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  Preface 

 
This volume forms the proceedings of the 18th United Kingdom Travelling Workshop, GeoMechanics: 

from Micro to Macro (GM3), held at the University of Dundee, 16-17th December 2021. This workshop 

series arose from the diverse enthusiasms of Colin Thornton and Malcolm Bolton, rooted in the 

recognition that the fundamental mechanics of soils was otherwise poorly covered in meetings of 

existing organisations such as the BGA and ISSMGE. After the success of a workshop within the 15th 

ICSMGE at Istanbul in 2001, Malcolm had successfully petitioned ISSMGE for a Technical Committee 

addressing the micromechanics of soils; this became TC105. Colin’s enthusiasm derived from a 

sequence of informal workshops on Discrete Element Modelling that attracted chemical engineers, 

physicists and others and related internationally to Powders and Grains conferences. This UK workshop 

constitutes an excellent opportunity for researchers in the field of geomechanics to present and exchange 

the latest developments in the expanding field of micromechanics of particulate systems.  

This is the first time that proceedings of this annual meeting have been prepared. The quality of the 

presentations and the diversity of themes covered in this one-day event are surely “too good” not to 

share more widely. Introducing a best abstract and presentation award also offers the opportunity to our 

PhD students to grow into the future soil mechanics academics they will potentially become. The 

proceedings contain 11 extended abstracts out of the 30 presentations made at the event. The workshop 

included mini lectures from Prof. Matthew Coop (University College London), Prof. David Muir Wood 

(University of Dundee), Prof. Mamoru Kikumoto (Yokohama National University) and Prof. Marcos 

Arroyo (Universitat Politècnica de Catalunya). The latter two have been summarized into extended 

abstracts, included herein.  

The topics of the talks included experimental analytical and numerical studies of interparticle contact 

behaviour for granular materials, calibration procedures and the effect of particle breakage and surface 

roughness on macro-scale properties. Despite the DEM remaining the most widely used method to 

perform micromechanical numerical research during the workshop, and as reported in these 

proceedings, novel numerical tools such as the Particle-FEM and the Quasi-Continuum Method were 

also used to investigate multiscale behaviour of granular media. We hope that more proceedings will 

be produced in the next editions of GM3 and serve as a useful indicator of the current state of innovation 

and deployment. We are grateful to all the authors for their effort in the preparation of their contribution. 

Matteo Ciantia, Marco Previtali & Malcolm Bolton 

December 2021, Dundee 
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Direct observation of particle kinematics in biaxial shearing test 
Usman Ali1, Mamoru Kikumoto1*, Matteo Oryem Ciantia2, and Ying Cui1 

1Department of Civil Engineering, Yokohama National University, Yokohama, Japan. 

2School of Science and Engineering, University of Dundee, Dundee, UK. 

*kikumoto-mamoru-fc@ynu.ac.jp 

Keywords: Granular material, biaxial shearing, image analysis, particle rotation, particle shape 

Abstract 

Biaxial shearing tests on dual-sized, 2d particle assemblies are conducted at several confining pressures. 

The effect of particle angularity, an important mesoscale shape descriptor, is investigated at the macro 

and micro levels. Macroscopically, it is observed that assemblies composed of angular particles exhibit 

higher strengths and dilations. The difference observed in bulk behavior due to particle angularity can 

be explained reasonably by considering particle-level mechanisms. A novel 2D image analysis 

technique is employed to estimate particle kinematics. Particle rotation results to be a key mechanism 

strongly influenced by particle shape determining the overall granular behavior. Unlike circular 

particles, angular ones are more resistant to rotations due to stronger interlocking and consequently 

exhibit higher strengths. 

Introduction 

The microscopic phenomenon that occurs at the particle level significantly impacts the macroscopic 

behavior of granular materials (Misra, 1998). The effect of particle characteristics such as size, shape 

on macroscopic response has been studied (Rao, Tutumluer and Kim, 2002; Shin and Santamarina, 
2013). Particle shape is well known to influence the bulk behavior such as packing density and shear 

strength of granular materials (Cho, et al, 2006). In the past, it was generally assumed that the 

deformation mechanism of granular materials was mainly influenced by frictional sliding between 

grains (Oda, 1972). Nonetheless, particle rotations were subsequently recognized as an essential 

microscopic deformation mechanism (Oda, et al., 1982). Ordinary laboratory investigations only 

provide the macroscopic response of granular material behavior as particle-level information is not easy 

to access. Thus, image-based experimental techniques have emerged as valuable tools for estimating 

particle kinematics in recent years. Although particle rotations have been recognized as an essential 

microscopic mechanism affecting the granular behavior, the information concerning measuring particle 

rotations in a laboratory experiment is very limited (Calvetti, et al., 1997; Andò et al., 2012; Chen et 

al., 2017; Rorato et al., 2020). Such particle-level information would be extremely valuable to explain 

the material’s macroscopic response more rationally and could also be used to calibrate constitutive and 

numerical models. Unlike conventional laboratory tests, the discrete element method (DEM) can 

provide detailed information about particle movement, rotation, and other microstructural parameters, 

making it a powerful numerical tool to study the micro interaction mechanisms of granular materials. 

Like all numerical models the DEM too requires a calibration process and the reliability of DEM models 

is significantly dependent on the particle scale parameters chosen (Tong, et al., 2013). Calibration is 

usually performed by matching macro-scale stress-strain relationships although rigorous calibration 

should also capture the particle scale response of the granular assembly (Huang, et al., 2008). 

In this study, biaxial shearing tests are carried out on assemblies of bi-disperse aluminum rods using 

circular and hexagonal particles under different confining pressures. A detailed image analysis method 

including the preparation of special surface-treated material, image acquisition, particle identification, 

tracking, and rotation estimation is designed to capture grain scale kinematics. The measured particle 

rotations are then used to investigate the effect of particle shape on the particle-scale mechanisms and 

explain the change in the measured macroscopic behavior. Along with stress-strain behavior, the 

particle-level information is also 
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Figure 1: Schematic diagram of the biaxial shearing device used in this study (front view)  

used to validate the DEM numerical model increasing the simulation's reliability. 

Biaxial experimental setup  

A schematic plan of the biaxial apparatus is shown in Figure 1. The bottom side of the sample box is 

fixed, while the top side moves in a vertical direction. Both sidewalls of the specimen box move in 

horizontal direction. The dimensions of the specimen box are 350 mm x 350 mm. The third dimension, 

the depth of the box, is 50 mm. A displacement-controlled loading mechanism applies loads through 

pneumatic cylinders, controlled by applying corresponding voltage using electro-pneumatic converter 

and computer program. Two displacement gauges are used to record the vertical displacement, and one 

displacement gauge is used to record the changing of the width of the specimen. Aluminum rod material 

is widely accepted to study the mechanical behavior of granular materials under plane strain conditions 

(Schneebeli, 1956). Granular materials used in the experiment are dual-size aluminum rods: circular 

rods of 10 mm and 6 mm diameters and hexagonal rods of 10mm and 6mm inscribed diameters, 

respectively. The length of all rods is 50 mm, the same as the thickness of the walls of the biaxial box. 

The mixing ratio of big to small particles is 2:3 by weight. The material density of the aluminum rods 

is 2830 kg/m3. The number of rods used is around 2700 circular and 2400 hexagonal. 

A novel image analysis technique identifies particle kinematics in the test. To increase the accuracy of 

the analysis, circular black stickers are pasted on the surface of each particle. Two dots of red and green 

color, respectively, located in the black circle enable accurate identification of the geometry of particles. 

Digital images are acquired during the shearing test and processed to improve the clarity of all particles 

to be identified distinctly by adjusting the intensity and applying other image adjustment techniques to 

increase the accuracy of image analysis. An approach for identifying circular objects in images, 
MATLAB built-in function ‘imfindcircles’, is employed. An algorithm developed by (Crocker and 

Grier, 1996) is further used for tracking the particle translations. The trajectories include only the 

translational movement of the particles, not their rotation. The Multiscale Analysis for Granular Image 
Correlation algorithm developed by Chen et al., (2017) is used to identify particle rotations. The 

rotation of stickered particles during the biaxial test can be estimated by the correlation between two 

consecutive images taken. 

 

Results 

Linking micro to macro: Stress-strain characteristics of circular and hexagonal assemblies were 

investigated. Figure 2a shows the stress-strain and volumetric behavior of both shapes during shearing. 

The hexagon assembly shows higher initial stiffness and strengths. This is in agreement with the 

observations of Xiao et al., (2019). Regarding the volumetric response, initially, the sample of 

hexagonal rods experiences more  
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Figure 2: Behavior of aluminum rod material assemblies with different cross-sectional shapes at σ3 = 39.2kPa a) Stress-strain 

relationship and volumetric behavior b) Relationship between mean absolute accumulative rotation and deviatoric strain 

compression due to a slightly higher initial void ratio. This is followed by an increase of volume 

corresponding to the dilation of the sample. As a result, the sample of hexagonal rods also exhibit higher 

dilations. The observed influence of particle angularity on the volumetric behavior shows agreement 

with Mirghasemi, et al., (2002). Figure 2b shows the relationship between the absolute accumulative 

mean rotation and deviatoric strain for both shape assemblies. It is observed that initially, at the start of 

shearing, rotations evolve rapidly, corresponding to the rearrangement of particles to attain a more 

stable configuration. As shearing progresses, the rotation rate decreases gradually and achieves a 

uniform state towards the end of the test. The particles of the circular assembly samples exhibit more 

rapid and higher rotations. The absolute average rotation observed for all the circular and hexagonal 

particles in the assembly are 18.59° and 9.69°, respectively, which indicates that a particle in circular 

assembly rotates twice on average as of a particle in hexagonal assembly. On average, angular 

assemblies exhibit 41% higher strengths and 48% lesser rotations than circular particles. In angular 

assemblies, particle rotations are restricted due to interlocking mechanisms of angular particles and 

hence exhibit higher strengths.  

 

Validating numerical models: A DEM model of 

the biaxial test is developed using commercial 

DEM framework PFC2D. Particle rotation data 

obtained in this study and stress-strain behavior 

were used to validate the DEM model. The stress-

strain behavior shows a good agreement with 

experimental data as shown in Figure 3. 

Microscopically, particle kinetics are identified 

to be similar; namely, in both cases, particles 

rotations are normally distributed within the 

biaxial box around a mean value of 0°. As strain 
localization appears, particle rotations tend to 

concentrate inside the shear band. Furthermore, the 

DEM model also captures the effect of confining 

pressure and particle size.  

 

Conclusions 

Biaxial shearing tests are conducted on circular and hexagonal particles under several confining 

pressures. Novel image analysis is employed to grasp particle kinematics. Particle rotations are an 

essential microscopic mechanism influencing the overall granular behavior. In circular assemblies, 

lower strengths are accompanied by significant rotations of particles. On average, each circular particles 

rotates almost twice of hexagonal particles. In hexagonal assemblies, rotations are restricted due to 

strong interlocking mechanisms between the particles and exhibit a higher strength. It is concluded that 

macroscopic granular behavior can be explained rationally while considering the microscopic 

mechanism at the particle level. On the other hand, both macro and microscopic experimental data is 

Figure 3: Stress-strain relationship and volumetric behavior of 

circular aluminum rods observed in Test and DEM simulation 
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used to validate/calibrate a 2-dimensional DEM model. DEM simulation results show reasonable 

agreement with experimental data. Consideration of particle-scale data during the validation process 

would increase the reliability of numerical experiments.  
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Analysis of stress paths around piles subjected to cyclic lateral loading: FE 

analysis and laboratory testing 
Xiaoyang Cheng*, Andrea Diambra1, Erdin Ibraim1 

1 CAME School of Engineering, University of Bristol, Bristol, UK. 

*jr18518@bristol.ac.uk 

Key words: large-diameter piles, stress paths, cyclic loading, laboratory element testing, finite 

element, accumulated deformations. 

Abstract 

The account for the long-term cyclic response of soil and the prediction of cyclically induced 

accumulated deformations are significantly important in the design of pile foundations for offshore 

wind turbines, which must satisfy strict operational and serviceability criteria during the cyclic loading 

imposed by storm events. Using 3D finite element analyses, equipped with the latest constitutive 

modelling development for soil subjected to cyclic loading, this paper investigates the stress paths 

experienced by soil elements nearby large-diameter monopiles. It is found that these soil elements 

follow multiaxial stress paths, featuring rotation of principal stress axes and gradually evolving towards 

steady stress cycles as the cyclic lateral pile loading proceeds. The necessity of considering the effect 

of cyclic rotation of principal stress axes on soil response under stress conditions mimicking those 

obtained from numerical results, is further demonstrated by a series of multiaxial tests performed using 

the hollow cylinder torsional apparatus (HCTA). 

