particle geometry extraction   [Section 3.3] 

4) 3D Printing of synthetic particles  [Section 3.4] 

5) Discrete element modelling   [Section 3.5] 

The papers published during the PhD candidature also contain method statements that 

complement this information. 

Figure 3.1 shows the methodology details. The study of particle behaviour during 

shearing can be used to improve jacking force assessment during pipe-jacking works. 

Shear stress and strain obtained from a direct shear test are used as input parameters to 
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better understand the frictional force required to tunnel through some challenging 

geologies. Using DEM and micro-CT scanning, realistic particle simulations can be used 

to predict frictional forces. To provide further credit to this methodology, 3D printed 

synthetic particles were used to calibrate and validate the DEM simulation.  

3.1 Specimen Characterisation 

The specimens used for this study are metasandstone aggregate and PA2200 Nylon as a 

baseline 3D printing material that is used for calibration of DEM. The selected test 

specimen was opted based on its angular shape to demonstrate a contrast with the 

conventional sphere-shape particles in DEM. Previous works by the author (Peerun et al. 

2020) focused on studying particle behaviour during shearing with the aid of particle 

image velocimetry (PIV) have shown that particle angularity would influence the  friction 

angle and cohesion of the material.  

Particle shape was found to be an important factor influencing the shear behaviour of 

granular materials (Li 2013). Some of the terms used to describe the particle shapes are 

sphericity, roundness, roughness and texture. Recent works have shown that increasing 

angularity would produce an increase in maximum and minimum void ratios (Li 2013). 

Figure 3.2 shows metasandstone aggregates which can be described as angular particles 

with rough plane sides and sharp edges. The metasandstone aggregates were sourced from 

Brisbane city and a petrographic analysis was conducted to further understand the 

material composition. Based on Figures 2.7 and 2.8, the metasandstone particles’ shape 

were defined as angular and very angular. 

 

Fig. 3.2 Metasandstone aggregates consisting of angular shapes 
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3.1.1 Petrography analysis of test specimen 

Petrography analysis was conducted by Geochempet Services on thin sections prepared 

from 3 kg of the metasandstone aggregates. The petrographic test was conducted based 

on ASTM C295 Standard guide for petrographic assessment of aggregates for concrete 

(ASTM 2011), AS2758.1 Aggregates and rock for engineering purposes part 1: concrete 

aggregates (AustralianStandard 1998), AS1141 Standard guide for the method of 

sampling and testing aggregates (AustralianStandard 1974), and Queensland Main Roads 

Test Method Q188 Determination of the Quartz content of sand-petrological assessment 

(QueenslandDepartmentofTransportandMainRoads 2014).  

The sample consisted of 3 kg of light reddish-orange-brown aggregate composed of 

robust fragments of sericitic quartz sandstone. The fragments were slightly to moderately 

weathered, displayed by surfaces that were stained by reddish brown iron oxide. The rock 

appeared to have a grain indicating an arenaceous sedimentary rock. A thin section was 

prepared for microscopic examination in transmitted polarized light of 24 random 

fragments. A count of 100 widely spaced points falling within sectioned aggregate 

fragments gave the following composition as listed in Table 3.1. 

Table 3.1 Mineral composition of metasandstone (Geochempet 2021) 

Durable components 

quartz as unstrained and mildly strained grains 63% 

quartz as moderately strained grains 17% 

lithic clasts of quartzite (moderately strained)  1% 

k-feldspar  1% 

lithic clasts of acid volcanics (<1% 

microcrystalline quartz)  

1% 

lithic clasts of intermediate volcanics  2% 

rutilated and leucoxenised opaque oxides  <1% 

other mineral grains (including zircon, rutile, 

leucoxene, hematite (2%))  

2% 

Weak, soft 

components 

sericite  2% 

mica (muscovite)  1% 

sericitic/illitic clay cement  <1% 

mixed kaolinite/chlorite clays  3% 

secondary earthy iron oxides  5% 

Porosity weathered pores  2% 
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Microscopically, the aggregate fragments displayed poorly sorted, slightly porous 

sericitic meta-sandstone with a tightly and thinly cemented texture with quartz grains 

mainly 0.1 to 0.5mm in size and rarely up to 2mm in size. 

In detail, the quartz grains have partly sutured mosaic, interlocked contacts attributable 

to crystalline growth. The grains are mainly unstrained to faintly strained. In some cases, 

there are faint, ghosted remnants of former water-worn grains preserved within now larger 

quartz grains, consistent with quartz overgrowth of former sand grains. Minor k-feldspar 

grains persist but most have been completely sericitized. Small flakes of sericite (0.01 to 

0.1 mm long) occur as a quite discontinuous web around many of the sutured quartz grain 

boundaries and additional sericite and kaolinitic/chloritic clay occurs as aggregates after 

sparsely disseminated, former feldspar grains of similar size to the quartz grains. The 

sericite does not have any apparent preferred alignment. Remnant, small detrital grains 

of resistate heavy minerals (zircon and leucoxene) are present in small amounts and there 

are a few small aggregates of secondary, fine rutile after inferred former ilmenite. 

The rock generally shows minor interstitial replacement of sericite and clay by introduced 

brown, earthy secondary iron oxide (apparently limonite). Weathered pores (generally 

<0.5 mm in size) occur after some of the sericite and clay (probably after former feldspar 

grains) about 2% of the sample. Some of the pores observed in thin section may be due 

to washouts during sample preparation. 

The aggregates interpreted to be quartz meta-sandstone of mainly medium grainsize, it is 

gradational to quartzite (formed by diagenetic and very low-grade metamorphic 

processes). It now lacks the friability typical of sandstone and instead shows the greater 

robustness and lack of friability and less weathered porosity which is considered to be 

typical of meta-sandstone. For engineering purposes, the rock represented in the supplied 

aggregate sample may be summarised as: 

▪ meta-sandstone (a metamorphic rock generated by low grade metamorphism of 

mature quartz sandstone) 

▪ crystalline 

▪ slightly porous (2% weathered pores) 

▪ slightly to moderately weathered 

▪ composed of 81% quartz and minor amounts of other durable minerals 
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▪ comprises about 11% of the weak, soft or otherwise non-durable components 

(sericite, muscovite, sericitic/illitic clay and chloritic/kaolinitic clay, and earthy 

secondary iron oxides) 

▪ hard 

▪ strong 

The rock is predicted to be durable. There is sufficiently strong suturing of quartz 

boundaries to result in a tough rock which breaks across, rather than around former quartz 

sand grains. Figure 3.3 shows the magnified image of the thin section of metasandstone 

depicting various mineral fragments. Figure 3.4 shows the porosity in the thin section by 

using a blue coloured resin. 

 

 
Fig. 3.3 Image taken at low magnification in transmitted cross polarised light showing 

the typical lithologies observed including two meta-sandstone fragments dominated by 

quartz grains with minor feldspar, sericite and micas. Note the flakes of muscovite in 

the fragment on the right. 
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Fig. 3.4 Image taken at low magnification in transmitted plane polarised showing the 

same section as in Fig. 3.3. Note the slight porosity highlighted by the blue resin in the 

fragment on the left. 

 

3.1.2 Particle size distribution 

The metasandstone aggregates were washed and oven-dried at 110oC for 24 hours and 

left to cool before the particle size distribution test (Figure 3.5). Due to the shear box 

dimensions, only a specific range of particle sizes was used during the test. According to 

ASTM D3080, for a shear box of specimen dimensions of 160 mm width and 80 mm 

thickness, the allowable particle size range should be such that it is not less than 6dmax of 

the specimen height and not less than 10 times the width of the specimen (ASTM 2003). 

dmax is referred as the maximum particle diameter. Hence, the maximum allowable 

particle size for the large shear box is 13.3 mm. However, the metasandstone aggregates 

consisted of particles smaller than 13.2 mm with passing sieve size of 13.2 mm and 

retained by 4.75 m sieve size. 
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Fig. 3.5 Washed and oven-dried metasandstone aggregates 

 

The metasandstone aggregates were sieved and scalped with particles passing 13.2 mm 

sieve size and retained by 4.75 mm sieve size. Scalping method consist of selecting the 

range of allowable particle sizes to be tested in a shear box according to 

StandardsAustralia (1998) and ASTM (2003). Choo (2015) has successfully used the 

scalping method to conduct direct shear test on reconstituted tunnelling rock spoils. 

Figures 3.6 and 3.7 show the sieving equipment and particle size distribution curve for 

metasandstone aggregates ranging from 4.75 mm to 10.0 mm (retained), respectively. The 

soil classification properties of metasandstone are listed in Table 3.2. According to ASTM 

D2487: Standard practice for classification of soils for engineering purposes (unified soil 

classification) (ASTM 2000a), the metasandstone aggregates is classified as poorly 

graded gravel based on the coefficient of uniformity, Cu and coefficient of curvature, Cc 

as shown in Figure 3.8. 

 
Fig. 3.6 Sieving of metasandstone aggregates 
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Fig. 3.7 Particle size distribution of metasandstone aggregates 

Table 3.2 Soil classification properties of metasandstone 

Specimen D60 
(mm) 

D30 
(mm) 

D10 
(mm) 

Dav 
(mm) 

Coefficient 
of 
uniformity 
Cu 

Coefficient 
of 
curvature 
Cc 

Material 
classification 
(ASTM 2000b) 

Meta-
sandstone 

11.00 9.00 7.50 10.00 1.467 0.982 Poorly graded 
gravel 

 

Fig. 3.8 Classification of metasandstone aggregates according to ASTM D2487 (ASTM 

2000a) 
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3.1.3 Relative Density 

Relative density is important when studying particle shear behaviour. By maintaining the 

same relative density across all the test samples, consistency and repeatability are 

achieved. The fixed relative density will ensure that the same density and void ratio are 

being maintained across the various samples. By maintaining similar density, a 

comparative and parametric studies can be achieved.  

Relative density tests were conducted for metasandstone and the 3D printed synthetic 

particles according to ASTM D4253: Maximum index density and unit weight of soils 

using a vibratory table (ASTM 2000c); and ASTM D4254: Minimum index density and 

unit weight of soils and calculation of relative density (ASTM 2000d). The relative 

density, Rd, is defined in Eq.3.1 as: 

𝑅𝑑 =
𝜌𝑑𝑚𝑎𝑥(𝜌𝑑−𝜌𝑑𝑚𝑖𝑛)

𝜌𝑑(𝜌𝑑𝑚𝑎𝑥−𝜌𝑑𝑚𝑖𝑛)

 × 100      (3.1) 

Where, d is the dry density of the test specimen (g/cm3), 

 dmax is the maximum index density (g/cm3) and, 

 dmin is the minimum index density (g/cm3). 

The procedure for measuring minimum index density, dmin consist of measuring the 

volume of a cylindrical mould as per ASTM D 4254 (ASTM 2000d) and loosely pour the 

material up to the mould rim. Excess material should be carefully trimmed to ensure a 

levelled surface. The mass of the specimen is determined by subtracting the mass of 

mould from the total mass of soil and mould (Eq.3.2).  For maximum index density, dmax, 

a sleeve is added to the cylindrical mould and a surcharge base plate is placed onto the 

surface of the test specimen, as shown in Figure 3.9. The mould with the surcharge base 

plate is secured on a vibrating table and is set to vibrate for 8 minutes at a frequency of 

60 Hz (Figure 3.10).  The mass and average volume of the specimen are measured after 

being compacted from the surcharge base plate and vibration. dmax can then be computed 

from Eq. 3.3. 

The minimum and maximum index density, dmax are defined as follows: 

𝜌𝑑𝑚𝑖𝑛 =
𝑀𝑠

𝑉
      (3.2) 

𝜌𝑑𝑚𝑎𝑥 =
𝑀𝑠

𝑉
      (3.3) 

Where, Ms is the mass of the tested dry soil in Mg or g 

V is the volume of the tested dry soil in m3 or cm3 
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Fig. 3.9 Sample preparation and moulds for minimum and maximum index density tests 

 

Fig. 3.10 Mould setup on vibrating table for maximum index density test 

A constant relative density test was adopted across all laboratory test samples and DEM 

simulations to ensure identical and comparable conditions. Table 3.3 contains the 

parameters used to compute dmin and dmax. The direct shear equipment utilised a shear 

box of 160 mm x 160 mm x 80 mm in dimension. Based on the volume and compacted 

mass of the test specimen, the relative density was obtained as 65%. Based on the relative 
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density of 65%, the direct shear test samples are considered to be medium dense. 

Although the direct shear test specimen were compacted, the poorly graded and angular 

aggregates resulted in high void ratio within the specimen. Das (2008) documented the 

influence of particle angularity on void ratio where angular particles with less or no fines 

would expect to produce larger voids.  

Table 3.3 Relative density parameters for metasandstone and PA2200 specimen 

Parameters Units 
Metasandstone 

Synthetic 

aggregates 

Mass of sample g 3900 1584.5 

Volume of mould cm3 3004 3004 

Minimum Index Density, dmin g/cm3 1.298 0.527 

 

Volume after surcharge and 10 mins 

vibration 
cm3 2712.569 2701.805 

Maximum Index Density, dmax g/cm3 1.437 0.579 

 

Sample mass for direct shear test g 2840 1147 

Sample volume for direct shear test cm3 2048 2048 

Dry density of direct shear sample g/cm3 1.387 0.560 

Relative density of direct shear sample % 65.8 65.8 

 

Metasandstone aggregates were sieved and mixed according to the particle size 

distribution as shown in Table 3.4. The particle size distribution is similar as the PSD 

curve presented in Figure 3.7. Each test specimen was prepared based on the mass of 

particles retained for their respective sieve sizes to ensure consistency throughout the test 

specimens. To reproduce the gradation of metasandstone, similar particle size distribution 

was adopted for the synthetic printed aggregates. For 1 direct shear test, 2.847 kg was 

required for metasandstone aggregates while 1.147 kg was needed for the synthetic 

aggregates. Both metasandstone and the synthetic aggregates when compacted in the 

direct shear box, produced a relative density of 65%. With similar testing conditions as 

metasandstone, the synthetic aggregates is anticipated to demonstrate shear behaviour 
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which can then be adopted as a calibration medium for the DEM simulations. 

Table 3.4 Sample mass and particle size distribution per direct shear test specimen for 

metasandstone and synthetic printed aggregates. 

Sieve size 

(mm) 

Metasandstone 
Synthetic printed 

aggregates 
Retained  

(%) 

Cumulative passing 

(%) Particles retained 

(kg) 

Particles retained 

(kg) 

13.20 0.000 0.000 0.000 100.000 

10.00 1.492 0.601 52.423 47.577 

9.50 0.283 0.114 9.954 37.622 

6.70 0.990 0.399 34.775 2.847 

4.75 0.081 0.033 2.847 0.000 

4.00 0.000 0.000 0.000 0.000 

Total mass 2.847 1.147 100.000  

 

 

3.1.4 Specific Gravity 

Specific gravity, similar to particle density was conducted on metasandstone according 

to AS1141.6.1: Particle density and water absorption of coarse aggregate – weighing-in-

water method (AustralianStandard 2000). The procedure to calculate particle density on 

a dry basis consist of: 

1. weight the mass of oven-dried particle. 

2. Soak the particle in water for 24 hours (Figure 3.11). 

3. Attach a basket to a weighting scale and submerge the basket in water. 

4. Place the particle in the submerged basket. 

5. Weight the particle and the basket under water (Figure. 3.12). 

6. Obtain the weight of the particle submerge under water. 

7. Dry the surface of the saturated particle. 

8. Weight the surface-dry saturated particle. 

The particle density, d (specific gravity) on a dry basis can hence be calculated from Eq. 

3.4. 
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𝜌𝑑 =
𝑚1×𝜌𝑤

𝑚2−(𝑤1−𝑤2)
       (3.4) 

Where  m1 is the mass of dry particle (g), 

m2 is the mass of surface-dry saturated particle (g), 

w1 is the weight of the basket and particle submerged under water (g), 

w2 is the weight of the basket submerged under water (g) and, 

w is the density of water (1 g/cm3) 

 

 
Fig. 3.11 Particles soaked in water for 24 hours 

 
Fig. 3.12 Specific gravity setup to measure mass of saturated particle 
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For this study, 20 particle shapes ranging from 13.2 mm to 4.75 mm were used to 

represent the overall metasandstone aggregates. The 20 particles were classified 

according to their respective size and an identification was provided. For the specific 

gravity test, the 20 particles were used to measure d and an average value of the 20 

particles’ specific gravity was adopted. Table 3.5 shows the identification, measured 

weight and calculated specific gravity for each of the 20 particles. 

Table 3.5 Average specific gravity of metasandstone based on 20 particles 

ID Oven dried (g) Saturated surface dry 
(g) 

Saturated in 
water (g) 

Specific 
Gravity 

A1 2.71 2.85 1.64 2.24 
A2 2.33 2.39 1.39 2.33 
A3 2.43 2.48 1.46 2.38 
A4 2.68 2.73 1.58 2.33 
A5 1.91 1.97 1.13 2.27 
B1 1.36 1.41 0.81 2.27 
B2 1.30 1.33 0.79 2.41 
B3 1.36 1.40 0.82 2.34 
B4 1.70 1.74 1.02 2.36 
B5 0.96 1.04 0.57 2.04 
C1 1.00 1.03 0.62 2.44 
C2 0.75 0.77 0.46 2.42 
C3 1.02 1.05 0.61 2.32 
C4 0.64 0.66 0.39 2.37 
C5 1.10 1.13 0.67 2.39 
D1 0.61 0.62 0.36 2.35 
D2 0.52 0.54 0.31 2.26 
D3 0.35 0.37 0.22 2.33 
D4 0.44 0.46 0.26 2.20 
D5 0.28 0.30 0.17 2.15 

Average 1.27 1.31 0.76 2.31 
 

Hence, based on the measured data obtained from the specific gravity test for 

metasandstone, the average specific gravity was calculated as such: 

𝜌𝑑 =
1.2725 ×1

1.3135−(0.764)
=  2.3157 t/m3  or 2.3157 g/cm3 

The material used for the printed synthetic particles is PA2200 polyamide which is a type 

of plastic and floats in water. Due to the fact that the synthetic particles float on water, 

specific gravity test was not favorable. Instead, the density of PA2200 was obtained from 

the manufacturer as 930 kg/m3 (0.93 g/cm3) for laser sintered component (EOS 2018). 
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3.1.5 Void ratio 

Similar to relative density, void ratio was calculated and maintained among the different 

direct shear test samples to ensure consistency and repeatability. Void ratio was also used 

to verify similar void conditions have been achieved in DEM when compared to the 

laboratory tests. 

Void ratio can be obtained in terms of minimum index void ratio, maximum index void 

ratio and relative density (Eq. 3.5). 

𝑒 = (
𝑅𝑑

100
) (𝑒𝑚𝑎𝑥 − 𝑒𝑚𝑖𝑛)     (3.5) 

Where, e is void ratio 

 Rd is relative density 

 emin is minimum index void ratio 

 emax is maximum index void ratio 

The minimum and maximum index void ratio were calculated based on specific gravity, 

minimum and maximum index density. The minimum-index void ratio and maximum-

index void ratio were obtained according to ASTM D4253 and ASTM D4254 using Eq. 

3.6 and Eq.3.7 respectively (ASTM 2000c, ASTM 2000d). 

𝑒𝑚𝑖𝑛 =
𝜌𝑤.𝐺𝑎𝑣𝑔

𝜌𝑑𝑚𝑎𝑥
 − 1       (3.6) 

𝑒𝑚𝑎𝑥 =
𝜌𝑤.𝐺𝑎𝑣𝑔

𝜌𝑑𝑚𝑖𝑛
 − 1       (3.7) 

Where, w is density of water (1 g/cm3) 

 Gavg is average specific gravity 

 dmin is minimum index density (g/cm3) 

 dmax is maximum index density (g/cm3) 

3.2 Laboratory Testing (Large Direct Shear Test) 

Direct shear tests were conducted on metasandstone aggregate at various normal stresses 

in order to obtain its strength characteristics. The large direct shear equipment consists of 

five Linear Variable Differential Transducers (LVDT), two load cells and a motor to 

ensure that the specimen is displaced at a constant rate.  A top cross bar is used to apply 

vertical load during the test and the LVDTs are used to measure the vertical and horizontal 

displacement of the sample. Figure 3.13 shows the direct shear equipment which can 

accommodate a specimen of 160 mm x 160 mm x 80 mm. 
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Fig. 3.13 Large direct shear test equipment 

3.2.1 Specimen Preparation 

The particle size of the test specimen is restricted during a direct shear test due to the 

shear box dimensions. The allowed particle size for a shear box, according to ASTM 

D3080 (ASTM 2003), should be such that the minimum specimen height is not less than 

6 times the maximum particle size diameter, dmax, and the minimum specimen width is 

not less than 10dmax. dmax is referred as the maximum particle diameter. The direct shear 

test specimen is 160 mm × 160 mm and is 80 mm thick. The maximum particle size for 

this study is 13.2 mm (passing sieve) which conforms to the 6dmax specimen height (79.2 

mm) and the minimum specimen width (10dmax = 132 mm). The metasandstone 

aggregates consist of particles passing 13.2 mm sieve and retained by 4.75 mm sieve. The 

samples were prepared using compaction method. A tamping plate was used to compact 

the specimen into the shear box as shown in Figure 3.14. The specimen is poured into 

three layers in the shear box, and each layer was hand-compacted with 25 blows until the 

appropriate specimen height was reached. The compaction method using layers and 

number of blows per layer is according to ASTM D3080 (ASTM 2003). The tamping 

plate was used to provide consistent compaction effort onto the sample. The procedure of 

compaction would result in a medium dense sample. All samples were prepared to 

achieve a relative density of 65%. This was accomplished by keeping all the 

metasandstone samples at the same weight (2.85 kg). 
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Fig. 3.14 Specimen preparation for large direct shear test 

3.2.2 Test procedure 

The tests were performed at normal stresses of 50 kPa, 100 kPa and 150 kPa under a 

continuous normal load (CNL) condition. The low normal stresses were selected to study 

the possible non-linear shear behaviour of the test material. Non-linearity is more 

prominent at lower normal stresses. The specimens were consolidated for 10 minutes 

during the first step of the test to confirm that primary compression was completed. The 

specimen was then sheared, with the top half of the shear box remaining static while the 

bottom half moved 32 mm to the left at a constant pace. ASTM (2003) states that a direct 

shear test specimen should be sheared up to 20% of its width. Hence, the tested specimens 

required a maximum shearing displacement of 32 mm to reach a residual condition. 

According to ASTM D3080 (ASTM 2003), the optimum shearing rate for fined-grained 

soil may be calculated using Eq 3.8. 

𝑑𝑟 =
𝑑𝑓

𝑡𝑓
      (3.8) 

Where, 

dr is the displacement rate (mm/sec),  

df is the estimated horizontal displacement rate at failure (mm), and  

tf is the total estimate elapsed time to failure (sec). 

The total estimated elapsed time to failure is a function of the time required to achieve 

50% compression under the specified normal load. However, there is no current standard 

guidelines regarding shearing rate for coarse-grained soils and referring to Eq. 3.8 would 

not suitable as coarse particles would instantly consolidate. The user manual of the 

Geocomp ShearTracIII recommends a shearing rate of 1.0 mm/min if excess pore 

pressures are not expected (Geocomp 2018). Reference to past studies using coarse-

grained materials during shearing was made. Table 3.6 shows the shearing rates adopted 
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by other researchers using coarse-grained materials during shearing. Hence, for this study, 

a shearing rate of 1.0 mm/min was adopted as this shearing rate has been successfully 

used by previous researchers. 

Table 3.6 Shearing rates for coarse-grained materials 

References 
Max. Particle Size 

(mm) 

Shearing Rate 

(mm/min) 

Estaire and Santana (2018) 60.0 1.0 

Kim and Ha (2014) 15.9 1.0 

Liu et al. (2009) 20.0 1.0 

Arulrajah et al. (2013) 19.0 0.025 

Saberian et al. (2020) 20.0 0.03 

 

3.2.2.1 Influence of Loading Plate on Normal Stress 

The weight of the loading plate will contribute an additional force to the normal stress. 

Hence, the additional normal force due to the weight of the plate was be considered. The 

loading plate in this study weights 2.9 kg and has a surface area of 159 mm x 159 mm. 

The pressure resulting from the 2.9 kg loading plate would be 1.10 kPa. Hence, the 1.10 

kPa additional pressure obtained from the loading plate can be considered negligible due 

to its relatively small value. However, this value was offset when defining the normal 

load during the laboratory test and DEM simulation. A total of 4 large direct shear tests 

were conducted for this study (Table 3.7).  

Table 3.7 Large direct shear testing plan 

Test 

no. 

Testing 

material 

Normal 

Stress 

(kPa) 

DST Parameters 

Normal 

Stress 

(kPa) 

Sample 

weight 

(kg) 

Sample 

volume 

(m3) 

Relative 

density 

Shearing 

displacement 

(mm) 

Shearing rate 

(mm/min) 

1 
Meta- 

sandstone 
aggregates 

50 

2.85 
0.00123 65% 32.0 1.0 

2 100 

3 150 

4 3D printed 
aggregates 

100 1.15 
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To ensure repeatability and accuracy of the DST results, the load cells and LVDTs were 

calibrated prior to testing. Particle size distribution was carried out on each test samples 

to ensure they all have consistent gradation. The number of tests were sufficient to obtain 

the friction angle and apparent cohesion. 

