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Wet mono-sized granular packing: effects of initial clusters and 
filling strategy 

Mingrui Dong a, Zhongzheng Wang b, Yixiang Gan a,c,* 

a School of Civil Engineering, The University of Sydney, NSW 2006, Australia 
b School of Mechanical, Medical and Process Engineering, Faculty of Engineering, Queensland University of Technology, QLD 4001, Australia 
c The University of Sydney Nano Institute, The University of Sydney, NSW 2006, Australia   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The discrete element method (DEM) is 
adopted for wet granular packing. 

• A packing strategy is applied to control 
the system with desired packing factor. 

• Cohesion effects on packing processes 
and final morphological structures are 
shown. 

• A dimensionless index is effective to 
characterise wet granular packing 
features.  
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A B S T R A C T   

Cohesive particles have been demonstrated to affect packing structures that sometimes inhibit applications while 
helpful in others. Therefore, accurately tailoring the cohesive granular packing, e.g., wet particles, is very 
rewarding nowadays. We adopt the discrete element method (DEM) and present a packing strategy by falling 
different size clusters containing mono-sized particles with varying cohesion to tailor the packing structure. We 
demonstrate the strategy’s effectiveness by comparing the result with previous experiments, and we found the 
larger cluster tends to form a looser packing. We evidence that a dimensionless number, l*, evaluating the 
competing importance between kinetic energy and capillary potential, can precisely describe the cohesion effect. 
We combine l* with several key indices, e.g., packing fraction, granular temperature, coordination number and 
force network distribution, to describe packing formation. Meantime, we found the different characterisation of 
cohesion effect throughout packing stages, which can shed light on the understanding of wet granular packing.   

1. Introduction 

Granular packing has wide applications and is of fundamental 

importance in various disciplines [1]. The packing fraction ϕ (the ratio 
between solid volume and total volume) is a key index for predicting 
various properties of granular media [2–4]. For granular packing of 
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cohesionless and mono-sized spherical particles in 3D, it has been 
demonstrated that ϕ ∈ [0.55 0.64] can be tuned by the friction coeffi-
cient [1,5]. ϕ = 0.55 is widely accepted to represent the lower boundary 
of stable packing structure that can be constructed, and it is conven-
tionally termed as random loose packing (RLP), while 0.64 corresponds 
to the random close packing (RCP) structure beyond which ordered 
structure and crystallization (0.64 < ϕ < 0.74) may appear to be 
dominant [6]. Some essential granular properties that can affect packing 
fraction are particle surface roughness [4], shape [7,8] and size distri-
bution [9]. For very fine and dry particles (the diameter d < 100 μm), 
van der Waal’s force can bring cohesion to further decrease the packing 
fraction to random very loose packing (RVLP) characterising ϕ < 0.55 
[10–12]. Wet granular materials also possess a cohesion effect through 
introducing pore-scale attractive capillary forces Fn

cap [13,14], where n 
indicates the normal effect. It was reported that Fn

cap results from the 
liquid can dominate granular properties with certain water content 
[15–17]. When water content rises from zero, liquid bridges can be 
formed to connect pairs of neighbouring particles and create an 
increasing Fn

cap. For an intermediate water content, the liquid in pores 
can gradually evolve to liquid patches and Fn

cap remains constant. A 
further increase of water content can diminish Fn

cap due to the loss of 
interfacial area and capillary pressure [13,15,17,18]. Various phenom-
ena such as evaporation and porosity evolution can also characterise the 
notable impact of pore-scale force on particle contacts [19–21]. 

Besides particle properties, packing strategy also affects packing 
formation. Soil pluviation is designed to prepare different soil samples 
with different densities for soil tests. Tapping [2] and vibration [9,22] 
with a proper intensity have been verified effective to densify granular 
structure. Shear and compression are widely used to investigate packing 
formation in the jammed state [23,24]. For wet particles, Researchers 
have been using various mechanical strategies to characterise the impact 
of cohesion. Feng and Yu [19] conducted experiments by slowly pouring 
wet particles to form the granular packing and found the particle size 
and surface tension are key controlling parameters to achieve different 
ϕ. Yang et al. [13] and Parteli et al. [10] both applied the DEM to 
simulate the pouring strategy by pre-setting cohesive particle assemblies 
with non-overlap positions and an initial low ϕ to form RVLP. Dong et al. 
[25] settled particles immersed in liquids with different ratios of inter- 
particle force to the gravitational force, further investigated the pack-
ing process considering the cohesion effect in low gravity conditions. 
Pacheco-Vázquez et al. [16] poured particles in a tank to observe the 
granular heap, pile and tower formation with different water content. 
Moreover, the summarised transition from the heap (dry) to towers 
(liquid content increase) and further to an underwater pile (particles 
fully immersed in liquid) correspond well to the results of particle level 
observation for liquid patch formation using X-Ray [15]. Liu et al. [11] 
and Wang et al. [14] implemented simulation and experiment separately 
with controlled falling height of cohesive particles to achieve the target 
ϕ. Overall, the dimensionless number, which considers the ratio be-
tween body force and capillary force, although in different formats, is 
the common way to investigate the cohesive packing [13,14,25,26]. 
However, the impact of initial conditions, i.e., preexisting particle 
clusters, was always neglected. 