Introduction 

Following the extensive development of offshore renewable energy plants, consisting mainly in 

offshore wind farms, the behaviour of large diameter piles subjected to cyclic lateral loading has 

attracted an enormous interest among researchers and practitioners. The offshore energy market, in 

search of more wind power production through larger turbines in deeper water sites, has recently 

conceived XL monopile sizes in excess of 10m for the recently installed wind turbine with capacity 

currently up to 14-15MW. Design procedures of this foundation type fully rely on finite element 

methodologies, appropriately calibrated using in-situ or laboratory test results. To optimise the design 

procedures, it is indeed desirable that laboratory tests mimic the stress path experienced by critical soil 

elements around the geotechnical structure.  

Laboratory tests used in monopile design procedures are conducted under simplified assumptions of the 

stress states around the laterally loaded pile. Typically, the soil elements in front of a laterally loaded 

pile are considered to be subjected to horizontal triaxial compression loading, while pure tangential 

shearing is experienced by elements on the side of the pile (Randolph and Houlsby, 1984, Fan and 

Long, 2005, Won et al., 2015 and Ahmed and Hawlader, 2016). However, the stress state of soil 

surrounding a laterally loaded pile is expected to be more complex and rotation of principal stress axes 

within the soil around the pile invariably occurs (i.e. Andersen, 2013). Neglecting the influence of 

rotation of principal stress axis can cause underestimation of accumulated strain of soil. This is 

confirmed by (Wichtmann et al., 2007, Tong et al., 2010 and Mandolini et al., 2020).  

A research project is carried out at University of Bristol to investigate the real stress paths induced in 

soil elements around large-diameter pile subjected to cyclic laterally loaded through advanced 3D finite 

element modelling and element laboratory testing. The particular focus of this extended abstract is on 

the behaviour and stress paths of soil elements collinear with the direction of lateral pile loading. Figure 

1 provides an overview of the research strategy. Using advanced 3D FE analyses, the stress path 

experienced by specific soil elements around the foundation are extracted and analysed. Similar stress 

paths (red line in Figure 1) are then applied in element testing to evaluate the potential implications and 
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observable behavioural features. Following a preliminary analysis of the stress conditions from FE, the 

Hollow Cylinder Torsional Apparatus (HCTA) has been selected to closely reproduce the extracted 

stress paths. 

 

Figure 4: 3D Finite element model and stress path on soil elements. 

Methodologies and experimental apparatus 

3D FE analyses: The 3D FE analysis has simulated a monopile configuration for a 8 MW capacity 

wind turbine. The hollow steel pile foundation features a diameter D=8.0m, embedded length L=27.0m 

and wall thickness t=0.062 m. The soil profile is an homogenous medium dense sand modelled using 

the SANISAND memory surface models by (Liu et al., 2019) which include the cyclic memory surface 

development developed by Corti et al., 2015). More information can be found in (Cheng et al., 2021) 

Experimental testing: Details of the HCTA sample dimension, material, loading conditions in this 

investigation can be found in (Cheng et al., 2021).  

Results 

Using the 3D FE analysis, the stress path experienced by five soil elements with varying distance and 

depth in line with the loading direction are extracted, as shown in Figure 2. The stress paths for the 

investigated soil elements at different distances are summarised in Figure 2a in the conventional τxz/p 

verses (σx – σz)/(2p) plane for the analysis of hollow cylinder torsional tests (please note that p is the 

mean isotropic stress). All stress paths start from anisotropic state. Application of the lateral pile loading 

induces an inclined stress path, which progressively moves towards the positive side of the (σx – σz)/(2p) 

axis to apparently reach steady stress cycles. Such stress path produces a rotation of principal stress 

axes. The influence of the depth is presented in Figure 2c for soil elements at a fixed distance (x/R = 

1.375, where R is the pile radius) from the pile. It is noticeable that the inclination of the stress path 

increases with the depth while the amplitude of the stress loop decreases. Element EB, which is on the 

back of the pile, is characterised by a opposite cyclic loading direction due to the reversed sign of the 

shear stresses. 

 

Figure 2: a) Schematic representation of stress paths imposed in the HCTA. b) stress path at different distance. c) stress path 
at different depth. 
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Three multiaxial cyclic tests have been performed using the HCTA to simulate the stable cyclic stress 

conditions after a large number of cycles and investigate the influence of combined normal and torsional 

shear stress (as opposed to the application of only normal stress in a conventional triaxial test). The 

applied stress paths are shown in Figure 3. All the soil samples have been firstly subjected an isotropic 

stress state (Point A in Figure 3) and then an anisotropic stress condition has been reached by applying 

an additional deviatoric axial stress (Point B in Figure 3). From this common point, three tests 

simulating the additional effect of torsional stress cycles by imposing Δσx and Δτxθ (Point C1, C2 and 

C3 in Figure 3) to achieve re-orientation of principal axis ασc are conducted. All the tests mobilise a 

similar friction angle (φm ≈28°) at the top of the loading cycle.  

 

 

Figure 3: Schematic representation of stress paths imposed in the HCTA tests. 

 

Figure 4 presents the accumulated axial strain (ɛx) and deviatoric strain (ɛq) up to 30000 applied cycles. 

As shown in Figure 4a, the rotation of principal stress has a remarkable influence on the accumulated 

axial strains ɛx due to the coupling effect between cyclic torsional and normal stresses. A significant 

increase in accumulated deviatoric strain is also observed for higher ασc in Figure 4b, which 

demonstrates the importance of considering the rotation of principal stress axes. It may be conjectured 

that the application of cyclic shear stress (i.e. rotation of principal stress axes) may break some of the 

forces chain within the sample and trigger an increase in the cyclic axial deformations. 

 

Figure 4: a) Evolution of axial strain versus number of cycles for the three tests. b) Evolution of deviatoric strain versus number 

of cycles for the three tests. 

 

It follows that it may be important to capture the observed experimental features in soil constitutive 

models to accurately simulate the pile-soil interaction. The experimental results also suggest that lateral 

deformation of the pile under cyclic loading, somehow linked to the accumulated deformation in the 

soil, may be the results of both the cyclic variation of normal stresses and the induced cyclic shear 

stresses.  
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Conclusions 

This research has presented a numerical analysis on stress path experienced by soil element around a 

pile subjected to cyclic lateral loading, with particular attention on those elements collinear with the 

loading direction. The variation of four stress components (three normal stress and one shear stress) is 

observed for these soil elements. Typical stress paths are extracted from the numerical results. The 

obtained stress paths are simulated through cyclic HCTA tests employing a stress conditions starting 

from an initial anisotropic purely deviatoric state and featuring stress cycles characterised by 

simultaneous variation of axial and torsional stresses. Larger increase of accumulative strain was found 

for higher ασc, suggesting that cyclic rotation of principal stresses has a significant effect on the 

accumulated strain of the soil. This feature may be worth of consideration when modelling soil-pile 

interaction. 
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Abstract 

A recently proposed DEM model for materials with rough crushable grains (Zhang et al. 2021; Ciantia 

et al. 2015; Otsubo et al. 2017) is here employed to examine the effect of contact roughness on the 

critical state line, a property of granular materials which is a) fundamental for the evaluation of 

liquefaction risk and liquefied responses and b) easily accessible through DEM simulation (Ciantia et 

al. 2019). 

 

Introduction 

Roughness can significantly influence the macroscopic responses of sand materials (Santamarina and 

Cascante, 1998; Otsubo and O’Sullivan, 2018). Ho ever, it is very difficult to design physical 

experiments in which the effect of roughness can be isolated from other shape features. This problem 

disappears in virtual experiments based on DEM as long as they use a suitable model incorporating 

roughness.  

The critical state line (CSL) is an important characteristic of soil behaviour. Particle crushing changes 

the position of the CSL in the compression plane (Bandini and Coop, 2011; Sadrekarimi and Olson 

2014). These experimental results were corroborated and extended in DEM simulations by (Ciantia et 

al. 2019, Ciantia and O'Sullivan 2020) using a crushable DEM model calibrated to represent 

Fontainebleau sand.  

This study extends that previous work using a contact model that incorporates roughness as a parameter. 

We numerically determine the CSL for a model DEM analogues of Fontainebleau sand that incorporates 

roughness and compare the results with those of a smooth DEM model that was calibrated to represent 

the same sand. We also examine the effect of roughness on undrained shear response. 

 

DEM Model Description 

2.1 Contact model 

The crushable DEM model follows Ciantia et al.(2015). A Hertzian contact model is combined with a 

critical condition of particle breakage proposed by Russell & Muir Wood (2009) leading to: 

𝐹𝑛 ≤ 𝜎𝑙𝑖𝑚,0𝑓(𝑣𝑎𝑟) (
𝑑

𝑑0
)

−3

𝑚
π𝑟′𝛿                                                 (1) 

 

where 𝜎𝑙𝑖𝑚,0 is a mean strength at the reference diameter 𝑑0, 𝑓(𝑣𝑎𝑟) is the particle strength 

variability ; 𝑓(𝑣𝑎𝑟) =X*var+1, where X is a normalised Gaussian distribution of particle strength and 

var is the coefficient of variation ; d is the sphere diameter , m is the material parameter, and 𝑟′ =

(
1

𝑟1
+

1

𝑟2
)−1;  𝑟1  and 𝑟2 are radius of two contact particles. 
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The DEM model of Ciantia et al. (2019) was later extended by, Zhang et al. (2021) to incorporate the 

effect of contact roughness on particle contact stiffness. It was shown by Zhang et al (2021) that 

incorporating roughness significantly modified the crushing response and also that the modified rough-

crushable model could improve the reproduction of sand responses in loading-unloading paths.   

 

Roughness was incorporated following a formulation by Otsubo et al. (2017). The essence of this is a 

three-stage  𝐹𝑛 (normal contact force) − 𝛿 (contact overlap) relationship that includes surface 

roughness 𝑆𝑞 as a parameter as well as two auxiliary parameters n1 and n2 that control the transitions 

between stiffness stages. 

 

Zhang et al. (2021) presented a set of calibrated parameters of the rough-crushable model for 

Fontainebleau sand (Table 1). These include G the shear modulus of particles, ν is the particle Poisson 

ratio, μ is the coefficient of inter-particle friction, dc is the particle diameter of the comminution limit. 

The calibration parameters of counterpart smooth contact samples (Ciantia and O'Sullivan 2020) are 

also shown in Table 1. The rough crushable model allows to use a more realistic value of G for quartz 

materials while maintaining an acceptable match to normal compression and grading evolution history 

as recorded on experiments (Zhang et al. 2021). 

 
Table 1  Calibrated parameters of the Rough-crushable model for Fontainebleau sand (Zhang et al. 2021) 

 G/GPa ν μ m 𝜎𝑙𝑖𝑚,0/GPa var dc/d50 dmax/mm dmin/mm Sq/𝜇𝑚 n1 n2 

Smooth-

crushable 

model 

(Ciantia 

& 

O'Sulliva

n 2020)  

32 0.19 0.275 12 3.75 0.38 0.55 0.27 0.01 0.6 0.05 5 

Rough-

crushable 

model 

9 0.2 0.275 10 1.9 0.36 0.55 0.27 0.01 - - - 

 

2.2 Numerical implementation 

DEM specimen initialization followed Ciantia et al. (2019). The models were built using PFC3D 5.0 

software. A representative volumetric element (REV) includes 10000 particles in a cube of 4mm side. 

The particle sizes were chosen to match the PSD curve of Fontainebleau NE34 sand. Rotation was 

prevented for all particles. Six smooth servo controlled rigid walls were use to apply different stress 

paths to the REV.  As shown in Table 2, two series of triaxial tests were conducted one normally 

consolidated, the other overconsolidated. For each series, there were four confining pressures (0.5, 6, 

16, 30 MPa) at which shearing started using three different stress paths (constant confined pressure:�̇�𝑥
′ =

�̇�𝑦
′ = 0 ; constant mean effective stress:�̇�′ = 0; constant vertical stress:�̇�𝑧

′ = 0). Each triaxial test was 

continued to a deviatoric strain (휀𝑞 =
2(𝜀1−𝜀3)

3
) of 30%.  