3.2.3 Particle Image Velocimetry (PIV) 

The application of PIV technology in this study is to obtain a better knowledge of the 

shear behaviour of granular particles. The PIV analysis utilised sand-sized metasandstone 

as opposed to gravel-sized metasandstone, which is the primary specimen of interest in 

this work. This was due to equipment limitations for testing gravel-sized metasandstone. 

For the PIV analysis, a comparatively smaller and modified direct shear apparatus was 

employed, allowing for an undisturbed view of the sand-sized metasandstone specimen. 

Figure 3.15 shows the direct shear test and image acquisition setup for PIV analysis in 

this study.  

 

Fig. 3.15 Direct shear equipment and image acquisition setup for PIV analysis 

 

Although both materials, sand-sized and gravel-sized metasandstone, are considered to 

be different specimens with different gradation, it is expected that the PIV analysis will 

provide a comprehensive understanding of the interparticle behaviour of both 
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materials, based on the Li and Aydin (2010) four-stage shearing model. Consequently, 

sand-sized metasandstone is not compared to gravel-sized metasandstone in terms of 

strength, but rather on the understanding of its general interparticle behaviour when 

sheared and its influence on Mohr-Coulomb (MC) strength parameters, which can be used 

similarly to interpret the strength behaviour of gravel-sized metasandstone. 

This was done by analysing the mechanical behaviour of granular soils at various shearing 

stages using a transparent, custom-built shear box for the PIV method to quantify particle 

mobility within the shear box. The transparent shear box adds a technical element to our 

inquiry by permitting continuous sequential photography of all shear band activity 

throughout testing. Using well-calibrated PIV technology, the pictures captured 

throughout the shearing process of the specimens at various well-defined phases are then 

analysed.  

3.2.3.1 Limitations in Direct Shear Test Equipment 

Metasandstone aggregates was used as primary specimen in this study where direct shear 

tests were conducted in a 160 mm x 160 mm x 80 mm shear box. The maximum particle 

size for the metasandstone aggregates was 13.2 mm and complys with the testing 

standard. The equipment is produced by Geocomp and the model is a ShearTracIII. Due 

to the built setup, a robust frame and a relatively large I-beam is used to apply normal 

force onto the test specimen. Based on the large scale and complex setup, it was 

challenging for the equipment to accommodate an image acquisition system for PIV 

analysis.  

The relatively smaller and simpler setup as opposed to the large DST, made it easier to 

be modified to accommodate the image acquision for PIV analysis. A relatively small 

cross bar was modified with a rectangular insert to allow an unbstructed view of the 

transparent shear box. Similarly, a rectangular window was cut out from the metal 

reservoir which can be ideally used for saturated direct shear test if required. For the case 

of using dry sample, modifying the reservoir did not affect the test. With the rectangular 

window from the reservoir and the modified loading cross bar, a clear view was achieved 

for the image acquisition.  

3.2.3.2 Experimental Setup using Small Shear Box for PIV Analysis 

Due to the limitations of the large direct shear test, a smaller equipment was adopted for 

the PIV analysis as shown in Figure 3.13. The specimen size of 63.3 mm width and 27 

mm height was limited to the maximum particle size to be tested according to ASTM 
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D3080 (ASTM 2003). Hence, to comply to the testing standard, a smaller gradation (sand-

sized) of the same metasandstone was used for the PIV analysis.  

The test samples were sheared at a constant horizontal displacement rate of 0.0017 mm/s 

for a maximum displacement of 15 mm using a fully automated direct shear apparatus. 

The shearing rate used for the sand-sized granular material was adopted from Peerun et 

al. (2019). The tests were conducted at normal stresses of 100 kPa, 300 kPa and 500 kPa 

to develop the respective failure criterion. 

To understand the particle behavior during shearing, the four-stage shearing model 

developed by Li and Aydin (2010) was used as a guideline to interpret the direct shear 

test results. The four-stage shearing model has been well-defined in Chapter 2. It is hoped 

that better insight could be gained to understand the apparent cohesion and frictional angle 

values of metasandstone material based on its angular particle shapes and mineralogy 

contents. 

As opposed to a conventional opaque shear box (see Figure 3.16), a purpose-built shear 

box made of transparent Perspex material was used to study the behaviors of the particles 

during shearing. The transparent shear box enabled a clear view of the particles along the 

shear band (see Fig. 3.17), overcoming previous study limitations (Wang and Sassa 2002, 

Wafiq et al. 2004, Fukuoka et al. 2006). The dimensions and specifications of the 

transparent shear box were developed in accordance with ASTM D3080 (ASTM 2003) 

and are comparable to those of a conventional shear box. 

A Gilson pneumatic direct shear equipment was used for the PIV analysis on sand-sized 

metasandstone. The water reservoir and loading frame were modified to obtain an 

unobstructed view during image acquisition. A fixed position camera attachment was 

added to the setup for hosting the camera and ensure still position during the sequential 

image capture. Controlled dim lights were added to overcome any potential shadows and 

light reflection off the transparent shear box. 
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Fig. 3.16 Conventional shear box 

 

Fig. 3.17 Custom built transparent shear box 

3.2.3.3 Test Specimen for Small Shear Box 

Due to the small shear box dimension of 63 mm width and 27 mm depth, the allowable 

particle size to be tested was limited to a maximum particle size of 4.5 mm. To comply 

with ASTM D3080 (ASTM 2003), sand-sized metasandstone with particles passing 2.36 

mm sieve and retained by 75 m sieve were used for the direct shear test and PIV analysis. 

Figure 3.18 shows the difference in particle size curves between the sand-sized 

metasandstone (used in this chapter) and gravel-sized metasandstone (used as main 

specimen in this overall study). Both specimens are classified as poorly-graded according 

to ASTM D2487: Standard practice for classification of soils for engineering purposes 

(unified soil classification) (ASTM 2000a). 
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Fig. 3.18 Particle size curves for sand-sized and gravel-sized metasandstone 

Although having the same mineralogical contents, the two types of test specimen differ 

in grain sizes and would produce different shear behaviour. The gravel size specimen is 

expected to produce relatively larger friction angle as opposed to the sand-sized 

metasandstone. This is due to larger particles would enable greater dilation which will 

result in larger shear stress and friction angle. Sun et al. (2017) studied the influence of 

particle size for ballasts on its respective peak friction angle. From Figure 3.19, it is 

observed that with an increase in particle size, larger peak friction angle were recorded. 

Although the expected difference in magnitude of shear stress, the behaviour of the sand-

sized specimen would provide a good guidance in terms of particle behaviour during 

shear. 

 

Fig. 3.19 Influence of particle size on peak friction angle (Sun et al. 2017) 
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3.2.3.4 Image Acquisition for GeoPIV 

Sequential images were captured using a Canon EOS 90D Digital Single Lens Reflex 

(DSLR) camera while the specimen was sheared for a total horizontal displacement of 15 

mm. The camera was remotely controlled using Canon utility software to avoid any 

disturbance during the image acquisition. The images were taken at a high-resolution of 

32.5 megapixel APS-C size sensor. Images were captured at a time interval of 5 seconds 

during the direct shear test and analysed using GeoPIV. Dim diffused lights were used to 

improve visibility of the particles while preventing the casting of shadows onto the shear 

box. Prior to the GeoPIV analysis, validation and calibration exercises were conducted to 

achieve accurate vector plots. Parametric studies were conducted to obtain an optimum 

set of input parameters for GeoPIV. The input parameters are patch size, patch spacing, 

searchzone pixel, frame rate and leapfrog. 

3.3 Particle Geometry Extraction 

Micro-CT scans were conducted on metasandstone aggregates to obtain the surface 

geometry in standard tessellation language (STL) format. The STL file can then be 

imported to the DEM software to simulate realistic particle geometry. A Bruker Skyscan 

1272 was used to extract the geometry at 10 m resolution and image rotation of 0.138o 

(see Figure 3.20). A piece of dust-free wax was used as support to carefully place a batch 

of granular particles onto the sample holder as shown in Figure 3.21 (a) and loaded in the 

sample changer of the skyscan (Figure 3.21 (b)). To obtain the desired x-ray imaging 

quality, calibration along with a 0.5 mm filter was applied to obtain a good contrast 

between the wax and scanned particles as seen in Figure 3.22. A total of 220 slices were 

used to construct the scanned images for a duration of 40 minutes. 

 
Fig. 3.20 Skyscan 1272, micro-CT scanner (Bruker 2022) 
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Fig. 3.21 (a) Sample preparation and (b) loading of sample for micro-CT scan 

 

Fig. 3.22 Calibration and filtering of images 

The DataViewer software was used to extract the individual particle images from the 

scanned images of the batch particles. The selected particle was ensured to be within the 

volume of interest (VOI) for X, Y, and Z dimensional axes as shown in Figure 3.23. The 

slices of 220 images obtained from the individual particle VOI can be uploaded, 

reconstructed and viewed in 3-dimensions using CTVol software. The opacity threshold 

can be varied to achieve a clear view of the particle by filtering out the wax density. This 

step is essential to check for any abnormality within the scanned particle or the VOI 

extraction process. Figure 3.24 shows the 3D view of the extracted single particle. To 

convert the images to STL binary format, the CTan software was used to extract the 

surface geometry of the scanned particle. The 220 slices of VOI images are loaded to the 

CTan software (see Figure 3.25), the threshold range is specified to eliminate any possible 

wax content and previewed prior to conversion. Various options are available during the 

conversion such as segmenting the foreground from the background, that is differentiating 
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the particle from the wax based on density. The threshold range can be fixed and used for 

batch processing by creating a collection of task list for similar particle sizes. However, 

for other sizes of particles, a new threshold range is required. Other steps from the task 

list are despeckle which would remove speckles or unwanted object from the VOI, 

creating the 3D surface model in STL binary format and the 3D analysis report. The 

obtained STL file consist of triangulated mesh constructed to form the surface geometry 

of the scanned particle (see Figure 3.26). 

 

Fig. 3.23 Volume of interest for individual particle 

 

Fig. 3.24 3D view of extracted single particle using the VOI process 
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Fig. 3.25 Task list for conversion of image slices to 3D surface model in STL format 

 

Fig. 3.26 Exported STL format surface geometry consisting of triangulated mesh 

3.3.1 Mesh Checking and Repair 

A triangular mesh quality may not always be adequate for use and would require 

additional software to improve its quality. Some of the deteriorating features of a 

triangular mesh would be disconnected triangles, holes, edge flapping and T-junctions as 

shown in Figure 3.27. Such triangular mesh containing errors cannot be used for 

computational simulations as it is not a closed surface (Oh 2019). During conversion of 

a scanned object to STL format, the triangulated mesh surface may contain errors and 

would be described as an open surface. Since the mesh defines a solid, there should be no 

unconnected edges in the mesh. When this option is specified, the 3 neighbours of every 

facet are searched for and, if found, the neighbours are added to an internal list that keeps 

track of the neighbours of each facet. A facet is only considered a neighbour if two of its 

vertices exactly match two of the vertices of another facet. This means that there must be 
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zero difference between the x, y, and z coordinates of the two vertices of the first facet 

and the two vertices of the second facet. Figure 3.28 shows the difference between a mesh 

containing a hole and after it has been repaired.  

 
Fig. 3.27 Examples of a deteriorated triangular mesh containing holes, T-junctions and 

mesh overlaps (Oh 2019) 

 
Fig. 3.28 Comparison between an incomplete mesh containing a hole and the repaired 

mesh (Oh 2019) 
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An open-source mesh manipulation application named ADMesh was used to repair the 

scanned triangular mesh of the metasandstone particles. Some of the features of ADMesh 

are to check STL files for flaws, repair facets, fill holes in a mesh by adding facets, 

calculate volume and obtaining statistics about the mesh (ADMesh 2015). Details on 

installation and repair of mesh can be found at https://github.com/gladk/admesh 

(ADMesh 2015). To install AdMesh, simply run the command ‘sudo apt install admesh’ 

in terminal to prompt the installation process. To learn about the various functions and 

commands, the help command ‘admesh --help’ can be used where a series of commands 

with descriptions will be listed in terminal. To perform all checks and repair the mesh, 

the following command was used: admesh --write-binary-stl=filename.stl --fill-holes --

normal-directions --normal-values ‘file directory’. Note that this command will overwrite 

the original file to include the repairs. 

 Figure 3.29 shows the results produced by ADMesh for a scanned particle. From the 

results, the mesh size, volume and changes to the facets after repair are provided. Figure 

3.29 shows a total of 1967 facets were found to be disconnected and were successfully 

repaired. Other mesh editing software such as AutoCAD Meshmixer and Ansys 

SpaceClaim were also used to verify, clean and to reduce number of elements in the STL 

file. 

 
Fig. 3.29 Mesh repair results produced by ADMesh software 

https://github.com/gladk/admesh
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3.3.2 Reduced Triangulations 

Metasandstone particles were scanned at a resolution of 10 m which produced a very 

detailed mesh file comprising of very large numbers of triangle counts. However, for the 

use of the scanned particles in DEM, such detailed mesh is not required. It is 

recommended to reduce the triangle counts which will significantly reduce the 

computational load in DEM while not compromising the geometry of the particle. 

Meshmixer, a mesh editing tool was used to reduce the triangle counts with the mesh 

(STL) file.  

Figure 3.30 shows an example of triangle count reduction using Meshmixer where the (a) 

original scanned STL file was reduced to (b) 10000 triangle counts, (c) 2000 counts, (d) 

1000 counts, (e) 700 counts and (f) 600 counts. It can be seen that start from Figure 3.30 

(d), the particle geometry starts to change with deformations around the edges. For this 

particle, the most suitable reduced triangle counts would be 2000 (Figure 3.30 (c)). 

Adequate reduced triangle counts may not be the same for all particles, hence the user 

should make good judgement in finding a balance between reduced triangle counts and 

preserved particle geometry. 

 

Fig. 3.30 Reduced mesh triangulations 
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3.3.3 Scanned Particles Set for DEM 

A total of 20 metasandstone particles were selected for micro-CT scan ranging from 4.75 

mm to 10.0 mm. The sieve sizes used for particle size distribution are 10.0 mm, 9.50 mm, 

6.70 mm, and 4.75 mm. Five types of particles were selected for each sieve size producing 

a total number of 20 particles. With a variety of particle shapes across the particle size 

distribution, it is expected that the 20 scanned particle shapes would be a good 

representation of the metasandstone aggregates. Table 3.8 shows the scanned particles 

mesh with its respective sieve sizes. 

Table 3.8 Scanned metasandstone particles used for DEM (image not to scale) 

Sieve size 
10.0 mm 

Sieve size 
9.5 mm 

Sieve size 
6.7 mm 

Sieve size 
4.75 mm 

 
A1 

 
B1 

 
C1 

 
D1 

 
A2 

 
B2  

C2  
D2 

 
A3 

 
B3 

 
C3 

 
D3 

 
A4 

 
B4  

C4 
 

D4 

 
A5 

 
B5 

 
C5 

 
D5 
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3.4 3D Printing of Synthetic Particles 

Once the particle surface mesh is obtained from micro-CT scan, the following process is 

required for printing the 3D replica granular particles (Figure 3.31). The 3D model is 

converted to a standard tessellation language (STL) file format which will define the 

external closed surfaces of the original model. This process has been previously discussed 

where the STL file will produce a triangulated mesh surface of the object model. A slicing 

software is used to segment the object model into various layers from the STL file which 

will store the data for each layer. The STL file is then fed to the 3D printer with pre-build 

settings such as energy source, layer thickness, etc. Once set, then the object is printed by 

the automatic process of the 3D printer (Shiwpursad and Jianbin 2018). 

 

 

Fig. 3.31 3D printing process using 3D geometry model (Shiwpursad and Jianbin. 2018) 

Griffith Advanced Design and Prototyping Technologies Institute (ADaPT) holds state-

of-the-art equipment and facilities for advanced 3D printing. Renishaw AM400 is 

Queensland’s first industrial level metal additive manufacturing machine which is 

capable of producing medical grade implants. EOS Formiga P110 is an industrial plastic 

selective laser sintering (SLS) printer which uses polyamide powders as base material. 

Figure 3.32 shows the advanced 3D printing equipment. 

 

Fig. 3.32 (a) Renishaw AM400 additive manufacturing machine and (b) EOS Formiga 

SLS printer 
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The ideal printing method for the synthetic granular particles would be selective laser 

sintering (SLS). Resin powders are used as printing material which will produce a printing 

resolution of up to 200 micrometres. The 3D object model is loaded to the printer using 

CAD or STL file format. The production stages consist of deposition of resin powder, 

solidification of powder using a laser source  along the contours of the 3D object, 

lowering the build platform according to the individual layer thickness and repetition of 

these processes until the final product is sintered (Tolochko et al. 2000, Kumar 2003, 

Ligon et al. 2017). Hence, EOS Formiga SLS printer would be suitable for printing high 

quality and high resolution (200 m) synthetic particles. Table 3.9 and 3.10 shows the 

compatible polymer materials recommended by EOS, its typical applications and relevant 

characteristics (EOS 2008). 

Table 3.9 Polymer materials and its typical applications (EOS 2008) 

 
Table 3.10 Polymer materials and its relevant characteristics (EOS 2008) 
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From Table 3.9 and 3.10, the most commonly available and cost-effective polymer 

material for this study was identified as PA2200 polyamide due to its adequate properties 

such as good strength, chemical resistant and long-term constant behaviour. Table 3.11 

shows further technical properties of PA2200. 

Table 3.11 Technical properties of PA2200 (EOS 2008) 

Properties Standard Value Unit 

Average grain size  ISO 13320-11 56 μm 

Bulk density EN ISO 60 0.45 g/cm³ 

Density of laser-sintered part EOS method 0.93 g/cm³ 

Tensile modulus EN ISO 527 1700 MPa 

Tensile strength EN ISO 527 48 MPa 

Elongation at break EN ISO 527 24 % 

Flexural modulus EN ISO 178 1500 MPa 

Flexural strength EN ISO 178 58 MPa 

Charpy - Impact strength EN ISO 179 53 kJ/m² 

Charpy - Notched impact strength EN ISO 179 4.8 kJ/m² 

Ball indentation hardness EN ISO 2039 78 N/mm² 

Shore D - hardness ISO 868 75 - 

 

The synthetic particles were printed using the ‘box printing’ method as shown in Figure 

3.33 and 3.34. This allows the individual types of particles to be easily identified and to 

easily remove the excess polyamide powders after the printing job has been completed 

(Figure 3.35). A comparison between an actual metasandstone particle, its scanned mesh 

geometry and its replica as a 3D printed synthetic particle is shown in Figure 3.36. 

 
Fig. 3.33 Box printing method 
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Fig. 3.34 Overview of box printed particles 

 

Fig. 3.35 3D printed synthetic particles extracted from the box 

 

 

Fig. 3.36 Comparison between (a) a real metasandstone particle, (b) scanned particle 

mesh and (c) 3D printed synthetic replica of the metasandstone particle. 
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3.5   Discrete Element Modelling (DEM) 

This study aims to develop a direct shear test DEM simulation using realistic particle 

shapes. Conventionally, DEM uses spheres, ellipsoids, discs or clump of spheres to 

represent the shape of an actual particle. This study focuses on using realistic particle 

shape by means of micro-CT scanning. A comparative study was then made between the 

use of spheres and scanned particle shapes. The properties of 3D printed aggregates and 

its laboratory direct shear results were used to calibrate the direct shear test simulation in 

DEM. To obtain strength properties such as friction angle and cohesion in DEM, 

simulations at various normal stresses are required. Figure 3.37 shows the major variables 

in DEM simulations for this study. Material properties such as density, Young’s modulus 

and Poisson’s ratio of metasandstone and PA2200 were incorporated in the simulations. 

Particle shape using spheres and scanned particles were used to study its influence on 

shear stress. The direct shear tests were simulated at normal stresses of 50 kPa, 100 kPa 

and 150 kPa. A total of 6 DEM simulations were completed (excluding calibration) in 

this study as shown in Table 3.12. PA2200 material was used as calibration purpose to 

obtain the DEM input parameters. As such only one DEM simulation at 100 kPa was 

sufficient for PA2200. 

 
Fig. 3.37 Overview of major DEM parameters for this study 
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Table 3.12 DEM simulation plan with varying parameters (excluding calibration) 

Simulation 

no. 

Material 

properties 

Density 

(kg/m3) 

Young’s 

modulus 

(N/m2) 

Particle 

shape 

Normal 

Stress (kPa) 

1 

PA2200 930 6.1e+08 

Sphere 100 

2 
Scanned 

particles 
100 

3 

Metasandstone 3215.7 1.5e+09 

Sphere 

50 

4 100 

5 150 

6 
Scanned 

particles 
100 

 

An overview of a direct shear test simulation in DEM would consist of importing the 

shear box geometry using AutoCAD or SOLIDWORKS software. The shear box 

consisted of 3 parts, namely the upper half shear box, lower half shear box and the loading 

plate. Once imported to DEM, the properties of the shear box material were then 

specified. The next step was to create/inject the particles to a known mass or volume such 

that the specimen simulated would produce a desired relative density. A compaction 

sleeve was used to retain the particles which were generated in a loose state. Gravitational 

force was applied to the particles and the loading plate displaced vertically to compress 

the particles within the desired specimen thickness of 80 mm. This virtual compaction 

simulates the manual compaction in the laboratory specimen preparation where the 

desired specimen mass of 2.85 kg was compaction to achieve the 80 mm specimen 

thickness. Once the specimen was compacted in the shear box, an additional (normal) 

constant force was applied to the latter known as the compression stage prior to shearing. 

Once consolidated, the lower half of the shear box was then displaced 32 mm to the left 

to achieve completion of the shearing stage. The results can then be saved, exported, and 

plotted graphically. Figure 3.38 shows the overview steps in simulating a direct shear test 

in DEM. 
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Fig. 3.38 Summary of direct shear test simulation process 

3.5.1 Rocky DEM: Simulation procedure for large direct shear test 

Rocky DEM is a commercial software developed by ESSS (ESSS 2022a) to conduct 

advanced discrete element modelling. Some of the key advancement features are bulk 

material processing, use of multi-GPUs to speed up the simulation time, multiple particle 

shapes including the ability to import scanned particle shapes, ability to have other 

components to interact and calculate the forces between the particles and object, and 

incorporating particle breakage models for more accurate simulation results. 

When conducting a simulation using Rocky DEM, the workflow will consist of three 

stages namely pre-processing, processing and post-processing. During pre-processing, 

the user will set all the parameters and requirements prior to the simulation process. The 

processing stage consist of conducting the tasks that have been added during the pre-

processing stage. This stage would require high computational resources and time based 

on the complexity of the model. The last stage is post-processing which is to extract all 

the data and plotting of results once the model has been completed. 

3.5.1.1 Pre-processing 

Once Rocky DEM is launched, a new file can be created by selecting ‘File’ and ‘New 

Project’. The user interface consists of a menu and toolbar, data panel, data editors panel, 

workspace, progress panel, status panel and a simulation log panel (Figure 3.39). 
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Fig. 3.39 Rocky DEM interface 

The new project was named as ‘Direct Shear Test Simulation’. Details about the project 

setup are found in the data panels. In the first panel, the user can name the project from 

the ‘Study Name’ and add relevant information such as the specimen, particle size and 

displacement in the description box (Figure 3.40). 

 

Fig. 3.40 Project description 
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The recommended workflow to setup a Rocky simulation is to start from the items listed 

in the data panel from top to down and one-by-one. The data panel list is shown in Figure 

3.41. 

 

Fig. 3.41 Recommended workflow data panel (from top to bottom) 

3.5.1.2 Physics 

The Physics tab allows the user to set physical conditions such as gravity, momentum, 

thermal and coarse-graining models. Based on ideal laboratory condition, to achieve a 

shear displacement of 32 mm at a rate of 1.0 mm/min, the time required to complete the 

simulation would be 32 minutes. Generally, for the case of DEM, users would limit a 

simulation within seconds or few minutes. DEM simulations are set relatively shorter 

durations due to the intensive computational force required. However, although a 

simulation may be set to complete within few seconds, it may take several days to process 

based on its complexity and computational requirements.  In DEM, a timestep is used to 

regulate the duration of the simulation process which is usually set to a low value to 

ensure stability of the simulation. For this study, the direct shear test was simulated for a 

total duration of 17 seconds. This includes an initial 2 seconds of particle injection, 

followed by 3 seconds of compression and lastly, 12 seconds for the shearing stage. 

Under the physics tab (Figure 3.42), the gravity was set as -9.81 m/s2 which will start at 

0 second and stops at 17 seconds, the end of the simulation. 
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Fig. 3.42 Gravity settings 

3.5.1.3 Momentum 

From Rocky DEM user manual (ESSS 2022b), it is recommended that every simulation 

should have a defined Normal Force and Tangential Force. An adhesive force is not 

required and not applicable for the granular metasandstone material. Figure 3.43 shows 

the momentum settings in Rocky DEM. 

