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A B S T R A C T

This study explores the time-dependent and micro-to-macro behaviours of cohesive wet granules through
discrete element simulation of a widely employed calibration procedure, i.e., drawdown test. Two distinct
cohesive models, i.e., the Easo Liquid-Bridge (ELB) and simplified JKR (SJKR) are adopted. Their simulation
results are not only validated with past experimental observations, but also compared with each other in multiple
aspects. The results show substantial difference in time-dependent deformation and mass-volume change cor-
relations characterised by the ELB and SJKR models, though they both show good agreement in bulk parameters
with the experiment at final stage of drawdown test. Moreover, this study points out critical deviations in
microscale features such as the contact network and porous structure that determines the macroscale responses
under different concepts of cohesive contact. The results suggest new assessment parameters for modelling
cohesive material and provide a deeper insight into the micro-to-macro understanding.

1. Introduction

Understanding microscopic interactions between constituent

particles of materials such as soil, rock and powder is crucial to explain
their macroscopic behaviour. The interaction between particles is often
described by their frictional and cohesive contacts, with the latter
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arising from molecular attractions between contacting surfaces such as
the van der Waals forces between fine particles, capillary forces in wet
particles, and electrostatic forces [1–4]. While frictional resistance can
be determined based on the shape and surface features of particles [5,6],
it is often more challenging to capture the interparticle cohesive forces
accurately due to their complex nature [7,8]. Cohesive forces can vary
widely, depending on many factors such as the surface roughness,
relative displacement, chemical features, and environmental conditions
[5,7,9]. This is why there are so many theoretical studies to characterize
the behaviour of interparticle cohesion and its influence on the macro-
scale response of materials [10,11]. Of these, the discrete element
method (DEM), which can model the particulate behaviour of materials
in greater detail, has proven to be an effective and reliable approach
[12–14]. However, because the behaviour of interparticle cohesive
contacts is very complex, most DEM studies face considerable limita-
tions in modelling cohesive materials such as the simplified breakage
mechanism of cohesive bonds [15,16], the linearisation of force-
displacement relationship [16,17], the neglected time-dependent
response [18,19], and the narrow range of particle sizes [20,21],
among others. This has posed significant challenges to modelling and
thus the critical demand for a complete and more rigorous model that
will enable DEM simulations to capture the true behaviour of cohesive
materials.

One of the most important steps in DEM simulation is the selection of
model parameters. Fundamental experiments such as rotating drum,
slump, lifting cylinder or funnel, drawdown and direct shear tests are
normally used for calibration [6,19,20,22,23], whereas more complex
experiments such as the dynamic impact and fume tests are used to
simulate the flow behaviour of cohesive materials [7,14,24]. Despite
this diversity in experimental approaches, previous studies often focused
on a single aspect of calibration tests [18,20,22], leading to incomplete
or biased considerations of material responses. For example, using the
angle of repose (AoR) as a single macro-parameter to calibrate a DEM
model does not always reflect the intrinsic mechanism of cohesive
contact very well. The curve fitting between experimental and numeri-
cal data is manipulated through a tuning process of multiple parameters.
By assessing different calibration tests, Roessler et al. [20] showed that
calibrating the DEM parameters based solely on single-parameter test
results is generally not feasible.

Of various calibration tests, the drawdown (DD) test, where multiple
parameters can be used for calibration has become a reliable and
effective selection. It is noteworthy that the term “drawdown” (or draw-
down in some studies) implies a reduction (loss) process that has been
used widely in different fields such as pressure and water drawdown
tests in hydrology. In granular research, DD test often refers to a process
that granular material flows out from the upper to lower boxes, thus the
loss of mass in the upper region. The DD test simultaneously offers 4
different criteria within a single test, i.e., the angle of repose (AoR)
observed in the lower box, the shear angle (SA) measured in the upper
box, the flow time, and the mass loss. Although these 4 parameters can
be used to represent different aspects of DD test outcomes, concurrent
changes in the volume and mass of material during particle flow are not
quantitatively incorporated into these 4 parameters, so the characteri-
sation of this test is incomplete. In fact, these parameters are only
determined at the end of the test (final stage), so their time-dependent
behaviour is often not attended properly. Moreover, despite the abun-
dance of research on DD tests [14,18–20,25], there remain considerable
gaps in understanding the underlying mechanisms and microscale evo-
lution that govern the test outcomes. In fact, previous studies [14,18]
mainly focused on external manifestations such as the AoR and the shear
angle, while neglecting the transformation of those internal structures
and contact features which actually drive the external responses.
Furthermore, the linkage between micro-parameters (e.g., the inter-
particle forces and contact developments) and macro-features (e.g.,
the shear angle and AoR) was not addressed in previous DD test
modelling [14,18,20]. This makes the practical implications of inter-

particle cohesion very limited.
There are different cohesive contact models that have been used to

simulate wet granules in previous studies [14,19]. However, the ques-
tion of which model can accurately describe the nature of cohesive
contacts has not been clarified. For instance, the Johnson Kendall-
Roberts (JKR) model and its simplified version (SJKR) have become
one of the most popular choices for simulating wet granular materials.
Many previous applications [19,25,26] often varied the model param-
eters to achieve the best outcomes, but they relied heavily on macro-
scale observations (bulk assessment) rather than a thorough micro-to-
macro approach. A good agreement of geometric features such as the
slope angle does not always mean a reasonable prediction of the porous
characteristics of the material. This is because the JKR model was
originally developed for soft particles with deformable contact where
particle attraction is mainly driven by electrostatic forces. Its relevance
to model wet materials hence requires an urgent reassessment.

In view of the above, this current study aims to improve DEM
simulation of DD test by developing a thorough assessment on the time-
dependent and micro-to-macro behaviour of cohesive materials. The
discrete element method (DEM) is employed as the fundamental plat-
form, while the Easo Liquid Bridge (ELB) model is used to simulate wet
granular material in tandemwith the SJKRmodel. The numerical results
are validated with experimental data from past studies, meanwhile
extensive numerical investigations are carried out to explore and eval-
uate multiple aspects of the 2 models. This study proposes new param-
eters incorporating time-dependent deformation (i.e., the deformation
index DI) and correlation between the volumetric and mass variations of
material during simulation of DD test. Besides macroscale aspect, a
microscale analysis reveals that different modelling concepts of inter-
particle cohesion can lead to notable variations in the particulate contact
network and the corresponding porous structure. This study also reveals
novel findings on the intrinsic relationships between the micro- and
macro-quantities of wet materials, and provide valuable implications to
the modelling of cohesive granules in DEM.

