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Abstract

We numerically study the effects of the size polydispersity and the friction coefficient on the compressive
strength of wet granules under a diametrical compression test by using discrete element simulations. The nu-
merical method is coupled with the capillary cohesion law which is enhanced by the cohesive forces between
grains in the pendular regime. The wet granules are composed of primary spherical particles whose size poly-
dispersity is varied from 1 to 10 and the friction coefficient between grains is varied from 0.1 to 1.0. By applying
a constant compression velocity on the top plate in quasi-static regime, the granule is deformed but does not
abruptly rupture due to the cohesive effects between grains and the rearrangement of primary particles. This no
abrupt rupture is characterized by the appearance of the peak compressive stress in a long vertical strain before
the onset failure of the granule. The compressive strength of the granule increases with increasing the friction
coefficient for all cases of the size polydispersity but seemly declines for low values of the size polydispersity
and almost level-off for high-size polydispersity with the friction coefficient larger than 0.5.

Keywords: capillary cohesion, compressive strength, discrete element method, diametrical compression, fric-
tion coefficient, size polydispersity.
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1. Introduction

Wet granular materials are omnipresent in nature, industrial processes, and engineering applica-
tions [1-3]. In which, wet granules or cohesive power mixtures are known as products of mixing water
or adhesives and raw materials with different material properties such as size polydispersity, density,
and roughness [4-8]. Basically, the increase of the size polydispersity leads to the enhancement of
the granule strength [9, 10]. The grains roughness characterized by their friction coefficient also af-
fects the mechanical properties of wet granular materials. Similar to the size polydispersity of grains,
the friction coefficient of grains may help to increase the granule strength due to the enhancement
of the frictional forces between grains [11]. However, the increase of the friction coefficient tends
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to reduce the solid fraction of wet granular materials as a consequence of increasing the pore space
between grains [12, 13]. This effect may lead to weakening the density of the force network, leading
to reducing the compressive strength of granules.

Over the last few decades, the effects of the size polydispersity and the friction coefficient on
the behavior of granular materials have been investigated, especially the segregation, mechanical
strength, and the rheological properties [11, 14-21]. The increase of the size polydispersity and fric-
tion coefficient leads to increase the size segregation of granular materials in different configurations
[17, 21-24]. In contrast, the size polydispersity and the friction coefficient of grains represent differ-
ent effects on the rheological properties of granular materials in the steady flowing state. Meanwhile,
the size polydispersity of granular materials is nearly independent to the shear strength of granular
flows [10, 25], the friction coefficient of grains lead to a significant increase in the shear strength of
granular materials [11, 19, 20, 26]. Recently, Vo et al. numerically reported the mechanical strength
of wet agglomerates under the effects of the low size polydispersity of grains and the liquid volume
characterized by the rupture distance of capillary bonds between grains [18]. The results showed that
the mechanical strength of agglomerates increases with increasing the size span and the rupture dis-
tance of the capillary bonds. In order to extend our previous work and also overcome the limitation
of experimental investigations due to the difficulty of varying the material properties such as the size
polydispersity and the friction coefficient, this numerical work is performed.

In this paper, we report in detail the compressive strength of wet granules under a diametrical
compression test by means of the discrete element simulations. The numerical method is coupled with
the capillary cohesion law which is enhanced by the cohesive forces between grains having a gap not
exceeding a rupture distance. The wet granules are composed of primary particles with different size
polydispersity and the friction coefficient between them. By applying a constant downward velocity
compression on the top platen, such granules are deformed and their compressive stress changes
significantly during the test depending on the values of the size ratio between the largest and smallest
particle diameters and their roughness. Remarkably, by normalizing the compressive strength of wet
granules by the maximum cohesive stress exerted on the mean particle diameter, it slightly decreases
with increasing the size polydispersity of primary particles, but slightly increases with small values
of the friction coefficient and almost level-off for the friction coefficient beyond 0.5.

