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ABSTRACT: Microscale contacts are inherent in most geotechnical failures such as soil
liquefaction, landslides and internal instability, thus study of these failures based on micro-
scale concepts can significantly enhance our intrinsic understanding as well as the quality of
prediction and designs. Despite rapidly increasing investigation on micro-mechanisms of soil
failures, especially based on Discrete Element Method (DEM), cohesive behaviours of par-
ticles are usually ignored and simplified, resulting in incomplete and/or inaccurate understand-
ing. My study aims to overcome this imperative limitation and improve our modelling
capability by investigating the influence of microscale cohesive contacts on fundamental soil
behaviours such as the formation of angle of repose and direct shear. Different degrees of
cohesion between particles are incorporated into DEM models and the results are validated
against experimental data. The results show cohesive contacts can significantly affect soil
behaviour and the predicted outcomes if they are not considered properly. The prediction cap-
ability of this DEM model can be further applied to study the cohesive behaviour of geoma-
terials in various geotechnical problems such as soil clogging and debris flow.

1 INTRODUCTION

Soils are naturally occurring materials composed of constituent grains of varying sizes, shapes
and compositions that are in contact with each other. The particulate nature of soils gives rise
to complex interactions between particles such as friction and inter-particle cohesion and these
particle-scale contacts play a crucial role in determining the overall behaviour of the soil includ-
ing its strength, stiffness, and deformation characteristics. To understand the macro-response of
soils, it is imperative to take their particulate nature and micro-scale contacts into account, and
this requires the use of advanced approaches such as the discrete element method (DEM) to
capture the particle-scale response. Previous studies have successfully employed DEM tech-
niques to capture a range of complex soil responses; for instance, non-linear stress and strain
responses (O’Sullivan, 2011), stress-state dependency (Lommen et al., 2014), critical-state behav-
iour (Phan et al., 2021), internal instability (Nguyen and Indraratna, 2020a), and many others.
However, most previous studies have mainly considered cohesionless frictional materials
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whereas cohesive contacts are ignored leading to inaccurate or incomplete analysis. This means
increasing effort is needed to simulate the cohesive behaviour of soils more accurately in DEM.

The cohesive behaviour of soils, which refers to the bonding and inter-particle cohesion
between soil particles, plays a crucial role in the stability of soils and their resistance to macro-
scale failures such as liquefaction, landslides and slope instability (Mitchell and Soga, 2005). At
the macro-scale, the classical Mohr-Coulomb theory states that the cohesive strength of soils con-
tributes to the overall shear strength, providing resistance to sliding and shear deformation. At
the microscopic level, the cohesive strength is characterised by the presence of cohesive contacts
between soil particles, which mainly include van der Waal forces between fine particles (Parteli
et al., 2014), electrostatic forces (Endres et al., 2021) and capillary interactions between wet par-
ticles (Wang et al., 2018). As these cohesive forces can occur individually or concurrently, the
effort to consider these non-linear forces in DEM contacts can be complex and computationally
intensive. In addition, measuring the micro-scale cohesive forces between individual particles in
laboratory testing is arduous, which makes it more difficult to obtain accurate and reliable data
to support the modelling of this behaviour. Moreover, cohesion is often dependent on several
factors such as moisture contents and types of soil, making it problematic to develop
a comprehensive model to accurately represent this behaviour. In a nutshell, the cohesive behav-
iour of soils, despite its significant influence on the performance of soils, is often ignored in DEM
simulations due to difficulties in modelling and characterising this ambiguous behaviour.