2. Theoretical background

2.1. DEM and Hertz contact model

This current study utilizes the discrete element method (DEM) which
is based on the fundamental theories of Newton’s Laws incorporated in
LIGGGHTS [27]; while these theories and governing equations are not
reiterated in this paper, they can be found in previous studies [8,28,29].
When non-cohesive granular materials are considered in DEM, the
Hertz-Mindlin (Hertz) contact model is normally preferred [20,30,31]
because it depicts a non-linear relationship between the contact force (i.
e., the normal force Fijn,H and the shear force F

ij
s,H) and the overlap (i.e.,

normal overlap δn and the shear overlap δs) between two particles where
the normal and shear (tangential) contact stiffnesses knand ks are
described in Eq. (1) and (2), respectively. It is noteworthy that the
original Hertz model does not consider cohesion and friction of contact
between particles, meanwhile other contact components such as the
tangential (sliding) friction (i.e., Coulomb friction limit, μFijn,H described
in Eq.(2)) and damping effects (i.e., the damping in normal direction Fdn
and shear direction Fds shown in Eq.(3) and (4)) are computed inde-
pendently in DEM [32,33]. The total contact force can then be obtained
by combining all different components that are considered in a DEM
simulation. To distinguish the contact force by Hertz from other factors,
the subscript H is used, i.e.,

Fijn,H =

(
4
3
E*

̅̅̅̅̅̅̅̅̅̅
R*δn

√
)

δn = knδn (1)

Fijs,H =
(
8G*

̅̅̅̅̅̅̅̅̅̅
R*δn

√ )
δs = ksδs ≤ μFijn,H (2)
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Fdn = − 2βn

̅̅̅̅̅̅̅̅̅̅̅̅̅

m*3
2
kn

√

δ̇n (3)

Fds = − 2βsδ̇s (4)

where m*, E*, G*, and R*are the effective mass, Young’s modulus, shear
modulus, and the effective radius of two spherical particles, as deter-
mined from the Young’s modulus (E1, E2), Poisson ratios (υ1, ν2), and
radius (R1, R2) of two contact particles; meanwhile δn and δs are the
normal and shear (tangential) overlap between particles, respectively; μ
is the friction coefficient; βn and βs are the normal and shear critical
damping ratio, δ̇n and δ̇s are the relative normal and shear translational
velocity.

2.2. JKR and its simplified model

In order to consider the influence of cohesion on contact behaviour,
Johnson et al. [11] included the tensile force components induced by
cohesion into the Hertz contact theory (compression force), this resulted
in the so-called Johnson-Kendell-Roberts (JKR) model. This model ac-
counts for the collective action of all the cohesive forces (i.e., the van der
Waals, electrostatic, and capillary forces) by the notion of attractive
surface energy. The JKR model has been used extensively across
different disciplines to model various materials such as fines, wet course
particles and soft cohesive particles [34,35]. The relationship in the JKR
model between the normal contact forces Fijn,J and the enlarged contact
radius a depends on the attractive surface energies of contact γ*, which is
governed by Eq. (5) and (6) [11].

Fn,J =
4E*a3

3R*
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
8πγ*E*a3

√
(5)

δn =
a2

R*
−

(
2πγ*a
E*

)1/2

(6)

where γ*is the attractive surface energy of contact between particles i
and j. Note here that unlike Hertz theory, the normal overlap δn is a
function of the contact radius a and the surface energy term γ*.

In DEM, a close-form solution for the full JKR model is almost
impossible to compute due to the 4th order quadratic equation of the
contact feature described in Eq. (6), thus numerical procedures such as
Parteli et al. [34] have been used. Since existing numerical solutions for
Eq. (6) usually require many parameters, and thus a low efficiency of
computation, several simplifications in determining the contact radius
and cohesive force components have been applied. This can be seen
through the simplified JKR models (SJKR) where the contact force
incorporating attraction between two particles is governed by Eq. (7) as
follows.

Fijn,S =
(
4
3
E*

̅̅̅̅̅̅̅̅̅̅
R*δn

√
)

δn − A×CED = knδn − A×CED (7)

In this method the SJKR model assumes that the contact radius is
calculated directly from the effective radius and the normal overlap of
two contact particles (i.e., a =

̅̅̅̅̅̅̅̅̅̅
R*δn

√
). Furthermore, this model has

introduced a new cohesion term called the cohesive energy density
(CED) (J/m3), it is defined as the volumetric energy required to detach a
particle from its contacting neighbour [36]; the cohesive force is thus a
product of CED (J/m3) and the contact area A (i.e., A = πa2). This also
means that the CED term yielded from this simplification process has in
fact deviated significantly from the nature of cohesive energy in the
original JKR model. Despite this complexity, SJKR has been widely used
in various contexts such as wet sands, mining particles and powders
[8,14,19]. It is thus addressed in our study.

2.3. Liquid-bridge model

The capillary and viscous forces generated by pore fluid (e.g., pore
water in soil) make cohesive bonds between particles; this phenomenon
can be captured via the so-called liquid-bridge theories [10,37–39]. In
particular, the attractive force induced by the liquid surface film on
particles is added to Hertz contact theory Eq. (8) to form a liquid-bridge
model which includes the rupture distance (Drupture) and force (FL) (i.e.,
capillary force and viscous force). The rupture distance depends on the
surface liquid bridge volume (VLB) which occurs upon contact and is
represented by Eq. (9). For the current DEM simulations, the calculation
of capillary force, i.e., Eq. (10) proposed by Easo et al. [40] and referred
to as the Easo liquid-bridge (ELB) model, was adopted. This model le-
verages various previous liquid bridge models [2,38,41], where the
rupture force reaches its peak at zero normal overlap (δn).

Fijn,E =
(
4
3
E*

̅̅̅̅̅̅̅̅̅̅
R*δn

√
)

δn − FL = knδn − FL (8)

Drupture = (1+0.5θ)V1/3
LB (9)

where θ is the average contact angle between two particles i, j and liquid:
θ = 0.5(θi + θj)

FL = πST
̅̅̅̅̅̅̅̅̅̅̅
R1R2

√
[

C+ exp
(

A
D
R2

+B
)]

(10)

where ST is the liquid surface tension and D denotes the distance be-
tween the surfaces of two particles. The factors A, B and C are deter-
mined from the surface liquid bridge volume (VLB), the average particle-
liquid contact angle of two particles (θ), and the radius of the bigger
particle (i.e., R2) according to Eq. (11)–(13). These factors can be
determined from experimental processes, for example, previous studies
[2,38,42] have shown that the contact angle has a trivial impact on the
profile of wet material and its reasonable values from experimental
observation are between 300 and 500. The precise calculation of the VLB
from a capillary grain-pair experiment can be found in previous studies
[2,10].

A = − 1.1
(
VLB

R32

)− 0.53

(11)

B =

(

− 0.148ln
(
VLB

R32

)

− 0.96
)

θ2 − 0.0082ln
(
VLB

R32

)

+0.48 (12)

C = 0.0018ln
(
VLB

R32

)

+ 0.078 (13)

2.4. Conceptual differences between SJKR and ELB

Fig. 1 demonstrates different stages of contact between two particles
according to the ELB and SJKR models. When two particles penetrate
each other, the overlap and contact radius (a) are formed. With the SJKR
model, the contact force, including tangential and normal components,
are only derived from the internal contact area so when the overlap is
equal to zero the contact force vanishes, and a rupture of contact occurs
(see Fig. 1a). On the other hand, the ELB model considers the influence
of liquid on the contact behaviour so when the two particles begin to
separate from each other (i.e., δn = 0, a = 0), the contact (attractive)
force remains and is equal to the tensile force of the liquid bridge. The
attractive force becomes zero when the liquid bridge breaks (Fig. 1b). It
is noteworthy that when the overlap is positive, the normal and
tangential forces interact each other through the normal overlap δn as
the mutual governing factor (see Eq.(1) to (4)). However, when the
overlap becomes negative, only the attractive (normal) force is
considered.

Fig. 2 depicts the pathway (relationship between the interactive
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force and relative displacement) of contact formation and rupture be-
tween two particles. The Hertz and SJKR models have similar pathways
(Fig. 2a), where the contact force is only generated and develops when
two particles begin to touch (i.e., Point A) and penetrate each other.
Unlike the Hertz model, the introduction of cohesion in SJKR reduces
the compressive part of the total contact force, given the same degree of
overlap between particles. The tensile force (negative contact force)
exists predominantly at early stage of the contact (small δn) before
changing to the fully compressive stage when δn increases. For the ELB
model, a new contact is only formed when two particles meet each other
at Point A1 (see Fig. 2b), which immediately produces the attractive
force Fmax at Point A2. In the path A2-B two particles penetrate each
other, whereas they separate from each other in path A2-D1-D2. It is
noteworthy that contact still exists at Point A2, it only breaks at the
rupture distance (Point D1 to D2).