 
Table 2. The simulation triaxial test scheme 

Test series 
Confined pressure before 

shearing, 𝑝0
′ :MPa 

Shear paths 
Isotropic pre-consolidation 

stress,𝑝𝑐
′ :MPa 

OCR 

A 0.5, 6, 16, 30 �̇�𝑥
′ = �̇�𝑦

′ = 0 0 1 

  �̇�′ = 0   

  �̇�𝑧
′ = 0   

B 0.5, 6, 16, 30 �̇�𝑥
′ = �̇�𝑦

′ = 0 60 2, 3.75, 10, 12 

  �̇�′ = 0   

  �̇�𝑧
′ = 0   
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Results 

3.1 Critical state line 

According to Li &Wang (1998), the CSL can be fitted in the compression plane using the following 

equation: 

𝑒𝑐 = 𝛿 + 𝛾 (
𝑝′

𝑃𝑎
)

0.7

                                                            (2) 

 

where Pa is the atmospheric pressure, taken as 101 kPa here.  

The fitted results of CSLs for this study are shown in Table 3 and Figure 1. It can be seen that very good 

fits are obtained (R2>0.96 in all cases). Figure 1 right shows that for NC samples, roughness almost has 

no influence on the slope of the offset CSL (only 1% increase of 𝛾). In contrast, the slope of the CSL of 

OC sample decreases by 14.7% after adding roughness.  The steeper CSL for the smooth OC material 

may be related to the larger -and unrealistic- rebound upon unloading that results from the low elastic 

stiffness used in the smooth model (Figure 1 left). 

Table 3. Critical state lines (equation (2): 𝑒𝑐 = 𝛿 + 𝛾 (
𝑝′

𝑃𝑎
)

0.7

) of DEM analogue 

 

Test series 𝛿 𝛾 Coefficient of determination, R2 

NC-Rough contact 0.773 -5.871×10-3 0.99 

NC-Smooth contact 0.771 -5.943×10-3 0.99 

OC-Rough contact 0.622 -3.540×10-3 0.96 

OC-Smooth contact 0.668 -4.153×10-3 0.99 

  

             
Figure 1. Effects of roughness (left) isotropic loading-unloading lines   (right) CSLs in e-(p’/Pa)0.7 plane  

 

             
  
                                (a) NC Samples                                                                      (b) OC Samples (60 MPa) 

Figure 2. Stress paths of undrained triaxial tests 



Proceedings of the 18th UK Travelling Workshop – GeoMechanics: from Micro to Macro (GM3), Dundee, 2021 

12 

 

3.2 Undrained tests 

12 DEM undrained compression tests with constant volume were also conducted. Figure 2(a) shows 

undrained test results of NC samples. At lower confinements (0.5 MPa, 6 MPa and 16 MPa ) the material 

has a response characteristic of dilatant granular soils, whereas that at high confinement (30 MPa) it 

becomes contractive. This happens independently of the model (smooth/rough) employed and in 

agreement with the relative position of the initial shearing points and the CSL (Figure 1, right). As for 

the OC samples, it can be seen from Figure 2(b) that the rough specimens appear more contractive than 

the smooth ones, for shear paths starting at 6 MPa and above. Again, this is expected as the CSL of the 

rough specimens crosses below the unloading path at lower stresses. 
 

Conclusions 

The interaction between different micro-scale characteristics of granular soils and the observed stress-

strain response is a complex one. The introduction of roughness as a parameter modifying the normal 

contact law between DEM particles was initially motivated (Otsubo et al. 2017, 2018) by the desire of 

attaining a better match to the small strain behaviour of sands. It was later noted (Zhang et al. 2021) 

that the same feature does significantly modify the response obtained when crushing is also introduced 

in the picture. Here we have explored that interaction further and seen that the combined effect of 

roughness and crushing can switch some conditions from dilatant to contractive, a change that has large 

practical implications. When selecting which micromechanical features are to be included in a DEM 

model the possibility of unexpected interactions arising should always be considered. 
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Abstract 

Contact rolling resistance is the most widely used method to incorporate particle shape effects in the 

discrete element method (DEM). The main reason for this is that such approach allows for using 

spherical particles hence offering substantial computational benefits compared to non-spherical DEM 

models. This paper shows how rolling resistance parameters for 3D DEM models can be easily 

calibrated with 2D sand grain images. 

Introduction 

In recent years, the Discrete Element Method (DEM) has been used to bridge the gap in knowledge 

between micro and macroscopic soil behaviour. One of the main drawbacks of DEM, preventing more 

regular industrial application, is constituted by the significant simulation time for large scale problems. 

While spherical particles are the most computationally efficient, they are very unlike most grain shapes. 

In this context, different approaches have been developed to include particle shape in the model, such 

as: clumps and aggregates of spheres (Katagiri, 2018), polyhedrons (Boon et al., 2012), superquadrics 

(Williams and Pentland, 1992) or level sets (Jerves et al., 2016). Increased realism has the advantage 

of bringing the shear strength and dilatancy to more physically reasonable values (Rothenburg and 

Bathurst, 1992), but increases the computational time with respect to sphere-based models (Irazábal et 

al., 2017). (Iwashita and Oda, 1998) introduced the rolling resistance model, i.e. rolling resistance, at 

the particle contacts, as an alternative that maintained the efficiency of sphere-based contact detection. 

This was based on Bardet, (1994) who observed that particle rotation concentrates within shear bands, 

and that limiting rotation in DEM increased macro-scale friction and dilatancy. The drawback of this 

approach is that new micro contact parameters are introduced, without any other calibration means that 

observation of their effect on mesoscale response, a procedure that may be time consuming and difficult 

(Cheng et al. 2017).  Rorato et al., (2021) proposed a technique to calibrate this model through 2D 

image analysis, which is quick and inexpensive. Herein, the basics of this approach are explained and 

applied to characterize a sand from the river Ticino. Successively, the model is evaluated by comparing 

numerical pipeline-soil interaction simulations with experimental physical models performed with the 

same sand. (Di Prisco and Galli, 2006). 

 

Method 

The particle shape is characterized through the degree of true sphericity 𝜓 (Wadell, 1932), defined as 

the ratio between the particle surface area and the surface area of a sphere of equivalent volume. 3D 

image analysis techniques may be used for this measurement, but access to the requisite equipment (i.e. 

-CT) is often limited. On the other hand, 2D images are very easily obtained. For this reason, particle 

geometry is herein characterized using a 2D proxy measure of sphericity, the perimeter sphericity 𝑆𝑝; 

defined as the ratio between the perimeter of the circle with area equivalent to the projected by the 

mailto:*marcos.arroyo@upc.edu
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particle within the image, assuming the grain image is taken on the plane of maximum particle stability. 

Following (Rorato et al., 2019), these two descriptors are characterized by a linear relationship (1) , 

which appears to be constant for different sands.  

𝜓 = 1.075(𝑆𝑝) − 0.067  (1) 

The rolling friction 𝜇𝑟 is then characterized using an exponential function: 

 

𝜇𝑟 = 𝐴(𝜓)−𝑏  (2) 

Where 𝐴 and 𝑏 are two fitting parameters. These parameters were calibrated by (Rorato et al., 2021) 

using a experimental database of particle rotation within shear bands (Rorato et al, 2020). The same 

calibration appeared to work for all tested sands (Hostun, Caicos, Ottawa, Ticino).  
 

 
 

Figure 5: Digitalization of Ticino sand grains and true sphericity distribution for the 2500 grains scanned 

 
Figure 6: Comparison of experimental and numerical triaxial test data 

Ticino sand grains were digitalized using a standard office scanner. After converting the image from 

RGB (red, green, and blue) to HSV (hue, saturation, and value), a threshold filter based on hue and 

saturation is used to separate the grains from the background. Finally, overlapping grains are separated 

using a watershed algorithm (Dougherty et al., 2019). Figure 1 shows the digitalization procedure 

described above and reports the 𝜓 distribution for Ticino sand used to determine rolling friction 𝜇𝑟 for 

the DEM model. Each grain is assigned a 𝜇𝑟, thus mapping the experimental 𝜓 distribution into one of 

rolling friction. Figure 2 compares experimental and DEM triaxial compression of Ticino sand. For the 

DEM two cases were considered; a cylindrical sample with rigid walls and a cubic model confined by 

periodic boundary conditions. The contact parameters are taken from Rorato et al., (2021). The 

cylindrical DEM model, allowing for shear band formation, captures the experiment better whilst the 

periodic boundary REV shows some deviation from the result. Such response is reasonable as shear 

banding was observed in the laboratory experiments but is not possible in the periodic cell.  
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Numerical model for soil pipe-interaction 

The calibrated DEM model is now used to examine soil pipe interaction behaviour. The experimental 

physical models, also performed using Ticino sand, are taken from Di Prisco and Galli, (2006). To 

prepare the numerical model the efficient approach by Ciantia et al., (2018) is used. A cubic REV is 

equilibrated at the target porosity and replicated to fill the domain. To attain plane strain conditions, 

periodic boundaries are kept in one direction. The DEM particles at the edges of the sample are fixed 

to impose the fixed lateral boundary conditions (Figure 7). Contact forces are scaled to replicate gravity 

conditions after a cylinder of diameter 𝐷 is buried at depth 𝑧 through a wished-in-place approach. 

Vertical, horizontal, and inclined pull-out tests are performed at different embedment depths. Figure 4 

reports the horizontal capacity of the cylinder when displaced horizontally whilst maintaining the 

vertical load constant. A snapshot representing particle rotation is also reported in the figure. The good 

match between the experimental results and the DEM numerical model suggests that the image-based 

calibration procedure is effective also for model scale simulations, particularly where shear band and 

strain localizations are expected.  

 
Figure 7: on the left, stress state within the domain, on the right, snapshot of the model. 

 

 

  

Figure 8: Horizontal force - displacement curve for horizontal pull tests for different embedment depths and 

snapshot of particle rotational velocity. 

Conclusions 

The approach proposed by (Rorato et al., 2021), whereby particle shape is incorporated at the contact 

scale by means of an image calibrated rolling resistance parameter has shown to be effective in 

capturing the experimental behaviour of an angular sand such as Ticino sand. It is noted that the 
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calibration of the model was performed by matching experimental triaxial compression tests, while the 

pipe-soil interaction simulations were performed without any further tuning of the contact parameters. 
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Abstract 

With the pipelines being constructed in deeper water, the subsea pipelines are generally laid simply on 

the seabed and polymer coatings are widely used to protect pipes from abrasion and erosion, as well as 

for thermal insulation. However, different materials and low normal stresses predominant along the 

pipe-soil contact surface could make it inappropriate when referring to the current guidelines, which 

are based on limited empirical data. A new large-scale interface shear device has been developed in this 

research under the concept of driving a soil box beneath an axially constrained pipe section. It enables 

to test large diameter pipe and coarser granular or rocky materials. The results from axial interface test 

between pipe and granular material with different grain sizes are presented in this paper, with due 

consideration to the contact point number along the shear surface. Test results on finer sand beds are 

further compared with those of element interface shear tests to investigate the effects of curvature and 

scale. Findings from this research are expected to prove the reliability of axial pipe-soil shear 

investigation on this novel test device and to reduce the uncertainties in subsea pipeline design. 

Introduction 

As primary phenomena of the deep-water pipelines, the axial walking and lateral buckling have attracted 

particular attention from research and industrial practices for their serious impact on the stability of 

pipelines. In as-laid pipelines, their walking and buckling behaviours and the related pipeline feed-in 

are all predominantly resisted through the friction mobilized along the pipe-soil contact surface. Hence 

the reliable evaluation of the axial pipe-soil friction is crucial for the prediction of pipeline walking and 

buckling under various loading conditions. The interface shear friction has been widely assessed 

through interface shear tests using the direct or ring shear devices as well as using other novel apparatus 

specifically adopted for the low confining stress conditions (<40 kPa is typical as-laid subsea pipelines) 

(Eid et al., 2015; De Leeuw et al., 2021). However, due to the sample scale and limitation embedded in 

the existing test devices, this method cannot reflect the effects of pipe curvature and increasing 

embedment as axial shearing proceeds. Additionally, pipe-soil shear tests on granular bed like gravels 

and cobbles are also required to conduct on the testing apparatus in a larger scale which allows the 

effects of grain size, shape and more complicated soil bed terrain to be considered in subsea pipe-soil 

interaction design. 