To overcome limitations regarding the computational cost, it is common to use some of the
well-established physics models such as the JKR (Johnson-Kendall-Roberts) and the DMT (Dar-
jaguin-Muller-Toporov) to describe the attraction forces between two contacting particles. While
JKR theory is developed to capture the short-range, strong surface forces between large and
deformable bodies, DMT regime corresponds to an opposite type of materials (i.e., hard, small
radius, and long-range attraction forces). Previous studies stated that cohesive forces calculated by
the JKR model are closely approximated with experimental measurements by AFM for various
materials (Jones, 2003). Therefore, the JKR model has been increasingly used to model fine and
wet materials in which cohesive interactions dominate the macroscopic behaviour of materials
considerably (Deng and Davé, 2013, Hassanzadeh et al., 2020). In this study, the JKR theory will
be incorporated into the DEM contact mechanics to capture the cohesive behaviour of
geomaterials.

This study aims to apply DEM model which simultaneously considers frictional (sliding)
contact, rolling resistance and micro-scale cohesive forces, with a special emphasis on the
modelling the cohesive behaviour of geomaterials. It will also provide a thorough investigation
into the micro-cohesive effects on macro-behaviour of soils while flowing and shearing. The
application of the current cohesive model is validated against experimental tests such as the
angle of repose (AoR) and direct shear tests (DST). Furthermore, extensive analysis is con-
ducted to investigate the effect of cohesive contact forces on the macro- and micro-response of
soils. Based on this analysis, a linkage between micro-scale parameter and macro-scale prop-
erty can be provided to obtain a better understanding of the overall soil responses.

2 DEM COHESIVE MODEL AND NUMERICAL ANALYSIS

2.1 DEM cohesive model

For granular materials, the Hertz-Mindlin contact model has been successfully adopted by
previous studies (Zhu et al., 2007) to compute the normal and tangential contact forces in rela-
tion to elastic deformation between particles, therefore, this model will be employed in the
current study. In the Hertz-Mindlin model, the respective contact forces are determined from
contact stiffnesses as follows:

k) — gE*\/R*é,, ()
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k, = 8G*\/R*, (2)

where E*,G" and R” are the effective Young’s modulus, shear modulus, and radius of two par-
ticles respectively, and J, is the normal overlap or displacement. Further information to deter-
mine these input parameters is provided elsewhere (Li et al., 2005, Zhu et al., 2007).

Following most of DEM studies in the literature, spheres are commonly used owing to the
modelling simplicity and contact detection efficiency. However, this simplification leads to the
loss of shape effects (i.e., angularity and interlocking) and results in discrepancies between
numerical and physical results. Hence, to compensate for realistic shapes in DEM, a concept
of using rolling resistance model has been developed by several researchers (Ai et al., 2011) to
account for a rolling resistance torque opposing the free-rolling tendency of spheres. In this
study, a rolling resistance model known as elastic-plastic spring-dashpot model (EPSD2) will
be used as this model has been recognised to prevent oscillatory behaviour and provide quasi-
static simulations. The rotational resistance torque is a function of a rolling friction coefficient
u, as follows:

M
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For the cohesive behaviour, the cohesive model proposed by Doan et al. (2023) was used to
couple the simplified Hertz-Mindlin contact mechanics and JKR theory to capture the elasto-
cohesive response between particle contacts. The fundamental concept of JKR theory charac-
terises the attractive forces between solids by an additional tensile stress at the contact bound-
ary leading to a finite contact area even at zero load, as shown in Figure 1.

Contact
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Figure 1. Schematic of the force-displacement relationship in JKR theory (refer to (Roessler and Kat-
terfeld, 2019)).

The JKR theory used a concept of energy balance method to determine the surface attrac-
tion forces (i.e., vdW forces) based on their respective surface energies. The application of
JKR has been expanding across multi-disciplinary fields to model the cohesive behaviour of
powders, micro-scale particles and geomaterials (Deng and Davé, 2013, Barthel, 2008). The
contact forces, deformation and radius are derived by JKR theory as follows:
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Where as F/** and 5;§KR are the cohesive contact force and deformation according to JKR
formulations; y; is an effective surface energy between two particles and a is the contact
radius. As the computation of the contact radius a is prohibitively demanding and not easily
obtained, the original JKR model is subjected to some simplifications leading to the develop-
ment of the simplified JKR model (SJKR). Instead of using the surface energies, the STKR
model employs an empirical and numerical cohesive term named Cohesion Energy Density
(CED), which is defined as the volumetric energy needed to separate the attractive interactions
between two particles. In this SIKR model, the cohesive force is computed as a function of
CED (J/m®) and the contacting area A as follows:

Ff® = CED x 4 (7)

As described by Doan et al. (2023), the term CED can be related to the surface energy
which is a physical property and can be theoretically measured for any materials, as follows:

3 [8E*2y,

CED = 3R*7?
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2.2 Numerical validation with experimental tests studying the flowing behaviour of soil
( Angle of repose test)

Prior to further developments, it is crucial to test the proposed DEM model with micro-scale
cohesive forces against fundamental tests such as the angle of repose (AoR) test. The angle of
repose is defined in Terzaghi (1943) as the steepest slope of angle that a soil can form without
external effects such as confining pressures. The AoR test is demonstrated by numerous studies
(Li et al., 2005, Derakhshani et al., 2015) to provide valuable information about the interparticle
forces and friction angle of materials, both of which are critical for geotechnical designs and ana-
lysis. Previous studies have shown that the AoR is highly sensitive with the presence of cohesive
forces, hence, a neglect of cohesive contacts results in an underprediction of the AoR value. There-
fore, incorporating the cohesive forces in DEM contact mechanics is prominent to capture the
macro-response of materials more realistically.

To simulate the AoR test, a lifting cylinder test was chosen due to its simplicity to determine
the AoR of geomaterials. Sandy soils in dry and wet states were selected to study the cohesionless
and cohesive behaviour of materials in the AoR test. For wet sands, the inter-particle cohesive
forces mainly take on a form of liquid-bridging forces which result in the generation of capillary
and viscous forces. The STKR model was used to represent the capillary forces, while the influence
of viscous force was deemed insignificant in quasi-static conditions. To simulate the AoR test in
DEM, several input parameters which have been consistently provided in previous studies were
collated in the Table 1 below. Additionally, as the rolling friction coefficient and micro-scale cohe-
sive forces (i.e., calculated from the Cohesion Energy Density (CED) value) are different among
materials, these values will be calibrated to match with the current experimental data. For the cali-
bration of rolling resistance coefficient, this value varies greatly in the literature ranging from 0.1
(i.e., highly spherical particles) to 0.5 (i.e., highly angular shape), hence, this range was used in the
current study. The calibration of CED parameter was based on past studies which reasonably cap-
tured the cohesive effect of various materials. In the current investigation, CED values were
selected from 0 for the cohesionless state to 5 x 10° (J/m?) for the cohesive state. The variations of
rolling resistance coefficients and CED were summarised in Table 2.

To verify that the DEM simulations are valid, the numerical results were compared with the
experimental tests conducted on wet sands from Roessler and Katterfeld (2019). It is worthy to
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Table 1. The input parameters for the current DEM study.

Parameters Inputs References

Particle density (kg/m®) 2650

Poisson’s ratio 0.3

Shear modulus (Pa) 10x107

Restitution coefficient 0.2 (Behjani et al., 2017)

Particle-wall friction coefficient 0.36 (Roessler and Katterfeld, 2019)

Particle-particle sliding friction 0.5 (Nguyen and Indraratna, 2020a, Phan et al., 2021)
Timestep (s) 107 10% Rayleigh time step

Gravitational acceleration (m/s?) 9.81

Table 2. The calibrated parameters in DEM.