There are two types of Rolling Resistance models that can be applied to Rocky DEM, 

namely Type A: Constant Moment and Type C: Linear Spring Rolling Limit. The user 

should be aware of some limitations in the momentum settings where Rolling Resistance 

Model of Type C: Linear Spring Rolling Limit does not work with the Tangential Force 

of Coulomb Limit. The Tangential Force of Mindlin-Deresiewicz works only with the 

Normal Force of Hertzian Spring Dashpot. When adopting Tangential Force of Mindlin-

Deresiewicz for simulating non-spherical particles, it is recommended to set the Rolling 

Resistance to zero. The Rolling Resistance Models are not compatible with Concave 

custom Polyhedron particle shapes and Coarse Grain Modeling (CGM). For this study, 

the scanned metasandstone aggregates are classified and imported as custom polyhedron 

particles shape in Rocky DEM. Hence, rolling resistance was disabled when simulating 

the scanned particles shape. However, when simulating spheres particles, the rolling 

resistance was enabled as Type C: Linear Spring Rolling Limit. Table 3.13 shows the 

compatibility matrix for Rocky Momentum Models. 
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Fig. 3.43 Momentum settings 

Table 3.13 Compatibility matrix for Rocky Momentum Models 

 

The numerical softening factor is applied to all material stiffnesses including the particles 

and boundaries which are used to calculate the timestep and contact forces. This enables 

the user to increase the size of the timesteps and speed up the processing time without 

having to change the material properties. A smaller value of numerical softening factor 

will imply a larger simulation timestep and will increase the processing speed. However, 

numerical softening factors that are too small may produce particle overlapping, unstable 

simulation and inaccuracy of results. Typical value of softening factor would range 
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between 0.001 and 1.0. For this study, the numerical softening factor was set as the default 

value of 1. A timestep of 2.10E-06 seconds was recorded for the simulations in this study 

which is considered relatively small and adequate for a stable simulation. Similar 

magnitude of timestep 10-6 was used by other researchers for simulating granular 

materials in DEM (Sazzad 2011, Nguyen 2017). 

There are three types of normal force models that can be used to calculate the normal 

components of the contact forces. The models are Hysteretic Linear Spring, Linear Spring 

Dashpot and Hertzian Spring Dashpot. Hysteretic linear spring model was previously 

known as linear hysteresis model by Rocky. It is an elastic-plastic normal contact model 

which allows the simulation of plastic energy dissipation during a contact without raising 

long simulation times. Viscous damping is not applied to this model and the energy 

dissipation is not dependent on the neighbouring particle velocities. This makes the 

energy dissipation insensitive to other contacts. Compressible materials can be modelled 

accurately since the contact forces can be almost zero even at residual overlaps. 

Linear spring-dashpot model was previously known as linear elastic viscous model in 

Rocky. This model is commonly used in DEM due to its simplicity and was first proposed 

by Cundall and Strack (1979). The normal contact force model consists of a linear elastic 

repulsive force and a damping force. Although the linear spring-dashpot model is popular 

in DEM formulations, it tends to be less accurate than the hysteretic linear spring model 

because energy dissipation in the real world is plastic rather than viscous. Its accuracy 

drops especially when particles have simultaneous multiple contacts, since the amount of 

viscous dissipation is accurate only for single contacts (ESSS 2022b). For the case of 

angular and irregular particle shapes such as metasandstone, multiple contacts points are 

expected among particles. 

Hertzian spring-dashpot model is similar to the linear spring-dashpot model, the main 

difference being that both the elastic and the damping components of the normal force 

are nonlinear functions of the overlap in the Hertzian model. The elastic part is based in 

the classical contact theory developed in the late nineteenth century. For this study, the 

Hysteretic linear spring was selected as the normal force model (Figure 3. 44). 
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Fig. 3.44 Normal force models available in Rocky DEM 

The adhesive model defines how the adhesion between the particles are calculated. There 

are three models which are constant, linear and JKR (Figure 3.45). For this study, the 

adhesion model was selected as none, due to the non-adhesive metasandstone material 

used for the simulation. 

 

Fig. 3.45 Adhesive force models available in Rocky DEM 

Linear Spring Coulomb Limit, Coulomb Limit and Mindlin-Deresiewicz are the three 

models available for tangential force (Figure 3.46). The linear spring coulomb limit is an 

elastic-frictional model. Coulomb limit model is considered as the simplest tangential 

force model where the condition of sliding is based on the tangential component of the 

relative velocity. The Mindlin-Deresiewicz model is applicable only when using the 

Hertzian spring-dashpot model. For this study, the tangential force model was selected as 

linear spring coulomb limit. 
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Fig. 3.46 Tangential force models 

3.5.1.4 Thermal Model 

Thermal modelling allows the user to simulate conductive heat transfer among the 

particles and from the particles to the boundaries. Particles influenced by heating or 

cooling of other components around it can be observed. Convective heat transfer can also 

be simulated between particles and fluids (Figure 3.47). For this study, thermal model 

was omitted as it is does not form part of our research interest. 

 

Fig. 3.47 Thermal model in Rocky DEM 

3.5.1.5 Coarse Grain Modelling 

Coarse Grain Model (CGM) was developed with aim to scale-up the particle size while 

maintaining the system behaviour and reducing the processing time (Figure 3.48). The 

features and functionality of CGM are not compatible for Rolling Resistance Models, 

particle breakage, meshed particles including fibers, shells and solids. For this study, true 

particle scale was used for the simulation and the coarse grain modelling was omitted. 
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Fig. 3.48 Coarse grain modelling in Rocky DEM 

3.5.1.6 Modules 

In Rocky, Modules refer to separate pieces of code that when explicitly turned on (or 

enabled) prior to processing the simulation, add in discrete features or functionality within 

the project. By having the default state of these modules disabled, calculations that the 

user may not require are avoided, saving both processing time and file size in the process. 

Rocky provides default modules as listed below (Figure 3.49). 

• Boundary Collision Statistics: enables the collection of boundary-related collision 

data, such as collision frequency, intensities, and impact velocities. 

• Inter-group Collision Statistics: enables the collection of energy dissipation data for 

each particle-particle and particle-boundary pair. 

• Inter-particle Collision Statistics: enables the collection of particle-related collision 

data between all particles in the simulation. 

• Intra-particle Collision Statistics: enables the particle-related collision data 

affecting the surfaces of a particular particle set. 

• Liquid Bridge: enables you to specify the parameters necessary to enable the Liquid 

Bridge adhesion model. 

• Particle Instantaneous Energies: enables the calculation of the kinetic and potential 

energies of each individual particle in the simulation. These energies are useful when 

performing global or partial energy balances in a simulation. 

For this study, only the boundary collision statistics was enabled as only the force, stress 

and displacement of the boundary were necessary to produce the desired results such as 

normal stress, shear stress and vertical displacement. 



 Chapter 3: Methodology 

104 

 

Fig. 3.49 Modules in Rocky DEM 

3.5.1.7 Geometries 

Geometries, also known as boundaries, are the physical components in a simulation. 

Examples of the geometries are receiving conveyors, feed conveyors, inlets, and 

geometries that are imported from various CAD programs. Once the geometries are 

imported in Rocky, the parameters can then be changed to achieve the desired behaviour. 

The parameters are size, shape, and behaviour of the default geometries included within 

Rocky, or special movements of the imported geometries, such as lifting or turning. The 

direct shear box was divided into four components namely, compaction sleeve, load plate, 

upper half of shear box and lower half of shear box (Figure 3.50). The four parts were 

drawn in AutoCAD and imported to Rocky in STL format. A shear gap of 2 mm was 

added between the upper and lower halves of the shear box prior to the start of the 

shearing stage. The shear box specimen size is 160 mm x 160 mm x 80 mm. 

 

Fig. 3.50 Imported shear box geometries in Rocky DEM 
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3.5.1.8 Motion Frames 

Motion frames are used to add motion to the imported geometries. The types of motions 

available in Rocky are translation (velocity), rotation, periodic rotation (pendulum), 

periodic translation (vibration), free body translation, free body rotation, additional force, 

additional moment, spring-dashpot force, spring-dashpot moment, linear time variable 

force and linear time variable moment.  

For the simulation of a direct shear test, four motions are required: gravitational force, 

constant normal stress, shear gap generation and constant shearing rate. Gravitational 

force was applied to the particles and the loading plate from the start of the compression 

stage until the end of the shearing stage. To apply a constant normal stress on the 

specimen, an additional force along the y-axis was applied on the loading plate. For a 159 

mm x 159 mm load platen, the surface area in contact with the specimen is 0.025281 m2. 

Hence a normal load of 100 kPa would translate to a force of 2528.10 N. Although being 

negligible, the weight of the loading plate (28.45 N) was taken into account when defining 

the input normal force. Similarly, the force was calculated for other normal stresses of 50 

kPa, 100 kPa and 150 kPa. A free body rotation was also prescribed to the loading plate 

to capture the tilting effect during shearing. After the compression stage, a shear gap was 

created by lifting the upper half shear box 2 mm upwards. A translation motion with fixed 

velocity was used to achieve the movement along y-axis. For the shearing stage, a 

translation motion with fixed velocity along the z-axis was used to achieve a constant 

shearing rate. The negative value indicates the movement to the left direction. 

Lastly, the motion frames were assigned to the geometries respectively where the 

additional force, free body rotation and free body translation were assigned to the load 

platen and the translation motion was assigned to the lower half of the shear box. The 

upper half of the shear box stays idle throughout the simulation and requires no motion 

frame. Figures 3.51, 3.52 and 3.53 show the parameters adopted for the motion frames to 

simulate normal stress, shear gap and shearing stage respectively. 
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Fig. 3.51 Motion frame parameters for applying normal stress 

 

Fig. 3.52 Motion frame parameters for applying shear gap 
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Fig. 3.53 Motion frame parameters for applying the shearing stage 

3.5.1.9 Materials 

The material properties for the shear box were defined under the default boundary tab. 

The values adopted for density, Young’s modulus and Poisson’s ratio were adopted based 

on the aluminium shear box properties described in Lasagni and Degischer (2010). The 

material properties for the default metasandstone particles were obtained based on 

laboratory tests as described in Chapter 4. Density of metasandstone was obtained from 

specific gravity test as described in Section 3.1.4. Young’s modulus of metasandstone 

was determined from direct shear test, a method adopted from Noonan and Nixon (1972). 

A detailed derivation of Young’s modulus from direct shear test can be found in Chapter 

5. Figures 3.54 and 3.55 show the material properties for the shear box (boundary) and 

metasandstone particle respectively. 
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Fig. 3.54 Shear box material properties 

 

Fig. 3.55 Material properties for metasandstone particles 

Calibration of the DEM simulation is essential, prior to simulating metasandstone 

particles, to ensure that accurate results can be produced from the direct shear simulation. 

3D printed synthetic particles, laboratory direct shear results and the printed material 

properties can be used as input in DEM to ensure accurate results are produced. The 3D 

printed material properties are shown in Figure 3.56. Density and Young’s modulus of 

3D printed aggregates using PA2200 polyamide material were obtained from the 

manufacturer (EOS 2018).  
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Fig. 3.56 Material properties for PA2200 (3D printed material) 

3.5.1.10 Materials Interactions 

Modifying Materials Interactions values enables the user to calibrate how “wet” or 

“sticky” a material acts when it comes into contact with another material, enabling 

simulations that are more closely to real-world conditions. Static friction is the maximum 

ratio of contact tangential force to normal force before onset of sliding. Dynamic friction 

is the maximum ratio of contact tangential force to normal force after onset of sliding. 

Tangential stiffness ratio is the tangential contact stiffness to normal contact stiffness. 

This parameter controls the bulk Poisson’s ratio of granular materials. Rocky user manual 

recommends using a tangential stiffness ratio of 1 for most simulations (ESSS 2022b). 

The restitution coefficient measures the energy dissipation. The coefficient ranges from 

0.1 to 1. From Rocky user manual, the particle static and dynamic friction values should 

be positive values. For this study, the friction for boundary-to-boundary material 

interaction (Figure 3.57) and boundary to particle interactions (Figure 3.58) were defined 

based on calibration exercises in Chapter 5. Tangential stiffness ratio and restitution 

coefficient values were calibrated and set as 1 and 0.3 respectively, which are also the 

recommended values by ESSS (2021). 
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Fig. 3.57 Material interaction properties for boundary-to-boundary condition 

 

Fig. 3.58 Material interaction properties for boundary-to-particles condition 

3.5.1.11 Particles 

This study makes use of two types of particle shapes; the conventional sphere and scanned 

realistic particle geometry. The sphere particles were generated using the continuous 

injection method where twenty sphere sizes with specific flowrate were injected into the 

shear box for 3 seconds. To import the scanned metasandstone shapes, the preferred shape 

option was the custom polyhedron (solid particles). Once the Standard Tessellation 

Language (STL) file containing the particle shape was uploaded in Rocky, it was 

identified as a concave shape. For custom polyhedron, Rocky allows two import options 

which is concave and convex shapes (Figure 3.59). Convex shapes are described as 

particle shapes that are closed in 3D with full interior volume that contain no faces that 

form dents or hollows. In this study, the metasandstone particles are classified as concave 

shape which contain at least some faces that form dents or hollows due to its angularity. 
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Fig. 3.59 Convex and concave shape options when importing custom polyhedron 

particle shape 

The particle size type was set as original size scale to preserve the actual scanned particle 

size. By default, the particle is defined as a single element composition. A single element 

particle is composed as an individual, solid shape. Single element particle compositions 

cannot be made flexible and is not breakable. A multiple elements particle is meshed to 

comprise of many smaller elements "glued" together. Composing the particle in this way 

provides several unique benefits, such as ability to break, and/or a more detailed particle 

analysis. Figure 3.60 shows an example of (a) a sphere particle and (b) an imported 

custom polyhedron particle using the scanned STL file. From Table 3.5, 20 types of 

scanned particles were imported in Rocky DEM. For simulation using sphere particles, 

an equivalent sphere volume was generated for each of the twenty scanned particle. 

 

Fig. 3.60 (a) Sphere particle and (b) custom polyhedron particle 

The two breakage models available for custom polyhedron are Griffith Surface Energy 

and Shear Stress Criterion. The parameter required for each model are surface energy and 

shear stress limit respectively. The surface energy is the amount of surface energy used 

by the Griffith breakage model to calculate the energy balance upon which the model is 
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based (Figure 3.61). The larger the value of the surface energy, the more resistant to 

breakage the joint will be. The shear stress limit is the value that defines when a joint 

breaks in the Shear Stress breakage model (Figure 3.62). Whenever the shear stress 

experienced by a joint is larger than this limit, the joint will break. However, to enable 

particle breakage during DEM, an outstanding computational power and time are required 

to process such simulation. Due to such limitations, particle breakage was omitted from 

the scope of this study. 

 

Fig. 3.61 Griffith surface energy model 

 

Fig. 3.62 Shear stress criterion model 
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3.5.1.12 Particle Orientation 

The Orientation tab (Figure 3.63) allows the user to define what direction the particles 

will enter the domain. By default, particles are injected into the domain perpendicular to 

the injection inlet (red rectangle). From Figure 3.63, the default orientation can be 

changed in relation to the inlet to have all particles generated at a different angle, at 

random angles, and many options in between. For this study, particles were generated 

using the random angle of 45 degrees. 

 

Fig. 3.63 Particle generation using random orientations 

3.5.1.13 Point Clouds 

The primary purpose of Point Clouds is to support the functionality within custom 

external Modules whose models require information that varies through all three 

dimensions of the domain. Unless the user has enabled an external Module that makes 

use of Point Clouds, this part of Rocky setup can be skipped. Specifically, Point Clouds 

allows the user to import a text file containing field data that defines one or more points 

in space. This data can then be used by Rocky in various ways depending upon the 

functionality of the external Module making use of the Point Cloud. Point clouds was not 

utilized for this study as no external data or module was required. 

3.5.1.14  Inputs 

There are three types of inputs available for adding particles into the simulation. The user 

can choose from continuous injection, volume fill or custom input. The volume fill option 

will add particles to a defined bounding box, usually based on the geometries imported. 

Once the volume has been filled with particles, an estimated number of particles can be 

obtained from the info tab. This option automatically fills a volume without a predefined 
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number of particles. Custom input requires an input file containing each individual 

particle size and coordinates. This option can be adopted if the user has the those known 

information. The method of generating particles is essential for this study as the condition 

should be identical to the laboratory test. By adopting a relative density of 65% and with 

the initial specimen volume, the mass of the specimen can be calculated. When the custom 

polyhedron particle is imported in Rocky, the volume and mass are known. Hence, using 

the desired total mass of particles, the injection method was used to generate particles 

sufficient to achieve a relative density of 65% in DEM as well. The particles mass 

flowrate has been listed in Chapter 5. Figure 3.64 shows the option to specific the mass 

flow rate of each particle for the particle injection method. Figure 3.65 shows particle 

generation using the injection method (a) for sphere particles and (b) custom polyhedron 

(scanned) particles. An inlet for particle injection was added below the loading plate (red 

rectangular line). A compaction sleeve was added on top of the upper half shear box to 

retain the particles injected. The compaction sleeve was disabled once the compression 

stage was completed. 

 

Fig. 3.64 Input parameters for particle injection method 
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Fig. 3.65 Particle generation using injection method for (a) sphere particles and (b) 

custom polyhedron (scanned) particles 

3.5.1.15  Contacts 

Contacts data determines whether or not the contact-related data required to calculate 

particle and boundary movement is saved for each timestep. When enabled (Figure 3.66), 

simulation file size will be larger, but the user will be able to visualise and analyse 

contacts data later and resuming a stopped simulation will be quicker as the contact data 

will be readily available. When cleared, simulation file size will be smaller, but the user 

will not be able to visualise nor analyse the contacts data later and resuming a stopped 



 Chapter 3: Methodology 

116 

simulation will take more time as the contact data for the in-process timestep will need to 

be recalculated before processing is resumed. 

 

Fig. 3.66 Collecting contacts data 

3.5.1.16  CFD Couplings 

The Fluent Two-Way Method is a CFD Coupling option that enables Rocky to receive 

fluid flow data from ANSYS Fluent, calculate how the fluid movement affects the particle 

flow, and then send the momentum (and other quantities) sources back to Fluent for 

Fluent to calculate the flow field for the next timestep. This two-way coupling results in 

a Rocky simulation that fully depicts how particles and fluids interact with each other in 

the confines of the equipment. CFD coupling is not applicable and is not in the scope of 

this study, hence no coupling was applied to the simulations in this study. 

3.5.1.17  Domain Settings 

Domain settings enable the user to define coordinate limits and, if desired, an additional 

periodic domain for the simulation project. Coordinate limits determine where in the 

simulation calculations may occur. This means that any items that fall outside the defined 

limits, including particles and geometries, will not be included in the simulation 

calculations. For particles, falling outside the coordinate limits also means they will not 

be visualised. For particles that are set to be released outside the coordinate limits, this 

means they will not appear in the simulation at all. For particles that were within the limits 

but then exited out of them, this means those particles will disappear immediately upon 

leaving the limits (Figure 3.67). 
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Fig. 3.67 Particle behaviour when exiting the coordinate limits 

 

3.5.1.18  Solver 

The solver consists of several parameters to process the Rocky simulation. The simulation 

duration is the total amount of real time that the user wants the simulation to run. The 

output frequency is the time intervals at which the timestep files will be saved. The value 

must be positive but less than the simulation duration. The solver curve frequency 

controls the frequency at which the values on the solver curves tab are updated during 

processing. The value entered here is the number of times that the curves values will be 

updated between new timestep files. A value of 1, for example, updates the curves once 

for every timestep file, which is also the standard frequency other (non-solver) curves are 

updated. A value of two will update the solver curves twice for every timestep file, and 

so on. For this study, an output frequency of 0.1 second was adopted as shown in Figure 

3.68. Particle breakage and wear can be specified when to start or delayed during the 

simulation. Since these components are not included in this study, the options were 

disabled. 
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Fig. 3.68 Solver time parameters 

3.5.2 Visualisation of Direct Shear Test Simulation in Rocky DEM 

After the particle injection, the particles were compacted to achieve a relative density of 

65%. The contact force was reset, gravitational force was applied to the particles and load 

plate. Figure 3.69 shows the shear box setup with compacted sphere particles. A distinct 

shear gap of 2 mm can be observed between the upper and lower halves of the shear box. 

 

Fig. 3.69 DEM shear box setup with compacted sphere particles and a shear gap 

between upper and lower half of shear box 
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Figure 3.70 shows the difference in compacted direct shear test specimen using (a) sphere 

particles and (b) scanned particles. Both compacted specimens (sphere and scanned 

particles) consist of a total particle volume of 0.00123 m3 which translate into a relative 

density of 65%.  

 

Fig. 3.70 Compacted direct shear test specimen using (a) sphere particles and (b) 

scanned particles simulated in DEM 

After the compression stage, the shearing stage was initiated where a constant normal 

load was applied via the loading plate and the specimen was sheared at a constant rate of 

0.002667 m/s. Figure 3.71 shows the front view of the direct shear test simulation using 

sphere particles (a) before shearing, (b) after shearing, and using scanned particles (c) 

before shearing and (d) after shearing. Similarly, the isometric view of the direct shear 

test simulation is shown in Figure 3.72 using sphere particles (a) before shearing, (b) after 

shearing, and using scanned particles (c) before shearing and (d) after shearing. During 

the shearing stage, the upper half of the shear box remained static while the lower half of 

the shear box was displaced horizontally to the left. The load plate was free to move which 

captured dilation/compression of the specimen by means of vertical displacement and 

rotation. 
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Fig. 3.71 Front view of the DEM direct shear test simulation for sphere particles (a) 

before and (b) after shearing, and scanned particles (c) before and (d) after shearing 

 

Fig. 3.72 Isometric view of direct shear test DEM simulation for sphere particles (a) 

before and (b) after shearing, and scanned particles (c) before and (d) after shearing 
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3.5.3 Best practices for faster DEM processing 

The time required to process a simulation in Rocky depends on several factors such as: 

- the CPU or GPU processing capabilities 

- the number, size and complexity of particles being simulated 

- the timestep used for simulation, which depends on the particle size, density and 

Young’s modulus. 

- the size of the geometries and boundary triangles. 

- the simulation time. 

To improve the processing speed, the following steps can be considered: 

- use GPU instead of CPU. 

- reduce the particle Young’s modulus. Rocky suggested that E of 1x108 can be 

safely reduced to 1x106. 

- Modify the numerical softening factor to increase the timestep. 

- If possible, use single elements instead of multiple elements. 

- reduce the complexity of the particle shape. 

- reduce the simulation length. 

3.5.4 Computer Performance Requirements 

There has always been a concern regarding performance requirement for numerical 

simulations where complex models would require high computational capacity and 

several days of processing time. For most cases, this would depend on the number of 

cores that the central processing unit (CPU) contains. Graphics Processing Unit (GPU) is 

similar to a CPU but specialises in rendering and graphic displays. It can process multiple 

tasks and calculations simultaneously and faster than a CPU due to its larger number of 

cores compared to a CPU. Rocky DEM provides a guideline on the selection of GPU for 

a better processing. Generally, if the simulation makes use of spherical particles, the GPU 

selection should be based on the memory capacity. For non-spherical particles, like the 

use of custom polyhedron in this study, a GPU with high double-precision value should 

be adopted. It is essential to investigate which computer requirements would be suitable 

based on the nature and complexity of the intended simulation. 

For this study, a customised workstation was used to process Rocky DEM simulations. 

The specifications of the custom workstation are: 

- CPU Intel s2066 Core i9 10920X 3.5GHz 12 Core CPU 
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- MSI S2066 ATX X299 PRO DDR Motherboard 

- Nvidia Titan V 12 GB GPU 

- 128 GB DDR4 G. Skill 3600MHz Trident Z Neo RGB RAM 

- NZXT Kraken z63 Liquid CPU Cooler 

Once the simulation is completed, various data can then be exported and presented as 

results. Animation of the simulated particles can be exported to a video clip. The 

animation can also be customised based on the frame per second (fps), start and end of 

the simulation. Results such as force, stress and displacement can be plotted in Rocky and 

exported to Excel file format. The simulation calibration and results are discussed in the 

Chapter 6. 

3.6 Concluding Remarks 

Metasandstone was adopted as test specimen for this study due to its angular shape as a 

contrast to conventional sphere-shape particles used in discrete element modelling 

(DEM). The specimen was used to conduct large direct shear tests at various normal 

stresses with aim to better understand the particle behaviour during shear. Particle size 

distribution, relative density, specific gravity, void ratio and petrographic analysis were 

conducted on the metasandstone aggregates for specimen characterisation. The physical 

and geometrical properties of metasandstone were then used in the simulation of a direct 

shear test using DEM. Geometry extraction of the particles was achieved using micro-CT 

scanning. The X-ray images obtained from micro-CT were used to rebuild a 3D surface 

mesh of the particles and stored in a Standard Tessellation Language (STL) file format. 

The STL file was then used to 3D print synthetic particles. The use of synthetic particles 

in this study is to calibrate the DEM simulation using the known 3D printing material 

properties and to validate the simulation results with laboratory test results. This will 

provide confidence in the DEM outcomes and hence it can accurately simulate the 

shearing of metasandstone particles. Figure 3.73 shows a detailed methodology adopted 

for this study. 

 

 

 



 Chapter 3: Methodology 

123 

 

Fig. 3.73 Detailed overview of methodology 
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4.0 LABORATORY TEST RESULTS 

This chapter reports the laboratory test results based on the methodology described in 

Chapter 3.  Tests conducted for defining the specimen characterisation consist of particle 

angularity, size distribution and classification, specific gravity and relative density. A 

summary of outcomes from the particle geometry extraction and synthetic printed 

particles are included in this chapter. Vector plots obtained from PIV analysis are used to 

determine the particle shear behaviour using sand-sized metasandstone. Shear stress and 

Mohr-Coulomb parameters obtained by shearing metasandstone and synthetic printed 

particles in laboratory direct shear tests are provided along with discussions on its 

influencing parameters. 