In this research, a new device specific for the large-scale model shear tests has been developed through 

the concept of driving a soil box beneath an axially constrained pipe section. This minimises the soil 

disturbance due to end effect and allows the least sliding resistance to be obtained. The axial pipe-soil 

shear tests were conducted between an unburied polypropylene pipe section and granular soil beds with 

a broad range of granular sizes from very fine sands to large cobbles. Among them, the testing results 

on sands were further compared with those of element interface shear tests to investigate the curvature 

and scale effects in terms of the axial shear stiffness and strength, which would provide validation for 

a potential analytical model to bridge the behaviour observed across different testing scales. Pipe-

granular bed shear behaviours were compared under different granular sizes and according contact point 

number along the shear surface.  
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Large-scale shear testing rig and materials  

A polypropylene pipe section with 260mm diameter was used for testing, and its surface roughness was 

measured as 0.18μm by stylus profilometer. Five soil materials with different granular sizes: Redhill 

sand (RH), Leighton Buzzard (LB), Pea Gravel (PG), River Pebble (RP) and Scottish Cobbles (SC) 

were selected to test against the polypropylene pipe section. Their particle size distribution was shown 

in Figure 1. The effect of particle angularity will be carefully considered in the next research stage. 

 

 

Figure 1: The particle size distribution of the testing granular materials  

The model test rig design followed the concept of a standard interface direct shear box, consisting of a 

soil box, a model pipe section, actuator system and data acquisition system. The general configuration 

is shown in Figure 2. The soil box was driven on the carriages axially through the actuator system 

comprised a step motor controlling the ball screw linear transmission unit. The axial movement of pipe 

was restrained while its freedom of vertical displacement was available. The least sliding resistance 

over the pipe-soil contact surface is expected to obtain during axial shearing in this configuration. The 

axial pipe-soil shearing was activated through driving soil bed in the axial direction at a constant rate, 

during which the axial shear friction was determined as difference between the loads measured on both 

pipe ends. The tests generally consisted of 3-8 sweeps including the axial shearing in both directions 

which allows the ultimate friction at the long axial shear displacement to be mobilized.  

 

 

Figure 2: The design of large-scale pipe-soil shear test rig and typical shear test measurement  
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Results 

Interface shear friction across a large range of grain size 

The peak/maximum and ultimate shear frictions were obtained in the large-scale model tests on sand 

and other coarser materials under various generalized applied weight levels 0.7/1.38/2.29/3.63kPa, with 

the results averaged over the shear sweeps and illustrated in Figure 3. According to the Mohr–Column 

criterion, the friction angle (φ) and according friction coefficient (μ=tan φ) can be obtained by linearly 

fitting the frictions under various normal stress conditions, in which the cohesive force was assumed to 

be zero for granular materials in this study. With the granular sizes ranging from fine sand to cobble, 

the peak friction coefficient μp ranges from 0.24 to 0.40 while the ultimate friction coefficient μu ranges 

from 0.16 to 0.36, which are both much lower than the blanket evaluation of μ=0.6 on rocky bed in 

current design codes (DNV GL 2017). There is also an approximate trend that the friction factor 

increases as the increasing contacted particle number. This trend stabilizes when the pipe-soil contact 

surface transferring from point-face contact to face-face contact. The larger shear friction can be 

attributed to the more particles mobilized around the side berms forming during axial pipe-soil shearing 

and also those mobilized beneath the pipe-soil interface. Further analysis on the effect of contact points 

distribution below the pipe has been carried out and will be presented in the oral session. 

 

 

Figure 3: Effect of granular sizes and according contact point number on axial pipe-soil shear friction: (a)Axial 

shear friction versus applied weight; (b) axial shear friction factor variation with granular sizes  

 

Analysis of stress paths during large scale interface shearing 

Assuming that the normal stress distribution around the pipe cross section follow the equation 

σθ=ksin(θ0-θ), the stress paths of the large-scale model tests on dense sand are presented in Figure 4 to 

estimate the normal and shear stress variation during the cyclic axial shear sweeps. All the stress paths 

in Figure 4 share similar patterns for tests under different applied weights. As the pipe settles down 

during axial shearing, the average contact normal stress reduces with the increasing contact surface 

area, while the shear stress initially rises to a peak and then gradually decreased with a roughly constant 
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gradient in each single sweep. It appears that, as the stress level decreases, the ultimate interface friction 

increases. 

Comparison with direct shear testing 

The large-scale test results were also compared with the direct shear testing results under similar normal 

stress levels to examine the effect of testing scale and curvature. The comparison confirms the 

increasing trend of ultimate friction angle for decreasing normal stress levels. The trends between the 

two devices are generally in agreement, including the observation of an higher interface friction for 

denser soil bed conditions. The other main observation is about the scatter of the results which seems 

much less pronounced for the large scale tests, especially at very low stress level (i.e. <5 kPa).  

 

 

Figure 4: (a) Derivation of average normal and stress stresses around the pipe-soil contact surface; (b) Shear 

stress path analysis during axial shear; (c) Comparison between large-scale shear test results and direct shear test 

results  

Conclusion  

A novel pipe-soil interaction model test rig designed for large-scale axial pipe-soil shear testing was 

developed to investigate the axial shear friction between polypropylene pipe and granular materials 

ranging from fine sands to cobbles. The friction factor exhibited an approximate increasing trend with 

the increasing contact number due to the particle sizes compared to the pipe scale and it became roughly 

steady when pipe-soil contact transferred from point-face contact to face-face contact (where the side 

berms is easily detectable). For test on sandy beds, the calculated interface friction factors from the 

large-scale tests showed slight non-linear reduction within the corresponding normal stress ranges. The 

tendency of interface friction factor with the increasing normal stresses was roughly consistent with the 

results of direct shear tests. Overall, it appears that the large-scale interface device can produce 

experimental results with less scatter and more clear trends at very low stress levels (i.e. <2.5 kPa). 
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Abstract 

Computational load of discrete element modelling (DEM) simulations is known to increase with the 

number of particles. To improve the computational efficiency hybrid methods using continuous 

elements in the far-field, have been developed to decrease the number of discrete particles required for 

the model. In the present work, the performance of using such coupling methods is investigated. In 

particular, the coupled  all method, kno n as the “ all- one” method when coupling DEM and the 

continuum Finite Differences Method (FDM) using the Itasca commercial codes PFC and FLAC 

respectively, is here analysed. To determine the accuracy and the efficiency of such a coupling 

approach, 3-point bending tests of cemented materials are simulated numerically. To validate the 

coupling accuracy first the elastic response of the beam is considered. The advantage of employing such 

a coupling method is then investigated by loading the beam until failure. Finally, comparing the results 

between DEM, DEM-FDM coupled and FDM models, the advantages and disadvantages of each 

method are outlined. 

Introduction 

Large-deformation problems in geotechnical engineering, such as pile penetration, are notoriously 

difficult to simulate using continuum approaches due to both material and geometrical non-linearities 

(Monforte et al., 2019) and because of mesh distortion related issues (Yang et al., 2020). To overcome 

these difficulties advanced numerical methods have been developed. Oliynyk et al., (2021) for example 

used large deformation PFEM (Particle Finite Element Method) analyses to simulate CPTu tests in 

structured soils, Ko et al., (2016) simulated pile penetration using the Finite Differences Method (FDM) 

based on Coupled Eulerian-Lagrangian (CEL) method whilst Yang et al., (2020) adopted the Arbitrary 

Lagrangian–Eulerian (ALE) method to tackle the same problem. Continuum approaches hence have 

made progress to tackle the numerical complexities stated above. Nonetheless, the quality of the results 

will always depend on the ability of the constitutive relationship to capture the soil behaviour. Since the 

discrete element method (DEM) was proposed, it has become a viable alternative to continuum 

approaches for studying large deformation soil/rock – structure interaction problems and, unlike 

continuum methods, it does not require a constitutive relationship at the elementary scale because the 

material behaviour is a direct result of microscale interactions. Nonetheless DEM models require large 

numbers of particles to produce reliable predictions, making computational cost the main drawback of 

this approach (Cai et al., 2007). When studying large-scale or even laboratory scale boundary value 

problems (BVPs), millions of particles are usually needed making the DEM unsuitable. At present, 

there are two main ways to reduce particle numbers and improve the computational efficiency of large-

size BVPs: 1) upscaling the size of particles (Ciantia et al., 2015, 2019; Coetzee, 2019); 2) employing 

discrete-continuum coupling methods. The former method shifts the natural particle size distribution of 

the material and for this reason it doesn’t guarantee the reproduction of the actual mechanical response 

at the particle scale and hence requires a time-consuming verification phase. The latter method can be 

applied to problems where portions of the model are expected to fall within a small strain regime based 

on a priori knowledge and can hence be directly stimulated with continuum methods. The coupled 

discontinue-continuum method hence has characteristics that make it a good candidate to simulate 
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BVPs where large deformations and failure are expected in small portions of the domain. One of the 

more representative of these coupling methods is the DEM-FDM coupling approach proposed by Zhou 

et al., (2012) implemented in the Itasca soft are PFC3D. In this approach, also called “ all- one”, the 

forces of discrete particles acting on the vertices of the coupling-wall are transmitted to the continuum 

element nodes, then the velocities of continuum elements are calculated in the continuum zone and 

transmitted to the discrete particles through the vertices of the coupling-wall. 

In this contribution the accuracy and the efficiency of such a coupling approach, is investigated by 

simulating 3-point bending tests of a beam-shaped rock sample, where the region of the location of 

fracture initiation and propagation until failure are known a priori. The DEM is used to simulate the 

middle portion of the beam while elastic continuum elements are used for the remaining portions of the 

rock. Also, models considering full DEM discretisation are considered and comparing the results 

between DEM, DEM-FDM models, the advantages and disadvantages of each method are outlined. 

 

 Model description 

The beam size is 0.45*0.05*0.1m, the size of the discrete area is 0.08*0.05*0.1m, the porosity is 0.38, 

and the density is 2600g/cm3 (Figure 1a). In the DEM models, the spherical particles are uniformly 

distributed, the maximum and minimum particle size is 1.67mm and 2.5mm, respectively. The average 

particle size (d50) is 2.1mm. Contact interaction is described using the parallel bonded model, and the 

relevant parameters of the model can be found in Nguyen et al. (2017). The elastic parameters used for 

the continuum portions of the model were selected by matching the elastic response of the bonded 

assembly retrieved by means of numerical UCS (Uniaxial Compression Strength) tests. As detailed in 

Figure 1b, loading is achieved by imposing a prescribed displacement at the top of the beam. The 

supports are modelled by fixing the translational displacements whilst keeping rotations free. The nodes 

on the right support were not fixed in the x direction to allow for sliding of the beam upon deflection. 

The sample generation process for the DEM-FDM coupled models is as follows: First the left and right 

parts of the beam are generated by continuum elements. Subsequently, two coupling walls attached to 

the surface of the elements are generated. Finally, discrete particles are generated to fill in the middle 

portion of the beam. After imposing boundary conditions, loading is applied as described above. 

  

a) b) 

Figure 9: a) the schematic diagram of the mode, b) DEM-FDM coupled model discretization 

1. Results 

Figure 2 shows model results of the elastic response of the beam in terms of load-midpoint displacement 

up to a displacement of 1mm (case 1) and Figure 3 represents the beam deflection when the midpoint 

reaches this final displacement. The numerical results (coupled DEM-FDM, DEM and FDM) are 

compared with the theoretical deflection of a Timoshenko beam (Przemieniecki, 1985).  

Table 3 The comparison of the running time of each method. 

Method 
Elastic Failure 

Model running time 

DEM 46min 2h30min 

FDM 4.5min / 
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DEM-FDM coupling 32min 1h56min 

The good match between all curves suggests that the coupling method is effective in the elastic regime. 

Note that a rigorous calibration of the DEM contact parameters to attain equivalent elastic response at 

the continuum scale is required. The now validated DEM-FDM coupling is then employed to investigate 

the mechanical response of the beam until failure (case 2). As shown in Figure 4, bonds break in the 

middle part of the beam where the DEM is used. Figure 5 shows the post-peak mechanical response of 

the beam. Here, the DEM and DEM-FDM coupled models have very similar responses. Figure 6 shows 

the number of broken bonds for the same models. The good match of such micromechanical evolution 

is the underlying reason for the similar post-peak responses in Figure 5. 