The above differences in mechanism between the ELB and SJKR
models indicate that the ELB would become more relevant to simulate
wet materials such as sands and mining granules. The cohesion induced
by capillary and liquid tension between particles is represented through
the development and breakage of liquid bridge, as depicted in Fig. 1,
Fig. 2 and Eq. (8) to Eq. (13) above. On the other hand, the SJKR, despite

simplicity, can be used as a general form combining different types of
attractive forces such as the Van der Waals, electrostatic and liquid
tension, which is why it has been used widely in various contexts such as
wet sand [19,23,43], iron ore fines [14], bauxite particles [18], biomass
powder [44], and so on.

2.5. Rolling friction

This current study considered the influence of particle shape on
rolling behaviour through the rolling resistance. Iwashita and Oda [45]
suggested that the maximum rolling resistance torque (Mmax

r ) can be
computed with respect to the rolling friction coefficient (μr), while Ai
et al. [46] used the elastic-plastic spring-dashpot (EPSD2) to simulate
rolling resistance between two particles. This model introduces an extra
torque that counteracts the rotational motion of the particles at their
contact points, as described by Eq. (14). The EPSD2 model can be
modified to accommodate a higher value of rolling stiffness that can
overcome the oscillatory behaviour and eliminate the need for consid-
ering rolling damping [6].

Mr = − krΔθr,Mr ≤ Mmax
r = μrR*Fijn (14)

Fig. 1. Development of contact between two particles described by (a) the SJKR model and (b) the ELB model.

Fig. 2. Development of contact force with relative displacement between two particles in contact: (a) the non-cohesive Hertz and cohesive SJKR models, and (b) the
cohesive ELB model.
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where Mr and kr = ktR*2 are the resistive torque and rolling stiffness,
respectively; Δθr denotes the increment of relative rotation between two
particles, and μr represents the friction coefficient of rolling resistance.

3. Drawdown test and DEM simulation

Of the different calibration tests, the drawdown (DD) test is the
preferred option because it can provide multiple aspects for determining
the DEM modelling parameters; it was therefore selected for assessing
the performance of the cohesive SJKR and ELB models in this study. The
experimental setup for this test can be referred to previous studies
[20,25]. Fig. 3 shows the key dimensions and parameters of a typical DD
test apparatus. Basically, there is an upper and lower box that is con-
nected via an opening whose size can be altered to achieve reasonable
outcomes (Fig. 3a). First, the test material is placed inside the upper box
and then the discharge gate is quickly opened to allow the fill material to
flow into the lower box. The lower box contains the discharge material
which forms a pile with a slope angle φr, i.e., the angle of repose (AoR).
Meanwhile, the remaining material in the upper box creates two other
slopes which represent the shear angle (SA), i.e., the continuous and
dotted lines for cohesive and non-cohesive materials, respectively as
shown in Fig. 3b. This test also determines the loss of mass by weighing
the upper box and flow times of discharged material. In short, this test
will enable 4 independent parameters to be obtained, i.e., (i) the angle of
repose of the material in the lower box, (ii) the shear angle of remaining
material in the upper box, (iii) the mass loss of material in the upper box,
and (iv) the flow time of discharged material.

In this current study, the DD test conducted by Grima [18] was used
to develop and validate the DEM models. In this experiment, the upper
box was evenly filled with particles of wet bauxite with a 16 % moisture

content. The particle size of the tested materials ranges from 4.0 mm to
9.0 mm. During and after the test, a camera was used to record any
changes in shape and flow time; this resulted in the cumulative mass and
angle of response in the lower box and the shear angle in the upper box
estimated via image processing. The experimental results are summa-
rized and compared with the DEM results in the next section.

In DEM simulation, the computational cost can be highly excessive,
especially when the number of particles required to replicate a full-scale
experiment was very large and the total number of test cases could
exceed 66 as experienced in the current study. Therefore, the technique
of up scaling those particles that would not significantly affect the model
outcomes was used in order to reduce the computational cost [47,48].
This technique enabled the number of particles needed to fill the
required volume in the upper box to decrease to 27,000 by scaling 1.5
times particle size, which significantly enhanced computational effi-
ciency. This system included 2 boxes and an opening (see Fig. 3). The
depth of upper box and lower box were 100 mm and 180 mm, respec-
tively. Particles were then generated in the upper box but without
compaction with height of 250 mm, thus mimicking real state of the
material used in the experiment by Grima [18]. The opening was then
activated to allow particles to travel from the upper box to the lower
box. Since the particles dropped under the effect of gravity, they lost
their boundary confinement and particle contacts as they moved out of
the upper box. The DEM simulation was only completed when the ki-
netic energy of the entire system became stable at a minimal value.

Determining initial input parameters such as the friction coefficients
for DEM simulations is usually a controversial and demanding process.
This is why many studies adopt values directly from relevant literature
[13,30], while others implement extensive calibration processes
[14,19,20], depending on the research objectives. In this current

Fig. 3. Schematic of drawdown test apparatus: (a) the initial stage and (b) the final stage.
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analysis, the sliding friction coefficient often varies in a narrow range
and has less impact on the particle falling behaviour of granular mate-
rials remained unchanged at 0.5 for interparticle contacts and 0.35 for
particle-wall contacts, with reference to previous findings [13,20]. In
the meantime, the cohesion and rolling friction coefficients were varied
to obtain the best prediction outcomes with respect to the experimental
results. Specifically, the rolling friction coefficient was varied from 0.1
to 0.3, which is the common range for granular particles identified in
literature [12,18,30,36,49].

On the other hand, the value of Cohesion Energy Density (CED) can
change significantly depending on the type of materials. Grima [18]
suggested CED= 35× 105 (J/m3) for highly cohesive materials (i.e., wet
washed coal), while others used CED in the range 6.5 × 105 - 7.5 × 105

(J/m3) for sand with 10 %moisture content [19]. Based on experimental
measurements and theoretical consideration, Carr et al. [14] proposed a
range of CED for iron ore from 4 × 105 to 15 × 105 (J/m3). Given this
wide range of CED, this current study used a CED from 0 to 20 × 105 (J/
m3) with the value increment of 5 × 105 (J/m3). For the liquid bridge
model ELB, the surface tension (ST) (N/m) can also change extensively
depending on the type of material, the liquid content, and the properties.
Carr et al. [14] used an ST value from 1 to 3.5 (N/m) for iron ore fines
with 18.5 % moisture content in the shear box and dynamic cohesion
impact tests. The range of ST values in this current study are from 0 to 2
(N/m) with an increment of 0.3–0.5 (N/m). These DEM input parame-
ters are summarized in Table 1.

4. DEM results and validation with experimental observation:
conventional approach

A series of DEM models with the variation of cohesive coefficients (i.
e., the CED for SJKR and ST for ELB) were carried out, and the model
outcomes were compared with the experimental data to select the best
sets of input parameters. Fig. 4 shows the key outcomes, i.e., the AoR
and SA obtained from DEM simulations, while Fig. 5 shows the major
stages of DD tests in the experiment and numerical modelling. For the
SJKR model, rising cohesion and rolling resistance makes the AoR and
SA increase constantly; in contrast for the ELB model, the SA increases
continuously, whereas the AoR rises in the initial period and then de-
creases to a stable level. When the surface tension was very high at 2.0
N/m, an arch formed at the opening because the very high attractive
forces between particles t prevented them from falling under gravity.
With the SJKRmodel, when the CED reached a very large degree such as
20× 105 J/m3, the particle system became unstable due to the very high
and unrealistic attraction between particles; they were therefore not
considered in this study.