Researchers have proposed indices to characterise the features of 
packing formation, such as granular temperature Tg, coordination 
number Z and force network. The local ϕ and particle moving speed can 
be used to classify the granular media as gas (particles bouncing 
quickly), fluid (particles move like fluid flow) and solid (particles can 
barely move) phases [1,27]. These three phases can coexist at the 
microstructural scale during typical granular packing processes and 
evolve over time. A quantified phase transition criterion is proposed to 
characterise packing processes through the ϕ-Tg relation [1,27–30]. In 
wet granular cases, the cohesion can change the packing formation 
process, and a possible shifted Tg-ϕ relation can be obtained [31]. A 
smooth transition of Tg at the boundary between the fluid and solid is 
also captured in the rotation drum experiments [30]. For the solid phase, 

the morphological structure is significant in applications regarding the 
liquid movement in pores [21,32], electrical and thermal conductivity 
through inter-particle contact [33–35], powder bed density in 3D 
printing technology [12] and manufacturing granulation [36]. The 
granular morphological structures can be characterised by the coordi-
nation number (Z) reflecting the averaged neighbouring quantity of 
each particle. In the packing fraction range between ϕRLP and ϕRCP, Z can 
vary from around four to around six [4,5], which explains the necessary 
inter-particle contacts that the packing structure needs to reach a force 
balanced state [5]. With the help of attractive force in cohesive cases, 
since the granular force network can have a combined effect of Fn

cap and 
solid contact Fn

solid, it can be easier to reach the force balanced state with 
smaller Z and looser packing structures (smaller ϕ) [18]. Furthermore, 
an extremely cohesive packing condition with a ϕRVLP was also reported 
possessing a chain-like structure [13,26], which evidences the reason for 
a further reduction of Z to around two. Notably, Z only provides a 
general structure information to describe the solid phase (the regime of 
force balanced state), and it cannot fully explain the reason of the 
structure formation. Therefore, anisotropic force network distribution 
can help further explain how the structure is formed through contact 
index Z [7,37]. In a granular heap, the force networks that tend to align 
along the gravity direction dominate the construction of the packing, 
leading to an anisotropic packing structure [37]. Although cohesive 
granular packing has been extensively investigated in recent decades, 
the effect of cohesion on contact force network is yet fully understood. 
Several indices considering the angular distribution of contact forces 
have been proposed and applied to quantify the description of anisot-
ropy [7,38,39]. The force network distribution in cohesive granular 
packing can be analysed by Fn

total = Fn
solid − Fn

cap [40]. Overall, the 
anisotropy effect can become obvious under certain directional load 
[41,42]. 

In this study, we apply DEM to simulate the packing process of wet 
mono-sized spheres. We adopt a packing strategy controlling the filling 
clusters size and the falling height, which are similar to our previous 
experiments [14]. We set liquid bridges initially connecting the particles 
in each cluster and investigate the effect of a varying Fn

cap. We then 
validate the effectiveness of this packing strategy by observing ϕ and a 
dimensionless energy ratio l* to compare with experiments and simu-
lations from literature. This study can fill the gap that initial conditions 
for the packing process were not taken into account. We introduce the 
fundamental governing equation and the model setup in Section 2. 
Section 3 will start by describing the cohesion effect in the packing 
process, followed by reporting and discussing the results of the proposed 
packing strategy and the formed packing morphological structure using 
means of indices, i.e., ϕ, Tg, Z and force network. Finally, the conclusions 
are made in Section 4. 

2. Method 

2.1. Inter-particle force 

The DEM was firstly proposed by Cundall and Strack [43] to simulate 
the particle as the mass point with a prescribed radius for detecting 
inter-particle contact force. Through the computation of Newton’s sec-
ond law of motion, the movement of each particle is described. With the 
development of DEM in recent decades [43–45], it has been proven 
effective in providing particle level information that facilitates the study 
on granular materials. Here, we apply the DEM established in the open- 
source platform LIGGGHTS [46]. The normal, tangential and rolling 
inter-particle contact laws are shown as [47–49]: 