The rest of our paper is arranged as follows. We first introduce shortly the discrete element method
and the model preparation with different key parameters in Section 2. The paper then shows the
diametrical compression test and the compressive strength of wet granules under the action of the
constant downward velocity on the top platen by varying the broad range of values of the size poly-
dispersity and the friction coefficient of grains in Section 3. The conclusion is set in Section 4 with
the salient results and further research directions.

2. Numerical simulation

The simulations are performed by using an in-house 3D molecular dynamics DEM program,
namely cFGd-3D++code, originally developed by Mutabaruka [27]. This coding program is then
improved by the author in order to apply to previous works and also for this current simulation [28—
30]. The primary particles are modeled by using spheres as rigid bodies and interacting with others by
considering the contact forces law based on a linear spring-dashpot model. The interactions between
two primary particles i and j involve the normal contact forces f;;, the tangential contact forces f;, and
capillary cohesion forces f, [30], as shown in Fig. 1, where f; is obtained by considering the normal
elastic and normal damping components, f; is determined by the Coulomb friction law [21], and the
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capillary cohesion force f, is proportional to the cohesion pre-factor x = 27y, where y, denotes the
liquid-vapor surface tension [30].

Pous

Figure 1. A schematic drawing represents the contact model between two wet particles i and j

The preparation and simulation of this current work involve three different stages: 1) creating
assemblies of primary particles with different size polydispersities by using an isotropic compression;
2) extracting granules by applying a spherical probe into the packings of primary particles; 3) applying
a constant downward velocity on the top platen to compress the granules. In particular, large samples
of granular materials with 10 different size polydispersities (@ = dpax/dmin) ranging from 1 to 10
were first prepared in a box, then applied isotropic compression to all box walls into reaching a
dense packing in the first stage, where dp,x is the largest particle diameter, it is kept constant in
all simulations, dni, is the smallest particle diameter. In each sample (except @ = 1), the diameter
of primary particles is assumed to be distributed uniformly by particle volume fraction, this means
that the particle volume of all size classes of the packing is the same [18, 31]. In the next stage, a
spherical probe is then applied to the center of the packing and its radius is increased until exactly
reaches 5000 primary particles inside the probe, as shown in Fig. 2(a). In all these steps, the particle
gravity and cohesion between grains are absent. After extracting a granule from an assembly, as shown
in Fig. 2(b), the cohesion forces between grains are activated. In all simulations, the liquid volume
is characterized by the rupture distance, this is set equal 0.1 times to the largest particle diameter
(drupt/dmax = 0.1) and kept constant in all simulations. After reaching a static equilibrium, all granules
are compressed by applying a constant downward velocity on the top platen of the model in the third
stage, as shown in Fig. 3. The particle gravity is absent in all simulations in order to avoid the local
effects during the compression [32]. All values of the other key parameter are given in Table 1.

The wet granules are then subjected to the axial compression by applying a constant velocity v
= 0.1 m/s on the top platen, this velocity is slow enough for considering the quasi-static diametrical
compression in all simulations. During the compression, the wet granules are deformed, as illustrated
in Fig. 3, and the granule stress is changed with different rates and magnitudes depending on the
values of the size polydispersity and the friction coefficient between grains. In these simulations, the
stress-strain curve for each value of the size polydispersity and friction coefficient between grains is
considered. The cumulative vertical strain is determined as a ratio between the cumulative downward
displacement Ah of the top platen and the initial diameter Dy of the wet granules.