Parameters Value range Value increment
Rolling friction coefficient (x,) 0.1-0.5 0.1
Cohesion Energy Density (CED) (J/m?) 0 - 5x10° 1x10°

note that instead of comparing the angle of repose (AoR) values which can be highly variable and
not appropriate for the characterisation of cohesive materials, the flowability of materials was
selected for comparison. The flowability of wet soils was observed to be dependent on a lifting
height (h) which was defined as a gap between the bottom of the cylinder and the horizontal base,
hence, the flow response of soils was captured in four separate stages (i.e., h = 90 mm, 120 mm,
160 mm and 280 mm for a 375mm-high cylinder). Figure 2 demonstrates that DEM simulations
can mimic the flow characteristics of materials in the experiments very well. More specifically, at
the initial stage of the tests when the lifting height remains small (h = 90 mm), a solid column of
materials is witnessed in both DEM and experiments without any bending or spreading of mater-
ials yet as the cohesive and frictional forces are sufficient to counteract with the self-weight of the
material. This phenomenon is repeatedly observed in the physical tests by Roessler and Katterfeld
(2019). Then, when the gap is increased further, the column of materials starts to collapse, leading
to the further spreading of materials to form a convex slope as seen in Stage 2, 3 in Figure 2.
Finally, at stage 4 when the cylinder is sufficiently lifted, a quasi-static heap of wet sand materials
is formed physically and numerically. To sum up, the DEM simulations incorporating cohesive
forces were in good agreement with the experimental results. For a further development, the
DEM model can be improved to simulate cracks appearing in the heaps of wet sands owing to
difficulties to maintain a uniform and homogenous distribution of moisture content in the
experiment.

Stage 1: h=90 mm

Stage 2: h=120 mm

Stage 3: h=160 mm Stage 4: h=280 mm

Experimental results

DEM results
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Figure 2. Comparison between DEM models and experimental tests.
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The experimental tests from Roessler and Katterfeld (2019) also found out that the bending of
the column of materials at different phases was reproducible and can be quantified, hence, this
criteria was chosen for a quantitative comparison between DEM and experiments. The bending
of material was characterised by a parameter named the relative pile diameters (d,.;) to compare
between the diameter of the pile d,;, and the diameter of the cylinder (d., i) (i.€., the formula-
tion was given in Doan et al. (2023)). Figure 3 indicates that with a small lifting height h =
80 mm, the pile remains nearly vertical with 2.3 % bending in DEM results and 2.1 % bending in
experiments. However, when the cylinder is lifted further, the slope of materials curves more sig-
nificantly with 25.1 % of convex bending in DEM and 25% in the referenced case. By comparing
the DEM results and experiments both qualitatively and quantitatively, DEM simulations repre-
sented experimental observations very well. More particularly, the DEM results also captured
many important features of the cohesive behaviour of soils; for example, when cohesive forces
were present, the flowability of materials was significantly hindered as compared to the free-
flowing feature of cohesionless materials.

a)

Lifting velocity

= = h=80mm_exp
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h=120mm_exp

= = h=140mm_exp
—— h=80mm_sim
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—— h=120mm_sim
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Lifting height h(mm)

Lifting height h (mm)

Pile diameter dpiie (mm) 25

Relative pile diameter d
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Figure 3. Quantitative comparison of the convex bending between DEM and experimental results from
Roessler and Katterfeld (2019) (modified after (Doan et al., 2023)).

2.3 Numerical calibration and comparison with experimental test for loading condition in
Direct Shear Test (DST)

After the DEM cohesive model was validated against the fundamental angle of repose test, more
efforts are needed to test the capability of the cohesive model under external loading. It is critical
to study the behaviour of a soil under loading conditions such as the shear strength and deform-
ation of soil in several contexts, namely, the soil bearing capacity and settlement characteristics,
the stability of slopes and retaining walls, and soil liquefaction and erosion. This study aims to
investigate the underlying mechanics of the cohesive effects on the shear behaviour of soils via the
use of the proposed DEM cohesive model and standardised Direct Shear Tests (DST).
A validation of the current DEM model is performed by using a series of physical direct shear
test to compare with the equivalent numerical results.