Fsolid
n = knδn − βnνn

Ft = ktδt − βtνt

Mr = krΔθr − βrω ,

(1)  

where n, t and r indicate the normal, tangential and rolling effect, 
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superscript ”solid” indicates the traditional Hertzian contact, F is the 
contact force, k is the contact stiffness, M is the rolling torque, δ is the 
overlap distance of each pair of contacting particles, Δθr is the relative 
rotation angle of contacting particles, β is the damping coefficient, ν and 
ω is the relative translational velocity and relative angular velocity for 
each contact pair, respectively. Here, the tangential friction and rolling 
effect, Ft and Mr, applies the Coulomb style criteria giving ∣Ft ∣  ≤ μs ∣ 
Fn

total∣ and ∣Mr ∣  ≤ μrRFn
total where μs is the sliding friction coefficient and 

μr is the rolling friction coefficient [48], R is the radius of particles. Since 
μs for glass sphere particles can range from nearly 0 to 0.65 
[10,13,50–52], a value of μs = 0.5 is selected in this study [10,13]. We 
adopted the restitution coefficient e = 0.9 the same as the previous study 
by Bhateja et al. [52]. To ensure computational stability and physically 
meaningful [24,43], the integration time step is set using t =

10− 8s <
̅̅̅̅̅̅̅̅̅̅̅̅̅
m/Eds

√
, where m is the mass of the smallest particle, E is the 

Young’s modulus and ds = 0.95d is the diameter of the smallest particles. 
Table 1 shows the key parameters adopted. 

When the water content is low within the wet granular assemblies, w, 
i.e. mw ≤ 5%, the liquid bridge starts dominating the liquid appearance 
format and providing attractive inter-particle force [15]. Therefore, we 
consider the primary source of cohesion effect as the capillary force 
supplied by the liquid bridge. The governing law of capillary force as 
proposed by Soulie et al. [53] can be expressed as follow: 

Fcap
n = πγ

̅̅̅̅̅̅̅̅̅
RiRj

√ [
c+ e(aD/Rj+b)

]
, (2)  

where Fn
cap is the attractive capillary force, γ is the surface tension, Ri and 

Rj are radius of two liquid bridge connected particles, and j indicate the 
larger one, Dgap is the inter-particle surface gap distance (illustrated in 
Fig. 1(b)), a, b and c are deduced coefficients from the liquid bridge 
volume (Vij

bri), multi-phase contact angle θ and Rj [53]. Here, we assume 
the liquid film fully covers surfaces of particles, i.e., θ = 0 [54]. The 
volume of liquid on each particle is simplified as Vi

l = Vi × 5%, where Vi 
is the volume of particle i. To ensure the overall morphology of liquid 
bridges lie in pendular state [14,15,19], the liquid bridge volume Vi

bri is 
assumed to be 0.05 × (Vi

l + Vj
l) = (Vi + Vj) × 0.25%. This setting assumes 

a maximum of 60% of effective volumetric liquid content of one particle 
(Vi

l) forms liquid bridges when a possible max contact neighbours reach 
twelve (FCC topological structure). Since the mass ratio between liquid 
and solid particles is ρl ×

0.05
ρp

≈ 2%, the effect of liquid weight on 

granular packing is negligible. When particles move against each other, 
a liquid bridge birth distance Dbirth = 0.016(di + dj) (shown in Fig. 1(c)) 
is set to consider the formation of the liquid bridge due to the liquid film 
thickness ht. In practice, liquid film thickness on the sphere particle 
surface is affected by the thermal condition, dynamic perturbation and 
total liquid volume. When ht ≪ R, the difference of thickness on the 
whole spherical surface can be six orders of magnitude smaller than the 
particle size [55]. Therefore, in this study, given the 5% volumetric 

liquid content, the liquid film thickness ht = 0.5d ×
(

1.051
3 − 1

)
= d ×

0.82% is assumed to be uniformly distributed, and the dynamic 
perturbation will be assumed negligible. A threshold for liquid bridge 

rupture distance Drupture = (1 + 0.5θ) ×
(

Vbri
ij

)1
3 [56] is adopted, beyond 

which the liquid bridge ruptures and Fn
cap disappear. A full process of 

liquid bridge formation and rupture considering different γ is illustrated 
in Fig. 1 from the state (b) to (d). 

Table 1 includes a range of surface tension values, which will be used 
later to cover the range of parametric space. This has been checked with 
the scaling analysis. 

2.2. Packing strategy 

The simulation domain is a rectangular box with periodic boundaries 
in the x-axis and y-axis (horizontally), and a solid plate is positioned at 
the bottom (see Fig. 2). The width and length are ten times that of the 
particle diameter d aiming to meet the need of representative volume 
element (RVE) [10,13], eliminate the wall effect [22] and keep the 
simulation efficient. Thus, this setting can be seen as a part extraction of 
the physical experiment by Wang et al. [14]. 

To simulate the falling process with a constant height hfall, particles 
are inserted one by one or cluster by cluster at the position with distance 
d higher than that of the existing particles that possess the maximum z 
(vertical position). The insertion position in the x-y plane is randomly 
distributed within the x-y cross-section, so as the total height of the 
packing structure increases, the insertion position along the z-axis will 
follow up. A velocity, vins, is applied to inserted particle clusters to model 
an constant falling height hfall, and it is obtained by vins =

̅̅̅̅̅̅̅̅̅̅̅̅̅
2ghfall

√
. In 

comparison, the constant vins scenario is not considered both in the 
experiment [14] and simulations [10,11,13,57], where hfall can be 
decreased due to the the fixed initial particle filling position and a rise of 
H, and this can be crucial in practical engineering problem [58,59] as 

vins =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2g
(
hfall − H

)√

. Here, our constant hfall can ensure a constant 
effective falling height to prevent the impact of a decreasing hfall and, 
consequently, form a consistent ϕ along the depth, i.e., the z direction. In 
all cases, particle size are uniformly distributed with d ± 5% to avoid 
crystallization [22,60]. 