 

4.1 Direct Shear Test Results of Sand-sized Metasandstone for PIV Analysis 

Figure 4.1 shows the shear stress and volumetric plots for the sand-sized metasandstone 

at 100 kPa, 300 kPa and 500 kPa normal stresses. At the early stage of shear, a peak shear 

stress is registered, followed by a reduced shear stress referred as the residual state. At 

a normal stress of 100 kPa, the specimen was first compressed until substantial dilation 

occurred and compression was observed again at the end of the test.  

 

Fig. 4.1 Direct shear test results for sand-sized metasandstone at 100 kPa, 300 kPa and 

500 kPa 
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Increased normal stresses resulted in a larger peak shear stress as the specimen underwent 

larger compression. This might be due to increased normal force pressing onto the 

particles, preventing them from rolling and the specimen to dilate. Additionally, the 

possibility of particle breakages during shearing may have contributed to specimen 

compression. 

4.1.1 Power Law Function for Non-linear Behaviour 

Figure 4.2 shows the strength envelopes for the sand-sized metasandstone. It was reported 

that when the best-fit Mohr Coulomb (MC) strength criteria is used, shear strength might 

be overestimated at low and high normal stresses, but underestimated at intermediate 

stresses for materials with nonlinear strength development (Choo and Ong 2015, Peerun 

et al. 2019). To eliminate these possible errors, a power law function was utilised to 

characterise the tested sample's nonlinear shear strength behaviour (DeMello 1997). Eq. 

4.1 defines the simplified power-law function. 

𝜏 = 𝐴(𝜎′)𝐵     Eq. (4.1) 

Where A is a dimensionless constant that controls the scale of the power function and B 

is a dimensionless constant that controls the power function's curvature (Choo and Ong 

2017). Because the MC strength values are typically required, Yang and Yin (2004) 

developed a generalised tangential approach for defining the internal frictional angle and 

cohesion of the tested material. To acquire the necessary MC parameters using this 

approach, a tangent to the power law strength envelope should be drawn at the desired in 

situ pressure. The sand-sized metasandstone was fitted with a power law function. 

Tangents were drawn for peak and residual states at 100, 300, and 500 kPa normal stresses 

to illustrate the variation in tangential MC parameters between low and high normal 

stresses. Choo and Ong (2015) and Ong and Choo (2016) effectively employed this 

approach to analyse the c' and ' values of reconstituted rock spoils. 
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Fig. 4.2 Non-linear strength envelopes for sand-sized metasandstone at tangential 

normal stress of (a) 100 kPa, (b) 300 kPa and (c) 500 kPa 

The tangential strength parameters acquired from Figure 4.2 using the power law function 

and the tangential approach are shown in Table 4.1. It is evident that increasing normal 

stresses results in increased apparent cohesion and a corresponding decrease in frictional 

angle. The cohesion, c' is defined in this study as a apparent cohesion rather than a true 

cohesion. Taylor (1948) defined apparent cohesion as the result of interlocking, a term 

that applies to all forms of soil, including clay and gravel. According to the stress range, 

Lu et al. (2009) observed a small amount of apparent cohesion in dry sand. In the dry 

stage, the test specimens were oven dried and sheared. To characterise the real soil 

strength behaviour of a nonlinear material using a linear formulation would be heavily 

dependent on the applied normal stress (Choo 2015). As a result, applying the traditional 

Mohr-Coulomb failure criterion would unduly impose the selection of zero cohesion and 

result in an erroneous forecast of strength. As a result, the tangential technique established 

by Yang and Yin (2004) was recommended for obtaining apparent cohesion under 

specified normal stress. Several researchers have successfully adopted this technique 

(Choo and Ong 2015, Ong and Choo 2016, Choo and Ong 2017, Ong and Choo 2018). 

Table 4.1. Shear strength parameters of sand-sized metasandstone 

Specimen 

Tangential 

normal stress 

(kPa) 

Apparent cohesion (kPa) 
Internal friction angle 

(degrees) 

Peak Residual Peak Residual 

Sand-sized 

Metasandstone 

100 9.5 0.8 37.7 35.0 

300 25.3 2.2 34.7 34.5 

500 39.8 3.7 33.0 34.5 

 

4.1.2 Typical GeoPIV Vector Plot 

Vector plots were generated for each stage of the four-stage shear model (Li and Aydin 

2010). For each of the applied normal stresses, particle movements were recorded at 

various phases of shearing. Vectors were used to indicate the directions of particle 

movements, while the lengths of the vectors were used to represent the magnitude of 

particle displacements. The upper and bottom parts of the shear box were clearly 

distinguishable, with the top half exhibiting far less motions than the lower half. This is 

because only the bottom half of the shear box was moved during the shearing of the test 
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specimens; the upper half of the shear box and the camera remained stationary 

throughout testing. Vector plots at 100 kPa normal stress revealed that particles moved 

downward at the right end of the shear box during the shearing process, whereas particles 

moved upward at the left end of the shear box, as indicated by the dotted arrow in Fig. 

4.3. Numerous studies discovered similar results when modelling granular materials using 

discrete element methods (O’Sullivan et al. 2006, Kang et al. 2012, Indraratna et al. 2014, 

Salazar et al. 2015, Peerun et al. 2019). Additionally, the vector plots revealed other 

activities such as localised dilation and compression. 

 

Fig. 4.3 Metasandstone at Stage 2 of shearing at 100 kPa normal stress 

4.1.3 Understanding Shearing Stages by means of PIV 

By combining the results of the direct shear test with GeoPIV, the behaviour of the 

particles along the shear band may be understood in relation with the specimen strength 

values at various shear stages. Localised activity can be identified and associated with the 

shear stress and volumetric plots for its respective shearing stage. Localised compression 

may occur as a result of particle breaking, whereas localised and/or overall dilation may 

occur as a result of interlocking. It should be noted that the scope of this study does not 

include particle breakage. 

The combination of direct shear test and GeoPIV results for the sand-sized metasandstone 

at 100 kPa normal stress is shown in Figure 4.4. To acquire a better understanding of the 

shearing process, the direct shear and GeoPIV outcomes were segmented into the four 

shearing stages. The volumetric plot demonstrated a sudden compression at the initial 

stage of shearing. This is illustrated in the Stage 1 vector plot, which depicts localised 

compression. Stage 2 demonstrated a rise in shear stress until a peak state was attained, 

during which the specimen expanded to about 0.05 mm (dilation).  
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Fig. 4.4 DST and GeoPIV plots for metasanstone at 100 kPa normal stress 

 

According to Li and Aydin (2010), stage 2 is referred to as particle interlocking, which 

results in an increase in shear stress in order to reach peak state. The stage 2 vector plot 

demonstrates localised compression at the right end of the shear box accompanied by 

dilation of the specimen as a whole. Shimizu (1997) previously reported such localised 

activity near the end of the shear band as localised stresses in the end zones prior to 

reaching peak stress. Additionally, Indraratna et al. (2014) defined such compression as 

nonuniform volumetric strain, which led the back of the shear box to compress while the 

front of the shear box to dilate. This might be due to a contact force chain within the shear 

band, which causes particles to move and rotate more than those outside the shear zone. 
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During stage 3, there was a decrease in shear stress and a reduction in dilation. This was 

demonstrated by the stage 3 vector plot, which showed decreased dilation in comparison 

to stage 2. Stage 4, the final stage of shearing, exhibited localised compression towards 

the right end of the shear box, as shown in the volumetric plot. The shear box's top half 

had minor vertical movement, but the lower half was sheared to the left. The localised 

compression, as illustrated on the right end of the vector plot, validates the compression 

that occurred during the last stage of the volumetric plot, which also resulted in a decrease 

in shear stress rather than a constant shear. 

4.1.4 Effect of Normal Stress on Friction Angle and Apparent Cohesion 

Increased normal stresses led to an increase in tangential peak apparent cohesion, c’peak, 

and a decrease in peak tangential friction angle, ϕ’peak. This demonstrates that at greater 

normal stresses, particle interlocking (from apparent cohesion) contributed more to the 

shear strength of the tested materials than particle rolling (from friction). This observation 

is applicable to materials with nonlinear strength behaviour when the power law and 

tangential technique are used. The vector plots of metasandstone during stage 2 shearing 

at 100 kPa and 300 kPa normal stresses are shown in Figure 4.5. 

 
Fig. 4.5 GeoPIV vector plots of sand-sized metasandstone at shearing stage 2 for 

normal stress of 100 kPa and 300 kPa 
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Figure 4.5 (a) demonstrates significant dilation over the whole specimen, whereas Figure 4.5 (b) 

demonstrates minor localised compression and no vertical displacement in the specimen's top 

half. The volumetric change comparison in Figure 4.4 verifies this specimen behaviour during 

stage 2, which is defined as the period from maximum specimen compression to peak shear stress. 

Table 4.1 validates the statement by Xiao et al. (2014), where increasing normal stress from 100 

to 300 kPa increased the apparent cohesion from 9.5 kPa to 25.3 kPa at peak state. Similarly, the 

friction angle was reduced from 37.7o to 34.7o with the increase in normal stress. 

4.1.5 Contribution of PIV in Understanding Shear Behaviour 

The particle behaviour of sand-sized metasandstone was investigated using the particle 

image velocimetry (PIV) technique during direct shear testing. This chapter focused on 

gaining a better understanding of particle behaviour and how it may be used to describe 

the development of shear strength in various materials. By integrating the findings of the 

direct shear test with GeoPIV, it was possible to correlate the particle behaviour with the 

specimen strength parameters at various shearing stages. Compression, dilation, particle 

interlocking, and possible particle breakages were observed and correlated with their 

specific shear stress and volumetric plots. Note that compression may occur as a result of 

particle redistribution into existing voids or possible particle breakage, whereas dilation 

occurs as a result of particle interlocking. At higher normal stresses, dilation due to 

particle interlocking produced greater apparent cohesion, whereas the magnitude of the 

internal friction angle decreased with increasing normal stresses. The findings from this 

chapter would enable better understanding on particle behaviour during shear and to 

correctly interpret the shear behaviour of the metasandstone material in the subsequent 

chapter. 

 

4.2 Direct Shear Test Results for Gravel-sized Metasandstone 
The shear strength properties of metasandstone were obtained using a non-linear Mohr 

Coulomb function. The non-linear function known as power law function was adopted 

due to the non-linear shear strength of metasandstone. This approach was also adopted 

for the sand-sized metasandstone reported in Section 4.1.1. Friction angle and apparent 

cohesion of the metasandstone aggregates obtained from the power law function are 

reported herein. 

 

4.2.1 Compression Stage 

Prior to shearing, the direct shear test specimens were consolidated for a maximum time 

of 10 minutes. Each sample was compressed vertically at the normal stress of 50 kPa, 100 
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kPa and 150 kPa. A loading frame from the direct shear equipment was lowered to applied 

a constant normal force onto the specimen. The vertical displacement of the specimen 

was plotted against logarithm of time as shown in the compression plot of Figure 4.6. 

From Figure 4.6, it can be seen that metasandstone was fully consolidated after 0.1 

minute. As expected, the granular material achieved instant compression. Once fully 

compressed, the constant normal force was maintained onto the specimen and shearing 

stage was initiated. 

 

Fig. 4.6 Typical compression plot for metasandstone at normal stress of 100 kPa 
 

4.2.2 Shear Stress Plots 

Figure 4.7 shows the shear stress and volumetric plot of metasandstone subjected to a 

normal stress of 100 kPa. Using Li and Aydin (2010) four-stage shearing model and the 

PIV analyses in Section 4.1.3, the direct shear test result was discussed in terms of its 

particle behaviour during shear. The initial shear stage known as end zone deformation 

describes the initial compression of the specimen where a compression of 0.1 mm was 

observed. This initial compression is described by Li and Aydin (2010) as particles 

rearranging themselves within existing voids, causing the specimen to contract. Similarly, 

in Section 4.1.3, the sand-sized metasandstone exhibited similar compressive behaviour 

at the initial stage of shearing where localised compression were observed via the PIV 

plot. The second stage of shearing known as particle interlocking starts from the 

maximum compression until a peak shear state was achieved at 613 kPa. During this 

stage, the metasandstone aggregates experienced dilation due to large amount of particle 

interlocking. As compared to the sand-sized metasandstone, the uniformly-graded 
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(poorly-graded) aggregates consisting of larger particle sizes demonstrated relatively 

larger amount of interlocking and causing the specimen to dilate significantly. However, 

as observed by the volumetric and PIV plots of the sand-sized metasanstone, the 

aggregate specimen produced dilation as expected at stage 2 shearing.  

 

Fig. 4.7 Shearing stages of metasandstone in large shear box at normal stress of 100 kPa 

In stage 3, which is known as shear zone formation, a reduction in shear stress is observed, 

however the specimen experienced further dilation. Conventionally, at this stage the 

particles would rearrange themselves within existing voids to form a consistent shear 

band. For the case of the poorly graded angular metasandstone aggregates, the large 

particle sizes rolling onto each other reflects the large amount of dilation. Additionally, 

although the specimen experienced large amount of dilation, particle breakage would 

contribute to the reduction in shear stress. It is to be noted that the amount of particle 

breakage is relatively small compared to the interlocking activities and henced cannot be 

portrayed in the volumetric plot of Figure 4.7.  

The last stage of shearing, stage 4 is called steady shear where the sample would ideally 

experience constant shear stress with minimal vertical displacement. At this stage, the 
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shear band is expected to be well developed and the particles are expected to flow along 

the shear band with minimal vertical displacement. However, this conventional statement 

may not apply to all types of materials, for example the poorly-graded metasandstone 

aggregates used in this study. Large amount of dilation demonstrated from the volumetric 

plot of Figure 4.7 was physically observed after the specimen was sheared, as shown in 

Figure 4.8. The specimen was compressed at the back of the shear box while dilation 

occurred to the front. Similar observation has been reported by Shimizu (1997) and 

Indraratna et al. (2014) which was explained as localised activities occuring at the end of 

the shear band. Such activities have been reported and confirmed in Section 4.1.3 using 

PIV analysis. Furthermore, the large amount of particle interlocks produce high shear 

stress and dilation and this was comfirmed by the dilatancy angle and increase in void 

ratio, which will be addressed in the next section.  

The author is aware of the influence of a free top platen (ball bearing) onto the uneven 

stress distribution on the test sample. Ideally, a fixed top platen is recommended to ensure 

uniform stress distribution onto the sample as recommended by Jewell (1989). For this 

study, the Geocomp ShearTracIII direct shear equipment was limited to a ball bearing 

loading. To ensure fair comparison, discrete element modelling in Chapter 5 adopted 

similar ball bearing where the load platen was able to tilt freely as per the physical test. 

 

Fig. 4.8 Observation of specimen dilation after performing direct shear test 

Figure 4.9 shows the shear stress and volumetric plots for metasandstone aggregates at 

normal stresses of 50 kPa, 100 kPa and 150 kPa. As observed from Figure 4.9, all the 3 

direct shear test results shows similar trend with an initial increase in shear stress until a 

peak state is achieved, followed by a reduction in shear stress. The reduction in shear 

stress and inability to achieve a constant residual shear state could be due to the particle 

breakages observed during the test. Figure 4.9 shows that the shear stress increases with 

higher normal stress. With larger normal stress applied on the test specimen, a reduction 
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in specimen dilation is observed in the volumetric plot. These statements are consistent 

with the findings in Section 4.1.3 where the sand-sized metasandstone exhibited similar 

shear and volumetric behaviour which were observed via the PIV plots. Figure 4.5 

showed the difference in specimen dilation with higher normal stress on the sand-sized 

metasandstone. With larger normal force acting onto the particles, the specimen is further 

restrained from dilation and greater particle interlocks are produced which lead to higher 

shear stresses.  

 

Fig. 4.9 Shear stress and volumetric plots for metasandstone at normal stresses of 50 

kPa, 100 kPa and 150 kPa, using large shear box tests 

4.2.3 Void Ratio 

Void ratio was adopted to quantify compression and dilation of the test specimen before 

and after shearing. Table 4.2 shows the void ratio before and after shearing for the 

metasandstone aggregates at normal stresses of 50 kPa, 100 kPa and 150 kPa. The 
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definition and computational procedure of void ratio has been documented in Chapter 3, 

Section 3.1.5. The initial void ratio before shearing was maintained constant at 0.66 for 

all the three direct shear tests. This was achieved by using similar weight for the three test 

specimens. Although the samples were compacted, large amount of voids were obtained 

due to the poorly graded aggregates. After the specimens were sheared, the void ratio 

increased. The void ratio after shearing was calculated based on the change in specimen 

thickness where it expanded due to dilation. A higher void ratio of 0.841 was recorded 

after shear for 50 kPa normal stress, which describes the specimen to be in a looser state 

after the test. With increasing normal stress, the particles were restrained from dilation 

and hence relatively lower void ratio after shear were recorded when compared to the test 

specimen at 50 kPa normal stress.  

Table. 4.2 Void ratio of direct shear test specimens before and after shearing using large 

shear box tests 

Parameters Units Values 

Normal stress kPa 50 100 150 

Initial specimen thickness mm 80 

Specimen width mm 160 

Volume of specimen m3 0.0020480 

Weight of sample kg 2.847 

Dry density kg/m3 1390.1 

Specific gravity - 2.31 

Initial void ratio before 

shearing 
- 0.66 

Change in thickness mm 8.640 6.034 4.163 

Change in void ratio - 0.179 0.125 0.841 

Void ratio after shearing - 0.841 0.787 0.748 

 

4.2.4 Non-linear Shear Behaviour 

To acquire the required MC parameters using this approach, a tangent to the power law 

strength envelope must be drawn at the desired in situ pressure. Figure 4.10 shows the 
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stress behaviour of metasandstone aggregates using (a) linear MC strength model (c’≠ 0) 

and (b) the power law function at peak and residual states. Using the regression coefficient 

of the best-fit linear MC and the power law curves, it can be concluded that the failure 

envelope is interpreted more accurately using the power law function and this is especially 

so for the peak state. This can be observed from the relatively higher R2 value obtained 

from the power law curves as opposed to the linear best fits for both peak and residual 

states. 

 

Fig. 4.10 Shear stress behaviour of metasandstone aggregates interpreted using (a) 

linear MC and (b) power law function 

The power law function defined by DeMello (1997) was adopted to characterise the non-

linear strength behaviour of the metasandstone aggregates as depicted in Figure 4.10. The 

generalised tangential method developed by Yang and Yin (2004) was used to obtain the 

frictional angle and apparent cohesion at normal stresses of 50 kPa, 100 kPa and 150 kPa. 

Figure 4.11 shows the non-linear strength envelopes of metasandstone aggregates with 

tangents at 50 kPa, 100 kPa anf 150 kPa for peak and residual states.  

 

Fig. 4.11 Non-linear strength parameters for lab tested metasandstone aggregates with 

tangents at 50 kPa, 100 kPa and 150 kPa. 
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Table 4.3 shows the summary of shear strength parameters obtained from Figure 4.11. 

Dilatancy angle was calculated for the direct shear test specimens, which was defined by 

Bolton (1986) as follows: 

𝑡𝑎𝑛𝜓 = −
𝑑𝜀𝑦

𝑑𝛾𝑦𝑧
      (5.3) 

Where yz is the shear strain and y is the vertical strain. During shearing, both vertical 

strain and shear strain were measured at the point of maximum shear stress (peak state). 

A positive dilatancy angle indicates that the specimen is dilating, whereas a negative 

dilatancy angle indicates that the specimen is compressing. From Table 4.3, a dilatancy 

angle of 18.1o was recorded for the direct shear test at 50 kPa normal stress. It can be 

observed that the dilatancy angle reduced with increasing normal stresses. This means 

that with higher normal stress acting onto the particles, greater particle interlocking would 

restrict the specimen to dilate hence, a reduction in dilatancy angle. This can also be 

confirmed by Figure 4.9 where the volumetric plot shows reduced dilation with increasing 

normal stresses. Additionally, the PIV analyses in Section 4.1.3 provides a visual 

confirmation (via PIV) in terms of particle interlocking behaviour where reduced dilation 

was observed at higher normal stress (see Figure 4.5). 

 

Table 4.3 Shear strength parameters for metasandstone aggregates using the power law 

function based on large shear box test results 

Normal 

stress 

Dilatancy angle, 

 
Friction angle, ’ Apparent Cohesion, c’ 

(kPa) (degrees) 
tangential 

peak 
(degrees) 

tangential 
residual 

(degrees) 

tangential 
peak  
(kPa) 

tangential 
residual  

(kPa) 

50 18.1 76.9 72.3 211.8 52.3 

100 12.8 71.8 69.2 300.2 88.0 

150 8.4 68.1 67.3 368.2 119.2 

 

By using the generalised tangential approach, tangential friction angle and apparent 

cohesion were obtained for normal stresses of 50 kPa, 100 kPa and 150 kPa. Again, it is 

to be noted that the apprent cohesion is described as a product of particle interlocking and 

does not represent true cohesion (Taylor 1948). At 50 kPa, a peak friction angle of 76.9o 

and an apparent cohesion of 211.8 kPa were produced. At higher normal stresses, a 
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reduction in friction angle was observed while an increase in apparent cohesion. Similar 

effect of normal stress on shear strengh parameters has been reported by Peerun et al. 

(2019). When linking the dilatancy angle and findings from the PIV analyses, at high 

normal stresses, the confined particles with greater interlocking activities produced high 

apparent cohesion and a reduction in dilatancy angle. Similar findings can be concluded 

for both peak and residual states. 

 

4.2.5 Factors Influencing the Shear Strength of Granular Materials 
 

The following factors described by Fitsum (2011) were found to affect the internal friction 

angle of granular materials.  

- Particle shape and surface roughness. An increase in frictiona angle is expected 

with higher angularity and surface roughness. 

- Particle mineralogy. A particle with weaker mineral contents such as shale would 

produce lower friction angles as opposed to particles with strong minerals such as 

quartz. 

- Particle size. An increase in particle size is expected to produce higher friction 

angle. 

- Particle size distribution. A lower coefficient of uniformity for the particle size 

distribution would result in an increase of friction angle. 

- Relative density (compaction state). A higher relative density would produce 

larger friction angle. Similarly, lower void ratio would result in an increase of 

friction angle. 

- Applied normal stress. Increasing normal stress would produce a reduction in 

friction angle when adopting the power law function for non-linear strength 

materials. 

It is to be noted that these factors often intertwine, producing a complex influence on the 

friction angle. As stated above, larger particle sizes would produce higher friction angle. 

When compared to the sand-sized metasandstone, the metasandstone aggregates 

produced relatively larger friction angle and apparent cohesion. The metasandstone 

aggregates are categorised as poorly graded gravels which is commonly used as rockfill 

material for dam construction and ballast material for railway tracks construction. The 

higher friction angle of the material is essential for the design of such applications. A 

friction angle of 71.8o of the metasandstone aggregates (100 kPa normal stress) was 
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compared to the findings of other researchers who studied poorly graded gravels during 

shear in the section below.  

Although metasandstone studied herein contains 85% of quartz minerals, it is not to be 

compared with pure quartz (sand). The gravel-sized metasandstone vary in terms of 

particle size, mineralogical content and specific gravity when compared to sand sized 

quartz. A lower specific gravity value of 2.31 was obtained for metasandstone compared 

to quartz (about 2.65). The difference in specific gravity when compared to quartz could 

be due to the variation in mineral content of metasandstone. Petrographic analysis showed 

that metasandstone contained 11% clay-based minerals and 2% weathered pores. 

Although being relatively strong, the metasandstone was susceptible to large amount of 

particle breakages. In contrast, pure quartz particles would be less prone to particle 

breakage due to its strong quartz content. 

Numerous studies have seen comparable effects with various granular materials such as 

gravel and rockfill (Lee and Seed 1967, Feda 1971, Marshal 1973, Indraratna et al. 1998). 

Indraratna et al. (1998) stated that the high values of the friction angle at relatively low 

confining pressure are thought to be due to interparticle contact forces that are 

significantly less than the crushing power of the parent rock and the capacity of the 

interlocking particles to dilate at lower stress levels. Additionally, Charles and Watts 

(1980) stated that relatively stronger particles like basalt would produce larger dilatancy 

angle as opposed to weaker rockfill materials. 

Indraratna et al. (1998) studied the shear strength of highly angular ballast by conducting 

large scale triaxial tests. The particle size ranged from 13 mm to 53 mm and consisted of 

a uniform grading (poorly graded). Large scale triaxial tests with specimen size of 300 

mm (diameter) by 600 mm (depth) were conducted at confining pressures ranging from 

1 kPa to 240 kPa. Figure 4.12 shows a combination of past studies on the influence of 

friction angle with respect to confining pressure which was compiled by Indraratna et al. 

(1998). High friction angle can be observed at the lower confining pressure, while a 

reduction in friction angle with increasing confining pressure.  
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Fig. 4.12 Influence of friction angle with respect to confining pressure for bassalt 

rockfill particles (Indraratna et al. 1998) 

Fitsum (2011) studied the shear strength of Bremanger sandstone rockfill materials for 

the construction of an underwater foundation layer during a harbour extension project. 

Laboratory direct shear tests were conducted at low normal stresses to undertand the 

contribution of dilatancy angle onto shear strength. The sandstone rockfill was 

categorised as poorly-graded angular gravels with an average particle size, d50 = 20 mm. 

Friction angle ranging from 75o to 82o and dilatancy angle from 20o to 29o were obtained 

from direct shear test conducted on the sandstone rockfill material, whose friction and 

dilatancy angles are consistent to the values in Table 4.3, hence the verification. 