By comparing geometric features such as the AoR, SA, and flow rate

(Fig. 5) between the numerical and experimental results, the best sets of
model parameters were determined to be CED =18× 105 J/m3, μr = 0.2
and ST = 1.8 N/m, and μr = 0.2 for the SJKR and ELB, respectively.
Figure Fig. 5 shows the best results recorded over time from the DEM
simulation compared to the experimental data. These results indicate
that the mass loss and consequent formation of a shear angle in the
upper box match the experimental outcomes quite well. The three key
distinct stages at 0.2 s, 0.6 s, and 1.2 s were identified based on exper-
imental observation and then used to assess the numerical performance.

(i) First Stage (0.2 s): particles began to discharge from the upper box
and the top surface of the bulk material became slightly deformed
at the centre. Both the SJKR and ELB models did not capture this
phenomenon very well as there are clear differences in the sur-
face displacement between the simulated and experimental
results.

(ii) Second Stage (0.6 s): the loss of particles at the upper box became
significant and formed clear slopes on both sides of the box. The
ELB model captured this stage perfectly, whereas the SJKR
induced a lower amount of particle loss.

(iii) Final (stable) Stage (1.2 s): all particles reached a stable state
without any movement. The above results verified that the ELB
model could produce much better outcomes. The shape of the
material and the time to reach stable stage predicted by ELB
model matched the experimental data very well. At the same
time, however, the particles produced by the SJKR model were

Table 1
Input parameters in DEM simulation.

Parameters Values References

Particle density (kg/m3) 2750 Grami [18]
Poisson’s ratio 0.3 ​
Young modulus (Pa) 3 × 108 ​
Restitution coefficient 0.2 Behjani et al. [50]
Sliding friction coefficient for
particle–particle/wall-particle
contacts

0.5/0.35 Nguyen and Indraratna [13]

Rolling friction coefficient (μr) 0.1–0.3
Δ = 0.1

Grami [18]; Derakhshani
et al. [12]; Phan et al. [30]

Timestep (s) 10− 5 10 % Rayleigh time step
Cohesion Energy Density (CED) (J/
m3)

0:20 × 105

(Δ = 3–5 ×

105)

Grima [18]; Ajmal et al. [19]

Surface Tension (ST) (N/m) 0:2
(Δ =

0.3–0.5)

Carr et al. [14]

Note: Δ is the value increment.

Fig. 4. The AoR and SA results from DEM with varying cohesion and rolling
friction coefficients: (a) SJKR model and (b) ELB model.
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still active and only became stable after 1.7 s, which was much
longer than the experiment. While previous studies
[14,19,20,25] demonstrated that SJKR could reproduce the final
shape of wet material in the DD test, no study considered the
variations in time that needed to fully discharge and stabilise the
particles.

A detailed comparison for 4 key test criteria, i.e., the AoR, SA, flow
time, and mass between the experiment and numerical models is given
in Table 2. It shows that the ELBmodel outperformed in predicting shear
angle with only a 1.5 % difference between the experimental data,
whereas the SJKR model resulted in 12.1 % difference. The ELB model
also predicted the flow time and mass loss with only 8.3 % and 5.3 %
deviations from the experimental records. These figures were much
smaller than those obtained from the SJKR model. The error of AoR
prediction by the ELB model was 13.2 %, which was the only aspect that
came behind the SJKR model. Overall, the average deviation between
the experiment and the ELB prediction was 7 %, which was much lower
than that (19.9 %) induced by the SJKR, thereby attesting to the
outstanding performance of ELB compared to its counterpart. Despite
the large values, these 4 parameters do not reflect the time-dependent
variation in the shape of the material, especially in the upper box. For

example, Fig. 5 shows that the change of shape in the experiment did not
match the model results very well during the 1st Stage but it improved
substantially in the 2nd Stage. This means that a more comprehensive
criterion that can represent the model performance over time and at
different stages is crucial for evaluating the quality of the DD test and the
overall DEM calibration.

5. Mass loss and new quantitative parameters to assess the
drawdown test

5.1. New index to assess deformation characteristics of cohesive material
in drawdown test

Previous sections proved that using conventional criteria such as the
mass loss, AoR, SA and flow time to assess the performance of cohesive
models in DD test is not always sufficient and reliable, because they do
not include the influence of cohesion on the time-dependent response of
the material. In this section a new assessment parameter called the
Deformation Index (DI) is proposed to overcome this shortcoming. The
DI is defined as the ratio between the vertical displacement of the ma-
terial surface (HL) and the initial height (H0) of the fill material in the
upper box. Fig. 6 shows how this index can be calculated and used to
represent the material response with time. Furthermore, the influence of
inter-particle cohesion can be reflected through the development of HL,
i.e., when particles become sticky with cohesive bonds their resistance
to deformation induced by gravitational effect becomes larger.

Different types of cohesion such as different magnitudes and rupture
conditions of the attractive force will directly affect the displacement HL
and the number of particles being discharged through the opening (the
highlighted region in Fig. 6a). Fig. 6b shows how the DI varies signifi-
cantly over cohesionless Hertz and cohesive SJKR and ELB models,
depending on cohesive features and cohesive models. Note here that the
best sets of parameters are used in this comparison. When particles are
cohesionless (green curve), displacement develops immediately and
reaches its maximum values (DI = 1). When the DI reaches its maximum
value, displacement is equal to the initial height of the fill and a stable
stage with slopes at two sides of the box is achieved. On the other hand,
both cohesive models exhibited considerable delay (after 0.2–0.36 s) in
rising displacement because the additional interparticle cohesion has
retained a lot of particles and prevented them from migrating, thus
preserving the original geometry of the system. Significant deformation
only occurs when the equilibrium between forces of retention and
gravity are broken and there is a subsequent fast growth of settlement. In
fact, despite starting later, the DI by the ELB model developed faster
(larger gradient) and reached its maximum level at the same time as the
cohesionless model. The SJKR has a much larger delay time, and
therefore, it reached the stable stage much later due to the larger
interparticle attraction; this will be described later in this paper. Overall,
these characteristics of DI are reasonable for experimental observations
and can therefore be used to distinguish the behaviour of different
cohesive contacts.

One interesting point is that although the ELB and SJKR resulted in
different delay periods before triggering particle collapse, i.e., 0.2 and
0.36 s, their total duration from the beginning to the end of the dis-
charging process was almost the same. Specifically, the ELB took 0.2 s to
reach the stable stage, whereas this time was 0.24 s for the SJKR.
Furthermore, Fig. 6c shows how the fill changed its shape with and
without cohesion according to different stages. The cohesionless mate-
rial has a symmetrical funnel shape with relatively flat slopes at both
sides, whereas the cohesive materials have an irregular funnel shape
with highly curved slopes at the first and second stages. In the final
stage, the cohesive materials form trapezoid shaped slopes, not the
convex slopes seen in the non-cohesive case. These contrasting responses
between cohesive and non-cohesive materials due to the formation of
particle clumps induced by inter-particle attraction will be explained in
later sections. These numerical observations indicate that despite having

Fig. 5. Observation of experiment and DEM simulations at the best predictions:
ST = 1.8 N/m for ELB model, and CED = 18 × 105 J/m3 for SJKR model).

Table 2
Comparison between the experimental and DEM modelling results.