With the given range of γ and μv, since the maximum velocity in our 
simulation vmax ∝ vins, the capillary number Ca =

vmaxμv
γcos(θ)≪1 indicates the 

viscosity effect can be negligible in this study. The dimensionless num-
ber evaluating the importance of kinetic energy and capillary potential 
are used to characterise the cohesion effect [14] as: 

l* =
Ek

Ecap
, (3)  

where Ek = 1
2mv2

ins = mghfall considers the initial kinetic energy con-
verted from the gravitational potential due to a constant falling height, 
and Ecap = 2πγR cos (θ)d considers the capillary potential. In our sim-
ulations, the surface tension γ is varied (see Table 1) to tune the relative 
extent of cohesion. Though these values may exceed the range of the 
physical system, the sole purpose of varying l*, which can be achieved 
equivalently by combining other parameters in Eq. (3), e.g., the particle 
size. This dimensionless number can be interpreted as a competition of 
the impact energy versus dissipation capacity of the porous media when 
receiving the perturbation, which means either smaller Ek or greater Ecap 
can lead to a decrease of l*, implying less compaction and thus a looser 
packing state. We will further discuss the validity of using l* to char-
acterise packing formation in Section 3. 

Particles are generated sequentially to form an initial cluster. Taking 
N4 as an example, the first particle is generated with a random position 
in x-y plane and a certain vertical position z, other particles are then 
generated based on the position of the first particle while keeping the 
centre distance equal to Dbirth among each other. This setup facilitates 
the liquid bridge to pre-exist (see Dbirth in Fig. 1(c)). The inset (a) in 

Table 1 
Model parameters.  

Parameter Value 

Young’s modulus, E (Pa) 6 × 1010 

Coefficient of sliding friction, μs (− ) 0.5 
Coefficient of rolling friction, μr (− ) 0.01 
Coefficient of restitution (− ) 0.9 
Surface tension, γ (N∕m) [0.00073,7.3] 
Contact angle, θ (rad) 0 
Gravitational acceleration, g (m∕s2) 9.81 
Liquid dynamic viscosity, μv (Pa ⋅ s) 8.9 × 10− 4 

Particle diameter, d (μm) 560 ± 5% 
Particle density, ρ (kg∕m3) 2460 
Falling height, hfall (mm) 100 
Container length\width, LW (− ) 10d\10d 
Volumetric liquid content, Vl/Vsolid (− ) 5%  

M. Dong et al.                                                                                                                                                                                                                                   



Powder Technology 407 (2022) 117678

4

Fig. 2 illustrates clusters (N1-N4) studied in this paper. The line plot in 
Fig. 2 shows an example describing the overall packing process by the 
ϕ-Hd relation, where H is the sampling region (see the shaded area in 
Fig. 2(b) and (c)). This sampling window H aims to avoid the boundary 
region particles by 5d for top and bottom packing surfaces. As the 
packing process continues, ϕ increases with H

d until reaching an 
asymptotic line at H

d ≈ 30 where the packing structure is assumed to 
remain constant. 

3. Results and discussion 

3.1. Packing formation 

The packing formation can be described by the jamming transition of 
particles from a gas or fluid state to a solid state [1,27]. Particles are free 
to move in the gas or fluid state, so they are under the force in- 

equilibrium state. In the solid state, i.e., the jammed state, particle 
movement are restrained by contacting neighbours (the force equilib-
rium state), and an extra external load can lead to a compression or 
shear stress build-up. Quantitatively, the jamming transition can be 
further explained by the granular temperature Tg [1,27,30]. One typical 
definition of granular temperature describing the intense of particles 
movement is proposed as: 

Tg =
1

2Nt

∑Nt

i
mi(vi − vave)

2
, (4)  

where mi is the particle mass, vi is the particle velocity, vave is the average 
velocity in the target (sampling) region, the operator 

∑
integrate all 

particles in the sampling region and Nt is the total number of particles in 
that region [1,30]. 