&= Ak - (1)
Dy Dy
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(a) Assembly of granular materials and the setting of a granule (b) A granule extracted from the assembly
inside a box

Figure 2. The numerical preparation of a wet granule with the size polydispersity @ = 6

a=25

a=1 a=10

Figure 3. Schematic drawing represents the diametrical compression test of wet granules composed of primary
particles with different size polydispersities and friction coefficient by applying a constant downward velocity
on the top platen
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Table 1. Main parameters and their values in all numerical simulations

Parameter Symbol Value Unit
Largest particle diameter dmax 10 pum
Size polydispersity @ [1,10] -
Density of particles Jol 2600 kg/m™>
Number of grains N, 5000 -
Coefficient of friction u [0.1,1.0] -
Normal stiffness k, 10° N/m
Tangential stiffness k; 8x10? N/m
Normal damping Yn 5x1072 Ns/m
Tangential damping Vi 5x1072 Ns/m
Cohesion pre-factor K 0.47 -
Time step At 1x107° sec.
Compression velocity v 0.1 m/s

In order to analyze the compressive strength of wet granules under the diametrical compression,
we calculate the mean vertical stress o;, determined by considering the stress tensor of the granules
during the test. The mean vertical stress o, is obtained by considering z-components of the force
vectors that combining all normal contact forces, capillary cohesion forces, and the tangential contact
forces and the branch vectors joining centers between two particles in contacts [33], as given by the
following expression:

N,
1 2 k 1k k 1k
O'ZZZVO;fZlZ:nC<fZlZ>k )

where V) is the volume of granules, k is the interaction inside the granules, N, denotes the number of
capillary bonds during the compression, n. is the density of number of capillary contacts, ka and l’;
denote the z-components of the force vector and branch vector at the contact k. The stress-strain curve
and the compressive strength of wet granules are analyzed in detail below.

3. Results of simulations

Fig. 4 shows the evolution of the mean vertical stress o, as a function of the cumulative vertical
strain ¢ for 10 different values of the friction coefficient with the size polydispersity @ = 1. It is
interesting to see that the mean vertical stress for all cases of wet grains first increases rapidly with
the rate that increases with increasing the friction coefficient of primary particles. This stress then
reaches the peak values in a long range of the cumulative vertical strain &, implying the wet granules
do not abruptly rupture after the stress reaches the peak. This behavior supplies evidence for the
ductile properties of the wet granules before the onset failure of such granules. The ductile properties
of wet granules may be due to the rearrangement of primary particles and the number of broken
capillary bonds are not much with small cumulative vertical strain. The mean vertical stress then
declines smoothly but with the rate that nearly increases with increasing the friction coefficient u. The
increase of the declination rate of o, may be due to the increase of the number of broken capillary
bonds.
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Figure 4. Mean vertical stress o, of wet granules as Figure 5. The peak stress o, of wet granules
a function of the cumulative vertical strain & composed of primary particles as a function of the
during the compression for different values of the friction coefficient u for 10 different values of the
friction coefficient u of primary particles size polydispersity a

with the size polydispersity @ = 1

In order to highlight the effects of both the size polydispersity and the friction coefficient of pri-
mary particles on the compressive strength of wet granules under the diametrical compression test,
the peak value o, of mean vertical stress o, obtained in each simulation when varying a and yu is
considered. Fig. 5 displays the evolution of the peak vertical stress o, as a function of the friction co-
efficient for 10 different values of the size polydispersity «. It is remarkable to note that the peak stress
o, of wet granules increases significantly with increasing the size polydispersity a. In particular, o,
increases from nearly 19 kPa to approximate 55 kPa when increases the size polydispersity a from 1
to 10 for the case of = 0.5. However, the growth rate of the peak vertical stress o, is different when
increases « in its small range. Furthermore, the friction coefficient also represents different effects
on the peak stress of wet granules. However, the common trend of the peak stress is nearly similar
for all values of @. Indeed, the peak stress of granules increases slightly when the friction coefficient
changes from 0.1 to 0.5. Passing these values of the friction coefficient, o, seemly decreases for low
size polydispersities (@ < 6) or seemly level-off for higher size spans when > 0.5. These differences
may be due to the saturated behavior of the friction forces in particle’s interactions especially for
granules with low size polydispersity and high friction coefficient. These analyses provide evidence
for the effects of the size polydispersity and the friction coefficient on the mean vertical stress of wet
granules.