Parameters Experiment DEM
Simulation

Deviation

ELB SJKR ELB SJKR

Shear angle SA (deg) 66 67 58 +1.5 % − 12.1 %
Angle of repose AoR (deg) 38 33 40 − 13.2 % − 5.3 %
Flow time (s) 1.2 1.1 1.7 − 8.3 % +41.2 %
Mass loss (%) 41.2 46.5 62.3 +5.3 % +21.2 %
Average 7.0 % 19.9 %
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the same DI value, the shape of the slopes (and thus the volumetric loss)
and the mass loss of particles discharging from the upper box (high-
lighted region in Fig. 6a) can be very different. Furthermore, the pro-
posed DI is only valuable when HL < H0 mainly within the first and

second stages of DD test, while the response of material in later stage is
not included. In this respect, the use of DI with other parameters such as
the correlations between mass and volumetric losses to fully capture the
influence of cohesion is necessary.

Fig. 6. Deformation behaviour of non-cohesive and cohesive materials in the DD test: (a) definition of deformation index DI, (b) variation of DI with time and (c) the
formation of slopes in 3 different models in comparison with experimental observation.

Fig. 7. Volumetric and mass losses recorded in (a) real time, and (b) normalized time.
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5.2. Correlations between mass and volumetric losses of material in
drawdown test

It is noteworthy that unlike cohesionless particles, cohesive particles
can flow out of the upper box (i.e., the mass loss is the ratio of the total
weight of particles that fell out of the upper box and the total weight of
particles at the initial stage) at a certain degree without it having a
significant impact on the shape (i.e., volumetric loss is ratio of the vol-
ume induced by the settlement of the upper material and total initial
volume) of the fill (see Fig. 6a). This results in a deviation between the
mass and volumetric losses of the material. For example, Fig. 7 shows
that non-cohesive material has the largest mass and volumetric losses
(up to 75 %) at the end of the test with their development curves that are
almost identical in this case. In contrast, both cohesive cases resulted in
much lower losses (i.e., 60 % and 43 % for SJKR and ELB, respectively)
at the final stage and their volumetric and mass losses apparently
deviated from each other. This indicates the key role of inter-particle
cohesion in the response of mass and volumetric losses and why these
variables need to be analysed over time in order to assess the perfor-
mance of these models.

Fig. 8 shows the difference in the percentage loss of volume and mass
over time as captured by different models. The data plots indicate that
the largest deviation occurs in 0.42 s in all models. With the non-
cohesive material, the maximum deviation was only 7.5 % whereas
the percentages for the ELB and SJKR models are 13 % and 24 %,
respectively. Notably, the SJKR model resulted in the highest peak
which was in fact double that of the ELB outcome. This means that at a
given time the number of particles retained by cohesion in the SJKR
model is always higher than in the ELB model, and the higher the de-
viation the greater the ability to preserve the initial structure of parti-
cles. More importantly, the ELB model did not induce a specific peak, it
maintained the largest value from 0.2 to 0.6 s (i.e., forming a plateau at
14 % loss). This indicates a more uniform flow of particles and a cor-
responding change in the volume of fill by the ELB model.

Comparing the proposed deformation index DI (Fig. 6) and the losses
in mass and volume (Fig. 7 and Fig. 8), while the DI reaches its
maximum value of 1 after around 0.6 s and remains constant until the
end of the test, the mass and volumetric losses continue to increase until
the final stage (1.8 s). Therefore, the correlation between DI and the
mass and volumetric losses can be divided into 2 different stages.
Initially, when the DI is actively increasing from 0 to 1 (0–0.6 s), during
which the DI and the mass and volumetric losses linearly increase.
However, in the second stage (> 0.6 s) where the DI becomes constant at
1 (HL = Ho), there is no specific correlation between these parameters.
This means that the proposed DI is valuable during initial stage where

particles are highly dynamic under drawdown process that the mass and
volumetric losses cannot present accurately the deformation of material.
In contrast, the mass and volumetric losses are mainly referred in later
stage.

Fig. 9 shows variation in the bulk density of material in the upper box
over time. The bulk density (i.e., ratio between mass and bulk volume of
material) represents how much the fill volume changes per unit loss of
mass. In this analysis, the bulk density was estimated by measuring the
mass and volume of material remaining in the upper box in DEM
simulation over time. The results show that this bulk density immedi-
ately dropped significantly across different cases. For the cohesionless
case, the density decreased from approximately 1450 to around 1200
kg/m3 after 0.6 s before sharply rising back, which means that after 0.6 s
the mass loss balances the volumetric loss. Unlike cohesionless material,
this ratio did not increase immediately after reaching the bottom, it in
fact fluctuated for a while before gradually rising back to the original
level for both ELB and SJKR models. This result indicates that cohesion
has prolonged the duration that particles can be retained in the upper
region before beginning to collapse under the loss of particles at the
opening. Interestingly, the density by the ELB took only 1.15 s to get
back to the initial value, whereas it took 1.75 s for SJKR model. More
importantly, the density by the SJKR dropped substantially to only
around 1050 kg/m3, but this change was much smaller in the ELB case
(1240 kg/m3). This means that the material modelled by SJKR retained
its volume much more compared to that by the ELB, given the same
amount of mass loss in the upper box. This is consistent with earlier
observations (e.g., Fig. 6). Despite variation in magnitude, the results
presented over normalized time (Fig. 9b) show almost identical patterns
between the two cohesive models, thus indicating a consistent influence
of inter-particle cohesion on the deformation behaviour of the fill.

6. Microscale evolution of the drawdown test while considering
the effect of cohesion

6.1. Contact behaviour and the formation of shear angle in the upper box

How the attractive force develops and breaks with the relative
displacement between particles can significantly affect the total and
average contact numbers in the system and in individual regions. The
average contact number (nca) per particle was computed to assess the
response of material during a DD test at particle scale. Fig. 10 shows how
the nca changed in the entire system over time, as captured by different
models. It shows there are three different stages in the evolution of the
contact number during a DD test. In the first stage, the nca decreased
with time in each case because the particles began to move out of the

Fig. 8. Difference in the mass and volumetric losses of the upper fill in (a) real time, and (b) normalized time.
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upper box, thus lowering the number of dropped contacts. In the second
stage, the nca rose back after reaching its lowest level at around 0.3–0.4
s. During this stage the particles in the lower box accumulated to a
significant level that was enough to compensate for the loss of particle
contact in the upper box, thus the total nca increases. In the final stage,
the nca becomes stable mostly after 1.5 s. Fig. 10 also indicates the
different and varying magnitudes of nca depending on the cohesion co-
efficients and cohesive models. Generally, with an increasing cohesive
force the fluctuation amplitude of the nca decreased considerably. For
instance, the nca amplitude changed within the range of 1.9–4.1 for

cohesionless, but it decreased to between 2.5 and 3.3 when CED = 10 ×

105 J/m3; furthermore, it narrowed to 2.7–3.2 when the CED increased
to 18 × 105 J/m3. In the ELB case the nca ranged from 3.4 to 4.1 at the
highest surface tension of ST = 1.8 N/m.

The above results also show large differences in the number of
contacts between non-cohesive and cohesive materials, especially dur-
ing the 1st and 2nd stages. For example, in the entire system (Fig. 10a)
and the upper box (Fig. 10b), the nca of cohesionless particles dropped
sharply and reached the bottom first whereas in cohesive cases the nca
gradually decreased and developed later. Fig. 10a shows that the nca of

Fig. 9. Changes in the bulk density of material in the upper box with time: (a) real time, and (b) normalized time.

Fig. 10. The average contact number with time for (a) the entire system by all models during 2 s, (c) the upper box, and (d) the lower box.
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non-cohesive particles decreased quickly to 1.9 at approximately 0.3 s,
but the nca of cohesive materials decreased to around 2.5 for the SJKR
model and 3.4 for the ELB model. For highly cohesive materials such as
ST = 1.8 N/m and CED = 18 × 105 J/m3 it took about 0.5 s for the nca to
reach the lowest magnitude. This was understandable because the
cohesive particles remained their contact bonds in the form of large
clumps while falling out the upper box (see Fig. 11b) and that prevented
the nca from decreasing. On the other hand, particles without cohesion
(Fig. 11a) tended to become looser with minimal contact when falling,
and thus the smallest nca was at the 1st stage.