As shown in Fig. 3(a), the velocity colour profile along the vertical 
axis shows that velocity decreases from the upper surface downwards 
since newly inserted particles impact the top region. The value of l* =
617, 12.3 and 3.09 are taking as examples to show the increase trend of 
the cohesion effect and no specific criterion for the selection of them is 
applied. The dash line for distinguishing gas, fluid and jammed phase 
are only for guide of eye to help explain the concept of phase transition 
which will be characterised in Fig. 3 (b) and (c). The relation between 
granular movement intensity and granular structure formation can be 
quantified using Tg and ϕ, which is illustrated in Fig. 3(b), where red 
lines represent Tg and blue lines represent ϕ. Here, the sampling window 
(target region) depth of Tg (Eq. (4)) and ϕ is set as 5d as the minimum 
REV size. When tuning the particle to be less cohesive relative to the 
kinetic energy (l* = 617), Tg decreases more significantly as the tran-
sition from fluid to solid than that of relatively high cohesive conditions, 
i.e., l* = 3.09. This phenomenon can be explained as that when particles 
are more cohesive, the energy can transmit deeper (downwards of z axis) 
of the pile, which leads to the raise of Tg within the domain of ϕc (showed 
in Fig. 3(b)), while with less cohesive cases the energy can dissipate 
within the shallow layer of the packing through frequent bounce back 
collisions. Note the sampling period of these snapshots is after the 
asymptotic line is reached (showed in Fig. 2), thus, although the residual 
fluctuation of DEM particles exists, it has negligible influence on the 
final formed structures in the jammed phase. Therefore, the Tg caused by 
the residual fluctuation does not affect the observation of phase transi-
tion. To capture the evolution processes of the packing formation, we 
plot the Δϕ = ϕ - ϕc versus Tg for over a hundred snapshots of the plot in 
Fig. 3 (b) during the packing process along with the increase period of H, 
and finally combine a smoothing probability density function [61] to 
form Fig. 3 (c) (Please refer to the Fig. S1 in the supplementary materials 
for the detail of the probability density plots). In Fig. 3(c), smoothed 
probability density plots indicate the distribution of the Tg-Δϕ lines, and 

Fig. 1. The capillary force Fn
cap model. (a) The line chart 

shows the smooth transition between state in subplot (b)-(d) 
governed by Eq. (2) with three values of surface tension γ. Red 
markers indicate the liquid bridge birth process when Dgap ≤

Dbirth. Black lines indicate the liquid bridge rupture process 
when Dgap ≥ Drupture. (b)-(d) visualise three states of Fn

cap as no 
liquid bridge exist (b), liquid bridge formation due to Dgap ≤

Dbirth (c), and liquid bridge close to rupture when Dgap ≤

Drupture respectively (d). Here, θ indicate the multi-phase 
contact angle. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version 
of this article.)   

Fig. 2. Evolution of packing fraction ϕ with respect of normalized sample 
height H∕d during the packing formation process, and insets illustrate the 
model setup. Inset (a) visualises inserted clusters, and N1-N4 represents the 
particle numbers in the clusters. To be noted, since the randomness is set for 
each inserted cluster, the structure against the direction of gravity g is also 
random, e.g., possible structure arrangements N4(1) and N4(2). Insets (b) and 
(c) visualise the simulation domain, and particles colour represents the overall 
uniformly distributed particle size by 560 μm ± 5%. vins is the initial velocity of 
particles as they are generated. H indicate the sampling region of the pile 
aiming to eliminate the boundary effect (5d) and to calculate ϕ. 
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the red area indicates where most lines will pass through, while light 
blue means Tg-Δϕ lines sparsely distribute. Red trend lines indicate fit-
tings of density plots using function Tg = bΔϕa [29], where the power a 
= 1.1 is consistent (illustrated by triangles in Fig. 3(c)), and b = 3.9 ×
10− 3, 2.4 × 10− 3, 2.6 × 10− 3 with the goodness of fitting R2 = 0.96, 
0.85, 0.72 corresponding to cohesion cases l* = 617, 12.3, 3.09, 
respectively. For a less cohesive case (l* = 617), a converged Δϕ-l* 
relation with R2 = 0.96 indicates the certainty of settling process will 
follow the power a = 1.1 trend, while the more cohesive case (l* = 3.09) 
shows a divergence of Δϕ-l* relation with R2 = 0.72 explaining the 
cohesion is dominant and can lead to uncertainty for the packing for-
mation. On the one hand, this uncertainty and a wider range of the 
density distribution indicate that the range of Tg for inserted particles to 
be settled in the solid regime can be wider due to the capillary forces, 
Fn

cap. On the other hand, the slope of 1.1 and divergence can be a com-
bination of the damping effect (coefficient of restitution) and Fn

cap, which 
is worth further investigation. Therefore, the major characterisation of 
cohesion during the packing formation is the divergence of Δϕ-Tg rela-
tion, which shows that a strict gas, fluid or solid region becomes harder 
to define in more cohesive cases. 

3.2. Effects of cluster filling strategy 

We first observe the global granular structure index packing fraction 
ϕ. Fig. 4 shows ϕ as a function of l* for simulations with different initial 
cluster sizes. The index ϕ presents a monotonic uptrend when the 
cohesion effect gradually reduces (increasing l*). At low cohesion, i.e., 
l* > 10, a collapse of data are observed with ϕRLP < ϕ < ϕRCP, regardless 
of initial cluster size. At high cohesion, i.e., smaller l*, however, under 
the same l*, smaller ϕ is associated with decreasing cluster size. 