To unify the representation of the compressive strength of wet granules under a diametrical com-
pression test as the relationship between dimensionless parameters for all values of the size polydis-
persity « and the friction coefficient u of primary particles, we consider the normalization of the
peak stress o, and the cohesive stress o ~ «/{d), where « is the cohesion pre-factor, (d) denotes the
mean particle diameter which decreases when increasing the size polydispersity «. Fig. 6(a) shows
the increase of the cohesive stress o as a function of the size polydispersity @. The increase of o
represents the decrease of the mean particle diameter as a consequence of keeping a constant value of
the cohesion pre-factor k. By considering the ratio of the peak stress o, and the cohesive stress o, it
illustrates the different effects of the size polydispersity and the friction coefficient of grains on the
compressive strength of granules. This ratio first increases for all cases of the size polydispersity with
small values of the friction coefficient (u < 0.5), 0, /0 . then seemingly decreases for higher values of
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Figure 6. (a) The cohesive stress exerted on particles having mean diameter as a function of the size
polydispersity, (b) the peak stress normalized by the cohesive stress as a function
of the friction coefficient for different values of the size polydispersity

friction coefficient with low-size polydispersity, as shown in Fig. 6(b). Remarkably, the compressive
strength of granules composed of monodisperse primary particles is significantly higher than that for
the case of polydisperse spherical particles, especially for high-size polydispersity.

The different effects of the friction coefficient on the compressive strength of wet granules in
Fig. 6(b) under the diametrical compression test represent the saturated behavior of the Coulomb
frictional interactions. Indeed, the compressive strength of wet granules increases continuously for
small values of the friction coefficient. This property provides evidence for the weakness of the fric-
tional forces observed via the material properties as compared to the frictional threshold observed via
the Coulomb friction law. Continuously increasing the friction coefficient of granular materials and
keeping the external loading (as compression forces), the frictional force may exceed the frictional
threshold, leading to reaching a constant compressive strength of granules. These findings observed
in the current work show a good agreement with previous investigations on the effects of the friction
coefficient of material on the shear strength of the granular samples [34]. The porosity of a granu-
lar sample increases with increasing the friction coefficient, meanwhile, its shear strength levels off
for high values of the friction coefficient. These observations have important meanings in using raw
materials in many engineering applications.

4. Conclusions

As reported in the paper, the mean compressive stress of wet granules evolves differently depend-
ing on the size polydispersity and the friction coefficient. In particular, this stress increases rapidly
then reaches a peak in a long vertical cumulative strain, this property represents the ductile behav-
ior of wet granules as a consequence of the rearrangement of the primary particles and the cohesive
effects of the capillary bonds. Remarkably, by considering the ratio between the peak compressive
stress and the cohesive stress exerted on the mean particle diameter, it decreases with increasing the
size polydispersity for the whole range values of the friction coefficient. For each case of the size
polydispersity, the compressive strength of wet granules increases slightly for low friction coefficient,
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this strength then seemly declines with higher friction coefficient for @ < 6 but nearly level-off for
the high-size polydispersities. The numerical findings observed in this current work may provide a
better understanding of the effects of the polydispersity and friction coefficient of primary particles
on the compressive strength of wet granules under diametrical compression. These are clearly diffi-
cult to obtain in experimental works, especially for performing with changing the friction coefficient
of grains.

Within the scope of the paper research and the limitation of real experiments, it is meaningfully
found that the role of friction coefficient has different influences on the mechanical strength of gran-
ules or cohesive powder mixtures, leading to providing evidence for using appropriate raw materials
in different engineering applications.

Acknowledgements

The authors gratefully acknowledge F. Radjai for his original ideas and helpful discussions.

References

[1] Mikami, T., Kamiya, H., Horio, M. (1998). Numerical simulation of cohesive powder behavior in a
fluidized bed. Chemical Engineering Science, 53(10):1927-1940.

[2] Herminghaus, S. (2005). Dynamics of wet granular matter. Advances in Physics, 54(3):221-261.