The opposite behaviour of non-cohesive and cohesive particles can
also be seen in the lower box (Fig. 10). While the nca of non-cohesive
particles was very small (almost zero) during the initial stage (i.e.,
0.15 s), it developed rapidly and reached its peak (2.5–3) during this
time. The reason for this can be attributed to the falling particles which
tend to spread out widely (minimal contact with each other) after hitting
the lower box, but nevertheless, they still continue together as large
clusters under inter-particle cohesion to form a larger nca at the early
stage. It is also interesting to see that for cohesive materials the nca
fluctuated after reaching the bottom, for example, at 0.2 s, the value of
nca decreased and then recovered (Fig. 10). This phenomenon occurred
because when clumps of particles fell and hit the lower box they broke
into smaller clumps, resulting in a certain decrease in the number of
contacts. The nca recovered when the accumulated clumps of particles
became larger as new contacts formed. Compared to the SJKR, the ELB
resulted in larger nca in both the upper and lower boxes; the reason for
this phenomenon will be discussed in later sections.

Similar to the contact number, the contact force was also assessed to
enhance our understanding of the DD test at particle scale. Fig. 12
summarizes the average contact force per particle in the entire system
for the upper and lower box. For the whole system and the upper box,
cohesion significantly enhances the particle to particle contact force. For
instance, at the initial stages the contact force of the SJKR model (1.05
N) is around 10 times greater than the cohesionless particles (0.10 N),
whereas this ratio is only 2.5 times for the ELB model (0.25 N). This
indicates that using the SJKR model with a large CED to obtain the best
fit for shape features with the experimental results can result in unrea-
sonable contact forces between particles. When comparing the contact

force by the best models of SJKR and ELB, the contact force by the SJKR
model is 4 times larger than the ELB model. In theory, the key difference
between these 2 models is that the SJKR simplified the calculation of
attractive force by directly multiplying the CED with the contact area as
represented in Eq. (7), whereas the ELB model is totally independent of
the contact area. This means that the attractive force from the ELBmodel
does not change abruptly due to the quick movement and large overlap
of particles, unlike the SJKR. Furthermore, this difference arises from
the fact that the cohesive force component of the SJKR model only exists
when particles overlap each other and then vanishes when there is no
overlap. In contrast, the cohesive force in the ELB model can still be
active even when two particles are away from each other, as shown in
Fig. 1 and Fig. 2.

It is of interest to note that in the lower box the difference between
non-cohesive and cohesive cases is insignificant during the initial stage
and only increases after 0.15 s. This occurs because in the first 0.15 s the
particles fell and were dispersed widely, resulting in limited contacts
and interaction forces at the early stage. The inclusion of inter-particle
cohesion causes a rise in the contact force; for instance, the largest
contact force increased from 0.06 N for non-cohesive materials to 0.08 N
for cohesive materials, whereas with cohesive particles the contact
forces increased rapidly and dropped sharply; they also continued to
fluctuate apparently over time.

6.2. Porous structure and the formation of angle of repose in the lower
box

6.2.1. Pattern of contact network
In order to understand how falling particles can arrange their

structure while forming an angle of repose (AoR) in the lower box, an
assessment of the particle contact network across the bottom section of
the material piles was carried out. The same thickness, i.e., the largest
diameter Dmax was considered across 3 different models. The cross sec-
tions in (Fig. 13) showed that interparticle cohesion induced attractive
forces between particles that formed chain-like connections and pro-
moted a heterogeneous porous structure, resulting in a larger porosity.
For instance, the cohesionless cross section exhibited a more uniform
distribution of particles and pores (marked by red circles), whereas the

Fig. 11. Observation of falling particles (a) cohesionless, and (b) cohesive.

T.Q. Huynh et al. Powder Technology 452 (2025) 120542 

11 



generation of chain-like connections (highlighted by yellow rectangles)
in cohesive media facilitated larger pores (yellow circles). This obser-
vation of a chain-like microstructure in cohesive systems corroborates
previous studies [51,52], where cohesion was found to form a more
heterogeneous porous structure in particulate media. The larger voids
observed in the current DEM models may correspond to a phenomenon
namely increasing open microfabrics structure due to cohesion, as
described in previous experiments involving mixtures of sand and clay
[53,54]. However, no previous studies have investigated the underlying
mechanism of this phenomenon based on the different cohesive concepts
addressed in this current study.

One noteworthy observation in Fig. 13 is that large voids only form
when surrounding the chain-like structures, whereas small voids only
exist when the chain-like structures are absent. This strongly suggests
that the generation of chain-like structures is the major reason for the
formation of large and heterogeneous pores. Fig. 13 b and c also high-
light the difference in microstructure between the 2 cohesive models
(SJKR and ELB). The ELB model does not form localised blocks (high-
lighted in Yellow), the particles and voids are distributed more uni-
formly with a minimal chain-like structure. As a contrast, the SJKR
model exhibits widespread chain-like elements (highlighted in Yellow)
that result in a greater percentage of large voids.

The distributions of pore size at the base of material pile in the lower
box at stable (final) stage are shown in Fig. 14. In this analysis, an image
processing was applied on 2D plan view of particles at the bottom layer
to estimate the pore size. This technique has been applied effectively to
capture porous features of porous media in previous studies, further
details can be found in [55,56]. To minimize boundary effect, a region in
the middle (190 × 168 mm) was selected for the calculation. Although
there is a certain difference between the pore size in 2D and 3D, the
current analysis is useful to understand how cohesion can influence on

the pore size distribution of granular material. To better highlight the
difference in pore size among different cases, the pore sizes in all sim-
ulations were normalized with the size of the largest pore in the SJKR
case. The results show that the pore sizes in cohesionless medium are
significantly smaller and distributed more uniform compared to cohe-
sive particles. The SJKR model resulted in larger pore size with wider
range compared to the ELB model.

6.2.2. Contact number and stabilisation conditions
To quantify the influence of chain-like connections on the

morphology of the contact network, we explored the distributions of
contact numbers in non-cohesive and cohesive systems. Fig. 15a and b
show how frequently different contact numbers are encountered in the
system when there are varying degrees of cohesion in the SJKR and ELB
models, respectively. The distribution of contact numbers for the
cohesionless system are relatively right-skewed with the highest fre-
quency (nearly 30 %) between 3 and 4 contacts and with a wider dis-
tribution to the right (> 4). This agrees with previous investigations into
the stability of particulate systems under gravity [8,52], where an
average of 3 to 4 contacts per particle was found to be the optimum
condition needed to faciliate stabilisation. However, increasing inter-
particle cohesion makes the distribution more uniform such that the
peak of frequency migrates to the left (i.e., 2–3 contacts/particle). The
larger the conhesion, the larger the percentage of structures owning
smaller contact number. In fact, almost 45 % of the number of contacts
≤2 indicates predominance of chain-like connections in the particulate
structure. Nevertheless, with the inclusion of cohesion the contact
strength increased significantly and enhanced the structural stability
enough to sustain the same AoR with fewer inter-particle contacts.