A cluster can be assumed as a coarse-grained particle with a certain 
shape, [62], and ϕ of thus particles can be affected comparing with the 
spherical particles [8,63]. Therefore, the packing problem due to coarse- 
grained clusters can be explained by whether the cluster will break 
(split) or not during the packing process, which will be further discussed 
in the next paragraph. The data from previous experiments and nu-
merical studies are plotted in Fig. 4 for comparison. In our previous 
study [14], the falling particles can appear as small clusters due to the 
sieve mesh size (2–3 times the size of particles), leading to the trend 
matching well in our studies, whilst the discrepancy will be further 
discussed below. A decreasing falling height, i.e., hfall − H, can result in a 
decreased initial kinetic energy (Eq. (3)) in studies of Wang et al. [14] 
and Yang et al. [13], which can be the reason for the low ϕ, especially in 

Fig. 3. Phase transition during packing processes as evaluated by granular temperature Tg and packing fraction ϕ. (a): The contour plot illustrates 
normalized velocity with energy ratio l* = {617, 12.3, 3.09}. The gas, fluid and solid zone [1] are annotated corresponding to the velocity profile. (b): Tg and ϕ 
profiles along with the vertical direction corresponding to the subplot (a). (c): The normalized probability density plot of the relation between Tg and Δϕ for cases 
corresponding to the subplot (a), and the colour transition indicate the normalized probability density PDF ∈ [0 1] (please refer to the supplementary material for the 
detail). The result is obtained with more than a hundred of the subplot (b) during the packing process with a specific interval of δH∕d, where Δϕ = ϕ - ϕc, and ϕc is ϕ 
in the region that granular structure is jammed and unchanged corresponding to the region below horizontal black dash line in subplot (b). The red fitting lines 
possess the same slopes of 1.1 with lower goodness of fitting when cohesion increases (l* decreases). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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a more cohesive condition. In addition, the wall effect [14] is another 
reason that ϕ is low when cohesion increases. Compared to experiments 
by Feng and Yu [19] and Katz and Milewski [64], instead of a cluster 
falling strategy, a particle pouring approach was adopted. The pouring 
approach in experiments may not be able to restrain the size of the initial 
clusters as N1. As a result, a similar trend of ϕ-l* relation with that of 
Wang et al. [14] can be captured. Furthermore, for the simulation by 
Yang et al. [13], a pouring-like simulation similar to that of Feng and Yu 
[19] was adopted. Although an initial setup with low ϕ was predefined 
to avoid the overlap between particles, the bulk falling process (all 
particles falling simultaneously) can also lead to the cluster formation 
before or as particles transition from the dynamic regime to static con-
dition. Therefore, we can conclude that the control over the initial 
condition can help precisely tailor the packing formation. The result 
helps explain the uncertainty of packing formation when cohesion is 
hardly avoided and the initial clusters are not controlled, which will be 
further discussed below. 

The particle scale cluster characterisation is analysed through look-
ing at statistics of the cluster breakage. To consider whether particles in 
clusters will split or remain stick with each other after impacting the top 
surface of the pile, we define the residual contact, Cr = Nr∕Nt, to quantify 
the residual contacts in original clusters, where Nr is the remaining 
contact in clusters, and Nt is total contacts summed in all initial clusters. 
Thus, Cr = 1 means the falling cluster remains intact (unsplit) due to the 
Fn

cap after the impact, whereas Cr = 0 is associated with fully split particle 
pairs when the falling cluster is less cohesive. Fig. 5 plots the correlation 
between Cr and l*. Three zones are classified and illustrated to represent 
the stick-split state of clusters, i.e., a Stick Zone (STZ) for most clusters 
remain unsplit, a Stick-Split Zone (SSZ) for most clusters partially split, 
and a Split Zone (SPZ) for most clusters fully split. As shown in Fig. 5, 
with the decrease of cohesion (l* increase), clusters tend to split, while 
within SSZ, an obvious transition can be observed. Interestingly, the 
onset of the decrease in Cr, i.e., the suppression of particles separation in 
clusters upon impact, is associated with l*≈1. 