Finally, the computational efficiency of each method has been compared. Table 1 shows the required 

time of the above simulations. It should be noted that the loading rate for the plastic models is lower 

than the one used for the elastic ones (0.2m/s and 0.005m/s, respectively). The reason is that when the 

bonds begin to break, that is, when the model starts yielding, a smaller load-rate is required to maintain 

the simulation in a quasi-static state. Compared with DEM, the coupled model does have a higher 

computational efficiency for both the elastic and post-peak cases as the number of particles is decreased. 

  
Figure 2: The comparison of load-displacement 

relationship in case 1. 
Figure 3: The comparison of deflection in case 1. 

 

 
Figure 4: The broken bonds in the coupled model (red & blue bonds - broken by tension and shear, respectively). 
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Figure 5: The comparison of load-displacement relationship 

in case 2. 
Figure 6: The number of broken bonds in case 2. 

Conclusions 

In this paper the accuracy and the efficiency of DEM-FDM coupling, is investigated by simulating 3-

point bending tests of a beam-shaped rock sample. Such a coupling method was deemed to be 

appropriate as the region of the location of fracture initiation and propagation until failure were known 

a priori. The coupled model (DEM-FDM) and the fully discrete (DEM) models showed good agreement 

during both elastic and post-peak loading conditions. Comparing the running time of these various 

models, it is found that DEM-FDM coupled models are about 30% more efficient than the full DEM 

ones.  
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Abstract 

Hydrophobic granular soils may have a useful role to play in constructing water sequestration 

infrastructure, particularly in regions where clayey soils are not plentiful. However, hydrophobicity has 

significant implications on the possible hydromechanical behaviour of these materials. Given that the 

solid-liquid contact angle is used to define hydrophobicity and is a key parameter when predicting 

hydromechanical behaviour, it is useful to explore the role of contact angles in meniscus formation in 

hydrophobic soils. This short study presents classical models for water menisci between hydrophilic 

particles and uses experimental findings to determine how to extend those models to hydrophobic soils. 

 

Introduction 

 

Hydrophobic soils are becoming of interest to geotechnical engineers, both for their role in governing 

natural phenomena, for example debris flows after wildfires (Robichaud et al., 2000), and for their 

potential use as a construction material. However, to incorporate these materials into geotechnical 

design, factors affecting their hydromechanical behaviour must be understood. 

 

Contact angles in hydrophilic soils 

 

Hydrophobicity is defined as a material possessing an equilibrium solid-liquid contact angle, 𝜃𝑒, greater 

than or equal to 90 degrees. The contact angle is a powerful parameter in unsaturated soil mechanics to 

describe the likely suction conditions that exist  ithin a soil. The ‘classical’ example for hydrophilic 

soils is to consider a capillary meniscus with a circular profile suspended between spherical particles of 

radius 𝑟, as shown in section in Figure 1a. For this meniscus, the change in pressure, Δ𝑃, between the 

liquid in the meniscus and the atmosphere above it is given by: 

Δ𝑃 = 𝛾 (
1

𝑅1
−

1

𝑅2

) 

𝑅1 =
2𝑟(1 − cos 𝛽) + 𝑠

2 cos(𝜃 + 𝛽)
, 𝑅2 = 𝑟 sin 𝛽 − 𝑅1(1 − sin(𝜃 + 𝛽)) 

 (3) 

 

 (4) 

 

Where 𝛾 is the solid-liquid surface tension, 𝑠 is the separation distance (zero in Figure 1a) and 𝛽 ≤ 90 

degrees is the filling angle. For this system, 𝛽 represents the degree of saturation and 𝜃 the change in 

water pressure, and so, for known values of 𝑟, a complete soil water retention curve can be constructed 

from just these two variables (Fredlund and Rahardjo, 1993; Beckett and Augarde, 2013). 
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Adsorption and droplet condensation 

 

Adsorption is the phenomenon of the spontaneous formation of liquid droplets and films on solid 

surfaces. A droplet’s “triple line” is the line  hich defines the boundary bet een the droplet’s surface 

and the solid substrate. For the triple line to extend, the droplet’s volume must increase to a point  here 

it becomes energetically more favourable to extend the triple line than to increase the contact angle; the 

angle at  hich this occurs is the “advancing” contact angle, 𝜃𝑎. Similarly, for the triple line to contract, 

the contact angle must drop to reach the “receding” contact angle, 𝜃𝑟 (Israelachvili, 2011). If the contact 

angle is between the advancing and receding values, then the triple line is “pinned”, as it  ill not move 

until the energy barriers are overcome. The interaction between a liquid and a surface is therefore not 

described by a single contact angle but by a range between the advancing and receding values. 

For the spherical particles in Figure 1a, minute flaws on the surface will cause water droplets 

to form and spread to meet and coalesce with their neighbours, forming a (nanoscopic) layer of adsorbed 

water of thickness 𝑡 around the particle (Israelachvili, 2011). If the particles are in contact, a meniscus 

bridging the two will form at the contact point. For particles that are not in contact, the film will continue 

to thicken with increasing relative humidity until films are sufficiently close to attract electrostatically, 

forming the meniscus (Iwamatsu and Horii, 1996). A more accurate representation of a meniscus 

between to hydrophilic particles is therefore shown in Figure 1b, where 𝑠′ = 𝑠 − 2𝑡 and 𝑟′ = 𝑟 + 𝑡 

replace 𝑠 and 𝑟 respectively in Equations 1 and 2. Given this formation mechanism, such menisci always 

boast two properties: 

i. the axis of symmetry of the meniscus aligns to that of the two particles; and so 

ii. the meniscus will span the shortest distance between the particles. 

Therefore, provided that 𝑟 and 𝑠 are known, 𝜃𝑟 ≤ 𝜃 ≤ 𝜃𝑎  and 𝛽 still describe the complete retention 

curve (Beckett and Augarde, 2013). 

 

Figure 10: Schematic representations of liquid bridges between spherical hydrophilic particles: a) classical description; b) 

meniscus structure considering adsorption and separation (modified from Beckett and Augarde, 2013) 

 

Water menisci between spherical hydrophilic and hydrophobic particles 

 

On hydrophobic surfaces, droplets must grow in volume before 𝜃 > 𝜃𝑎 and the triple line is able to 

extend. A comparison between wetting for hydrophilic and hydrophobic particles is shown in Figures 2a 

and b respectively, where glass beads were selected to compare the experimental results to the 

theoretical structures shown in Figure 1. Glass beads were hydrophobised by mixing with 0.2% by mass 

of dichlorodimethylsilane (DMDCS), which coats the particles with a nanoscopic layer of 

polydimethylsilane (Ng and Lourenço, 2016). The particles shown in Figures 2a and b were wetted to 

70% relative humidity from a dry state. 
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Figure 2a shows that, for the hydrophilic beads, water menisci formed between particles that 

are in close proximity (𝑠′ < 0.2 μm for all menisci) and that no droplets remain on the surface (i.e. they 

have become part of the adsorbed film). Furthermore, the meniscus forms agree well with the classically 

assumed shapes presented in Figure 1. Contrariwise, individual water droplets are evident on the 

hydrophobic particle surfaces in Figure 2b. Where droplets have gained sufficient proximity, they have 

coalesced to form larger, but still individual, droplets, resulting in a large range of droplet sizes per 

particle surface. Although some menisci have formed between the particles, several large droplets (e.g. 

as indicated by the white arrows) lie close to the menisci but are unable to migrate. Hence, for a given 

relative humidity, menisci of greater volume exist between the hydrophilic than between hydrophobic 

particles (white rectangles in Figure 2b). 

If droplets on opposing particles do come into close proximity, they can coalesce to bridge a 

much larger separation distance than was possible between hydrophilic particles. Figure 2c shows the 

same particles as in Figure 2b but as the relative humidity approaches 100%. In Figures 2b and c, a 

large droplet (indicated by the double arrows) has grown to form a single large meniscus between the 

two leftmost particles. 

 

 

Figure 2: Spherical particles undergoing wetting: a) hydrophilic; b and c) hydrophobic. The black circles in Figure 1a 

indicate surface flaws. Scale bar = 100 μm. “W𝑥” refers to  etting stage 𝑥 (modified from Karatza et al., 2021) 

 

Water menisci between irregularly shaped particles 

 

Sharp edges on particle surfaces create additional energy barriers against triple line extension 

or retraction (Kim et al., 2016). This is because the droplet must ‘ rap around’ the edge before it can 

reach 𝜃𝑟 or 𝜃𝑎, as shown schematically in Figure 3a. Consequently, the triple line becomes pinned in 

place for larger contact angles than would be the case on a smooth surface. An example of a pinned 

triple line on an irregular hydrophobic particle undergoing wetting is shown in Figures 3b and c, where 

again the particles have been made hydrophobic by being treated with 0.2% DMDCS. From Figure 3, 

it is evident that menisci between irregular hydrophobic particles violate the two properties inherent in 

the classical model: they do not share an axis with the two particles, nor must they span the shortest 

distance between them. Hence, 𝜃𝑟 ≤ 𝜃 ≤ 𝜃𝑎  and 𝛽 no longer solely describe the retention behaviour of 

the particle pair. Rather, the length of the triple line, the presence of surface irregularities, the volume 

and direction of wetting of the meniscus and the contact angles must be known to determine Δ𝑃. This 

result has several implications for predicting the hydromechanical behaviour of hydrophobic soils: 

• Δ𝑃 may be positive or negative, depending on the wetting state; 

• stability arising from negative Δ𝑃 may be temporary as menisci grow and transition to positive 

Δ𝑃; 

• water may readily infiltrate a hydrophobic granular material if menisci with negative values of 

Δ𝑃 are present, negating its use for water sequestration. 

 

(a) (b) (c) 
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Conclusion 

 

For hydrophilic soils, the classical model, based largely on the liquid-solid contact angle 𝜃, accurately 

describes the shape of menisci observed between pairs of hydrophilic spherical particles. However, for 

hydrophobic particles, this is not the case. Rather, menisci form through the coalescence of water 

droplets that are pinned to the particle surface; an effect which is accentuated by surface irregularities. 

𝜃 alone is therefore insufficient to describe the likely retention properties of hydrophobic soils. Rather, 

the length of the triple line, the presence of surface irregularities, the volume and direction of wetting 

of the meniscus and the contact angles must be known to determine Δ𝑃. The significance of these 

observations on the hydromechanical behaviour of hydrophobic granular soils is being explored through 

several ongoing investigations 

 

 

Figure 3: Triple line pinning: a) schematic representation for wetting between two droplets profiles “1” and “2”; b and c) 

wetting an irregular hydrophobic particle from condition “1” (70% relative humidity) to “2” (≈100% relative humidity) 

(modified from Karatza et al., 2021) 
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Abstract 

Screw piles need to be upscaled for offshore use e.g. being an alternative foundation and anchor form 

for offshore floating wind turbines, although the high demand of vertical installation forces could 

prevent its application if conventional pitch-matched installation is used. Recent studies, using 

numerical and centrifuge physical tests, indicated that the vertical installation force can be reduced by 

adopting over-flighting which also improved axial uplift capacity of the screw pile. The current study 

extends the scope to axial cyclic performance with respect to the installation approach. Using quasi-

static discrete element method (DEM) simulation it was found that the over-flighted screw pile showed 

a lower displacement accumulation rate, compared to a pitch-matched installed pile, in terms of load-

controlled cyclic tests. Sensitivity analysis of the setup of the cyclic loading servo shows the maximum 

velocity during the tests should be limited to avoid significant exaggeration of the pile displacement 

accumulation but this may lead to very high run durations.  

Introduction 

 

Screw piles, which are usually installed by applying a torque with additional vertical crowed (vertical 

or push-in) force to the top of the pile, are steel piles that consist of a straight shaft or core with one or 

more helices welded to the core. The ratio of the vertical penetration per rotation ∆𝑧 to the helix pitch 

𝑝ℎ , is referred to as the advancement ratio (AR) (Bradshaw et al., 2019), and is used to describe the 

installation of screw piles: 

 

𝐴𝑅 =
∆𝑧

𝑝ℎ
  (5) 

 

BS8004 (British Standards Institution, 2015) recommends that a pitch-matched installation (AR=1) 

should be employed with a tolerance of ±0.15 to minimi e the ‘disturbance’ of in-situ soil. 