The above simulations demonstrated that the SJKR and ELB models
were characterised by a large difference in the distribution of contact

Fig. 12. Variation of the average contact force over time for (a) the entire system, (b) the upper box, and (c) the lower box.
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numbers. They exhibited the ultimate level at which the frequency-
contact number curves approach with increasing cohesion, whereby
the most predominant number of contacts at the ultimate level by the
ELB model was 3.1, which was larger than the corresponding contact
number 2.3 by the SJKR model (see Fig. 15c). This explains why the ELB
model resulted in more uniform porous sytems and fewer chain-like
connections. An increasing cohesion will result in a larger attractive
force between particles, but this does not mean this is the highest sta-
bility a particulate structure can have. Past investigations [55,56] into
the influence of micro-fabric on the shear strength of soil indicates that
the more uniform the contact network and the finer distribution of pores
that a soil can have, the better the resistance to external loading such as
compression and cyclic excitation. The key criterion needed to deter-
mine a robust and uniform porous system from this current study is that
the largest average number of contacts should be higher than 3 to
eliminate the chain-like structure.

Fig. 16 compares the peak average contact number (npeak) that varies
with the different degrees of cohesion predicted by the SJKR and ELB
models. For the SJKR model, when the cohesion coefficient CED
increased constantly from zero to 18 × 105 J/m3, npeak decreased
continuously from 3.5 to 2.3 (see Fig. 16a). For the ELB model however,
npeak only decreased from 3.5 to approximately 3.1 when the surface
tension ST rose from zero to 0.75 (N/m). When the ST further increased
from 0.75 to 1.8 N/m there was no significant change in the value of
npeak, in fact, it became stable around 3.05 despite the ST increasing
further (see in Fig. 16b). This suggests that there is an intriguing rela-
tionship between the peak average contact number (npeak) and the for-
mation of AoR such that when the npeak exceeded 3 the AoR tended to be
less than 35 (see Fig. 16c); this indicates that the higher the contact
number the lower the porosity. Conversely, when the npeak was less than
3 the AoR surpassed 35 with a greater percentage of chain-like structures
and larger pores. This observation underscores the critical role of the

Fig. 13. Observation of the cross-sections of non-cohesive and cohesive particles forming AoR in the lower box: (a) cohesionless Hertz model (b) SJKR model, and (c)
ELB model.

T.Q. Huynh et al. Powder Technology 452 (2025) 120542 

13 



peak average contact number in determining the formation of a chain-
like structure.

6.2.3. Contact forces
In order to further understand the intrinsic mechanism that governs

the contact behaviour of particles in the SJKR and ELB models, the
contact area, the tangential force, torque, and normal force of cohesive
systems were normalized with values from the cohesionless systems.
These results (Fig. 17) show the large changes in the contact area and the
corresponding tangential force, torque, and normal force when cohesion
increased. While both the models generally agree that increasing the
cohesion coefficients (CED and ST) will enlarge the contact area, they
also provide different rates by which the contact area can increase. For
example, when the CED developed from 0 to under 7.5 × 105 (J/m3) in
the SJKR model the contact area grew by a slope of 3.0, but then it
swiftly increased by a slope of 8.75 when the CED > 7.5 × 105 (J/m3).
On the other hand, the ELB showed an opposite response whereby the
contact area increased faster during the early stage and then slowed
down at the end. Specifically, when the ST increased from zero to 0.75
N/m the contact area increased by a factor of 1.2, but when the ST >

0.75 N/m the growth rate apparently decreased. The contact area in the
SJKR model was more sensitive to increasing the coefficient of cohesion
because it increased faster and reached a larger magnitude (i.e., 2 times
larger at the end). The same responses can also be seen for the normal
and tangential forces, and torque arising around the contact area. This
behaviour is understandable when referring to Eq. (7), where the
attractive force in the SJKR model was compuated based on the contact
area A and CED. It is important to note that the attractive force is only
distributed inside the contact area and is derived from the internal
overlap. The larger the attractive force induced by increasing the CED
(see Fig. 12), the larger the contact area needed to maintain the system
in equilibrium. Furthermore, Fig. 17a shows that when the contact area
increases significantly, the corresponding normal and tangential forces,
and the torque, also increased accordingly.

The above observations point to an important threshold whereby
further increasing the cohesion coefficient will result in a substantial
change in the response of the contact area. For instance, when the CED
exceeded 7.5 × 105 J/m3 in the SJKR model it generated a large
attractive force between particles, thereby increasing the contact area
substantially; in fact, the rate of increment apparently changed from 3.0
to 8.75 before and after this milestone. On the contrary, for the ELB
model, the contact area increased faster when ST < 0.75 (N/m)
(Fig. 17b). There was less dependence by the contact area on the
cohesion coefficient in the ELB model, as its governing equation shows
(Eq. (8)). Unlike the SJKR model, the attractive force is distributed
outside the contact area according to Eq. (10), so when the coefficient of
cohesion increased the corresponding rise in suction force did not
significantly affect the size of the contact area. As a result there was less
influence from rising cohesion on the normal forces, tangential forces,
and torque, which are heavily derived from the contact area (Fig. 17b).

7. Practical implications of the interparticle cohesive SJKR and
ELB models

7.1. Relationship between interparticle cohesion and macroscale
quantities

It is important to understand the connection between microscale
parameters such as interparticle cohesion and macroscale quantities
such as the AoR and shear angle (SA) in the DD test. Fig. 18 shows
quantitative relationships between the cohesive coefficients (CED and
ST) and the AoR and SA, where the predictive accuracy of the proposed

Fig. 13. (continued).

Fig. 14. Distribution of pore size at the base (2D) of material pile (cone) in the
lower box (stable stage) simulated by Hertz (cohesionless), ELB and
SJKR models.
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empirical equations can reach a very high degree (R2 > 0.98). For the
SJKR model, the linear correlations between the CED and macro-
parameters (AoR and SA) are shown in Fig. 18a (i.e., R2 > 0.99),
whereas the opposite responses of AoR and SA to the varying ST in the
ELB model is shown in Fig. 18b. Specifically, when the ST increased, the
SA also increased linearly to high degree (60–700), but the AoR only
increased slightly at the early stage before decreasing to become con-
stant at the same level as that in the cohesionless case (ST = 0). In other
words, the AoR predicted by the ELB model remained almost unchanged
and was much smaller than that estimated by the SJKR approach, albeit
subjected to constantly increasing cohesion in both models. In this re-
gard, the ELB model showed more reasonable outcomes, because wet
particles tend to have weak bonds and friction (lubricating effect),
especially under a dynamic impact and when falling from a certain
height (upper box); there is also a smaller angle of repose. On the other
hand, when the cohesion increased in the upper box (static state), the

larger tensile strength in particle bonding increased the resistance of the
material to collapse under effect of gravity, thus leading to more
remaining particles and a higher SA (Fig. 18a). This response of SA to
varying cohesion was consistent in the SJKR and ELB models.

Fig. 19 shows the variations in the porosity with the degree of
cohesion and the relationship between the porosity and the peak
average contact number. In this analysis, the bottom layer (see Fig. 13)
of the cone (AoR) built inside the lower box was considered. The results
showed that the porosity by the SJKR model increased constantly and
reached 0.67 when the CED increased from zero to 18 × 105 J/m3. On
the other hand, the porosity by the ELB model only increased to 0.5 at
ST = 1.0 N/m and then stabilised at this level despite the ST continuing
to increase to 1.8 N/m. This response is very relevant to the behaviour of
particle contacts and microstructure that have been described earlier.
The SJKR model resulted in predominant chain-like contacts that
formed large and non-uniform pores, as shown in Fig. 13b, whereas the

Fig. 15. Distribution of contact numbers for (a) SJKR model, (b) ELB model and (c) comparison between the SJKR and ELB models for the best predictions.
Note: dashed splines connecting individual points aim to represent the shift in the contact distribution, they do not represent real contact numbers of particles.
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ELB model produced closed and more uniform pores. By examining the
results of the 2 models, we find that Fig. 19c shows a linear relationship
between the porosity and the peak average contact number (R2 = 0.94).
For granular materials such as sand, a porosity from 0.45 to 0.55 (cor-
responding to the peak average contact number npeak ≥ 3) can be
considered as medium compaction, whereas above this range (npeak < 3)
there is a loose and weak condition. This specific finding proves that
there is a unique relationship between the porosity and the contact
number that can be used in practice to define the stability criterion for
granular soils.