3.3. Topological analysis 

The mean coordination number (Zm) is a critical index in studies of 
granular topological structure [4,5,13], and it describes the number of 
neighbours for each particle. To illustrate the cohesive cluster effect, 
here we obtain Zm by setting a critical particle centre distance equal to 
Dbirth, which is a similar setting to Yang et al. [13], and the relation 
between Zm versus ϕ is plotted in Fig. 6 (a). In Fig. 6 (a), the solid line 
maps a triangle area where the mean coordination number Zm falls be-
tween four and six [5] for dry packing conditions. Within the triangle, 
the broader range of Zm follows the increase of ϕ depending on different 
friction coefficients, and the maximum Zm for each friction coefficient 
case forms the upper slope of the triangle [5]. As a comparison for wet 
cohesive packing conditions, we report similar trends with Yang et al. 
[13] that Zm increases monotonically with ϕ, and a collapse of data are 
observed regardless of N for ϕ > 0.45. For ϕ ≤ 0.45, the cluster size starts 
to affect the Zm-ϕ relation. As a comparison, Yang et al. [13] considered 
the initial packing structure as non-contacting conditions before parti-
cles falling. In our cases, N1, represented by the lightest gray circles, 
have a closer trend with the cross than larger initial cluster cases (see 
Fig. 6 (a)). In Fig. 6 (b)-(e), the distribution of coordination number Z for 
all particles in N1-N4 are shown. Since the cluster effect dominate when 
cohesion is high, higher probabilities of Zm can be found in larger cluster 
cases such as N3 and N4. As the cohesion decrease, the distribution of all 
cases shift towards the higher coordination number, i.e., peak at Z ≈ 6, 
corresponding to the increase trends in Fig. 6 (a). 

Since most clusters tend to remain unsplit with greater cohesion ef-
fects (see STZ and SSZ in Fig. 5), the final Zm of greater cluster size case, 
i.e., N4, tends to be kept larger than the small cluster, i.e., N2. During the 
packing formation, the mean coordination number formed by new 
contacts can be decomposed and classified as ZPP (inter-particle), ZCP 
(cluster-particle) and ZCC (inter-cluster), as illustrated in the Fig. 7 (b). 
Whilst the residual contacts, Zold, from the original clusters can be 
counted as ZIC (intra-cluster). Across the cluster sizes, the new contacts 
can play an important role as the cohesion decreases, which results in a 
higher Zm. The trends of “old” and “new” contacts at the final stage can 
be demonstrated in Fig. 7 (a). When the relative cohesion is high (STZ), 
Zm is mainly dominated by the Zold for N3 and N4. As the cohesion de-
creases (SSZ), the residual contacts gradually play less roles on forming 
Zm, which can be observed through the increase of Znew and the decrease 
of Zold. When the cohesion is considerably low (SPZ), the cluster size 
effects become negligible. Overall, it can be concluded that the small 
relative cohesion (i.e., large l*) eliminates the effect of the initial cluster 
sizes. 

To investigate the packed granular structure, the contact force dis-
tribution is determined from the DEM simulation. The contact force 
anisotropy can arise under different external loads, e.g., gravity, shear, 
axial and biaxial compression [7,37,38,65]. To elucidate the effect of 
cohesion on granular contact force anisotropy, we plot the normal force 

Fig. 4. Packing fraction tuned by the energy ratio index, l*, and initial 
falling clusters N1-N4. The filled circles are the DEM results of this study. Gray 
scales from light to dark indicate the transition of four cases from N1 to N4, and 
the arrow indicates the direction of increasing N. Solid lines are trend lines of 
four cases of different cluster sizes. Hollow markers are from literature as a 
comparison. The predefined initial clusters in different sizes are illustrated 
through black circles connected by blue liquid bridges. Dotted and dashed 
horizontal lines denote the packing fractions at random close packing state 
(ϕRCP ≈ 0.64) and the lower boundary of random loose packing (ϕRLP ≈ 0.55), 
respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 5. Residual contact Cr versus energy ratio index l*. Stick Zone (STZ), i. 
e., Cr reaches 1, implies particles in most clusters remain unsplit. Stick-Slip Zone 
(SSZ) represents particles in most partially separated clusters. Split Zone (SPZ) 
indicates particles in most clusters are split to form new contacts. 
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Fn (case N4) against the angle α, where α is the angle between the Fn 
vector and the horizontal direction (x-y plane). Here, α ± 7.5∘ is the 
sampling window size with moving steps range in [0∘ 90∘] (see the inset 
in Fig. 8(a)). Note, the selection of the angle ±7.5∘ is a trade-off method. 
Below ±7.5∘, the averaged contact direction results can have large sta-
tistical fluctuation. A larger value can hide the anisotropy phenomena. 
The normal forces Fn

cap, Fn
solid and Fn

total are plotted as shown in Fig. 8(a)- 
(c). The force anisotropy increases with l* and ϕ for all three Fn cases 
when force distribution lines transition from a circle-like shape to el-
lipsoids [7]. It can be deduced that when the l* and ϕ is dramatically 
small, the packing structure possesses a random chain-like structure 
[13] in all directions, and in this case, Fn

cap can dominate packing 
structure leading Fn

solid and Fn
total to be close to a circle shape showed in 

Fig. 8(b) and (c). As a comparison, the case N1 is shown as Fig. S2 in the 
supplementary materials. It can be concluded that the cluster size has 
little effect on the isotropic granular fabric formation when cohesion is 
high. The reason is that the insertion strategy (the horizontal position 