A series of direct shear tests were conducted using DEM simulations to capture the effect of
microscopic cohesion on the shear strength of cohesive materials. The simulations were car-
ried on a realistic grading of geomaterials with a similar particle size distribution as in the
experiment as shown in . The schematic of the direct shear test (DST) is given in Figure 5.

To fill in a numerical shear box as shown in Figure 5, the number of particles was nearly
100,000 particles which by far surpassed the minimum number of 30,000-50,000 particles
required for the friction angle and the dilation angle to be captured well in DEM results (Ni
et al., 2000). In addition, the ratio between the length of the shear box and the maximum par-
ticle size was nearly 50 times, which exceeded the ratio of 10 times empirically defined in
ASTM standards to minimize the boundary effects. Besides particle sizes, other micropara-
meters such as the Young’s Modulus, Poisson’s ratio in DEM simulations were selected based
on previous studies (refers to Table 3).
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For comparison with experimental results, soils in cohesionless and cohesive states were used
to compare with DEM results. For the dry sand without cohesion, the shear strength is primarily
controlled by the sliding and rolling friction between two particles. These particle-level param-
eters are difficult to measure, hence they are often calibrated in numerical procedure. This study
varied sliding and rolling friction to match the experimental results with experimental data. As
shown in Figure 6, both experimental and numerical results exhibit a strain softening behaviour,
where the shear stresses reach a peak value and then gradually decrease. A dimensionless param-
eter called stress ratio is used to normalise the shear stresses with the applied normal stresses.
The maximum stress ratios in DEM simulations for three levels of normal stresses (i.e., 45
kPa, 90 kPa, and 133 kPa) are very close with the experimental values, confirming the
accuracy of the strength parameters predicted in DEM simulations. In addition, compari-
son between dilative behaviour between DEM and experiments indicates a reasonable
agreement confirming the predictability of DEM both in terms of strength and deformation
of the cohesionless soil.
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Figure 4. PSD used in DEM and experiments for the direct shear tests.

Servo-controlled wall to quasi-statically
compress the materials until a desired load is
achieved

Rigid walls, which
are allowed to move
laterally

Figure 5. Direct shear test simulated in DEM.

For the cohesive state of materials, the sandy samples were mixed with a certain
degree of water (i.e., moisture content 10%) to generate weakly cohesive forces arising
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mainly from capillary interactions. Figure 7 demonstrates the stress-strain curves in the
experiments with 10 % water content and DEM model introducing cohesive forces from
CED value (i.e., CED = 4 x 10° J/m®). Results from DEM simulations show a similar
trend as those of the experimental observations. In general, DEM model has successfully
captured the main features of the experimental outcomes, such as the peak strength and
the softening response under various cohesion levels (i.e., cohesionless and weakly cohe-
sive state).

Table 3. DEM input parameters for the direct shear simulations.

Parameters Inputs References
Particle density (kg/m?) 2650 (Nguyen and Indraratna, 2020b)
Poisson’s ratio 0.3
Shear modulus (Pa) 10x107
Restitution coefficient 0.7
Particle-wall friction coefficient 0.1 (Cui and O’Sullivan, 2006)
Timestep (s) 107 10% Rayleigh time step
Gravitational acceleration (m/s?) 9.81
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Figure 6. Comparison between DEM and experiments for the referenced cohesionless material.
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Figure 7. Comparison between the shear behaviours of materials in experiments and DEM under cohe-
sion levels and normal stress of 45 kPa.
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3 RESULTS AND DISCUSSION

After completing the calibration process where the DEM results were reasonably validated
against fundamental experiment tests such as the Angle of Repose (AoR), and the Direct
Shear Test (DST), this section will discuss some of the insights obtained from DEM analysis
to demonstrate the effect of micro-scale cohesion on the macro- and micro-responses of soils.