Kharanaghi and Briaud (2020) studied the mechanical behaviour of crushed granite, used 

as ballast for the construction of railway tracks. A series of large direct shear tests were 

conducted to better understand the shear behaviour of the crushed granite material. The 

granite particles showed a non-linear behaviour where a friction angle of 78.3o was 

observed an reduced to 67.1o with increasing normal stresses, which again is consisent to 

the values obtained  in Table 4.3. All the test specimens experienced a small amount of 

compression at the start of shearing, followed by almost linear dilation. The amount of 

dilation was reduced with increasing normal stresses. These observations were also 

verified during this study using the gravel-sized metasandstone. 
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The U.S.DepartmentofTransportation (2015) published a report on the strength 

characterisation of aggregates used for structural backfills. For applications requiring 

relatively stiff structures, such as bridge foundations and retaining walls, where 

deformations are expected to be minimal, the backfill or underlying soil strength limit is 

critical. The shear strength of the backfill is thus a critical design element. For 

geotechnical applications, failure-controlled design requires the calculation of the internal 

angle of friction, which is a fundamental engineering parameter. Since the friction angle 

is utilised to calculate lateral pressures and bearing resistance, it is considered a crucial 

design factor. However, there are limited studies on large-sized aggregates with narrow 

gradation (U.S.DepartmentofTransportation 2015) Diabase aggregates were prepared 

according to AASGTO M43 gardation with maximum particle size of 1.5 inches. 

Diabase, also known as dolerite, is an igneous rock which is considered relatively stronger 

as opposed to sedimentary rocks. Direct shear tests were conducted on the rock fill 

aggregates at various normal stresses. Table 4.4 shows the failure properties of the diabase 

aggregates, which non-linear strength behaviour was observed. The high friction angle at 

peak state was found comparable to the values in Table 4.3, where both materials are 

considered very strong large particle sizes with a poorly-graded distribution. 

Table 4.4 Failure properties of diabase aggregates (U.S.DepartmentofTransportation 

2015) 

Normal stress 

(kPa) 

Maximum shear 

(kPa) 

Peak friction angle 

(degree) 

Maximum dilation 

angle (degree) 

38.5 119.2 72.10 21.48 

77.7 210.5 69.74 16.58 

156.6 278.9 60.68 10.42 

235.6 348.5 55.94 7.41 

 

Table 4.5 shows the comparison of friction angle from this study with other past studies 

on poorly graded sandstone aggregates. From these studies, it was concluded that higher 

friction angles are expected for specimens with larger particle sizes, rough particle 

surfaces, uniformly graded distribution and at lower normal stresses. Additionally, higher 

magnitudes of apparent cohesion were recorded which represented particle interlocking 

and thus, do not necessarily represent the true cohesion of the material. These large 

magnitudes of interlocking were quantified in terms of dilatancy angle.  



Chapter 4: Laboratory test results 

146 
 

Table 4.5 Comparison of internal friction angle from this study with other past studies 

Reference Material Particle Size Gradation 
Friction 

Angle 

This study Metasandstone 4.75mm – 13.5mm 
Poorly 

graded 
71.8 

Fitsum (2011) 
Bremanger 

sandstone 

20 mm 

(D50) 

Poorly 

graded 
75o to 82o 

Kharanaghi and 

Briaud (2020) 
Ballast 

18.7 

(D60) 
- 67.1o to 78.3o 

U. S. Department 

of Transportation 

(2015) 

Sandstone 

aggregates 

21 mm 

(D50) 

Poorly 

graded 
74.9o 

 

4.2.6 Particle Breakage during Direct Shear Test 

Particle breakage was observed within the gravel-sized metasandstone during the direct 

shear tests. Significant amount of fines were collected at the bottom of the shear box after 

shearing as shown in Figure 4.13.  

 

Fig. 4.13 Fine particles observed at bottom of shear box after shearing evidencing 

particle breakages 
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Although metasandstone is described as a strong material consisting of durable minerals, 

petrographic analysis described in Chapter 3 reveals 12 % of weak, soft components and 

2% of weathered pores. It is believed that when the metasandstones were subjected to a 

normal stress, the angular particles of metasandstone became more susceptible to 

breakage due to the weaker mineral components. To evaluate particle breakage of the 

metasandstone aggregates, the test specimen was sieved before and after shearing. Figure 

4.14 shows the particle size distribution curves of metasandstone before and after shearing 

for a normal stress of 100 kPa. 

 
Fig. 4.14 Particle size distribution curves for metasandstone aggregates before and after 

shearing based on large shear box tests 

Particle angularity and mineral contents were found to influence particle breakage 

(Peerun 2016). Particle breakage during direct shear would produce a reduction in shear 

stress (Indraratna et al. 2014). Xiao et al. (2014) stated that a sample with high void ratio 

and particles consisting of high angularity would be more vulnerable to breakage which 

will result in a reduction of the specimen’s friction angle. Although significant breakage 

occurred during shearing, the volumetric plot in Figure 4.9 shows linear dilation. This is 

due to the fact that the larger particles would interlock and dilate, while the smaller 

particles and fines would fall within the voids and rearrange themselves. Due to 

computational limitations, particle breakage was not included as one of the objectives for 

the discrete element modelling. 
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4.3 Synthetic Printed Aggregates as Calibration Material for DEM 

The synthetic printed particles, described as PA2200, were used as test specimen for the 

direct shear test at a normal stress of 100 kPa. The sample was prepared using the same 

compaction method for metasandstone aggregates. A relative density of 65% was 

achieved for both metasandstone and the synthetic particles. Figure 4.15 shows the shear 

stress results for sand-sized and gravel-sized metasandstone and gravel-sized PA2200 

particles at a normal stress of 100 kPa.  

The sand-sized metasandstone produced a peak shear stress of 98 kPa at a normal stress 

of 100 kPa. The specimen was observed to compress at the start of shearing followed by 

dilation. The sand-sized specimen was tested in a 63mm x 63 mm shear which enabled a 

maximum shear displacement of 15 mm compared to the large shear box (30 mm). 

Although having similar mineral contents, the sand-sized and gravel sized metasandstone 

produced different magnitude of shear stress and volumetric behaviour. The gravel-sized 

metasandstone produced relatively higher shear stress and dilation as expected due to the 

larger particles size and gradation. The effect of particle size on friction angle has been 

addressed in Section 4.2.5.  

 

Fig. 4.15 Shear stress and volumetric plots for sand-sized and gravel-sized 

metasandstone and gravel-sized PA2200 particles tested at 100 kPa normal stress 
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When compared to gravel-sized metasandstone, PA2200 produced a relatively low shear 

stress with no obvious peak state. This demonstrates that relatively low particle 

interlocking occurred for the PA2200 sample. Additionally, the low shear stress for 

PA2200 could be due to the relatively smoother surface roughness of the printed particles. 

The 3D printing technique was limited in replicating the rough and sharp surface 

roughness of the metasandstone aggregates. Figure 4.16 shows the difference in particle 

surface roughness for gravel-sized metasandstone and PA2200. PA2200 consist of a 

‘smoother plastic surface’ finish, relatively lower stiffness (612 MPa) and low density 

(930 kg/m3) compared to gravel-sized metasandstone. These factors may contribute in a 

lower shear stress compared to gravel-sized metasandstone.  

 
Fig. 4.16 Difference in particle surface roughness between metasandstone (right) and 

PA2200 (left) despite having the highest 3D-print resolution 

Crushing/breakage was not observed for the synthetic particles. This is due to the different 

material properties (Young’s modulus and density). The synthetic particles were used as 

a calibration material to define the input parameters in DEM and was not used as 

comparison in terms of shear strength with the natural materials. Despite the difference 

in shear stress magnitude, PA2200 particles showed shear behaviour along with dilation 

based on Figure 4.15. The difference between the two materials are Young’s modulus and 

density which explains the difference in shear stress. However, PA2200 is a more suitable 

calibration material for DEM where the ‘material interaction’ parameters need to be 

defined by the user. For this study, PA2200 properties were used as input parameter in 
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DEM to obtain the optimal values of ‘material interaction’ which were then adopted for 

the metasandstone material in DEM. The DEM calibration exercises using PA2200 are 

addressed in Chapter 6. 

 

4.4 Concluding Remarks 

Metasandstone aggregates were used as specimen for direct shear tests. Metasandstone 

was classified as poorly graded, angular particles. Direct shear test specimens were 

prepared at relative density of 65% which consisted of large amount of voids. The 

metasandstone aggregates showed non-linear strength behaviour. A power law function 

along with a tangential technique were adopted to obtain the friction angle and apparent 

cohesion. High magnitude of shear stress were recorded which contributed to high friction 

angle. Relatively larger magnitudes of apparent cohesion were products of high particle 

interlocking activities and do not necessarily mean true cohesion. With increasing normal 

stress, lower friction angle was observed. At 100 kPa normal stress, a friction angle of 

71.8o was recorded at peak state. Such high friction angles were also reported by other 

researchers studying poorly graded sandstone rockfill and ballast materials. The factors 

contributing to high friction angle are larger particle size, particle angularity, particle 

surface roughness, particle mineralogy and particle size distribution. Synthetic printed 

particles were sheared with similar testing conditions of metasandstone. The results and 

material properties of the synthetic particles were used for DEM calibration, as 

documented in the next chapter (Chapter 5). 
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5.0 DISCRETE ELEMENT MODELLING (DEM) 

This chapter discusses the simulation of direct shear test comprising realistic particle 

shape. An intensive calibration exercise was carried out to ensure reliable DEM results 

were produced. The calibration exercise consisted of studying the influence of input 

parameters in DEM and defining the optimal value. Printed particles using PA2200 

material were used as a calibration material to define the input parameters due to its 

known physical properties. Laboratory test results were used as benchmark during the 

calibration process. Once the direct shear test was calibrated and validated, the material 

properties of the particles were adjusted to reflect the metasandstone aggregates. As an 

initial study, conventional spheres were used during the DEM simulation and compared 

against laboratory test results. Further on, realistic particle shapes were used in the DEM 

simulation and compared against the particles simulation using spheres and laboratory 

test results. This technique of incorporating realistic particle shape by means of 3D 

scanning is a simplified method as opposed to complex sphere clumping techniques. The 

influence of particle shape and accuracy of the DEM results were hence addressed. 

5.1 DEM Calibration 

To ensure adequate and reliable results are obtained from the DEM simulations, a 

systematic calibration method was required to define the input parameters in DEM. 

Laboratory direct shear test results were used as benchmark during the calibration process 

to determine the most optimal parameters in Rocky DEM. These input parameters can be 

categorised into material properties and material interaction. Material properties consist 

of defining the Young’s modulus, density and Poisson’s ratio for the particle and 

boundary materials. ‘Material Interaction’ parameters in Rocky DEM defines the force 

and friction interaction between ‘particle to particle’ and ‘particle to boundary’. It is 

important to simulate a direct shear test with the same testing conditions as conducted in 

the laboratory. Hence, sample preparation, relative density and material properties were 

considered and reproduced in the DEM simulation.  

5.1.1 Determination of Young’s Modulus, E from Direct Shear Test 

Direct shear is a well-established test to determine the strength characteristics of granular 

materials. Jacking or plate loading tests are commonly used along with direct shear tests 

to obtain the Young’s Modulus, E of a rock mass. However, data regarding the stiffness 

of the rock can be obtained at the prefailure stage during a direct shear test, which is not 

often used. Noonan and Nixon (1972) developed a method to determine the Young’s 

modulus from a direct shear test. A relationship between the horizontal displacement, 
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shear load and Young’s Modulus were defined for various sample geometries. This 

technique makes use of the linear elasticity theory to predict displacements and stresses 

within a rock sample prior to peak shear stress is attained. Detailed relationship among 

the shear load, shear modulus, Poisson’s ratio and geometry of the test configuration are 

described in Noonan and Nixon (1972). This method for determining E was adopted for 

the metasandstone aggregates used for laboratory direct shear tests. The direct shear test 

sample was prepared to a relative density of 65% and subjected to a normal stress of 100 

kPa. The specimen size was 160 mm x 160 mm x 80 mm. A shear gap of 2 mm was 

created by lifting the upper half of the shear box using ‘lifting screws’ prior to the shearing 

stage. Figure 5.1 shows the shear stress plot of metasandstone aggregates at 100 kPa 

normal stress. The prefailure stage prior to peak state is described with a tangent at the 

linear elastic behaviour of the specimen. 

 

Fig. 5.1 Shear stress vs horizontal displacement plot of metasandstone at 100 kPa 

normal stress using the large shear box test 
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The following steps were used to determine the Young’s Modulus according to the 

method proposed by Noonan and Nixon (1972) by referring to the data from Figure 5.1.  

Step 1: Shear load per unit weight 

The shear load versus horizontal displacement curve is shown in Figure 5.1. The shear 

load per unit width for the linear section of the curve is determined as: 

𝑇 =
∆ 𝑠ℎ𝑒𝑎𝑟 𝑙𝑜𝑎𝑑

𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑖𝑑𝑡ℎ
       (5.1) 

=  
(348 − 48)𝑘𝑃𝑎

0.16 𝑚
 = 1,875,000 𝑁/𝑚 

 

Step 2: Corrected horizontal displacement 

The horizontal displacement when corrected for compliance for the linear section of the 

shear stress plot is described as: 

𝛿 = ∆ 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 (𝑙𝑖𝑛𝑒𝑎𝑟 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑟𝑒𝑠𝑠 𝑝𝑙𝑜𝑡)  (5.2) 

= (3.2 – 0) = 3.2 mm = 0.0032 m. 

 

Step 3: Defining constant k 

K is a constant which depends on the Poisson’s ratio,  and the geometry of the test 

specimen. A reasonable value of  = 0.3 was used and the ratio of specimen geometry are 

shown below. 

𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 ℎ𝑒𝑖𝑔ℎ𝑡 (𝐻)

𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 𝑙𝑒𝑛𝑔𝑡ℎ (𝐿)
=

0.08 m

0.16 m
= 0.5 m 

 

𝑆ℎ𝑒𝑎𝑟 𝑔𝑎𝑝 (𝐵)

𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛 ℎ𝑒𝑖𝑔𝑡ℎ (𝐻)
=

0.002 m

0.08 m
= 0.025 m 

Based on the above data, the constant k was obtained from Figure 5.2. Using  = 0.3, H/L 

= 0.5 and B/H = 0.025, a value of k = 0.39 was produced. 
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Fig. 5.2 Determination of constant k value Noonan and Nixon (1972) 

 

Step 4: Determination of Young’s Modulus, E 

The Young’s Modulus of the direct shear test specimen was calculated using the equation 

below. 

𝐸 =
𝑇

𝑘𝛿
      (5.3) 

Where T is the shear load per unit width, k is a constant value dependent of the Poisson’s 

ratio and  is the horizontal displacement when corrected for compliance. Hence, E for 

the metasandstone aggregates was computed as shown below: 

𝐸𝑚𝑒𝑡𝑎𝑠𝑎𝑛𝑠𝑡𝑜𝑛𝑒 =
1,875,000

(0.39∗0.0032)
= 1.5E9 N/m2 or 1502 MPa 

 

Similarly, the Young’s Modulus of the direct shear test specimen using the printed 

particles was computed. Figure 5.3 shows the shear stress plot of the printed particles 

sheared at 100 kPa normal stress. The Young’s Modulus of the printed particles was 

calculated using the same steps as described for the metasandstone aggregates and is listed 

below. 
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Fig. 5.3 Shear stress vs horizontal displacement plot of printed particles at 100 kPa 

normal stress using the large shear box test 

Step 1: Shear load per unit weight 

The shear load per unit width for the linear section of the curve is determined as: 

𝑇 =  
(240 − 68)𝑘𝑃𝑎

0.16 𝑚
 = 1,075,000 𝑁/𝑚 

 

Step 2: Corrected horizontal displacement 

The horizontal displacement when corrected for compliance for the linear section of the 

shear stress plot is described as: 

𝛿 = (5 – 0.5) = 4.5 mm = 0.0045 m. 

 

Step 3: Defining constant k 

Similar specimen geometry was adopted for both the metasandstone aggregates and the 

printed particles. Hence, the ratio of specimen geometry calculated for metasandstone 

aggregates and Figure 5.2 (Noonan and Nixon 1972) can be used for the printed particles 
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as well. Based on this statement, the constant k was obtained from Figure 5.2 using  = 

0.3, H/L = 0.5 and B/H = 0.025. A value of k = 0.39 was produced. 

Step 4: Determination of Young’s Modulus, E 

The Young’s Modulus of the direct shear test specimen was calculated as shown below. 

𝐸𝑃𝐴2200 =
1,075,000

(0.39∗0.0045)
= 6.1E8 N/m2 or 612 MPa 

The values of Emetasandstone = 1502MPa and EPA2200 = 612MPa were hence adopted in DEM 

to enable true material behaviour in the simulations. 

 

5.1.2 Material Density 

Density of metasandstone and PA2200 were assessed as per Section 3.1.4. Based on a 

total of 20 particles ranging from 13.2 mm to 4.75 mm, the average density was obtained 

as 2315.7 kg/m3 for metasandstone. For PA2200, due to its plastic and buoyant properties, 

the density test was unachievable. Instead, the density provided from the 3D printing 

supplier states 930 kg/m3 as the density for printed components. This value was hence 

adopted in DEM. 

 

5.1.3 Equivalent Sphere Volume 

This study made use of 20 particles ranging from 13.2 mm to 4.75 mm with aim to 

simulate realistic particle shapes in DEM. Table 3.3 shows the various particle shapes and 

sizes of the 20 particles selected for this study. Prior to the use of realistic particle shapes, 

conventional sphere particles were adopted for DEM simulations. To ensure an ideal 

comparison between particle shapes, 20 spheres were adopted based on the volume of the 

selected particles in Table 3.3. From Micro-CT scanning, the volume of each particle was 

obtained, and the equivalent sphere volume was hence determined. Equation 5.4 defines 

the sphere diameter using the equivalent particle volume, where d is the diameter and V 

is the volume. The volume and equivalent diameter of the spheres adopted in DEM based 

on the scanned particles are listed in Table 4.1. 

𝑑 = (
6𝑉

𝜋
)

1

3       (5.4) 
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Table 5.1. Equivalent particle volume based on scanned particles 

Particle 
ID Mass (kg) Scanned Particle 

Volume (m3) 
Sphere diameter  

(m) 
Sphere diameter 

(mm) 
A1 0.002710 1.17029E-06 0.01307 13.07 
A2 0.002331 1.00652E-06 0.01243 12.43 
A3 0.002431 1.04974E-06 0.01261 12.61 
A4 0.002684 1.15921E-06 0.01303 13.03 
A5 0.001907 8.23458E-07 0.01163 11.63 
B1 0.001359 5.87001E-07 0.01039 10.39 
B2 0.001301 5.61614E-07 0.01024 10.24 
B3 0.001361 5.87579E-07 0.01039 10.39 
B4 0.001700 7.34042E-07 0.01119 11.19 
B5 0.000959 4.13966E-07 0.00925 9.25 
C1 0.001000 4.31845E-07 0.00938 9.38 
C2 0.000749 3.23408E-07 0.00852 8.52 
C3 0.001020 4.4049E-07 0.00944 9.44 
C4 0.000638 2.7569E-07 0.00807 8.07 
C5 0.001100 4.74913E-07 0.00968 9.68 
D1 0.000610 2.63295E-07 0.00795 7.95 
D2 0.000519 2.24249E-07 0.00754 7.54 
D3 0.000350 1.51157E-07 0.00661 6.61 
D4 0.000440 1.90132E-07 0.00713 7.13 
D5 0.000280 1.20809E-07 0.00613 6.13 

 

5.1.4 Particle Size Distribution in DEM 

Particle size distribution (PSD) was found to significantly influence the mechanical 

behaviour and strength properties of granular materials (Liang et al. 2017). According to 

the soil classification with reference to ASTM D2486 (ASTM 2000) in Section 3.1.2, the 

metasandstone aggregates were classified as poorly graded gravels. From Chapter 2 

Literature Review, it has been found that that there are limited studies on poorly graded 

gravel size particles in DEM, while most studies focused on sand-sized particles. The 

poorly graded metasandstone gravels have been found to produce significant high friction 

angle, which were consistent to past studies with similar particle sizes and gradation 

(Fitsum 2011, U.S.DepartmentofTransportation 2015, Kharanaghi and Briaud 2020). 

Hence, it is important to replicate similar PSD as in the laboratory tests in DEM to ensure 

a real-life testing condition is being simulated. In Rocky DEM, the particles were 

‘injected’ to generate the required particle mass and volume for one direct shear test. The 

20 types of particles were assigned individual identification (i.e., A1, A2, etc.) based on 

their respective sizes and volumes. Based on the material PSD and 65% relative density, 

the flowrate of each individual particle was calculated as listed in Table 3.8. A total 

particle mass of 2.84 kg with a volume of 0.00123 m3 was confirmed to produce a test 
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specimen with 65% relative density. Tables 5.2 and 5.3 show the mass flowrate of 

metasandstone and PA2200 per DST specimen. 

 

 

5.1.5 Relative Density in DEM 

The density of a test sample would determine its strength and volumetric behaviour (Das 

2008). In this study, the metasandstone and PA2200 specimens are categorised as medium 

to loose state with both having a relative density of 65% as defined in Sections 3.1.3 and 

5.1.4. It is important to replicate such condition in DEM as the relative density would 

strongly influence its strength properties. To ensure and confirm that a 65% relative 

density was achieved in DEM, the specimen mass and shear box volume were replicated 

in Rocky DEM. The particles were injected and compacted into the shear box to achieve 

a specimen thickness of 80 mm. For a shear box of 160 x 160 x 80 mm, an initial specimen 

volume of 2,048 cm3 was obtained. Hence, as per Table 3.8, the total particle mass for 
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metasandstone and PA2200 simulated were 2.84 kg and 1.15 kg, respectively. Figure 5.4 

shows the PA2200 particle properties in Rocky DEM after being simulated where the 

total particle mass was recorded as 1.15 kg which matched with the laboratory specimen 

condition. Likewise, based on the scanned particles volume and mass, the total particle 

volume to achieve 65% relative density was 0.00123 m3. A total number of 2,120 particles 

were generated per direct shear test simulation. 

 

Fig. 5.4 Total particle mass and volume for DEM direct shear test specimen 

 

5.1.6 Constant Normal Load 

A direct shear test consists of displacing a specimen horizontally while applying a 

constant normal force onto the specimen. As described in Section 3.5.1 – DEM simulation 

procedure for direct shear test, a normal force and gravitational force were applied onto 

the loading plate during shearing. Table 5.2 describes the net normal load applied onto 

the simulated specimens while considering the weight of the load plate. For a load plate 

of 159 x 159 mm and a normal stress of 100 kPa, a constant normal load of 2,499.65 N 

was applied throughout the direct shear simulation as shown in Figure 5.5. 
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Table 5.2 Applied constant load during direct shear test simulations 

Normal stress 

(kPa) 

Load plate area 

(m2) 
Load (N) 

Weight of load 

plate (N) 

Net load 

applied (N) 

50 

0.025281 

1,264.05 

28.45 

1,235.60 

100 2,528.10 2,499.65 

150 3,792.15 3,763.70 

 

 

Fig. 5.5 Constant normal load registered during DEM simulation for 100 kPa normal 

stress 

5.1.7 Material Interactions in Rocky DEM 

Material interaction in Rocky DEM enables how the forces are applied onto the simulated 

particles and the influence of friction between particle-to-particle and particle-to-

boundary interactions. By adjusting the 'Materials Interactions' parameters, the user is 

able to calibrate how "wet" or "sticky" a material behaves when it comes into contact with 

another material, enabling the simulation to be more realistic. (ESSS 2021). It is to be 

noted that interaction between boundaries does not occur in Rocky DEM. Although a 

shear gap was generated between the upper and lower halves of the shear box to ensure 
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no interaction occurs between the shear box parts, Rocky DEM does not record 

interactions between the shear box halves or the load plate. Interactions that are analysed 

in DEM are particle-to-particle and particle-to-boundary, in this case it would be particle 

to the shear box boundary. The material interaction parameters are tangential stiffness 

ratio (TSR), restitution coefficient RC), static and dynamic friction for particle-to-particle 

(SDF PP) and static and dynamic friction for particle-to-boundary (SDF PB). The 

sensitivity of these parameters onto the shear strength were assessed below using sphere 

particles of PA2200 properties and the optimal values were hence adopted. The same 

calibrated parameters were then adopted for simulations using non-spherical particles and 

metasandstone properties. 

5.1.7.1 Tangential Stiffness Ratio 

In the Linear Spring Coulomb Limit model, the Tangential Force is defined as the ratio 

of tangential contact stiffness to normal contact stiffness. The influence of tangential 

stiffness ratio was studied by varying its value from 0.0 to 0.5 and 1.0. Figure 5.6 (a) 

shows that the most suitable tangential stiffness ratio for this study would be 0.5 and 1.0. 

Rocky DEM (ESSS 2021) recommend using a value of 1.0 for most simulations. Hence, 

a tangential stiffness ratio of 1.0 was adopted for this study. 

5.1.7.2 Restitution Coefficient 

In Rocky DEM, restitution coefficient is described as the measure of energy dissipation 

between particles to particles or particles to boundary when they are in contact. The value 

ranges from 0.1 to 1.0. The recommended default value of restitution coefficient is 0.3 as 

per Rocky user manual (ESSS 2021). Figure 5.6 (b) shows a slight exaggeration with an 

increase in restitution coefficient. ESSS (2021) stated that it is recommended to keep the 

restitution coefficient value below 0.5. Hence, based on the agreeable shear behaviour in 

Figure 5.6 (b) and recommended default value by ESSS (2021), the restitution coefficient 

value was adopted as 0.3 for this study. 