7.2. Implications to modelling of wet cohesive granules

It is not uncommon in DEM simulations that a wet state of particles
could be generated by activating cohesive models from dry conditions
[18–20,23]; this can lead to a large impact on the initial geometric and
structural conditions of specimens. Despite this, no previous study given
this serious consideration, for example, Fig. 20 shows how the contact
number and volume of the granular medium change when interparticle
cohesion was added by two different models. While the SJKR causes a
significant influence on the initial condition of the specimen, the ELB did

Fig. 16. The peak average contact number against the cohesion degree by (a) the SJKR model, (b) the ELB model, and (c) the influence on the AoR (combined
two models).

Fig. 17. The influence of varying cohesion on the contact area, tangential force, torque, and normal force of the (a) SJKR model, and (b) the ELB model.
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not, despite having the same constant rise in their degree of cohesion.
Specifically, when the CED increased to 18 × 105 J/m3, the contact
number by the SJKR declined from 4.0 to 3.2, while the volume
increased by almost 7 % (see Fig. 20a). This occurred because the very
high attractive force between particles under an increasing CED tended
to promote the chain-like pattern that reformed porous structure with
larger porosity as explained earlier (Fig. 13 and Fig. 16). Despite having
the same mass, different cohesive models induced different potential
energies that can be stored within the interparticle bonds and depends
on the cohesive component at the contact points. This affected not only
the initial condition of the test samples, but also their dynamic responses
including both micro- and macroscopic features as discussed earlier. In

this regard the ELB which had a marginal impact on the initial condition
of the specimens becomes much more relevant to granular contexts. It is
interesting to note that despite having the same.

Considering the extensive investigations into various macro- and
micro-aspects of simulating DD tests using the SJKR and ELB models
above, it can be concluded that the use of SJKR model for wet granules
exhibits considerable limitations that could significantly influence the
predicted outcomes. A CED > 10 × 105 J/m3 can result in a large
distortion of particulate fabric with an increasing chain-like structure
that becomes irrelevant to most granular materials such as wet sand and
mining wastes. Even though there can be a good agreement between
experiment and modelling for the macro-features such as the AoR and

Fig. 18. Relationship between macro-parameters (AoR and SA) and interparticle cohesion coefficients (CED and ST) in the (a) SJKR model, and (b) the ELB model.

Fig. 19. Variation of porosity in the lower box with the degree of cohesion for the (a) SJKR mode; (b) the ELB model, and (c) the peak average contact number.
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shear angle, the time-dependent response and microscale characteristics
would seriously deviate from the realistic behaviour of materials. It is
noteworthy that although previous studies have attempted to model wet
granules by adopting the DD test for calibration, they often focussed on
several visible aspects such as the shape features while ignoring many
crucial features such as the time-dependent response and the micro-scale
behaviour of particles. This oversight can lead to inappropriate judge-
ment and the use of cohesive models that fail to predict accurately and
comprehensively the behaviour of wet materials. On the other hand, the
ELB model based on the true tension and breakage of a liquid bridge at
the contact rather than simplification through a single cohesion
parameter, i.e., the CED in the SJKR was found to be highly relevant at
simulating wet granules.

8. Conclusions

This study provided a novel and comprehensive assessment against
the modelling effectiveness of cohesive materials in DEM by adopting
two distinct cohesive models, namely the simplified JKR (SJKR) and
Easo Liquid Bridge (ELB) for wet granules through the drawdown (DD)
test. Apart frommacro-features such as the shear angle (SA) and angle of
repose (AoR) which were often addressed in previous studies, the cur-
rent work described micro-scale quantities such as particle interaction
and porous structure that defined the intrinsic mechanism underpinning
the material response. New time-dependent parameters that capture the
deformation response and volume-mass change correlations were
developed to improve our understanding of material behaviour in the
DD test. Through this process the performance of two cohesive models
were assessed, giving valuable implications to the future modelling of
cohesive materials. The salient outcomes of this study lead to the
following conclusions:

• The ELB model outperformed the SJKR when considering 4 macro-
aspects, i.e., the SA, AoR, flow time, and mass loss. Compared to
the experimental data, the average predictive error for these 4 pa-
rameters by the ELBmodel was only 7 %, which was almost one third
of that produced by the SJKRmodel. The shear angle SA predicted by
the ELB model only deviated by 1.5 % from the experimental value,
whereas in the SJKR model it was 12.1 %. This brings to the
conclusion that the ELB model is effective in modelling different
configurations in the intrinsic behaviour of liquid-induced cohesive
granular materials.

• Newly proposed assessment parameters such as the Deformation
Index (DI) and the correlations (the difference and ratio) between
volumetric and mass losses proved to be rigorous and comprehensive
enough to evaluate the performance of modelling against the time-
dependent response of cohesive materials. For example, the DI,
which changed significantly with cohesion, only began to develop

after 0.2 s when the cohesion coefficient ST = 1.8 N/m. The differ-
ence between the volumetric and mass losses were good enough to
characterize different cohesion-independent responses, for instance,
its peak value increased from 7.5 % in cohesionless cases to 13 % and
24 % for cohesive cases using the ELB and SJKR models.

• The particle-scale investigation led to a conclusion that using only
macro-shape features such as the SA and AoR to validate cohesive
modelling was insufficient. The SJKR and ELB models could suc-
cessfully reproduce the shape of collapsing slopes at the final stage,
but they had totally different characteristics in time-dependent var-
iables, particle contact, and porous structure that required appro-
priate attention. For example, the SJKR took approximately 41 %
longer to reach a stable state, whereas it was only 8.1 % for the ELB
model. In a practical sense, these outcomes undoubtedly imply that
both calibration and validation of modelling cohesive granules must
be implemented with rigorous consideration of time-dependent and
microscale behaviours.

• With the SJKR model, when CED > 10 × 105 J/m3, this high
attractive force promoted the formation of chain-like structures that
decreased the peak average contact number (npeak) to less than 3,
resulting in an increasing porosity and distorted porous structure. On
the other hand, the ELB model maintained a stable porosity with
unchanged npeak (approximately 3.1) when its cohesion coefficient
ST increased and exceeded 1 N/m. In this regard, one may conclude
that the ELB model is able to generate a more uniform porous
structure, and thereby prevent the material model from attaining an
unstable state.

• The shear angle (SA) (in the upper box) was found as a linear func-
tion of cohesion, i.e., the larger the cohesion the larger the shear
angles. The SA could reach maximum values of 600 and 700 at the
largest degree of cohesion. On the other hand, the angle of repose (in
the lower box) AoR reached 410 when predicted by the SJKR model
at CED = 18 × 105 (J/m3); however, it stabilised at 360 and then
decreased slightly as the cohesion coefficient ST increased (nonlinear
relationship) in the ELB model. This result leads to the conclusion
that the ELB model can deliver more realistic outcomes when
modelling wet granules in drawdown testing, compared to other
DEM models considered in this study.

Despite the above successes, significant efforts are still required to
develop highly accurate experiment of drawdown test where the time-
dependent and microscale responses of material can be obtained in
detail. The results from this test will enable a complete validation of
DEM modelling, giving valuable data to develop more fundamental
concepts as well as validating governing parameters of cohesive contact
models.

Fig. 20. Influence of cohesion on the contact numbers and volume of the initial state of specimens in (a) SJKR model and (b) the ELB model.
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