3.1 The cohesive effect on the macro-response in AoR test

Figure 8 shows a three-dimensional plot indicating an interactive role between micro-scale
friction and cohesion on the angle of repose. It shows that with increasing cohesion levels
(from 0 to 5x10° J/m?), AoR values increase proportionally regardless of the rolling friction
value. More importantly, without the effect of cohesion, the AoR is only able to increase up
to 31°, however, with the presence of CED values, the AoR values can reach a higher value
ranging from 40° to 45°. This finding is supported by experimental observations presented in
(Mason et al., 1999, Mitarai and Nori, 2006) implying that the angle of repose of partially
saturated materials is generally higher than a cohesionless dry system, nonetheless, these stud-
ies did not study how various cohesion levels (i.e., moisture content) affect the forming of this
angle. This study also discovers that the numerical AoR values can increase up to 45°, which
falls within the range of AoR values for cohesive materials (Beakawi Al-Hashemi and Bagha-
bra Al-Amoudi, 2018). The reason for this rising AoR can be linked to the effect of cohesive
forces on the flowing behaviour of soils as with the cohesive presence, the additional tensile
forces prevent the separation between particles and consequently, hinder the flowing capacity
of the materials.

Angle of Repose AoR

Figure 8. The effect of micro-scale cohesive forces (determined from CED values) on AoR value.

Besides AoR values, the overall porosity is a significant consideration to reflect the micro-
structure and the compactness of the pile, which is also dependent of micro-scale parameters
such as inter-particle cohesion and friction. To compute the porosity value, this study devel-
oped a Python program incorporating Monte-Carlo algorithm to approximate the void frac-
tion (i.e., or porosity) within a specific volume of materials. Figure 9 shows the changes of
porosity with cohesion and rolling friction levels as when the cohesive and frictional forces
increase, the porosity increases as well. For instance, with a given value of rolling friction (for
example, 0.1), the porosity value increases from 0.586 to 0.6 when cohesion value CED
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increases from 0 to 5x10° (J/m?). This tendency is due to a fact that when cohesive forces are
present, the micro-structure of materials is seen gradually separated with large voids and
chain-connected connections (Rognon et al., 2007, Xu et al., 2007). The increased porosity
with cohesion content has been observed experimentally by (Gratchev et al., 2006, Goudarzy
et al., 2021), indicating that when cohesive fines are present, the structures become separated
with open micro-fabrics.
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Figure 9. The cohesive effect on the porous structure of the AoR pile.

3.2 Effect of cohesive contact on the micro-mechanical response of AoR via the analysis of
coordination number

The coordination number CN (i.e., refers to the number of neighbours per particle) is deter-
mined with respect to the total number of contacts (n.) and number of particles (n,) as
follows:

2n,
np

CN = )

Figure 10 demonstrates that the coordination number, which is with the spatial arrange-
ment of the particles, was negatively dependent on the values of cohesion and rolling friction
coefficients. In the case of cohesive materials as CN values decrease with increasingly cohesive
particles (i.e., CED increased from 0 to 5 x 10°). The similar tendency is also observed in the
case of cohesionless material (CED = 0), the CN value experiences a reduction from 8 to 7.3
when the particles become more rotationally resistant. When the values of cohesion and roll-
ing friction are both high, the CN value continuously reduces to reach a small value between 6
and 7. This means when cohesive forces or frictional forces dominate, the system becomes less
densified with fewer contacts per particles.

To gain insights into how the cohesive and rolling resistant forces impact the coordination
number, the balance of all external and internal forces acting on particles is analysed. Accord-
ing to Yu et al. (2003), cohesionless granules commonly have an average of six contacts per
particle to counterbalance the gravitational forces. However, when both cohesion and rolling
friction increase, the coupled effect of cohesive and frictional forces is sufficient to resist the
driving force of gravity, allowing stability to be achieved with fewer particle-to-particle con-
tacts, as few as two per particle, as demonstrated by Xu et al. (2007).
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3.3 Particle-scale insights into the movement of individual particles in the AoR test