5.1.7.3 Static & Dynamic Friction: Particle-to-Particle and Particle-to-Boundary 

Static friction is defined as the maximum ratio of contact tangential force to normal force 

before sliding occurs. Dynamic friction is described as the maximum ratio of contact 

tangential force to normal force after onset of sliding. The static and dynamic friction 

coefficients are applicable to ‘particle-to-particle’ and ‘particle-to-boundary’ 

interactions. Conservatively and by default, the static and dynamic friction values were 
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considered as a single value. However, its interactions between particle-to-particle and 

particle-to-boundary were assessed. Figure 5.6 (c) shows the influence of static and 

dynamic friction coefficient for particle-to-particle interactions. Although significant 

fluctuations were observed, a value of 5.0 produced the most agreeable shear behaviour 

as opposed to 0.5 and 1.0. Hence, a static & dynamic friction coefficient value of 5.0 was 

used for this study. 

For the particle-to-boundary interactions, the static and dynamic friction coefficient value 

was varied from 0.5 to 1.0 and 2.0. Figure 5.6 (d) shows that both a coefficient of 1.0 and 

2.0 were fairly agreeable. A static and dynamic friction coefficient value of 2.0 was 

selected due to a fairly better trend as opposed to 1.0. 

5.1.8 Rolling Resistance for Simulations using Sphere Particles 

Discrete element modelling (DEM) using sphere particles enables a rolling resistance 

module which opposes the motion of particles rolling during a simulation. This module 

compensates for the contact friction among non-spherical particle shapes in real 

conditions. Figure 5.6 (e) shows the influence of rolling resistance on the shear strength 

behaviour. For this study, a rolling resistance of 1.0 was found to be the most suitable 

when compared to values of 0.0, 0.13 and 0.2. 

5.1.9 Calibrated Direct Shear Model in DEM using Printed Particles 

Based on the above calibration exercises, Figure 5.6 (f) shows the calibrated DEM 

simulation using sphere particles of PA2200 particles. Overall, the DEM result shows fair 

agreement with the laboratory test result although a slight overestimation at the start and 

slight underestimation at the end of the test were observed. The material interaction 

parameters and rolling resistance values were then applied to the DEM simulation using 

metasandstone aggregates. For non-spherical simulations using the scanned particle 

shapes, rolling resistance was disabled. The particles’ angular shape is expected to 

compensate for the conventional use of rolling resistance in sphere simulations. The 

calibrated parameters are summarised below and were consistently adopted for all 

subsequent DEM simulations. 

- Tangential stiffness ratio (TSR):      1.0 

- Restitution coefficient (RC):       0.3 

- Static and Dynamic Friction (particle-to-particle) (SDF PP):  5.0 

- Static and Dynamic Friction (particle-to-boundary) (SDF PB):  2.0 

- Rolling Resistance (RR):       0.1 
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Fig. 5.6 Shear stress vs horizontal displacement plots after performing calibration on the 

DEM material interaction parameters (a) tangential stiffness ratio (TSR), (b) restitution 

coefficient (RC), (c) static and dynamic friction for particle-to-particle interactions 

(SDF PP), (d) static and dynamic friction for particle-to-boundary interactions (SDF 

PB), (e) rolling resistance (RR) and (f) overall calibrated DEM result. 

5.2 Direct Shear Test Simulation in DEM using Sphere Metasandstone Particles 

By using the calibrated ‘material interaction’ parameters determined in Section 5.1, DEM 

simulations were conducted using spheres with material properties of metasandstone 

aggregates (E = 1,500 MPa, Density = 2,315 kg/m3). Figure 5.7 shows the DEM results 

using spheres for metasandstone compared to laboratory result at 100 kPa normal stress. 

The shear stress in DEM was calculated from the shear force recorded along X-direction 
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(horizontal force) divided by the corrected cross-sectional area of the test specimen. The 

corrected cross-section area refers to the reduction in shear area while the specimen was 

being sheared at a constant rate. 

 

Fig. 5.7 Results for DEM sphere particles versus laboratory results for metasandstone 

aggregates at 100 kPa normal stress (a) shear stress vs horizontal displacement and (b) 

vertical vs horizontal displacement plots 

The DEM result has been classified according to the four-stage shearing model, as defined 

by Li and Aydin (2010). The PIV analysis and DEM vector plots of metasandstone at 100 

kPa normal stress are shown in Figure 5.8 and 5.9, respectively. The particle behaviour 

during shear was hence discussed with aid of the PIV and DEM vector plots. 

During Stage 1, as per the end zone deformation, the laboratory specimen experienced an 

initial contraction as shown in the volumetric plot. During this stage, the minimal 
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contraction is due to particles rearranging themselves within existing voids due to change 

in stresses. From Figure 5.8 - stage 1, the PIV vector plot shows localised compression 

which confirms particle rearrangement into voids and the initial contraction of the 

specimen in the volumetric plot. For the DEM result, the initial contraction was not 

obvious in Figure 5.7 (b). Instead, dilation occurred from the start of shearing. Particle 

packing arrangement during shear was found to influence the strength and deformation 

behaviour of granular materials (Qian et al. 2018). Figure 5.9 – stage 1 shows an initial 

compression throughout the specimen as the initial normal load was applied. However, 

dilation was immediately observed in the subsequent frame. The difference in particle 

packing arrangement using spheres in DEM compared to the actual angular particles 

(laboratory) could justify the difference in volumetric behaviour. Additionally, significant 

amount of particle breakage was observed during the laboratory test (Section 4.2.6) while 

DEM did not simulate breakages. Hence, it is evident that the sphere particles showed 

dilation instead on the initial contraction, thus demonstrating the difference in 

fundamental particle behaviour using spheres.  

The influence of particle breakage during shear would produce a reduction in shear stress 

while compression of the test specimen (Peerun et al. 2019). In contrast to this statement, 

the DEM model with unbreakable particles, produced larger dilation and shear stress as 

shown in Stage 2 until a peak state was achieved at 675 kPa. During stage 2 for both PIV 

and DEM analyses (Figure 5.8 and 5.9), a localised compression was observed at the right 

end of the shear box while the overall specimen dilated. Similar localised activities were 

observed by (Peerun et al. 2019). Angular particles would generally produce higher peak 

shear stress with increasing angularity (Nguyen et al. 2020). However, Peerun et al. 

(2019) stated that particle mineralogy also needs to be taken into consideration where 

weaker particles with angular edges are more prone to breakages. Therefore, in this study, 

sphere particles are expected to produce lower stresses compared to the laboratory real 

particle result. However, with the influence of rolling resistance which enables frictional 

resistance between spheres and with the particles being unbreakable, larger peak shear 

stress was expected to be recorded for the DEM result. 

During stage 3, the shear zone starts to develop where shear stress from the peak state 

would reduce until a constant value is achieved. The smaller particles are expected to fill 

the existing voids while larger particles would produce greater interlocking causing the 

specimen to dilate. The laboratory result using real metasandstone particles in Figure 5.7 

shows a reduction in shear stress while dilation is observed from the volumetric plot 
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which confirms the activities in Stage 3, as described by Li and Aydin (2010). The 

phenomenon of particle interlocking resulted in specimen dilation can also be confirmed 

in Figure 5.8 (PIV) and 5.9 (DEM) – stage 3 where the vector plots show upward motions 

of the particles (i.e., dilation). The DEM results in stage 3 show a significant reduction in 

shear stress with a slight reduction in dilation. However, the reduction in shear stress 

shows an underestimation when compared to the laboratory results (using real particles). 

While the particles rearrange to form the shear zone in stage 3, Li and Aydin (2010) stated 

that smaller particles would fill existing voids which will contribute to specimen 

compression while the larger particles will interlock creating dilation. Sphere particles 

would behave differently compared to the actual angular metasandstone particles. Hence, 

with the void fills with smaller particles rearrangement due to the particle sphericity, the 

DEM shear stress experienced greater reduction compared to the actual angular test 

specimen. 

During the last stage of shearing, a steady shear zone is expected to be formed where 

particles would experience minimal vertical displacement to achieve a residual shear state 

(Li and Aydin 2010). From Figure 5.7, the laboratory result shows further reduction in 

shear stress while a continuous dilation was observed from the volumetric plot. The 

continuous reduction in shear stress at stage 4 states that a well-defined steady shear was 

not reached due to the non-uniform poorly graded material (Wang and Gutierrez 2010). 

Figure 5.8 shows that during stage 4, the overall specimen did not experience volumetric 

change. Localised compression was observed which demonstrate the occurrence of 

particle breakages. However, Figure 5.9 stage 4 shows reduced dilation as opposed to 

shear stage 3. Particle breakage signifies the reduction in shear stress where the breakages 

would enable further particle rearrangement leading to specimen compression. The 

specimen compression at that stage explains the reduced dilation of the actual specimen 

when compared to the DEM with unbreakable particles. With no breakages in the DEM 

simulation, the result shows a more constant residual shear stress with reduced volumetric 

change. 

The overall DEM (sphere particles) prediction of shear stress for metasandstone showed 

fair agreement with the laboratory result (real-life particles) with acceptable shear stress 

magnitude. However, the overestimation at peak state and underestimation at residual 

state has also be observed by Ng et al. (2020) during the simulation of shale using sphere 

particles (Figure 5.10). It is hoped that with a more realistic particle shape, DEM would 

be able to improve the accuracy in shear behaviour of granular materials. 
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Fig. 5.8 Visual description of shearing stages using PIV plots for sand-sized 

metasandstone 
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Fig. 5.9 DEM vector plots depicting the four-stage shearing model using sphere 

particles at 100 kPa normal stress 
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Fig. 5.10 Comparison between DEM sphere results versus laboratory (real-life angular 

particles) direct shear test results for shale (Ng et al. 2020) 

The results for the direct shear test simulations using metasandstone sphere particles at 

50 kPa, 100 kPa and 150 kPa are shown in Figure 5.11. The simulation results were 

compared against laboratory test results. The shear stress curves show a fair agreement 

between the numerical simulation and physical test results. However, similar to the 

PA2200 DEM sphere particles simulation result and Figure 5.7, the metasandstone DEM 

simulations using sphere particles shows an overestimation of peak shear stresses while 

an underestimation of residual shear stresses at all three normal stresses. The volumetric 

plots show a reduced dilation with increasing normal stress. This observation is consistent 

to the four-stage shearing model by Li and Aydin (2010) where particle behaviour is less 

susceptible to dilation with higher normal forces acting on them. Using PIV analysis, 

Section 4.1.4 discussed the influence of normal stress on particle behaviour during shear. 

Figure 4.5 confirms that increasing normal stress reduces the specimen dilation due to 

larger forces acting onto the particles which prevent them from dilating. Similar finding 

was also observed in Peerun et al. (2020). 
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Fig. 5.11 (a) Shear stress vs horizontal displacement and (b) vertical vs horizontal 

displacement plots of DEM sphere particles and laboratory (actual particles) test results 

at 50 kPa, 100 kPa and 150 kPa. 

However, larger dilation was observed for the DEM results when compared to the 

laboratory results. Such discrepancies could be due to the inability to simulate particle 

breakage in DEM and the difference in packing arrangements of sphere particles 

compared to the actual angular ones. Significantly large amount of particle breakages was 

observed after the physical direct shear test as documented in Section 4.2.6. Particle 

breakage would enable the specimen to subsequently compress where the smaller 

particles would fall and rearrange into the existing voids (Li and Aydin 2010, Peerun et 

al. 2019). Due to the inability to model particle breakages and the addition of rolling 

resistance for sphere particles, greater interlocking activities were demonstrated by a 

relatively larger dilation compared to the laboratory volumetric plot. However, the DEM 

(sphere) results demonstrated the reduced dilation with increasing normal stress as 

discussed earlier. Overall, the DEM simulations using sphere particles showed shear 
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behaviour with broadly comparable magnitudes of shear force and volumetric 

displacement, when contrasted against the laboratory benchmark.  

Kumara et al. (2015) studied the stress-strain behaviour of fouled ballast in DEM by 

varying the fouling index for various specimens. Figure 5.12 shows the deviator stress 

comparison between the laboratory test and DEM simulation results. The DEM 

simulations utilised sphere particles to simulate the mechanical behaviour of ballasts. As 

shown in Figure 5.12 (b) an overestimation of peak stress was observed while a good 

agreement on residual state was achieved. The overestimation of peak shear stress is 

similar to the findings of this study. This is due to the fact that larger particles would 

generate greater dilation which will then result in higher shear stresses. With reference to 

shearing stage 2 (Li and Aydin 2010) and Figure 5.8 stage 2 PIV vector plot, the particle 

behaviour during interlocking defines the amount of friction that prevents the particle to 

roll, rotate or slide which will produce the peak shear stress. In this case, it is believed 

that the sphere particles produced higher interlocking as expected during the physical 

experiment. The DEM results containing ‘spikes’ in Figure 5.11 is due to the poorly 

graded gravel size spheres which contains high amount of voids as opposed to the study 

by Kumara et al. (2015). In this study, localised sphere particles were assumed to fall 

within existing voids while the specimen was being sheared, hence creating fluctuations 

in shear stress. These localised activities were observed in Figure 4.4 and 4.5 but may not 

influence the overall volumetric displacement. Most DEM studies are focused on well-

graded or gap-graded which do not contain such pronounced fluctuations in shear stress. 

Kumara et al. (2015) simulated gap-graded ballast which consisted of large particles and 

finer particles. Such PSD would expect the finer particles to fill into the existing voids 

and hence fluctuation of shear stress may not have been observed. 

 

Fig. 5.12 Deviator stress comparison between (a) laboratory (actual particles) tests and 

(b) DEM (sphere particles) simulations for various fouling index (Kumara et al. 2015) 
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Meidani et al. (2017) simulated direct shear tests using sphere particles to represent Fraser 

River sands. The sand-sized spheres produced an underestimation of peak shear stresses 

while a good prediction of residual shear stresses was produced (Figure 5.13). Similar to 

this study, the use of sphere particles in DEM can generally provide fair to good 

agreement onto the simulation of shear behaviour. DEM simulations using sphere 

particles were found challenging to predict an accurate peak shear stress, although a good 

value of residual stress was produced. Particle shape in DEM indeed plays an important 

role in the simulation of real-life mechanical behaviour of granular materials. 

 
Fig. 5.13 Comparison of shear stress results between (a) experiment tests and (b) DEM 

simulation of Fraser River sands (Meidani et al. 2017) 

Undeniably, improvement is required in the use of conventional sphere simulations in 

DEM as a representation of an actual particle shape. This led researchers to study the 

influence of particle shapes in DEM (Liu 2018, Nguyen et al. 2020). These current efforts 

will eventually improve DEM practice by incorporating realistic particle shapes. The 

present methodology used elsewhere consists of clumping spheres to represent non-

spherical particles in numerical simulations. However, the sphere fitting exercise to 

achieve a desired shape can be exhausting and require significant computational power 

and possible coding knowledge.  

The next section utilised a simplified technique to incorporate scanned particle shape in 

Rocky DEM without the use of sphere clumps. This simple and more user-friendly 

methodology using advanced technology, is expected to predict a more accurate 

mechanical behaviour of actual granular materials. 
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5.2.1 Fluctuations of Modelled Shear Stress using Sphere Particles 

The shear stress behaviour obtained from the DEM simulations using sphere particles 

produced significant fluctuations as shown in Figure 5.11. Initially, it was thought that 

such spikes or fluctuations in shear stress were due to the Linear Spring contact force 

model applied. The author hence reviewed the influence of commonly used contact force 

models in shear strength simulation using DEM.  

Zhao et al. (2018) stated that only few comparative studies of the Linear Spring and Hertz-

Mindlin models have been documented until today. For instance, DiRenzo and DiMaio 

(2004) examined the Linear Spring and Hertz-Mindlin particle collision simulation 

models. Thornton et al. (2013) examined the effects of the Linear Spring and Hertz-

Mindlin models on the rebound characteristics while modelling the inelastic oblique 

impact of a sphere against a wall. Particles that are not spherical have been studied 

considerably less. Wellmann et al. (2008) found that specimens employing the Linear 

Spring model and the Hertz-Mindlin model exhibit qualitatively comparable macro-

mechanical behaviours (Zhao et al. 2018). 

Dong et al. (2018) simulated medium-dense sand in a triaxial compression test using PFC 

3D software. Prior to the DEM investigation of the contact models, the material's stress-

strain and volumetric behaviour were calibrated. Three well-known contact constitutive 

models namely, linear contact model, rolling resistance model, and Hertz contact model, 

were then examined and compared with experimental data. Dong et al. (2018) described 

that all adopted contact models are elasto-perfectly plastic, with the first two being linear 

elasto-perfectly plastic models and the third being a nonlinear elasto-perfectly plastic 

model. Thus, all three contact models are capable of capturing both elastic and plastic 

behaviours. In the linear contact model, the normal direction behaviour is linearly elastic 

with zero tension cut-off, whereas the tangential direction behaviour is frictional 

employing linear springs and plastic sliders. The simulated triaxial model had a 

dimension of 406 mm (length), 101.6 mm (height), and 50.8 mm (width). After upscaling, 

the modelled specimen consisted of 20,000 spherical particles, with the largest particle 

having a diameter of 12.35 mm and the smallest particle having a diameter of 1.245 mm. 

The numerical predictions using the three DEM contact models were found to be in good 

agreement with the experimental results, demonstrating that the calibrated parameters are 

reliable (as shown in Figure 5.14).  

From Figure 5.14, it can be observed that the three contact models produced a good shear 

behaviour when compared to the experiment result. The minimal difference between the 
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various contact force models shows that such factor may not be sensitive for modelling 

shear behaviour of granular materials, as stated by Wellmann et al. (2008). 

 
Fig. 5.14 Comparative study between commonly used contact models in DEM (Dong et 

al. 2018) 

Since the contact force model was found not to be the cause of the shear stress 

fluctuations, further investigations were made to understand such occurrence. Li and 

Aydin (2013) stated that an intriguing but sometimes overlooked feature of measured 

shear stresses is that they fluctuate (Figure 5.15). Morgan (1999) determined, through 

numerical simulation of granular shear zones, that the amplitude of the fluctuations 

correlates strongly with the basic characteristics of soils, such as particle size distribution 

(PSD) and interparticle friction. Mair et al. (2002) observed that the magnitude of these 

fluctuations reduces with increased shearing rate in both laboratory and numerical 

experiments. Li and Aydin (2010) determined, based on direct shear tests performed on 

spherical granular materials, that the variations of stress ratio (/) indicate the degree of 

roughness of shear surfaces, which is caused by the shear-induced rearrangement of soil 

particles (Li and Aydin 2013). 

Li and Aydin (2013) stated that the normal stress during shearing was efficiently 

maintained at a consistent level, whereas the shear stress and vertical displacement varied. 

The magnitude (amplitude) of shear stress variations was found to reach around 20–25% 

of the mean value. Friction between rubber edges and electronic noise from the test 

equipment were both negligible, indicating that the reported changes in shear stress 



Chapter 5: Discrete Element Modelling (DEM) 

177 
 

originated from the specimens' inherent qualities rather than the test system operation. 

Shear stress data routinely collected during various shear experiments typically offer a 

large amount of information regarding the internal processes of the slip zones, as well as 

the type and composition of the slip zones. Future research may interpret more vital 

information on the nature and frequency of contact processes that result in jamming, 

particle fragmentation, etc (Li and Aydin 2013). 

 

Fig. 5.15 Fluctuation of stress ratio during shearing of granular materials (Li and Aydin 

2013) 

In this study, the author confirms that no fluctuations were observed during the 

application of constant normal force onto the simulated DEM specimen (both sphere and 

scanned particles), as shown in Figure 5.5. Hence, similar to the findings of Li and Aydin 

(2013), it is suspected that the cause of the stress fluctuations in DEM using sphere 

particles are due to its particle properties. Particle packing arrangement during shear was 

found to influence the strength and deformation behaviour of granular materials (Qian et 

al. 2018). The difference in particle packing arrangement using spheres in DEM 

compared to the actual angular particles (Figure 3.70) could justify the difference in shear 

behaviour and stress fluctuations. Additionally, the use of only 20 types of particle shapes 
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with spheres of equivalent volume may have produced a more uniform grading as 

opposed to the actual DST specimen with a unique angular shape for each particle.  

 

The occurrence of shear stress fluctuation during DEM simulation was also observed in 

the study by Zhang et al. (2018), where the authors investigated the shear behaviour of 

granular materials by evaluating DEM models against experimental direct shear tests. In 

the DEM simulation, 3097 sphere particles with a 0.55 mm diameter were utilised to fill 

a 60 x 50 mm shear box. For the experimental test, similar sphere size was tested using 

glass beads under normal stresses of 23 kPa, 50 kPa, and 118 kPa. Both the DEM-

simulated specimen and the actual test specimen had a relative particle density of 42.3 %. 

Figure 5.16 depicts the contrast between the DEM and laboratory data after calibration. 

As shown in Figure 5.16, despite the fluctuation in DEM shear stress, Zhao et al. (2018) 

found that the numerical findings corresponded to the experimental results.  

To conclude, the fluctuation of shear stress in DEM using sphere particles has also been 

reported by other researchers. The direct shear test simulations using sphere particles and 

scanned particles in this study, both adopted similar contact force model, material 

properties and calibrated parameters. Hence, the reported DEM result in this study is an 

adequate comparison in particle shapes (sphere versus scanned particles) adopted in the 

particle shear behaviour in DEM. 

 

Fig. 5.16 Fluctuations in shear stress using DEM sphere particles (Zhang et al. 2018) 
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5.3 Direct Shear Test Simulation using Scanned Metasandstone Particles 

With the aim to improve the current DEM practice elsewhere, the use of scanned real 

particles was used to represent realistic particle shapes in numerical simulations. Using 

Micro-CT scanning, 20 types of particle shapes ranging from 13.2 mm to 4.75 mm were 

used to simulate a direct shear test specimen at 65% relative density, which is considered 

similar to the experimental conditions. Section 3.5 describes in detail the procedure to 

simulate realistic particle shapes in Rocky DEM without the use of sphere clumping and 

advanced coding. Based on the calibration exercise using the 3D printed real particles, 

the calibrated input parameters were used for the material interactions in DEM. Figure 

5.18 shows the shear stress and volumetric plots of the DEM simulation using scanned 

particle shapes and laboratory test results for metasandstone at 100 kPa normal stress.  

With reference to Li and Aydin (2010) four-stage shearing model, a slightly higher shear 

stress is observed at the initial shearing stage 1 and stage 2 when compared to the 

laboratory result. Similar observation was found for the sphere particles as well. The 

difference in shear stress was addressed as variation in particle packing arrangement 

which may influence the shear strength (Qian et al. 2018) and inability to simulate particle 

breakage, hence resulted in larger stresses. Peerun et al. (2019) stated that particle 

breakage would enable specimen compression while reduction in shear stress is expected. 

Hence, when compared to the DEM results using scanned real particles, the laboratory 

real specimens experienced significant amount of particle breakages during shear and 

hence a lower shear stress was observed.  

The volumetric plot in Figure 5.17 shows that the DEM simulation experienced larger 

amount of dilation compared to the laboratory test result. Similarly, due to particle 

breakage, the laboratory specimens experienced reduced dilation when compared to 

DEM. Section 4.2.6 shows that the particle sizes during shearing were reduced due to 

breakages by assessing the particle size distribution before and after the test. The 

relatively ‘larger’ angular particles (since unbreakable) in DEM, as opposed to the actual 

relatively smaller broken particles in the laboratory experiment, were subjected to larger 

interlocking activities and thus produced greater dilation. At peak shear state, where the 

largest interlocking activities have been attained, a good agreement on the peak shear 

stress can be realised as the DEM outcome. As opposed to the DEM using sphere 

particles, the scanned particles show a more accurate peak shear stress. During stage 4 of 

the DEM result, a slight overestimation of the residual shear stress was observed. For 

stage 4, the volumetric plot in Figure 5.17 shows constant increase in dilation for the 
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DEM result as opposed to the laboratory result. Similarly, due to the influence of particle 

breakage, the laboratory test specimen experienced a reduced dilation when compared to 

the DEM results. Greater dilation in DEM when compared to experimental results were 

also reported by Hosn et al. (2017). 

 

Fig. 5.17 (a) Shear stress vs horizontal displacement and (b) vertical vs horizontal 

displacement plots of DEM simulation using scanned particle shapes and laboratory 

DST result 

The larger shear stress at the initial and end stage of shearing in DEM would be due to 

the inability of the DEM to simulate particle breakages in the current research. During 

the physical experiment, significant amount of particle breakages was recorded (see 

Figure 4.13) where fine particles were collected at the bottom of the shear box at the end 
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of shearing. Particle size distribution before and after shearing (see Figure 4.14) confirms 

the reduction in sizes due to breakages. Based on the PSD after shearing, 12.4% of the 

specimen weight was found to have broken into smaller particles during shearing. High 

void ratio and weaker mineral contents would contribute to possible particle breakages 

during shear (Peerun et al. 2019). Particle breakage would hence drastically reduce the 

interlocking activities and result in a reduction of shear stress (Wang et al. 2022). Hence, 

by comparing the DEM scanned real particles and the laboratory test results of real 

particles, if particle breakage would be included within the simulation, the initial 

interlocking and end stage of shearing would be expected to be lower and may produce a 

better fit to the laboratory results. 