Recently this pile form has been considered as an alternative solution for offshore renewable energy 

development in deeper water due to silent installation. The upscaling of pile geometry which aims to 

carry significant loading in the offshore environment, however, raises concerns in terms of practical 

challenges. For example, can current installation vessels provide the very large reaction force required 

for installation of large diameter offshore screw piles if conventional pitch-matched installation is used 

(Davidson et al., 2021)?  

More recent studies using centrifuge physical modelling (Cerfontaine et al., 2021) and numerical 

simulation (Sharif et al., 2021) showed that by reducing AR the installation crowd force could be 

significantly reduced with limited influence on the installation torque. This was because soil particles 

moved upward through the helix during the over-flighting installation (AR<1.0) and generated 

downward reaction force on the helix. The particle movement pattern during the over-flighting 

installation also resulted in a zone above the helix with higher density and residual stress in comparison 

to the pitch-matched installation, therefore improving pile monotonic axial uplift capacity (Cerfontaine 

et al., 2021, Sharif et al., 2021). 
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Although monotonic behaviour has been studied in some detail, cyclic performance has seen less 

detailed consideration, particularly with respect to the influence of installation approaches. Offshore 

piles may be exposed to millions of cycles of loading induced by wind and waves during their lifetime, 

so assessing how the pile stiffness and capacity vary and how the permanent displacement accumulate 

with cycling could be a key design factor. Some limited insights have been given into cyclic uplift 

performance of conventional onshore screw piles installed under pitch-matched conditions, but the 

influence of upscaling of geometries and that of over-flighting installation are still unknown. 

The discrete element method (DEM) has been used to investigate installation and monotonic capacity 

of both conventional straight shafted piles and screw piles. Ciantia (2021) extended application of the 

DEM to cyclic performance of straight shafted piles. In this study, DEM simulation of cyclic uplift tests 

of a screw pile installed by pitch-matched and over-flight approaches was carried out.  Discussion is 

also included on the challenges overcome when setting up of the force-controlled servo for cyclic 

loading. 

Numerical setup 

Commercial software package PFC3D 6.0 (Itasca, 2021) was used in this work to build a virtual 

centrifuge experiment platform where a screw pile was installed and then tested in a medium dense soil 

bed (𝐷𝑟=52%). The pile geometries, listed in Table 4Error! Reference source not found., and the test 

gravity conditions (50g) were in line with previous centrifuge experiments (Cerfontaine et al., 2021, 

Davidson et al., 2021). 

The soil bed had a 0.25 m radius and was 0.4 m height and the soil particle size distribution (PSD) of 

HST95 sand (Lauder, 2010) was used. The interactions between individual particles and between the 

particle and wall representing the pile surface were modelled using a simplified Hertz-Mindlin contact 

model (Itasca, 2021). Spherical particles were used with the rotation of the particles inhibited to capture 

the rotational resistance of angular grains. The contact parameters used in this study were calibrated 

based on triaxial tests and pile penetration tests by Sharif et al. (2019) and are listed in Table 4. 

 
Table 4 Hertz-Mindlin contact model parameters for HST95 sand (Sharif et al., 2019) 

Parameter Units Value 

Shear modulus, 𝐺 GPa 3 

Friction coefficient, 𝜇 - 0.264 

Poisson’s ratio, 𝜈 - 0.3 

Interface friction coefficient of pile 𝜇𝑝 - 0.445 

 

To achieve a manageable number of particles in the soil bed and to enhance the efficiency of soil bed 

generation, a combination of the periodic cell replication method (Ciantia et al., 2018) and the particle 

refinement method (McDowell et al., 2012) was used following Sharif et al. (2019). A particle size 

scaling factor (SF) of 20 was used in the central zone with an increase of 1.4 for each subsequent radial 

zone. A more detailed description of the formation process of the soil bed can be found in Sharif et al. 

(2019). The number of particles in the final soil bed was 320,000. 

The pile was installed at AR=1.0 and 0.5 under quasi-static conditions (Sharif et al., 2021) before the 

vertical force on the pile top was unloaded by slowly uplifting the pile. Using a computing platform 

with Intel® Xeon® CPU i9-10940X @4.1GHz, 32GB RAM and 64-bit operating system, the 

simulation time for installation at AR=1.0 and 0.5 were 79 hours and 158 hours, respectively. After 

unloading, force-controlled cyclic tests were performance on the pile. To achieve the force-controlled 

cyclic loading tests, a servo function proposed by Ciantia (2021) was used: 

 

𝐹 = 𝐹𝑚𝑒𝑎𝑛 + 𝐹𝑐𝑦𝑐𝑙𝑖𝑐(2𝜋𝑡/𝑇) (6)  
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where 𝐹𝑚𝑒𝑎𝑛 is the mean axial load, 𝐹𝑐𝑦𝑐𝑙𝑖𝑐 is the cyclic load amplitude and 𝑇 is the period of the cyclic 

load. In this study, period 𝑇 was the number of PFC calculation steps composing a load cycle. To ensure 

the quasi-static conditions, sensitivity analysis of 𝑇 was carried out in association with 

𝐹𝑚𝑒𝑎𝑛=𝐹𝑐𝑦𝑐𝑙𝑖𝑐=375 kN. 

Results 

Figure 11 shows the permanent normalised displacement 𝑑𝑧 𝐷ℎ⁄  and the accumulation rate of 𝑑𝑧 𝐷ℎ⁄  

(𝑅𝑎𝑐𝑐) versus cycle number. It is clear that the increase of period T aggravated the cyclic loading induced 

permanent axial displacement accumulation. After 100 cycles, the pitch-matched (AR=1.0) pile 

presented accumulated normalised displacement of 4.3% and 2.3% with T = 1000 and 6000, 

respectively (Figure 11a). In terms of the over-flighted pile, T = 500 led to an accumulated displacement 

of 0.91% at 100th cycle, which is higher than that of T = 4000 at 0.74%, as shown in Figure 11b. Figure 

11c and 1d shows that the accumulation rate of the normalised displacement 𝑅𝑎𝑐𝑐 generally decreased 

with cycle number in two phases. The first phase includes the first t 20 cycles where 𝑅𝑎𝑐𝑐 reduced 

rapidly. In the second phase, 𝑅𝑎𝑐𝑐 was relatively stable although some noise can be seen in AR=1.0 

(T=1000 and 2000). Although being influenced by T, the initial and plateau displacement accumulation 

rates of the over-flighted pile was much lower than those of the pitch-matched pile. It can be concluded 

that the over-flighting induced improvement on uplift performance can remain when the pile is subject 

to cyclic loading. 

 
Figure 11: Effect of period T on displacement accumulation: (a) permanent normalised displacement (AR=1.0); (b) 

permanent normalised displacement (AR=0.5); (c) normalised displacement accumulation rate (AR=1.0); (d) normalised 
displacement accumulation rate (AR=0.5) 
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The velocity of pile movement was recorded during the cyclic tests. The average maximum velocity 

(model scale) and the run time (real time) of each test were also noted in legends of Figure 11. The 

pitch-matched pile had a higher maximum velocity than the over-flighted pile with a same period T 

because of its lower axial uplift stiffness (Sharif et al., 2021). Decreasing the velocity by increasing T 

could significantly moderate the displacement accumulation when the maximum velocity 𝑣𝑚𝑎𝑥 was 

beyond 0.1 m/s. From this viewpoint, 𝑣𝑚𝑎𝑥 should be limited to lower than 0.1 m/s to avoid 

exaggeration of displacement accumulation. However, the run time increases linearly with T. If 

adopting T = 4000 for AR=1.0 to ensure a 𝑣𝑚𝑎𝑥 below 0.1 m/s, 23 hours are needed to complete 100 

loading cycles. To determine the cyclic stability of pile, 1000 cycles may be needed as suggested by 

(Jardine and Standing, 2012), which will lead to a run duration of 230 hours. Thus, a balance between 

efficiency and accuracy should be considered carefully with respect to adopting period T for the force-

controlled servo. 

Conclusion 

In this study, virtual centrifuge cyclic loading tests using DEM with well calibrated contact parameters 

were performed on an offshore screw pile which was installed using pitch-matched and over-flighting 

methods. It was shown that over-flighting installation benefited cyclic performance of the screw piles 

resulting in a lower displacement accumulation rate compared to that of the pitch-matched one. The 

value of cyclic period used in the loading servo should be considered carefully because limiting the 

maximum velocity in the test to lower than 0.1 m/s by adopting a large cyclic period can avoid 

overestimation of displacement accumulation but significantly increases simulation time. 
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Abstract 

This paper aims to present a few aspects of the development of a plastic-hardening macro-element 

model for steel wires in flexible protection systems. First, the material behaviour is obtained using 

uniaxial tensile tests. Successively, the evolution of the elastic and plastic domain is obtained using a 

combination of physical tests, analytical models, and numerical simulations. Finally, the results 

obtained with the macro-element model are compared to those obtained using other approaches found 

in literature. 

Introduction 

In recent years, the numerical simulation of passive structures for the mitigation of rockfall hazard has 

received significant attention. This is due to the advances in computational power, that allow for higher 

complexity, and in remote sensing, that drive the need for more accurate models (Salvini et al., 2017; 

Mentani et al., 2018). In this context, the majority of models adopt a multi-scale approach, in which the 

local-scale element response (i.e. wires, interweavements) is reproduced at the mesh scale using an 

equivalent numerical object (i.e. truss beam) (Nicot et al., 2001). However, the numerical objects 

adopted typically make use of very simplistic constitutive models, meaning they require strong 

assumptions, limiting their applicability. The “macro-element” approach uses a constitutive model to 

reproduce the local-scale behaviour at the meso-scale, expressing the system state through generalized 

stress-strain variables (i.e. force and displacement). Since their introduction (Nova and Montrasio, 

1991), they became a popular practice in geotechnical engineering for their simplicity, efficiency and 

accuracy (NOVA and PARMA, 2011; Dattola et al., 2016). Herein a macro-element model is developed 

to provide a more accurate local-scale response for interweaved double-twisted meshes using an 

isotropic plastic hardening model with associated flow rule. Finally, results of a numerical punching 

test obtained from the experimental force-displacement curve and the macro-element are compared. 

Model definition 

The wire behaviour is elastic inside a subspace of the generalized stress space, i.e. force and moment 

𝒒, defined by the Yield Surface 𝑓. In this area, the relationship between stress and strain is linear, 

following classic beam theory. When the stress state reaches the yield surface, successive strain 

increments are absorbed through plastic deformation. Since the model adopted is isotropic hardening, 

the yield surface expands according to the hardening function 𝜶, which depends on a set of history 

variables, herein defined as the generalized strains  𝜹𝒑𝒍. The entity of these deformations, the plastic 

multiplier 𝛾, is obtained from the Prager’s consistency condition (Prager, 1949), so that the yield surface 

expansion is equal to the generalized stress increments.  

𝛾𝑓(𝒒, 𝜶) = 0  (7) 
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𝑑𝒒
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 (8) 
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 (9) 

 

Finally, the plastic multiplier is split between the two generalized plastic strains depending on the plastic 

potential 𝑔: 

𝜹𝑝𝑙
̇ =

𝑑𝑔

𝑑𝒒
𝛾 

 (10) 

 

 Herein, an associated plasticity model is adopted, meaning 𝑔 = 𝑓. 

Experimental setup 

The material behaviour is characterized using uniaxial tensile tests. The wire (60 mm long, 2.7 mm 

thick) is clamped between two wedge grips and loaded under strain-controlled conditions (2 mm / min). 

The deformation values registered by the instrument are not reliable as the wire slides through the 

wedges. Rather than increasing the grip, which can cause localized failure, the effective displacement 

is obtained using an extensometer. Unfortunately, the deformation of the double-twisted 

interweavements cannot be measured in this fashion due to their non-flat surface, which causes the 

extensometer to detach from the wire after some displacement. Therefore, image analysis has been 

employed to measure the double-twisted strain, after calibrating it on the single-wire extensometer 

results (Figure 12). The grayscale image is first binarized using an adaptive gray-level histogram 

threshold (Otsu, 1979). Then, the wire region is extracted using 8-connected-component labelling 

(Vincent et al., 1991). The wire length and width are obtained from the normalized second central 

moments of the region (Rizon et al., 2006). The same instrument has been used to carry out three-point 

bending tests. 