This study also attempts to track the kinetic energy and the total displacement of particles which
have not been provided in previous studies and explores how cohesive forces affect the materials
at the particle-scale level. Figure 11a compares the kinetic energy between the cohesionless and
cohesive systems and reveals that the with cohesive forces, the KE of the system reaches a smaller
peak. In addition, the cohesionless samples peak and stabilise at an earlier stage than the cohesive
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Figure 10. The cohesive influence on the internal fabric of AoR test.

samples, indicating that more time is required for the cohesion-induced materials to dissipate the
kinetic energy. This is because as the level of cohesion increases, the interparticle forces become
stronger and the particles tend to move together as agglomerates instead of as individual units. As
a result, cohesive particles exhibit a more gradual and less brittle response, with a delay in the initi-
ation and dissipation of kinetic energy compared to non-cohesive particles. This is shown in the
Figure 11a that the non-cohesive materials take about 17s to reach a stable state, while the cohe-
sive materials need more than 19s to stabilise. Moreover, Figure 11b captures the total displace-
ment of particles with and without cohesion in the forming of the angle of repose AoR. The
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Figure 11. Particle-scale analysis in the AoR test in terms of a) kinetic energy KE and b) particle
displacements.
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cohesionless particles (i.e., black solid line) experience a much higher displacement (i.e, around
49 mm) than the displacement that the cohesive materials can make (i.e., 35 m). In addition, simi-
lar with the evolution of kinetic energy, cohesive samples experience a delay in the migration and
stabilisation, compared to the cohesionless samples. Hence, this signifies a less brittle response
when cohesion is included.
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Figure 12. Quantitative relationships between AoR and CN for varying cohesion and rolling friction levels.

3.4 Linkage between macro-parameters and micro-parameters

The current study has revealed that both the angle of repose (AoR) and the micro-scale coordin-
ation number (CN) are directly affected by the particle-scale parameters such as the cohesion and
friction effects. With the data available, this study attempts to propose a linkage between the
macro-parameter AoR and the micro-parameter CN for materials for all cohesion and rolling fric-
tion levels. The correlations between the AoR and CN values are depicted very well by the fitted
regression lines, with an error rate below 5% as shown in Figure 12. Moreover, the proposed equa-
tion demonstrates an inverse relationship between AoR and CN, which means a higher CN leads
to a lower AoR, indicating increased stability of the slopes. In fact, a higher CN implies that the
particles are more densely packed and have more contacts with their neighbours, resulting in
a more stable structure. This stability is then reflected in a lower angle of repose. This explanation
is also applied in the case of increasing cohesive and frictional forces, the system becomes looser (i.
e., smaller CN) and the angle of repose can reach a higher slope without sliding (i.e., higher AoR).

3.5 The cohesive effect on the strength-deformation behaviour in DST shear test

Figure 13 shows the evolution of shear stress as observed in DEM simulations during shear
tests on cohesionless (CED = 0) and cohesive state of soils with varying levels of cohesion.
Compared to the non-cohesive dry sand samples, cohesive effects contribute to an enhanced
shear strength, which becomes more pronounced with increasing cohesion levels. For example,
when the cohesion energy density CED is low (i.e., CED < 5 x 10°), the stress-strain curve in
the simulations experiences a slight upward shift, reflecting the higher peak shear stresses and
residual stresses, which is quite similar with the behaviour of wet samples with 10 % water con-
tent from experiments. However, this shift is minimal as the capillary forces, also known as the
weak apparent cohesion, have a limited effect on soil strength under external loading.

Figure 13 also shows the dilation characteristics influenced by the cohesive effects in soils in the
direct shear test. The results indicate that when cohesive forces increase, the samples displace
more substantially in the vertical direction. The reason for this effect is that the addition of cohe-
sion causes particles to behave as agglomerates or clumps, resulting in a larger dilation angle and
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a higher friction angle. In order words, with the addition of cohesion, agglomerated particles are
mobilised by a larger force and hence, the soil exhibits a greater resistance to shearing.
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Figure 13. The development of shear stress and vertical movement under varying cohesion levels in
DEM a) shear stress versus horizontal displacement at a normal stress 45 kPa, b) vertical displacement
versus horizontal displacement.