As a broad comparison, Liu (2018) simulated triaxial compression tests using clump of 

spheres to represent angular particles of ballast. Four types of clump templates were 

created to achieve irregular clump angularities. Figure 5.18 shows the simulated clump 

particles and stress strain plots. It can be observed that at low normal stresses, the 

simulation produced agreeable results when compared to the experiment test results. 

However, larger discrepancies are noted at higher normal stresses. Although the study by 

Liu (2018) aimed at studying a different material and simulation technique from this 

study, it can be mentioned that the use of scanned particles in this study has contributed 

quantitatively to a better prediction of particle behaviour when compared to sphere 

clumps. Hence, by improving the particle shapes from sphere clumps to realistic scanned 

particle shapes, DEM simulations are expected to produce a more refined and accurate 

prediction of shear behaviour. 

 

Fig. 5.18 Triaxial compression test simulation and results using sphere clumps to simulate 

ballast particles (Liu 2018) 
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5.4 Influence of Particle Shape in Direct Shear Test Simulation in DEM 

Figure 5.19 shows the (a) shear stress and (b) volumetric plots for metasandstone DEM 

simulation using sphere particles, scanned particles and laboratory DST results at 100 kPa 

normal stress. During stage 1 and 2 of shearing (Li and Aydin 2010), both the sphere and 

scanned particles produced similar stress behaviour. However, the sphere particles 

overestimated the peak shear stress as opposed to the scanned particles. Ideally, during 

particle interlocking, angular particles are expected to produce greater peak shear stress 

as opposed to rounded ones (Peerun et al. 2019). The discrepancies in sphere simulations 

could be a result of rolling resistance which was enable for sphere particles only. 

Although this parameter has been calibrated, the objective was to achieve an adequate 

magnitude of stress for both peak and residual states to match with the laboratory result. 

Ng et al. (2020) studied the effect of rolling resistance in DEM and found that greater 

peak shear stress was obtained with larger value of rolling resistance. In this study, based 

on the calibration exercise, the most suitable rolling resistance was adopted which still 

produced a slight overestimation at peak shear state. The difference in peak shear stress 

between sphere and scanned particles was hence due to the difference in simulating 

realistic particle shapes and the use of artificial frictional resistance via the rolling 

resistance module. On the other hand, DEM using realistic particle shapes via scanned 

particles, proved to predict a more accurate peak shear stress which matches with the 

laboratory real particle test result. 

The volumetric plot for DEM scanned particles shows constant dilation throughout 

shearing which is reflected on the gradual increase in shear stress. On the other hand, 

DEM with sphere particles experienced larger amount of dilation but was further reduced 

due to a reduction in shear stress at stage 4 shearing (end stage). The continuing 

volumetric increases for both laboratory and DEM simulations (sphere and scanned 

particles) is due to the poorly graded metasandstone gravel-sized particles not reaching a 

well-defined steady shear (Wang and Gutierrez 2010). DEM results using spheres and 

scanned particles both overestimated the volumetric displacement which is due to particle 

breakage not being included in the current DEM simulations.  
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Fig. 5.19 (a) Shear stress vs horizontal displacement and (b) vertical vs horizontal 

displacement plots for simulations using sphere particles (DEM), scanned real particles 

(DEM) and laboratory DST results (real particles). 

 

5.5 Accuracy of DEM Results 

Figure 5.20 shows accuracy of the DEM results using sphere particles (DEM) and 

scanned particles (DEM) were compared with the laboratory test results (real particles) at 

(a) peak and (b) residual shear states. DEM using sphere particles were simulated at 3 

normal stresses, namely 50 kPa, 100 kPa and 150 kPa. When compared to the laboratory 
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peak shear stresses, the sphere particles in DEM predicted relatively higher shear stresses. 

However, at residual state (Figure 5.20 (b)), lower shear stresses were predicted when 

compared to the laboratory result (real particles). The discrepancies in overestimation at 

peak state and underestimation at residual state is due to the gap in modelling realistic 

particle shapes in DEM during this study. Particle shape has been found to drastically 

influence the shear behaviour of granular materials (Peerun et al. 2019, Nguyen et al. 

2020). Hence, the use of sphere particles in DEM to simulate shear behaviour of angular 

metasandstone gravels in DEM has been evidently shown to be inadequate. Using the 

improved DEM technique by incorporating scanned real particle shapes of metasandstone 

aggregates, the differences in shear stress prediction at both peak and residual states could 

be reduced significantly. Figure 5.20 shows that using DEM scanned particles, a more 

accurate shear stress prediction was achieved for peak and residual states at the normal 

stress of 100 kPa. For this study, DEM simulation was only carried out using scanned 

particles at 100 kPa only due to limited financial resources. For future works, the author 

intends to conduct additional simulations at various normal stresses to further strengthen 

the reliability in DEM simulation using scanned particle shapes. 

 

 

Fig. 5.20 Accuracy of DEM simulation results (spheres and scanned real particles) for 

the prediction of peak and residual shear stress benchmarked against lab test (real 

particles) 

Table 5.3 shows the difference in shear stress prediction at peak and residual states using 

DEM simulations with sphere particles versus laboratory tests with actual metasandstone 

particles. The difference in shear stress ranges from 8.9 % up to 42.8%. The discrepancies 

in shear stress prediction demonstrate that sphere particles may not be that suitable to 
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simulate shear behaviour of poorly graded angular particles. The percentage differences 

in shear stress for DEM using scanned particles at 100 kPa were much more comparable; 

at 3.2% and 6.5% for peak and residual shear states, respectively. It is hence proven that 

using realistic particle shapes in DEM, a more accurate shear behaviour can be obtained 

while avoiding relatively high discrepancies when adopting sphere particles. 

Table 5.3 Differences in shear stress predictions for metasandstone DEM using sphere 

and scanned real particles compared to laboratory tests using real particles 

Laboratory test 
using real-life 

particles 
DEM using sphere particles DEM using scanned real 

particles 

Normal 
stress 
(kPa) 

Shear 
stress 
(kPa) 

Shear 
stress 
(kPa) 

Difference 
in shear 
stress 
(kPa) 

Percentage 
difference 
in shear 
stress 

Shear 
stress 
(kPa) 

Difference 
in shear 
stress 
(kPa) 

Percentage 
difference 
in shear 
stress 

Peak shear state 

50 420 600 180 42.8 % - - - 

100 620 675 55 8.9 % 600 20 3.2% 

150 740 950 210 28.4 % - - - 

Residual shear state 

50 270 325 55 20.4 % - - - 

100 460 385 75 16.3 % 490 30 6.5% 

150 630 520 110 17.5 % - - - 

 

5.6 Concluding Remarks 

This chapter has addressed the process of calibrating discrete element modelling (DEM) 

simulations of direct shear tests, the use of conventional spheres in DEM and the 

improved DEM by incorporating scanned particle shapes to study realistic interparticle 

behaviour. Calibration of DEM is essential in ensuring the simulation would eventually 

produce adequate and meaningful results when benchmarked against experimental test 

results using real particles. To replicate real-life testing conditions, the input parameters 

in DEM were carefully studied via laboratory tests and calibration exercises instead of a 

trial and error in attempt to match the experiment results. 3D printed real particles using 

its known material properties were used as a calibration medium prior to the study of 

metasandstone aggregates. The input parameters in DEM were defined based on 

experimental tests. Young’s modulus, particle density, particle size distribution and 

relative density were defined and simulated in DEM for compliance with the experimental 
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test specimens. Additionally, further calibration and sensitivity tests were conducted to 

define the optimal ‘material interactions’ parameters in Rocky DEM. Once the calibrated 

input parameters produced satisfactory results, based on the 3D printed particles, direct 

shear test simulations were conducted on metasandstone properties.  

Conventional use of sphere particles in DEM showed a broad (but not accurate) 

agreement with the laboratory test results, although a relatively higher peak shear stress 

was observed at various normal stresses. In general and on case-by-case basis, the use of 

spheres in DEM would provide a general trend of the mechanical behaviour of granular 

soils which may be broadly (but not accurately) acceptable.  

However, with current technological advancements, use of improved particle shapes in 

DEM by means of Micro-CT scanning should be encouraged. The improved DEM 

simulation using scanned real particles in this chapter has shown great potential in 

contributing to a more precise shear behaviour when compared to using sphere particles 

in DEM. The overestimation of peak shear stress and underestimation of residual shear 

stress observed in DEM simulation using sphere particles has been significantly improved 

by the use of scanned real particle shapes.  

However, it is to be noted that the processing of DEM using scanned particles, although 

having a simplified methodology, requires significant computational power and time. 

Calibration of such models requires several months with a single simulation may take up 

to at least 15 days to complete. The duration of the DEM simulation would differ based 

on the input parameters adopted. For future works, additional DEM simulations using 

more varieties and increased quantity of scanned particles at various normal stresses are 

expected to be carried out to further investigate the proposed improved DEM technique 

incorporating realistic particle shapes. Additionally, particle breakage in DEM should be 

investigated. Currently, Rocky DEM provides a breakage model which enables particle 

breakage during DEM. However, such complex model requires extensive calibration and 

computational requirements and may be more suitable as a follow-on PhD project. With 

the current on-going DEM improvements and advanced cloud-computing capabilities, the 

author hopes to further investigate the addressed matters in the near future. 
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6.0 APPLICATION OF DIRECT SHEAR TEST IN PIPE JACKING 

The advanced discrete element modelling (DEM) approach can simulate interface 

shearing of granular materials. DEM was utilised by Meidani et al. (2017) to investigate 

pipe performance when pulled through granular soils. The DEM simulation employed a 

scaled pipe with a diameter of 0.46 mm and 265,000 scaled particles. The axial forces 

exerted on the pipe were calculated using DEM simulations and compared to those 

calculated using analytical techniques. Both sets of outcomes were determined to be 

agreeable and effective. Jing et al. (2017) employed a saw-tooth approach to simulate the 

impact of surface roughness during a direct shear test simulation. The thickness of the 

shear band was discovered to be influenced by surface roughness; a rougher interface 

produced a thicker shear band, whereas a smoother interface produced a thinner shear 

band. As a result, the traditional DEM approach of employing idealistic perfect spheres 

to represent real granular particles (which are seldom perfect spheres and hence not 

intuitively right) is clearly outmoded and no longer practical in today's age of improved 

processing capabilities. Instead, for more precision in the advanced DEM approach, 

actual Micro-CT scanned geometrical particles in Standard Tessellation Language (STL) 

format should be employed to represent the rock particles (Peerun et al. 2022). The 

improved DEM methodology would then lead to improvements in several sectors such as 

pipe jacking works. Interface shear or pipe pullout test simulations would enable a more 

accurate jacking force assessment by adopting realistic particle shapes in the DEM 

simulations.  

For this study, the scope was set to only demonstrate the adoption of metasandstone 

strength parameters from the lab experimental direct shear test results for the back-

analysis of pipe-jacking forces in drives with similar geology. A case study was used to 

validate the friction angle of reconstituted metasandstone aggregates on the assessment 

of jacking forces. The experiment data consisted of testing actual angular metasandstone 

particles as a reconstituted specimen. The experiment friction angle was used to assess 

the vertical stress acting onto two jacked pipes traversing sandstone and subsequently, 

the jacking force was back-analysed against measured jacking forces from site records as 

per established methods adopted by Choo and Ong (2015), Ong and Choo (2016), Peerun 

et al. (2020) and Peerun et al. (2022). 
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6.1 Popular Jacking Force Prediction Models 

For the assessment of jacking forces, several jacking force models were developed and 

employed by various researchers. Chapman and Ichioka (1999) produced a statistical 

jacking force model based on the work undertaken by the International Society for 

Trenchless Technology (ISTT) of Japan, which utilises a substantial quantity of case 

study data. Osumi (2000) utilised an empirical method while Staheli (2006) applied an 

experimental approach to produce a jacking force model respectively. In the micro-

tunnelling sector, engineers frequently employ the Bennett (1998) model for jacking force 

prediction (Staheli 2006). Each jacking force model evaluates the frictional resistances 

based on its unique set of characteristics, such as soil and pipe qualities. The five 

established jacking force models created by Chapman and Ichioka (1999), Osumi (2000), 

Staheli (2006), Pellet-Beaucour and Kastner (2002), and Bennett (1998) have been 

evaluated and analysed in detail by Peerun et al. (2022). The five popular jacking force 

models are defined below. 

6.1.1 Chapman and Ichioka (1999) 

Frictional resistance along pipe, 𝑃 = 𝑎 + 0.38𝐷      (6.1) 

Where,  a = soil type intercept value 

D = pipe external diameter 

The recommended intercept value, a are: 0.153 for clay, 0.243 for sand, and 0.343 for 

gravel. 

6.1.2 Osumi (2000) 

The frictional component of jacking force, 𝑓𝑜 = 𝛽(𝜋𝐵𝑐𝑞 + 𝑤)𝜇′ + 𝜋𝐵𝑐𝐶′   (6.2) 

Where,   = jacking force reduction factor 

  Bc = pipe outer diameter 

  q = normal force 

  ’ = interface friction coefficient = tan (/2) 

   = interface friction angle 

  w = pipe weight 

  C’ = soil-pipe adhesion (8 kN/m2 for N<10 and 5 kN/m2 for N>10) 
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The recommended jacking force reduction factor,  based on soil types are: 0.35 for 

cohesive soil, 0.45 for sandy soil, and 0.60 for gravel. 

6.1.3 Staheli (2006) 

The frictional jacking force, 𝐽𝐹𝑓𝑟𝑖𝑐𝑡 = 𝜇𝑖𝑛𝑡.
𝛾.𝑟.cos(45+

∅𝑟
2

)

tan ∅𝑟
 . 𝜋. 𝑑. 𝑙             (6.3) 

Where,  int = residual interface friction coefficient of pipe-soil 

   = total unit weight of soil 

  r = soil residual friction angle 

  d = diameter of pipe 

  r = radius of pipe 

  l = length of pipe 

 

6.1.4 Pellet-Beaucour and Kastner (2002) 

The Pellet-Beaucour and Kastner (2002) jacking force model is defined as: 

𝐹 = 𝜇𝐿𝐷𝑒
𝜋

2
[(𝜎𝐸𝑉  +  

𝛾𝐷𝑒

2
)  +  𝐾2 (𝜎𝐸𝑉  +  

𝛾𝐷𝑒

2
)]   (6.4) 

where, F is the total frictional jacking force, 

  is the coefficient of friction, 

L is the pipe span, 

De is the outer pipe diameter, 

ev is the vertical soil stresses acting onto the pipe crown, 

 is the soil unit weight, 

K is the lateral earth pressure coefficient (recommended value = 1.0) and, 

K2 is the thrust coefficient of soil acting onto the pipe (recommended value = 0.3) 

The vertical soil stress acting onto the pipe crown is described in Eq. (7.2). 

𝜎𝐸𝑉 =
𝑏(γ − 

2𝐶

𝑏
)

2𝐾 tan ∅
 (1 −  𝑒−2𝐾

ℎ

𝑏
tan ∅)     (6.5) 

Where, C is the soil cohesion, 

ϕ is the soil internal friction angle, 

γ is the soil unit weight, 

K is the lateral earth pressure coefficient, 

h is the soil cover from the ground level to the pipe crown 

and the influencing soil width, b above the pipe is obtained from Eq. (6.3). 
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𝑏 = 𝐷𝑒 (1 + 2 tan (
𝜋

4
 − 

∅

2
))    (6.6) 

Stein (2005) recommended that lubricated drives adopt a coefficient of friction,  

between 0.1 and 0.3. The vertical stress acting on the pipe crown, EV, which is dependent 

on the angle of soil friction, offers some insight into the occurrence of the arching 

phenomena. Choo and Ong (2015), Choo and Ong (2017) and Ong and Choo (2018) 

concluded that a negative value of EV indicates the physical presence of arching 

(qualitatively, not quantitatively) and a positive value of  EV translates in the least likely 

arching occurrence hence indicating the surrounding soil being in contact with the pipe. 

6.1.5 Bennett (1998) 

The frictional jacking force, 𝐹𝑟 = C𝑎𝛾′𝑑𝑝 tan(𝐶𝑓𝜙𝑟)𝐴𝑝𝐿    (6.7) 

Where,  Fr  = Frictional jacking force 

  Ca  = Arching reduction factor 

  ’  = Effective soil unit weight 

  dp  = Pipe diameter 

  Cf  = friction reduction factor 

  r = Residual soil friction angle 

  Ap  = Pipe circumference 

  L  = Length of tunnel 

Two proven case studies were used to evaluate the reliability of five popular jacking force 

models presented by Chapman and Ichioka (1999), Osumi (2000), Pellet-Beaucour and 

Kassner (2002), Staheli (2006), and Bennett (1998). Using the jacking force models, the 

jacking forces for a drive traversing soil (Drive A) and another drive traversing rock were 

determined (Drive B). After comparing the computed forces to the measured jacking 

forces on-site, the accuracy of each model was hence discussed. Table 6.1 contains the 

parameters adopted for the jacking force assessment using the various jacking force 

models for jacking drive A in clay with gravel and drive B in shale. The two distinct 

drives allowed a comparison on the accuracy of the jacking force models in soil (Drive 

A) and in rock (Drive B). 
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Table 6.1 Case study parameters used for Drive A and Drive B (Peerun et al. 2022) 

Parameter Symbol Unit Drive A Drive B 

Geology - - Clay with 
gravel Shale 

Soil peak friction angle p degree 28.00 37.30 

Soil residual friction angle r degree 25.00 35.00 

Soil cohesion (peak) C'p kPa 0.00 0.00 

Soil unit weight average ϒ kN/m3 18.10 18.44 

Soil cover from ground to pipe 
crown h m 9.60 18.00 

Standard penetration test N - 6 100 

Normal Stress v kPa 26.60 156.00 

Pipe external diameter D m 1.44 1.78 

Pipe weight w kN/m 13.34 17.3 

Length of pipe L m 73 30.00 

Face pressure FP kN 388 294.20 

Jacking Force measured (F/L) JF kN/m 23.70 28.50 

 

Figure 6.1 shows the calculated and measured jacking forces for (a) Drive A and (B) 

Drive B. The peak jacking force observed on-site for the 73 m Drive A was 1,670 kN. An 

evaluation of the jacking force predictions for the five models reveals that jacking forces 

rise linearly with drive span. Compared to the measured field data, the five models were 

able to give good predictions of jacking forces. One may see an underestimation at the 

beginning of Drive A and an overestimation at its completion. This may be owing to the 

varied geological conditions within the drive, since the initial portion of Drive A consists 

of gravel, followed by fine soils (mainly clay), then gravel towards the end of the drive 

(Peerun et al. 2022). A maximum jacking force of 1,177 kN was registered for the 30 m 

Drive B on site. Compared to the recorded data, the jacking force models of Pellet-

Beaucour and Kastner (2002) and Bennett (1998) generated accurate estimates of jacking 

forces. In contrast, jacking force models by Osumi (2000), Staheli (2006), and Chapman 
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and Ichioka (1999) were overestimated. When determining frictional jacking forces, 

Pellet-Beaucour and Kastner's (2002) model and Bennett's (1998) model contain two 

crucial factors: the arching effect and the usage of lubricant (Peerun et al. 2022). Hence, 

for the assessment of jacking forces for drives traversing in rocks, the model adopted 

should incorporated the influence of arching and lubrication. 

 

Fig. 6.1 Calculated and measured jacking forces for (a) Drive A in clay and (b) Drive B 
in shale (Peerun et al. 2022) 

 

6.2 Preferred Jacking Force Prediction Model by Pellet-Beaucour and Kastner 
(2002) 

After reviewing the accuracy of popular jacking force prediction models, as shown in 

Figure 6.1, the jacking force prediction model developed by Pellet-Beaucour and Kastner 

(2002) as it was found to accurately predict forces in drives traversing rocks and considers 

the effect of arching. Arching is defined by a pressure transfer from a yielding soil mass 

to an adjacent stationary section (Terzaghi 1943). Peerun et al. (2020) reported that 

arching has a direct relationship with direct shear tests, in which arching is maintained 

solely by shear forces. The displacement of the top half of the specimen during a direct 

shear test, while the bottom half stays stationary, is an excellent illustration of the change 

in stresses along the vertical boundary during the formation of a wedge failure in pipe 

jacking. Consequently, the strength parameters derived from a direct shear test may be 
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utilised to evaluate the arching effect (Peerun et al. 2020). Arching effect is also more 

prominent in rock tunnels (ability to self-support in tension) than in soil tunnels, which 

makes intuitive sense (absence of tensile capability). However, there is a chance of 

arching in soils with strong cohesiveness or extremely dense materials. In order to 

improve the prediction of jacking forces, the measurement of arching has become one of 

the most crucial aspects.  

Choo and Ong (2015) and Peerun et al. (2020) have proven to successfully assess jacking 

forces through rock drives using Pellet-Beaucour and Kastner (2002) model.  

6.3 Comparison of Jacking Forces Based on Particle Shapes 

Peerun et al. (2020) compared rounded quartz-based sandstone particles to angular shale 

particles with weaker carbonaceous mineral compositions to investigate the shear 

behaviour of granular tunnelling spoils. Pipe jacking Drive A involved jacking a 1.43 m 

diameter pipe through sandstone at a depth of 9.50 m for a total drive length of 65 m. 

During the first half of the pipeline, no lubricant was pumped, and the drive was 

completed at a rate of 250 L/m on average. With a jacking speed ranging from 10 to 40 

mm/min, a jacking force of 10.1 kN/m was observed. Drive B consisted of a 160 m 

pipeline with a 1.43 m diameter and a 13.5-meter depth. The crossing geology was 

revealed to be a moderately strong light grey lightly weathered sandstone by means of soil 

investigation (Peerun et al. 2020). With an average jacking speed of up to 22.4 mm/min, 

a measured jacking force of 18.9 kN/m was observed. This drive needed very little 

lubrication, with a constant flow rate of 250 L/m. Drive C travelled 140 m into very weak, 

severely weathered shale at a depth of 12.5 metres. When compared to Drive A and B, 

the 1.43 m diameter pipeline needed a higher jacking force of 29.0 kN/m. A slower 

jacking speed of 10.4 mm/min was reported, as well as an abnormally high volume of 

lubricant (2,500 L/m). It was thought that the lubricant was being lost via the nearby rock 

fractures (Peerun et al. 2020). Drive D required jacking a 1.78 m diameter pipe through 

extremely weathered shale at a depth of 18 m for a short 30 m span. Drive D, like Drive 

C, needed a higher jacking force of 28.5 kN/m and up to 500 L/m of lubricant (Peerun et 

al. 2020). 

Table 6.2 summarises the findings for the measurements of vertical stresses acting on the 

jacked pipes. The reconstituted sand-sized and strong rounded particles of sandstone 

generated larger amount of dilation. A friction angle of 40.5o and 28.6o were measured 

for Drives A and B, respectively, due to intense interlocking activities (Peerun et al. 

2020). The vertical stress acting on the pipes was computed using the Pellet-Beaucour 
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and Kastner (2002) jacking force model. Drives A and B passing through sandstone 

encountered low positive vertical stresses of 15.3 kN/m2 and 12.1 kN/m2, respectively, 

indicating less advantageous arching owing to the low EV values. Due to the lesser 

carbonaceous mineral composition, angular shale particles exhibited a high void ratio and 

were more vulnerable to compression (Peerun et al. 2020). The drop in peak shear stresses 

might have been impacted by possible particle breakage, which were detected as localised 

compression within the test material (Peerun et al. 2020). According to Eq. (6.2), the 

internal friction angle has a significant impact on the vertical soil stress acting on the pipe, 

with EV = 34.8 kN/m2 for Drive C and EV = 42.9 kN/m2 for Drive D. Drives C and D in 

shale had substantially higher vertical stresses than sandstone (Drives A and B), 

indicating a less advantageous arching condition. This would indicate that the jacked 

pipes were in contact with the surrounding geology, resulting in increased frictional 

resistance. This was supported by the fact that shale drives (JF = 29.0 kN/m and 28.5 

kN/m) had higher measured jacking forces than sandstone drives (JF = 10.1 kN/m and 

18.9 kN/m). Ong and Choo (2018) found similar results, with moderately advantageous 

arching circumstances for sandstone drives and least favourable arching conditions for 

shale drives during pipe jacking operations (Peerun et al. 2022). 

Table 6.2 Assessment of vertical stresses, EV exerted onto the jacked pipe crowns 

(Peerun et al. 2022) 

Parameters Symbol Units Drive A Drive B Drive C Drive D 

Geology - - 

Sandstone 

(Rounded 

particles) 

Sandstone 

(Rounded 

particles) 

Shale 

(Angular 

particles) 

Shale 

(Angular 

particles) 

Friction angle 

(Note: 

Reconstituted sand-

sized specimen) 

 degree 40.5 28.6 37.3 37.3 

Calculated 

vertical stress 

onto pipe 

EV kN/m2 15.3 12.1 34.8 42.9 

Arching - - 

Low to 

moderately 

favourable 

Low to 

moderately 

favourable 

Least to 

not 

favourable 

Least to 

not 

favourable 

Measured 

jacking force 
JF kN/m 10.1 18.9 29.0 28.5 

Average 

lubricant used 
- L/m 250 250 500 375 

Average 

jacking speed 
- mm/min 29.2 22.4 10.4 18.9 
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6.4 Case Study: Assessment of Vertical Stresses using Laboratory DST Results 

Two microtunnel drives traversing sandstone were used as the established case study for 

this chapter. The jacking force model developed by Pellet-Beaucour and Kastner (2002) 

was adopted to assess the vertical stress, EV acting onto the pipe crown for Drive E and 

Drive F. Figure 6.2 shows the soil profiles for Drives E and F. To assess EV, the friction 

angles obtained from the large direct shear tests using reconstituted metasandstone 

(gravel-sized) aggregates in Section 4.2.4 were adopted. From Figure 6.2, the jacked pipe 

traversed Drive E at a depth of 9.5 m while Drive F was at 18.5 m. Based on soil 

investigation results, the unit weight, sampling depth and standard penetration test (SPT-

N) values were obtained for each individual soil and rock layers. To compute the soil unit 

weight in the Pellet-Beaucour and Kastner (2002) model, an average unit weight was 

adopted based on the schematic shown in Figure 6.3. This technique of using average unit 

weight for soil and rock layers had been successfully proven by Choo (2015) during the 

assessment of jacking forces using Pellet-Beaucour and Kastner (2002) model. 