 

Figure 12: (a) wire distortion measured using an extensometer and (b) comparison of the strain data provided through image 

analysis and extensometer. 

Surface calibration 

For single-wires, the yield surface is obtained using classic beam theory. The wire cross section is split 

into slices and the fiber strain within each is obtained from the contributions of total wire strain 휀 and 

curvature 𝜒. 

휀𝑠𝑙𝑖𝑐𝑒 = 휀𝑤𝑖𝑟𝑒 + 𝜒𝑤𝑖𝑟𝑒 ⋅ 𝑏𝑠𝑙𝑖𝑐𝑒  (11) 
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Where 𝑏 is the branch between a given slice and the neutral axis of the wire face. The stress state within 

the slice is then obtained from the experimental stress-strain curve. A set of radial loading paths is 

defined and the initial shape of the yield surface is obtained as the combination of force 𝐹 and moment 

𝑀 that cause a steel fiber to undergo plasticization. The same is done for the ultimate surface, where all 

the fibers within the section area reach a plateau in the stress-strain curve. As the elastic model is 

perfectly linear, the shape of the initial yield surface in the F-M space is always a triangle, while the 

ultimate is a semi-circle (Di Laora et al., 2020). For each strain increment, given the current stress state 

within a slice, it is possible to calculate the equivalent strain under pure elastic conditions. Follows that 

the plastic strain within each slice is obtained as the difference between the two. The overall plastic 

strain is then obtained as the sum of these components, while the angular plastic strain is the sum of the 

products of these and the slices branches. For the double-twists, the yield surface and plastic potential 

evolution has been obtained using a finite element model. The material behaviour is obtained from the 

single-wire tests. The wire geometry and loading conditions of the test are reproduced using symmetric 

master-slave contact interactions. Successively, a quasi-static tensile test is carried out and calibrated 

using the experimental double-twist pulling test dataset. A few equations have been tested to fit the 

surfaces, considering the necessity of (i) continuous derivatives within the parametric space, (ii) a local 

peak at 𝐹 = 0 and (iii) axis orthogonal derivatives at the domain extremities. The equation proposed by 

(Leuthold et al., 2021) fits the yield surface and plastic potential at both the initial and ultimate state. 

However, this approach has the drawback that it requires the calibration of three extra functions to 

describe the surface parameter evolution, which significantly limits the applicability of the model. For 

the purpose of calibration, it is easier to use two different surfaces for the initial and ultimate conditions, 

which are obtained analytically from the material yield stress and the wire geometry. Successively, the 

surface at a given step is obtained by interpolating between the two through a negative exponential 

function: 

 

𝑓(𝑢𝑝𝑙 , 𝜃𝑝𝑙 ) = 𝑓𝑖𝑛𝑖𝑡e(knupl+𝑘𝑚𝜃𝑝𝑙 ) + 𝑓𝑢𝑙𝑡 (1 − e(knupl+𝑘𝑚𝜃𝑝𝑙 ))  (12) 

 

Where 𝑘𝑛 and 𝑘𝑚 are fitting parameters (< 0), which are obtained directly from the uniaxial tensile and 

bending tests. 

Numerical tests 

The meso-scale behaviour of the macro-element is evaluated through semi-static punch tests. A semi-

spherical platter, moving at a constant speed, is used to load to a 3x3m mesh panel, pinned at the edges. 

Reaction force is measured on the platter. Details are available in (Previtali et al., 2020b). Test #1 and 

#2 use the standard experimental force-displacement curve approach (Previtali et al., 2020a), the former 

with the tensile tester data, the latter the same data after the image analysis/extensometer correction. 

Finally Test #3 uses the macro-element model. As shown in Figure 13, for out-of-plane loads, the force-

displacement relationship is more affected by the introduction of a bending moment at the contact 

interface than a change in contact stiffness under uniaxial conditions.  

Conclusions 

In this paper, a few experimental tests were carried out to calibrate a macro-element model. An image-

analysis procedure is developed to remove the effect of wire and clamp slippage from the dataset. 

Successively, the procedure used to calibrate the yield surface and plastic potential is described. Due to 

the significant changes in the function shape, two surfaces are used instead: (i) initial linear yield surface 

and (ii) ultimate failure envelope. The effective plastic potential at any step is then obtained by using 

an interpolation function. Finally, the model response is evaluated against the classic uniaxial stress-

strain curve approach using quasi-static punch tests. The results highlight the importance of moving 

past the uniaxial force-displacement curve approach. 
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Figure 13: Force-displacement relationship acting on the platter 
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Abstract 

In this paper an isotropic hardening elastoplastic constitutive model for structured soils is applied to the 

simulation of a standard CPTu test in a saturated soft structured clay. To allow for the extreme 

deformations experienced by the soil during the penetration process, the model is formulated in a fully 

geometric non-linear setting, based on: i) the multiplicative decomposition of the deformation gradient 

into an elastic and a plastic part; and, ii) on the existence of a free energy function to define the elastic 

behaviour of the soil. The model is equipped with two bonding-related internal variables which provide 

a macroscopic description of the effects of clay structure. Suitable hardening laws are employed to 

describe the structure degradation associated to plastic deformations. The strain-softening associated to 

bond degradation usually leads to strain localization and consequent formation of shear bands, whose 

thickness is dependent on the characteristics of the microstructure (e.g, the average grain size). Standard 

local constitutive models are incapable of correctly capturing this phenomenon due to the lack of an 

internal length scale. To overcome this limitation, the model is framed using a non-local approach by 

adopting volume averaged values for the internal state variables. The size of the neighbourhood over 

which the averaging is performed (characteristic length) is a material constant related to the 

microstructure which controls the shear band thickness. This extension of the model has proven 

effective in regularizing the pathological mesh dependence of classical finite element solutions in the 

post-localization regime. The results of numerical simulations, conducted for different soil 

permeabilities and bond strengths, show that the model captures the development of plastic 

deformations induced by the advancement of the cone tip; the destructuration of the clay associated 

with such plastic deformations; the space and time evolution of pore water pressure as the cone tip 

advances. The possibility of modelling the CPTu tests in a rational and computationally efficient way 

opens a promising new perspective for their interpretation in geotechnical site investigations. 

Introduction 

The Cone Penetration Test with measurements of pore water pressure (CPTu) is a widely used 

investigation tool for the characterization of both coarse- and fine-grained soils, for its simplicity, 

reliability and its relatively low cost. The conventional interpretation of CPTu tests is typically based 

on empirical and semi-empirical correlations, the last based on very crude descriptions of soil 

behaviour, such as the adoption of a total stress approach to circumvent the difficulties associated to the 

evaluation of the excess pore water pressures induced by the total stress changes around the cone tip. 

The aim of this work is to show that a more rational interpretation of the coupled deformation and flow 

processes occurring in the soil during a CPTu test is possible by resorting to the numerical solution of 

the relevant governing equations coupled with a realistic constitutive model for the soil. An effective 

strategy for modelling the penetration process during the execution of a CPTu test is the Particle Finite 

Element Method (PFEM, Onate et al., 2011), which is capable of dealing with the large displacements 

and deformations induced by the cone penetration process very efficiently. A key point in the PFEM 

computational strategy is the use of low-order elements (linear triangles or tetrahedra) with frequent h-

adaptive remeshing, using algorithms based on extended Delaunay tessellation. The nodes of the spatial 

discretization are treated as material particles, the motion of which is tracked during the numerical 

simulation. Applications of PFEM to the modelling of CPTu tests have been reported, e.g., by Monforte 
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et al. (2017) and Monforte et al. (2018). In these works, dealing with CPTu tests in clays, the soil has 

been modelled using the classical MCC model. Although this critical state model can capture the 

essential features of soft, lightly overconsolidated clays, it fails to reproduce the behaviour of natural 

structured clays, characterized by the presence of intergranular bonds of various origin. To investigate 

the effects of bonding on the soil response to the piezocone advancement, in this work the isotropic 

hardening elastoplastic model for structured soils proposed by Nova and co-workers (Tamagnini et al., 

2002; Nova et al., 2003; Ciantia & Di Prisco, 2016) has been extended to finite deformations within the 

lines followed by Borja and Tamagnini (1998). The resulting finite deformation model – referred to as 

FD_MILAN model in the following – has been implemented in the geomechanics-oriented PFEM code 

G-PFEM (Monforte et al., 2017) and used to simulate a series of CPTu tests in a relatively soft, 

structured natural clay. An overview of the constitutive model for structured soils is briefly recalled in 

Sect. 2, while the details of the CPTu simulations program are given in Sect. 3. A selection of the results 

obtained is presented in Sect. 4, along with the main concluding remarks. 

The FD_MILAN model 

The FD_MILAN model is a three--invariants isotropic hardening model employing independent yield 

function f and plastic potential g. A representation of the yield surface in the Kirchhoff stress invariants 

space Q:P, for the set of constants of a typical clay, is given in Fig. 1. 

 

Figure 14: Yield surface and plastic potential of the FD_MILAN model. 

Two independent scalar internal variables account for the hardening/softening effects due to volumetric 

and deviatoric plastic strains (preconsolidation pressure Ps) and for the effects of intergranular bonds 

(bond strength Pt). A positive value of Pt results in an expansion of the elastic domain in stress space, 

an increase of the isotropic yield stress in compression by a quantity Pm = k Pt, with k a material constant, 

and in the presence of a true cohesion and a non-negligible tensile strength. As a consequence of the 

microstructural rearrangement of the soil fabric – accompanied by macroscopic plastic deformations – 

the intergranular bonds are progressively destroyed and Pt reduces accordingly. When Pt → 0, the 

structure-permitted space reduces to zero and the yield surface coincides with the intrinsic yield surface 

of the unstructured soil. The hardening laws for Ps and Pt are given by: 

 𝑃�̇� = �̇� 𝜌𝑠𝑃𝑠(�̂� + 𝜉𝑠�̂�) (1) 

 𝑃�̇� = −�̇�𝜌𝑡𝑃𝑡 (|�̂�| + 𝜉𝑡�̂�) (2) 

where: �̂� = tr(∂𝑔/ ∂𝛕); �̂� = √(2/3)‖𝑑𝑒𝑣(𝜕𝑔/𝜕𝝉)‖; �̇�  is the plastic multiplier; 𝝉 is the Kirchhoff 

stress, and 𝜌𝑠 , 𝜌𝑡 , 𝜉𝑠 and 𝜉𝑡  are material constants. For 𝜉𝑠 = 0, eq. (1) reduces to the classical volumetric 

hardening law of critical state soil mechanics. Plastic volumetric compaction produces an increase of 

Ps while plastic dilation is accompanied by a reduction of Ps. As the RHS of eq. (2) is always negative, 

any plastic process will always cause a reduction of Pt (material destructuration). 
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To provide a characteristic length scale to the constitutive equation, regularizing the numerical solution 

in presence of strain localization phenomena, an integral non-local approach has been adopted. The 

internal variables Ps and Pt are treated as non-local, spatially averaged quantities over a neighbourhood 

Ω of the material point. The size of this neighbourhood is controlled by the characteristic length l𝑐, a 

material constant. Further details of the FD_MILAN model can be found in Oliynyk et al., (2021). 

PFEM simulation program 

A standard piezocone, with radius R = 1.78 cm and a cone tip angle of 60° is inserted in a calibration 

chamber with radius B = 0.45 m and height H = 1.05 m, filled with a fully saturated clay. The problem 

has been assumed as axisymmetric. The piezocone is wished-in-place at an initial depth z0 = 0.25 m and 

then displaced downwards at a constant penetration speed of 2.0 cm/s, up to a depth z = z0 + 20R. The 

piezocone tip and its lateral surface are modelled as rigid, impervious surfaces, and a smooth contact 

interface with the soil is employed to simulate the piezocone-soil interaction as the device penetrates 

the soil.  Given the relatively small dimensions of the calibration chamber, the self-weights of the pore 

water and of the soil have been ignored. The initial pore water pressure has been assumed uniform and 

equal to zero. The material constants adopted for the clay soil are reported in Tab. 1. The flow rule has 

been assumed as associative, so the plastic potential coincides with the yield function. 