and the contact orientation that is led by the intra-cluster particle 
arrangement) of each cluster of the packing formation is random, and 
this randomness is retained by the strong capillary force during packing 
formation. Therefore, the cluster effects can only be reflected in the 
statistical analysis of coordination number Zm. The strong cohesion re-
sults in more stable granular skeleton, which is reflected by smaller 
coordination number (Fig. 6). So, the isotropy and Zm of the granular 
skeleton are the result of the competition between cohesion effects and 
gravitational force. The orientation distribution of the normalized force 
when gravity dominate (ϕ > 0.55) is also comparable with the dry 
condition by Fan et al. [39] (in their work ϕ ≈ 0.6 at relax before 
compression), where a larger vertical contact force distribution indi-
cating the dominance of the gravity is found. Therefore, As the relative 
cohesion decreases (l* increases), the gravitational force becomes 
dominant with a denser (ϕ increases) packing structure, which lead the 
force networks (Fn

solid) contributing more to the overall packing con-
struction, and the Fn

solid tend to align with the direction of gravity. This 
force anisotropy can explain the cohesion-induced increase of heap 
height with a larger angle of repose (AOR) [12]. 

Furthermore, we apply a harmonic style approximation to quantify 
the force anisotropy, i.e., Eq. (5) proposed by Azéma et al. [7]: 

Fn(α)
/

Fn = 1+A
(
3cos2(α) − 1

)
, (5)  

where Fn is the normal force of each contact pair, α is the sampling 
window size, A is the anisotropy index, the symbol over-line indicate the 
average operator with Fn as the average of the Fn of all contacts in the 
packing. Here, the index A successfully quantifies the transition of 
contact force distribution under different cohesion intensity (see the 
comparison between dots and solid lines in Fig. 8). The index A is then 
plot against l*, showed in Fig. 8(d). As can be seen, Fn

total and Fn
solid start 

diverge from Fn
cap at l* ≈ 1, while the Fn

solid gradually becomes dominant 
when Fn

total gradually converges to Fn
solid as the packing possesses less 

cohesion (l* increase). 

4. Conclusions 

In this work, wet granular packing has been simulated using DEM 
with consideration of capillary interaction between particles. A packing 
strategy considering the initial falling cluster size is adopted to precisely 
tailor the overall packing structure. It is demonstrated that the initial 
condition can be crucial to the cohesive packing process. The 

Fig. 6. Cluster effects on Mean coordination number Zm and coordination number probability distribution. (a): Mean coordination number Zm vs packing 
fraction ϕ. Filled circles indicate N1-N4 cases from light gray to black. The cross is from the literature by Yang et al. [13] with a pouring packing strategy. The triangle 
predicts the possible ϕRLP and ϕRCP for dry particles with different friction coefficients [5]. (b)-(e): Coordination number distribution of all particles for cases N1-N4. 
The colour transition from yellow to red represents the decrease of cohesion effects. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. The analysis of decomposed mean coordination number. (a): The 
mean coordination number of Zold (residual contacts from original clusters) and 
Znew as the function of l*. The vertical dash lines mark the same zones classified 
in the Fig. 5. (b) The illustrations of decomposed coordination numbers as intra- 
cluster, inter-particle, cluster-particle and inter-cluster, ZIC, ZPP, ZCP and ZCC, 
respectively, with contacts indicated by white segments. 
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dimensionless number index (l*) capturing the relative importance of 
particle falling kinetic energy and capillary potential is applied to 
describe the intensity of cohesion. The cohesion effect on the granular 
packing formation is well characterised by granular temperature Tg, 
coordination number Z, anisotropy index A, and cluster separation ratio 
Cr that all are found to be related to l* and packing fraction ϕ. The main 
conclusions based on our analyses are:  

• The simulation results are compared quantitatively to experimental 
data sets highlighting the influence of capillary interactions, as well 
as the initial cluster size.  

• A larger initial cluster size under the same cohesion, i.e., same l*, can 
lead to a lower packing fraction and a higher coordination number 
(Z).  

• Wet granular packing processes have been described using a power- 
law relation between Δϕ and Tg, and higher uncertainty was 
captured for relatively high cohesion (for a smaller l*).  

• For relatively high cohesion (for a smaller l*), a more isotropic force 
distribution can be obtained, while an anisotropic condition can be 
observed as the gravitational force becomes dominant (for a larger 
l*). 

It is worth considering further works: 1) the underlying mechanisms, 
e.g., different grain-scale dissipation modes, of the observed divergence 
phenomena of Tg-Δϕ relation during wet granular packing formation, 2) 
the computational model on describing liquid morphology beyond 
pendular state when liquid content varies. This study presents the par-
ticle scale details of wet granular packing with focusing on the role of 
initial filling cluster size, surface tension and formed topological struc-
ture. Conclusions have implications on several industrial applications, e. 
g., unsaturated soil sample preparation through pluviation, powder bed 
preparation for laser selective melting in additive manufacture, and 
pharmaceutical granulation. 
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