 

Fig. 6.2 Soil profiles for Drive E and F traversing sandstone 
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Fig. 6.3 Determination of average soil unit weight 

The average soil unit weight, avg is defined as 

𝛾𝑎𝑣𝑔 =
ℎ𝑠𝑜𝑖𝑙𝛾𝑠𝑜𝑖𝑙+ℎ𝑟𝑜𝑐𝑘𝛾𝑟𝑜𝑐𝑘

ℎ𝑠𝑜𝑖𝑙+ℎ𝑟𝑜𝑐𝑘
       (6.4) 

Where soil is the soil unit weight (kN/m3), 

 rock is the rock unit weight (kN/m3), 

 hsoil is the depth of soil layer (m) 

 hrock is the depth of rock layer up to the pipe crown (m) 

 

6.4.1 Use of Reconstituted Metasandstone Specimen in Direct Shear Tests 

The reconstitution of crushed rocks has been studied by several researchers to 

demonstrate the strength properties of a rock mass (Charles and Watts 1980, DeMello 

1997, Choo 2015). Choo and Ong (2015) used reconstituted crushed tunnelling rock spoil 

to assess the jacking forces during pipe jacking works. By reconstituting the sand-sized 

tunnelling rock spoils in a direct shear test, the specimen shear strength properties 

demonstrated good agreement in the prediction of jacking forces when compared to the 

site data. This method has also been successfully adopted by Ong and Choo (2018) and 

Peerun et al. (2022). 

In this study, the poorly-graded gravel sized metasandstone was used as a reconstituted 

specimen in a large direct shear test as described in Section 3.1. The shear strength 

properties of the laboratory actual metasandstone particles were used to assess the jacking 

forces for Drive E and F traversing sandstone geology. Metasandstone is a metamorphic 

rock metamorphosed from sedimentary sandstone (Geochempet 2021). As per the 

petrographic analysis report listed in Section 3.1.1, the metasandstone specimen consisted 

81% of quartz mineral which is similar to the main mineral content of sandstone found in 
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Drive E and F. Hence, it was found agreeable to use the strength properties of 

metasandstone aggregates to assess the jacking forces for the drives shown in Figure 6.2. 

Friction angle is a governing factor that influences the vertical stress acting onto the pipe 

crown, and hence determines the occurrence of arching phenomenon. Prior to the 

assessment of vertical stress onto the pipe crown for Drive E and F, the friction angle was 

calculated using the metasandstone aggregates at the confining pressures of Drives E and 

F. The effective overburden pressure was calculated based on the average soil unit weight 

(Eq. 6.4) and the soil cover from the ground to the pipe crown (Figure 6.2). Drive E 

experienced an effective overburden pressure of 78 kPa at a depth of 9.50 m while Drive 

F sustained 170 kPa at a depth of 18.50 m. Using the power law function (DeMello 1997) 

and tangential technique (Yang and Yin 2004) as described in Section 4.2.4, the friction 

angle at peak shear state was computed at the confining pressures of Drive E and Drive 

F. Figure 6.4 shows the difference in friction angle at the confining pressures of Drive E 

(78 kPa) and Drive F (170 kPa). 

 

Fig. 6.4 Power law-fitted failure envelope at peak shear state for pipe jacking Drive E at 

confining pressure of 78 kPa and Drive F at confining pressure of 170 kPa using 

laboratory metasandstone DST results 

As opposed to the relatively lower friction angle observed for the sand-sized sandstone 

material in Table 6.1, the gravel-size metasandstone produced 73.8o at a confining 

pressure of 78 kPa (Drive E) and 66.8o at confining pressure of 170 kPa (Drive F). The 

difference in friction angle was attributed to the difference in particle size distribution, 
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particle size, particle shape and confining pressure (Fitsum 2011) as addressed in Section 

4.2.5. The sandstone material studied in Drive A was classified as well-graded while 

metasandstone in Drive E was defined as poorly-graded. The sandstone in Drive A 

consisted of particle sizes within the sand fraction while metasandstone in Drive E were 

categorised as gravels in size.  

At higher confining pressure for Drive B, a reduction in friction angle was observed due 

to the non-linear shear behaviour of the metasandstone material. At higher normal stress, 

greater particle interlocking would produce an increase in shear strength (Xiao et al. 

2014). Section 4.1.4 shows the influence of particle behaviour due to an increase in 

normal stress via PIV vector plots. It was concluded that higher normal stress will 

compress the specimen further which will generate greater particle interlocking. The 

number of interlocking activities would hence define the shear stress of the material (Li 

and Aydin 2010). The reduction in friction angle due to higher normal stress has also been 

reported by Peerun et al. (2019). 

6.4.2 Assessment of Arching Phenomenon 

The arching phenomenon during pipe jacking can be determined through the vertical 

stress, EV acting onto the pipe crown. A negative value of EV would indicate a 

favourable condition for arching while a positive value of EV would result in a least 

favourable arching condition (Choo and Ong 2015, Ong and Choo 2016, Peerun et al. 

2020). Table 6.3 contains the soil properties and pipe jacking information for Drives E 

and F. Using the friction angles obtained from Figure 6.4 and Eq. 6.2, the vertical stresses 

acting onto Drives E and F were computed based on laboratory DST using the 

reconstituted metasandstone. For Drive E, the metasandstone produced a EV = 4.9 kN/m2. 

The significantly low vertical stress of 4.9 kN/m2 acting onto the pipe crown of Drive E 

indicated a fairly favourable arching condition (EV close to zero). Using metasandstone = 

66.8o, Drive F produced EV = 10.2 kN/m2. The positive value of EV for Drive F indicates 

a least favourable arching condition as opposed to Drive E.  

Table 6.3 Calculated vertical soil stresses and frictional coefficients for Drives E and F 
case studies 

Parameters Symbol Units Drive E Drive F 

Geology - - Sandstone Sandstone 

Outer pipe diameter De m 1.43 1.78 

Effective overburden pressure ’v kPa 78.0 170 

Average soil unit weight  kN/m3 18.21 18.97 
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Soil cover from ground to pipe crown h m 9.50 18.50 

Lateral earth pressure coefficient K - 1.0 1.0 

Thrust coefficient K2 - 0.3 0.3 

Measured jacking force (F/L) JF kN/m 10.1 17.2 

Using strength parameters of reconstituted Metasandstone laboratory DST results 

Friction angle (peak)  degree 73.8 66.8 

True cohesion C kPa 0.0 0.0 

Influencing soil width above pipe b m 1.8 2.5 

Calculated vertical stress onto pipe 

(using Eq 7.5) 
EV kN/m2 4.9 10.2 

Calculated frictional coefficient using 

Eq. 7.4 
avg - 0.194 0.175 

 

The effect of arching can be associated to the particle behaviour during shear. The 

displacement of the top half of the specimen during a direct shear test, while the bottom 

half stays stationary, is a good representation of the change in stresses along the vertical 

boundary during the development of a wedge failure in pipe jacking. Particle breakage 

would make the test specimen to compress while particle interlocking would enable the 

specimen to dilate (Peerun et al. 2019). Based on the findings from particle image 

velocimetry, Figure 4.4 shows that particle interlocking made the specimen to dilate 

(vectors in upward direction) and an increase in shear stress was recorded (stage 2 

shearing). On the other hand, particle breakage were observed through localised 

compression in the vector plot at shearing stage 4 which made the specimen to contract 

and a reduction in shear stress was observed. For the study of arching phenomenon, the 

discrepancies in EV (Drive B) when compared to EV (Drive A) would be due to the larger 

amount of interlocking experienced during Drive B as opposed to the particles in Drive 

A. Larger interlocking at higher normal stress produced higher shear stress while a 

reduction in friction angle and hence greater amount of vertical stress acting onto the pipe 

crown, EV was observed.  

 

6.5 Back-analysed Jacking Force using Laboratory DST Results 

The jacking forces for Drive E and F were back-analysed by calculating the coefficient 

of friction,  and incorporating it into Eq. 6.4. The coefficient of friction,  is defined as 

a function of the interface pipe wall friction angle,  (Stein 2005) as shown below. The 

angle of friction in soil-structure interaction calculations is considered to be between an 
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upper limit, equal to the internal friction angle of soil,  and a lower one, often between 

/2 and /3, based on the interface roughness and the amplitude of motion (Pellet-

Beaucour and Kastner 2002). 

𝜇 = tanδ       (6.5) 

Conducting interface shear tests of the pipe material against the surrounding geology will 

provide the wall friction angle (Iscimen 2004). Nevertheless, the interface tests would 

produce a result of indicating full contact between the pipe and the surrounding geology, 

which is not always the case during pipe jacking. Due to the pipe overcut region, 

lubrication efficiency and pipe misalignment, it might be difficult to estimate the real 

pipe-soil contact area. It is impossible to establish a real-world scenario of the pipe-soil 

contact area without specialist equipment such as an instrumented pipe. Therefore, based 

on the frictional states (static, sliding, or lubricated), the interface material, and the 

existence of lubrication in the pipe overcut zone, Stein (2005) suggested adopting the 

values in Table 6.3. According to Table 6.4, Stein (2005) proposed using a coefficient of 

friction, , ranging from 0.1 to 0.3 for lubricated drives. The vertical stress acting on the 

pipe crown, EV, which is dependent on the angle of soil friction, offers insight into the 

occurrence of the arching phenomena (Peerun et al. 2022). 

 

From site records, Drives E and F were well lubricated where an average of 200 Litres 

and 250 Litres of lubrication were pumped during pipe jacking. Hence,  is expected to 

be within the range of 0.1 – 0.3 as recommended by Stein (2005) for lubricated drives. 

From Table 6.3,  was back-calculated using Eq. 6.4 and the measured jacking force on 

site. For Drive E, using the friction angles from the laboratory tests eventually produced 

a calculated  = 0.194 while Drive F produced a calculated  = 0.175. When these  

values (calculated from the laboratory DST tests) were compared against the theoretical 

recommended values ( = 0.1 – 0.3, Pellet-Beaucour and Kastner, 2002) they agreed very 

well, hence the validation between the reliability of laboratory and field results in this 

study. Similar comparison methods have also been used by Choo and Ong (2015) and 

Ong and Choo (2016). 
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Table 6.4 Recommended friction coefficient values (Stein et al. 1989, Pellet-Beaucour 

and Kastner 2002, Peerun et al. 2022) 

Friction type Friction coefficient 

Static friction 

Concrete on gravel or sand 0.5 – 0.6 

Concrete on clay 0.3 – 0.4 

Asbestos or centrifuge concrete on gravel or sand 0.3 – 0.4 

Asbestos or centrifuge concrete on clay 0.2 – 0.3 

Sliding friction 

Concrete on gravel or sand 0.3 – 0.4 

Concrete on clay 0.2 – 0.3 

Asbestos or centrifuge concrete on gravel or sand 0.2 – 0.3 

Asbestos or centrifuge concrete on clay 0.1 – 0.2 

Fluid friction (lubrication) 0.1 – 0.3 

 

Figure 6.5 shows the back-analysed jacking forces using the calculated coefficients of 

friction based on the reconstituted metasandstone DST results for (a) Drive E (  = 0.194) 

and (b) Drive F ( = 0.175) from the section above. These back-analysed jacking forces 

were then compared against the field measured jacking forces from the site records (see 

Figure 6.5a). Jacking speed and lubrication use were also reported in Figure 6.5 for 

completeness. The back-analysed jacking forces using  = 0.194 (for Drive E) and  = 

0.175 (for Drive F) produced good predictions when compared to the measured jacking 

forces. From Figure 6.5, the back-analysed jacking forces for Drive E and F can be 

observed to be within the range of 0.1 – 0.3, as per Stein (2005) recommendations. 
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Fig. 6.5 (a) Measured vs predicted (using DST laboratory results) jacking forces, (b) 

measured jacking speeds and (c) measured lubricant used for Drive E and Drive F 

 

Drive E indicated a relatively lower vertical stress, EV compared to Drive F which could 

be due to its relatively higher peak friction angle of 73.8o as opposed to the relatively 

lower value of 66.8o for Drive F. From the PIV analysis in Section 4.1, it was found that 

particle interlocking contributed to dilation and result in an increase of friction angle. The 

high friction angle produced a relatively low vertical stress onto the jacked pipe, where 

arching was fairly favourable for Drive E when compared to Drive F. An average jacking 

speed of 29.2 mm/min with a constant lubrication use of 200 Litres demonstrated that 

Drive E was well-lubricated, and the potential arching phenomenon might have 

contributed to the relatively low and fairly constant jacking force. 

Drive F produced a relatively lower peak friction angle (66.8o) as opposed to Drive E 

with relatively large value of 73.8o. At larger normal stresses, the test specimens undergo 

larger compression and interlocking activities increases the specimen’s shear strength 
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(Xiao et al. 2014). From Section 4.1.4, an increase in normal stress was found to reduce 

the friction angle. When comparing the confining pressures for Drives E and F, larger 

confining pressures were experienced by Drive F. A lower friction angle in Drive F 

demonstrated higher vertical stress (10.2 kN/m2) acting onto the pipe crown as opposed 

to Drive E (4.9 kN/m2). Although being well-lubricated with an average lubrication use 

of 250 Litres and average jacking speed of only 20.0 mm/min, a relatively higher jacking 

force was recorded. The least favourable occurrence of arching (EV = 10.2 kN/m2) may 

have contributed to the higher frictional resistance. When arching does not occur, the 

surrounding geology are fully in contact with the pipe and hence larger jacking forces are 

expected. 

6.6 Concluding Remarks 

Jacking force model developed by Pellet-Beaucour and Kastner (2002) was found 

suitable for the assessment of jacking forces in drives traversing rocks. The occurrence 

of arching phenomenon was described based on the vertical stress acting onto the pipe 

crown, where negative values would indicate a favourable arching condition. Friction 

angle obtained from reconstituted metasandstone direct shear tests were used to assess 

the arching effect. The findings were applied to two pipe-jacking drives traversing 

sandstone geology and it was concluded that  

- Particle breakage would reduce the shear stress and specimen dilation. 

- Higher normal stress would increase interlocking and shear stress but result in a 

reduction of friction angle. 

- Higher friction angle resulted in lower vertical stress and hence arching would be 

more pronounced. 

- Lower vertical stress will contribute to lower jacking forces due to the influence 

of arching. 

Direct shear tests using reconstituted rocks have shown to produce a very good 

assessment of jacking forces when compared to site records. With the improved DEM 

using scanned particle shapes and advancement in computational capabilities, there is 

great potential to model real life pipe jacking process in the near future. Accurate jacking 

force prediction by means of advanced DEM would contribute to a more efficient and 

sustainable project during planning, design and construction stages. Additionally, reliable 

jacking force prediction model would prevent overdesigning our infrastructure. 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

This study focused on the characteristics and 3D behaviour of granular geomaterials 

during shear. Particle behaviour during shear was observed and discussed by means of 

particle image velocimetry (PIV) and the four-stage shearing model. Large direct shear 

tests were conducted on poorly-graded angular particles of metasandstone. Particles 

behaviour such as interlocking and breakage were found to influence shear stress. 

Discrete element modelling (DEM) was used to simulate direct shear test using 

conventional sphere particles as a representation of the actual angular metasandstone 

particles. To further improve the DEM technique for a more accurate shear behaviour 

prediction, realistic particle shapes were incorporated by means of micro-CT scanning. 

The DEM simulation was calibrated by means of 3D printed scanned particles of 

metasandstone with known material properties. This allowed for an adequate comparison 

between physical laboratory direct shear test using 3D printed particles and the DEM 

direct shear simulation using the same scanned particle shapes and material properties. 

The calibrated DEM was used to simulate direct shear test using scanned metasandstone 

particles. Using a realistic particle shape in DEM, a more accurate shear behaviour was 

produced when compared to the use of basic sphere particles. The strength properties of 

the gravel-sized metasandstone obtained from laboratory direct shear tests, were used to 

assess the jacking force for two pipe jacking drives. The back-analysed jacking forces 

were found to produce matching results with the measured site data. The following 

sections summarise the research outcomes, limitations of this study and recommendations 

for future work in this field of study. 

7.1 Research Outcomes 
The research outcomes addressing the research objectives of this study in Section 1.6 

(Chapter 1) along with the key findings are summarised below. 

▪ RO1: To conduct laboratory direct shear tests on angular rock particles 

Response: Large direct shear tests have been successfully conducted on poorly-

graded angular particle of metasandstone. 

Findings: The metasandstone aggregates showed non-linear shear behaviour. A 

power law function and a tangential technique were used to obtain its strength 

properties. A high value of friction angle was recorded which was due to the larger 

particle size, particle angularity, particle surface roughness, particle size 

distribution. 
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▪ R02: To adopt particle image velocimetry (PIV) technology for understanding the 

particle behaviour during laboratory direct shear tests.  

Response: PIV was successfully used on sand-sized metasandstone particles to 

demonstrate particle behaviour during shear in terms of vector plots. PIV was not 

used to study the gravel-size metasandstone due to the original equipment set-up 

limitations of a large direct shear test. However, the PIV findings from the sand-

sized metasandstone was adopted for the gravel-size metasandstone which 

showed agreeable behaviour. 

Findings: Detailed interpretation of shear stress and volumetric plots were made 

possible by means of the PIV vector plots. Particle behaviour during shear was 

found to have a direct impact onto the shear stress and volumetric behaviour of 

the test specimen. Localised compression was found to indicate particle breakage 

which will reduce the shear stress and dilation of the specimen. Particle 

interlocking was found to increase dilation which then resulted in higher shear 

stress. PIV plots has shown to effectively interpret the shear behaviour of 

metasandstone material during shear. 

 

▪ RO3: To create a direct shear test (DST) simulation in DEM. 

Response: A direct shear test simulation was successfully performed in DEM with 

similar testing conditions as the laboratory test. 

Findings: As an initial study of direct shear test simulation, conventional sphere 

particles were adopted. The sphere particles were found to exhibit shear 

behaviour. However, the magnitude of shear stress was broadly agreeable with 

the laboratory results, where an overestimation was observed at the initial shearing 

stage and an underestimation at the end of shearing. The difference in shear stress 

when compared to laboratory results were found to range from 8.9% up to 42.8%. 

 

▪ RO4: To develop a method for extracting realistic particle geometry and 

incorporating it in DST simulation. 

Response: 20 types of realistic particle shapes were successfully imported into 

DST simulation by scanning metasandstone particles. The scanned particle shapes 

were added in DEM as a custom polyhedron shape. The scanned particle consisted 

triangular mesh known as standard tessellation language (STL) format. 

Findings: Using Rocky DEM, custom realistic particle shapes in STL format were 

added into the simulation without the use of conventional sphere clumping. 
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Higher resolution of the scanned particle was found to drastically increase the 

complexity and processing capability in DEM. Hence, a reduced scanning 

resolution while maintaining the realistic particle shape and angularity was 

adopted for an efficient DEM processing. 

 

▪ RO5: To synthesise and verify a method for 3D printing synthetic particles with 

specific stiffness. 

Response: PA2200 Nylon material was used to 3D print the scanned particles by 

means of selective laser sintering. 

Findings: With the known material properties of PA2200, the 3D printed synthetic 

particles were used for DEM calibration. The physically sheared in the laboratory. 

DEM simulation using the scanned particle shapes and PA2200 properties was 

hence calibrated based on the laboratory shear stress of the 3D printed particles. 

 

▪ RO6: To evaluate, discuss and compare the DEM outcomes with actual DST. 

Response: The calibrated DEM direct shear test was used to simulate sphere 

particles and scanned particles using metasandstone properties. Similar laboratory 

testing conditions were reproduced in DEM such as relative density, particle mass 

and volume, and normal stress. 

Findings: Conventional use of sphere particles in this DEM study showed a broad 

(but not accurate) agreement with the laboratory test results, although a relatively 

higher peak shear stress was observed at various normal stresses. The 

overestimation of peak shear stress and underestimation of residual shear stress 

observed in DEM simulation using sphere particles has been significantly 

improved by the use of scanned real particle shapes.  

The laboratory direct shear test results using metasandstone aggregates were used to 

assess the jacking forces for two micro-tunnelling drives traversing sandstone. Using the 

back-analysed friction coefficient, the calculated pipe jacking forces were found to be in 

good agreement with the site records. With computational advancement and the great 

potential of DEM incorporating scanned real particles, modelling of real-life pipe jacking 

process can be made possible in the near future. 

7.2 Challenges and Limitations of this Study 

Discrete element modelling is a very complex technique which has seen improvements 

over the recent years. DEM users should understand the influence of each input 
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parameters and provide adequate judgement when adopting those values in the 

simulation. Often users would simplify the test simulation and use generalised parameters 

due to insufficient data and computational power. Based on the previous studies reviewed, 

the current challenges and limitations of conventional DEM are summarised below: 

- Use of extensive python coding to generate script commands depending on the 

DEM software. 

- Constant force application onto test specimen may fluctuate depending on the 

servo control engine/commands used. 

- Inability to generate angular particles with sharp edges using sphere clumps. 

- Realistic particle shape using sphere clumps would overload the computational 

power due to extensive amount of spheres required. 

- Uncertainty on the scaling effect on DEM contact laws, users tend to scale down 

the simulation so as to reduce the computational cost and requirements. 

- Number of particles and simulation time are limited by the computational power, 

primarily GPUs. 

With the use of Rocky DEM as primary tool for discrete element analysis and the 

incorporation of realistic particle shapes as focus of this study, the following challenges 

and limitations were faced during this study based on the author’s experience. 

- Unavailability of graphical processing unit (GPU) with high double-precision value 

(FP64). The software provider stated that for simulations using scanned particle shapes, 

a GPU with high FP64 is recommended. Currently, there is no cost-effective GPU with 

such specifications available in the regional market. Users have to either consider high-

end GPU server card or explore the option of GPU-intensified cloud computing, where 

both options are exorbitantly expensive. 

- Limitations on GPU memory. Simulating custom polyhedron (importing scanned 

geometry) requires extremely high GPU memory. In this study, a Nvidia Titan V GPU 

with 12 GB memory was used due to the extremely limited supply and choice in the 

Australian market and logistics issues impacted by the 2-year long Covid-19 pandemic. 

As such, the number of customed particles shapes to be simulated in Rocky DEM is 

limited based on the GPU memory specification. 

- Rocky DEM has a particle breakage module to simulate real testing conditions by 

enabling the particles to break. However, to enable such module during DEM requires 

significantly high GPU capabilities. Such complex breakage model would take several 

weeks to process a few seconds worth of DEM simulation. With the current financial and 
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computational limitations, the author was unable to explore the option of simulating 

particle breakages in DEM in this study 

- Although several tests have been conducted to obtain the material properties to be 

simulated, the ‘material interaction’ parameters in Rocky DEM requires tremendous 

calibration efforts. In this study, the calibration process took several months until the 

desired outcome was obtained. New DEM users should allocate sufficient amount of time 

upfront and the necessarily high expenditures for super-fast computational prowess to 

achieve a well-calibrated model for more parametric studies to be done. This study has 

successfully proven its viability. 

- Inability to conduct additional DEM simulations using scanned particles at various 

normal stresses. Due to the computational/time/financial limitations, only one simulation 

was successfully completed after numerous calibration exercises. 

 

7.3 Recommendation for Future Work 
The author has listed the following recommendations for future work with aim to further 

improve the current study on particle behaviour during shear. 

- Explore the various cloud computing options or upgrade GPU if financial 

situation permits. Nvidia GV100 or A100 graphic cards would bring significant 

computational advantage to process models using scanned particles. 

- To conduct more simulations using scanned particles at various normal stresses. 

The current results in this study have shown in percentage difference of shear 

stress that DEM using scanned particles have predicted a more accurate shear 

stress as opposed to the broadly agreeable outcomes when using sphere particles. 

Additional simulations would add further confidence in this improved DEM 

methodology. 

- Include more particle shapes in DEM simulation using scanned particle shapes to 

further enhance the specimen representation. This study utilised 20 types of 

particle shapes only whereas in the actual DST specimen consist of unique shapes 

for each individual particle. By increasing the number of particle shapes within 

the simulated DST specimen, a more precise specimen characteristics and shear 

behaviour can be expected. 

- To include particle breakage during DEM direct shear test simulations. In this 

study, significant amount of particle breakages was observed after shearing, which 

was found to influence the shear stress behaviour. With the inclusion of particle 
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breakage in DEM, the accuracy in predicting shear behaviour for granular material 

would be further improved. 

- Study other materials with varying particle angularity and mineral contents. With 

a collection of simulated materials with readily available particle shapes and 

material properties, a library database can be developed for users in DEM. 

- Simulate an interface shear or pipe pull out test in DEM for the study of frictional 

forces during pipe jacking. Prediction of jacking forces for specific geology can 

then be easily simulated using DEM. 
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