Table 5 Set of material constants adopted in the CPTu test simulations. 

�̂� 𝐺0 α Pref 𝑀𝑓,𝑐 α𝑓 μ𝑓 𝑀𝑔,𝑐 

(-) (MPa) (-) (kPa) (-) (-) (-) (-) 

1.82 3.0 0.0 5.0 1.1 0.75 1.5 1.1 

α𝑔 μ𝑔 ρ𝑠 ρ𝑡 ξ𝑠 ξ𝑡 k l𝑐 

(-) (-) (-) (-) (-) (-) (-) (mm) 

0.75 1.5 8.33 15.0 0.0 3.0 5.0 5.0 

 

All simulations have been performed as fully coupled hydromechanical problems, adopting the mixed 

u-Θ-pw formulation of Monforte et al. (2017). The bottom and lateral surfaces of the calibration chamber 

have been assumed as rigid, impervious and perfectly rough boundaries. At the top surface of the soil 

body a uniform normal pressure q0 = 100 kPa and a constant pore pressure pw = 0 have been imposed. 

Consistently with these boundary conditions, the initial Cauchy effective stress in the soil mass has been 

assumed axisymmetric, with components σ𝑧 = 100 kPa and σ𝑟 = K0σ𝑧 and K0 = 0.5. 

Selected PFEM results 

Six different simulations have been performed considering different values of the hydraulic 

permeability, kh, in the range between 1.0e-6 m/s and 1.0e-9 m/s, and initial values of the bond strength 

Pt in the range between 0 and 60 kPa. Fig. 2 reports some selected results from the simulations 

performed with kh = 1.0e-9 and the two extreme values of the bond strength. For such a low permeability 

value, the penetration process occurs in almost undrained conditions. 

From the contours of accumulated deviatoric plastic strains 𝐸𝑠
𝑝

 it can be observed that in the unbonded 

soil (top row) the plastic zone around the piezocone extends by about 3R around the shaft and the cone, 

with contour lines following the shape of the penetrating device. In the bonded soil (bottom row), on 

the other hand, the observed pattern of plastic shear deformations is much more irregular and show the 

presence of localized shear zones which originate at about 3R below the cone tip and bend upwards as 

the cone advances. The presence of localized shear zones is a consequence of the softening mechanism 

associated to soil destructuration, clearly visible in the contour maps of Pt, bottom row. In the unbonded 

soil, the preconsolidation pressure Ps is only slightly affected by the penetration process. On the 

contrary, in the structured soil Ps experiences a significant decrease in a zone of soil located at the 

boundary of the plastic region, where plastic dilatancy is occurring. Peak excess pore water pressures 

of about 420 kPa develop at the cone mid-height in both cases, but overall, the predicted values of Δ𝑝𝑤  

around the piezocone tend to be larger for the bonded soil. 
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Figure 2: Contour maps of CPTu test results at the maximum penetration depth. 

Conclusions 

The results of this study appear consistent with the observed CPTu data in similar soils and demonstrate 

that the complex soil response to the penetration of the piezocone in CPTu tests can actually be modelled 

quantitatively in a rational and computationally efficient way. This opens a promising new perspective 

for a more realistic interpretation of this kind of in-situ tests for geotechnical site investigations. 
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Abstract 

When testing an 1:N geotechnical structure in the centrifuge, it is desirable to choose a large scale 

factor (N) that can fit the small-scale model in a model container and avoid unwanted boundary 

effects, however, this in turn may cause scale effects when the structure is over-scaled. This is more 

significant when it comes to small-scale modelling of sinker root-soil interaction, where root-particle 

size ratio is much lower. In this study the Distinct Element Method (DEM) is used to investigate this 

problem. The sinker root of a model root system under axial loading was analysed, with both upward 

and downward behaviour compared with the Finite Element Method (FEM), where the soil is 

modelled as a continuum in which case particle-size effects are not taken into consideration. Based 

on the scaling law, with the same prototype scale and particle size distribution, different scale 

factors/g-levels were applied to quantify effects of the ratio of root diameter (𝑑𝑟) to mean particle 

size (𝐷50) on the root root-soil interaction.  

 

Introduction 

Understanding tree root anchorage behaviour under lateral loads has long been of interest in forestry, 

where heavy winds, predicted to be stronger due to the increase of power of major Atlantic tropical 

hurricanes, are the main causes of destruction in European forests (McCarthy et al., 2010) and 

responsible for more than 50% of damage in European forests (Schelhaas et al., 2003). In addition, it 

is of interest in Civil Engineering, where windthrown trees in sloping ground may be a trigger for 

landslides (Jakob and Lambert, 2009) and a potential threat to life (e.g. Storm Ali, United Kingdom, 

September 2018). Fallen trees may also disrupt transportation services, such as occurred in the UK 

during Storm Doris in February 2017, where overhead power lines on the West Coast Mainline were 

brought down. 

In recent decades, an increasing body of research has used 1:N scaled root models (e.g. Harnas et al., 

2016; Liang et al., 2015; Zhang et al., 2018), which can be tested in the lab, either under 1g or 

elevated-gravity to study root-soil interaction. In order to avoid unwanted boundary effects from the 

model container, a high value of N is desired; however, this may cause scale effects if the root is 

over-scaled, which leads to overestimation of root-soil interaction. 

The Distinct Element Method (DEM) is capable of changing the particle-scale properties and is 

therefore suitable for the investigation of scale effects (e.g. Athani et al., 2017; Cerfontaine et al., 
2021). However, in general, there exists a limitation on the total number of particles for obtaining 

DEM simulation results within a reasonable computational time. An approach to minimise the 

computational effort is to reduce the total number of particles by increasing the particle size (Ciantia 
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et al., 2016). However, this in turn changes the structure-particle size ratio, possibly resulting in scale 

effects. 

As shown in Figure 1(a), under external lateral loading (e.g. a windstorm), individual roots (excluding 

the taproot) are idealised to be either lifted-up or pushed into the soil. The aim of this study is to 

numerically model the sinker roots, and then to investigate the influence, if any, of potential scale 

effects that may arise in physical model tests of sinker roots moving upward and downward. To this 

end, 3D DEM numerical simulations were employed to replicate the behaviour of sinker roots of 

different diameters interacting with a granular bed. Similar to real small-scale physical modelling 

with the centrifuge employed, the prototype dimension of the root and particle size distribution of the 

soil were kept constant, while different scale factors/gravitational accelerations (g-levels) were 

applied. The results were then compared with equivalent FEM simulations, where the soil is 

considered as a continuum and hence not incorporating particle-size effects. 

 

 
Figure 1 (a): Simplified root system under external lateral loading; (b): Particle size distribution of HST95 sand 

 

Numerical setup 

The sinker root was modelled as a rigid cylinder with interface friction coefficient 0.465 and first 

simulated in Particle Flow Code (PFC) 3D 5.0.35 (Itasca Consulting Group, 2016), where the virtual 

soil bed, with the density of 1.65 g/cm3, was created using the periodic cell replication method 

(PCRM, Ciantia et al., 2018). The model soil was to replicate Congleton HST95 sand behaviour, with 

its particle size distribution shown in Figure 1(b) and the detail of soil calibration is described in 

Sharif et al., (2019). Following previous research (Sharif et al., 2021), the particle size was scaled up 

in the radial direction with increasing radial distance from the root to minimise the computational 

time. However, particles in the central zone where the root existed were 1:1 scaled. The test chamber 

was designed to be wider than 18𝑑𝑟, (where dr is root diameter) with the soil thickness beneath the 

root larger than 2𝑑𝑟 and 8𝑑𝑟 for upward and downward movement cases, respectively. Further 

increasing the width of the chamber, or the distance to the bottom was systematically checked to 

guarantee no significant effects on the root behaviour. Following Ciantia et al. (2019), the root was 

displaced vertically, at a constant speed of 4 mm/s to set inertial numbers in each case lower than 10-

3. 

The prototype root investigated in this study was 60 mm in diameter and 240 mm in length, buried 

at 130 mm depth (distance between top of the root and soil free surface, dimensions all at prototype 

scale) according to a Pinus pinaster tree root system (Zhang et al., 2020). The principal of numerical 

simulations was to scale down the length, diameter and burial depth of roots by N times and scale up 

the gravitational acceleration to maintain the same prototype virtual model and stress level but 

without scaling particle size. By doing so, the number of soil particles surrounding the roots was 
intentionally decreased. The advantage of this method is that the ratio of root burial depth to diameter 

was unchanged. The force at prototype scale could be obtained by multiplying measured force of the 

scaled root by N2. In theory, the response at prototype scale should be the same if no scale effects are 
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present.  

Corresponding FEM simulations were also conducted by the two-dimensional (2D) finite element 

software PLAXIS using the same dimensions as DEM for comparison. 

 

Results 

As shown in Figure 2(a), the prototype uplift capacities of sinker roots with different g-levels applied 

were all approximately 0.15 kN in FEM. In DEM, there existed a negative linear relationship between 

the pull-out force and 𝑑𝑟/𝐷50 ratio, indicating the significance of the scale effects. The uplift force 

of a 0.8 mm model sinker root (corresponding 𝑑𝑟/𝐷50 = 6) was approximately 2 times higher than 

that of a 3 mm model root (corresponding 𝑑𝑟/𝐷50 = 21), also indicating that the increase of scale 

factor/g-level from 20 to 75 in the physical modelling would 100% overestimate the vertical root 

pull-out capacity. However, when 𝑑𝑟/𝐷50 reached 21 (corresponding N = 25), the results were quite 

similar between DEM and FEM. 

In terms of sinker roots moving downwards, the prototype force at 10 mm prototype displacement 

(16.67%𝑑𝑟) was extracted from curves of roots with different diameters for comparison (Figure 2(b)). 

It can be seen that the decrease of root diameter from 3 mm (𝑑𝑟/𝐷50 = 21) to 0.8 mm (𝑑𝑟/𝐷50 = 6) 

resulted in 40% higher push-in resistance, suggesting non-negligible scale effects. Given that the 

force investigated here was composed of shaft and base resistance, and the shaft skin frictional 

resistance was largely affected by scale effects (Figure 2(a)), the base bearing capacity was extracted 

separately for further investigation. As shown in Figure 2(b), in general, no significant change was 

observed on the base resistance in DEM simulations, indicating that the base resistance was not 

affected by the reduced scale of the root model, which was consistent with the corresponding FEM 

simulations. 

 

Figure 2: Force at prototype scale of sinker roots with the same prototype dimension but different scale factors N. (a) 

Upward movement; (b) Downward movement.  

 

Conclusions 

This study has presented an investigation into potential scale effects that may arise in physical model 

tests of sinker root-soil interaction. 3D DEM numerical simulations were employed to work as a 

virtual centrifuge to replicate the behaviour of sinker roots of different diameters interacting with a 

granular bed. It was found that a change in scale factor did not significantly affect the end-bearing 

capacity, however, in terms of the shaft resistance of the sinker root, the scale effect was significant. 

This reveals potential scale effects when conducting small-scale tests on sinker root-soil interaction 

and also identifies a risk of unsafe design when upscaling small-scale laboratory measurements to 

meter-size piles used in practice. 
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Abstract 

One of the major factors in producing accurate data is the preparation and pretreatment of soils before 

chemical analysis. Regardless of the quality of the subsequent study, if an imprecise sample was taken 

and/or a related sub-sample was prepared incorrectly, the findings obtained from the sub-sample would 

be of little benefit. This study aimed to understand and to show the importance of pretreatment in 

enhancing the usage of hydrophobic soil especially to control any hazardous chemicals that are 

produced as a by-product. 

Hydrophobic soils are granular materials that have a poor water affinity. However, hydrophobic soils 

with controllable hydrophobicity could then be used as impervious or semi-impervious barriers. For 

this work, the silane compound, dimethyldichlorosilane (DMDCS) was used to hydrophobized the soil. 

DMDCS is reacted with water menisci or water vapour to form polydimethylsiloxane (PDMS) and 

hydrochloric acid (HCl). HCl is formed as a by-product of the reaction. As HCl is dissolved in water, it 

easily breaks down into H+ ions due to its polar nature, consequently reducing soil pH.  

In my proposed presentation, I will discuss the effect of hydrophobic soil without pretreatment. I will 

address the strategies that may be used for the chemical cleaning treatment and share the analytical 

method in determining the success of the pretreatment stage.  
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