4 CURRENT CHALLENGES AND FUTURE STUDIES

Although significant efforts have gone to modelling particle contacts in the past years, yet the
current state of DEM contact models, especially considering cohesive behaviour still remains
considerable challenges that prevent predictions from higher accuracy. Some of them can be
pointed out, thus suggestions for future studies as follows:

1. As the generic formulation of the JKR contact radius is mathematically challenging, the
simplified JKR (SJKR) model takes on a circular form as proposed in Hertzian theory.
More computational efforts are needed to solve the equation of the real contact radius in
cohesive contact model, so that more accurate load-deformation behaviour of various
materials can be simulated.

2. The cohesion forces provided by JKR model will diminish when the normal deformation
o, reaches negative values, therefore, this model is applicable to model the short-range
attraction forces between particles, whereas the separation distance is minimal, rather than
the long-range attraction forces.

3. The current JKR model was developed to extend the Hertz theory to capture the elaso-
cohesive contacts, while solutions for modelling visco-elastic and plastic effects are still
incomplete. As visco- and elasto-plastic behaviours often exhibit in soils, significant efforts
are required to develop more detailed and realistic contact models for DEM simulations.

5 CONCLUSIONS AND PRACTICAL IMPLICATIONS

Advanced numerical DEM studies were conducted to investigate the mechanism and the influ-

ences of micro-scale cohesive contacts on the macro-behaviour of soils. Varying degrees of cohe-

sion between particles were incorporated to study the cohesive behaviour of soils under different
conditions such as the free-flow and shear. Critical findings of this study can be collated as
follows:

1) The cohesive behaviour of soils, despite its significant influence on the stability of soils,
remained considerable ambiguity in terms of its microscale mechanism and effects. The
current extensive investigation using DEM study to examine the cohesive effect of material
found out that when the cohesive effect was ignored, it can lead to the underestimation of
the angle of repose. In fact, the AoR value was reported as a function of the micro-scale
cohesion since the higher the cohesive forces, the higher AoR values.
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2) The results also revealed that increasing cohesion levels led to a higher apparent porosity
regardless of the level of friction. Such a response of increasing porosity can be attributed to
the tendency to form chain-connected structures, as well as large agglomerates among cohesive
particles.

3) The empirical relationships (R? > 0.98) between the macro-scale AoR and micro-scale
coordination number CN were established for the first time considering different levels of
cohesion. The equations demonstrated the inverse relationship between AoR and CN,
meaning that a higher CN signified a smaller AoR value. As when CN increased, the grav-
ity-induced densification process was enhanced significantly and particles were more vul-
nerable to moving, leading to a smaller AoR value.

4) This study also demonstrated that not only the interparticle cohesive effects were dominant
in the free-flowing condition, but also they can significantly alter shear behaviour of soil
under loading. When cohesion was present, the shear strength of the cohesive samples was
significantly higher than that in cohesionless state, and this feature was expected to become
more pronounced with increasing cohesion levels.

5) Moreover, with the presence of cohesive forces, the samples experienced a greater degree of
expansion in the vertical direction (i.e., dilation) than the cohesionless samples. This is because
the addition of interparticle cohesion linked particles into agglomerates through increased par-
ticle connections and bridging, which were mobilised by a larger dilation angle and friction
angle.

6) The practical implication of this study is to promote a better understanding of the micro-
cohesive effect on soil behaviour and to use this understanding in geotechnical designs and
analysis. For instance, the strengthening effect of the interparticle cohesion on the shear
strength of materials can provide significant values to ground improvement in practical
applications if they are appropriately combined with frictional components.
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