[3] Mitarai, N., Nori, F. (2006). Wet granular materials. Advances in Physics, 55(1-2):1-45.

[4] Merchant, I. J., Macphee, D. E., Chandler, H. W., Henderson, R. J. (2001). Toughening cement-based
materials through the control of interfacial bonding. Cement and Concrete Research, 31(12):1873—1880.

[5] Sastry, K. V. S., Dontula, P., Hosten, C. (2003). Investigation of the layering mechanism of agglomerate
growth during drum pelletization. Powder Technology, 130(1-3):231-237.

[6] Nimmo,J.R. (2005). Aggregation-physical aspects. In Encyclopedia of Soils in the Environment, Elsevier,
28-35.

[71 Walker, G. M. (2007). Chapter 4 Drum Granulation Processes. In Handbook of Powder Technology,
Elsevier, 219-254.

[8] Vo, T. T., Nezamabadi, S., Mutabaruka, P., Delenne, J.-Y., Izard, E., Pellenq, R., Radjai, F. (2019). Ag-
glomeration of wet particles in dense granular flows. The European Physical Journal E, 42(9).

[9] Fichtner, F., Rasmuson, A Alderborn, G. (2005). Particle size distribution and evolution in tablet struc-
ture during and after compaction. International Journal of Pharmaceutics, 292(1-2):211-225.

[10] Cantor, D., Azéma, E., Sornay, P., Radjai, F. (2018). Rheology and structure of polydisperse three-
dimensional packings of spheres. Physical Review E, 98(5):052910.

[11] Badetti, M., Fall, A., Chevoir, F., Roux, J.-N. (2018). Shear strength of wet granular materials: Macro-
scopic cohesion and effective stress. The European Physical Journal E, 41(5).

[12] Salerno, K. M., Bolintineanu, D. S., Grest, G. S., Lechman, J. B., Plimpton, S. J., Srivastava, 1., Silbert,
L. E. (2018). Effect of shape and friction on the packing and flow of granular materials. Physical Review
E, 98(5):050901.

[13] Wang, J., Lei, M., Yang, H., Xu, K., Xu, S., Zhao, P., Song, Y. (2021). Effects of coefficient of fric-
tion and coefficient of restitution on static packing characteristics of polydisperse spherical pebble bed.
Particuology, 57:1-9.

[14] Rapaport, D. C. (2002). Simulational studies of axial granular segregation in a rotating cylinder. Physical
Review E, 65(6):061306.

[15] Félix, G., Thomas, N. (2004). Evidence of two effects in the size segregation process in dry granular
media. Physical Review E, 70(5):051307.

[16] Arntz, M. M. H. D., Beeftink, H. H., den Otter, W. K., Briels, W. J., Boom, R. M. (2013). Segregation
of granular particles by mass, radius, and density in a horizontal rotating drum. AIChE Journal, 60(1):
50-59.

65


https://doi.org/10.1016/s0009-2509(97)00325-4
https://doi.org/10.1016/s0009-2509(97)00325-4
https://doi.org/10.1080/00018730500167855
https://doi.org/10.1080/00018730600626065
https://doi.org/10.1016/s0008-8846(01)00500-2
https://doi.org/10.1016/s0008-8846(01)00500-2
https://doi.org/10.1016/s0032-5910(02)00271-1
https://doi.org/10.1016/s0032-5910(02)00271-1
https://doi.org/10.1016/B0-12-348530-4/00532-4
https://doi.org/10.1016/S0167-3785(07)80039-X
https://doi.org/10.1140/epje/i2019-11892-9
https://doi.org/10.1140/epje/i2019-11892-9
https://doi.org/10.1016/j.ijpharm.2004.12.003
https://doi.org/10.1016/j.ijpharm.2004.12.003
https://doi.org/10.1103/physreve.98.052910
https://doi.org/10.1103/physreve.98.052910
https://doi.org/10.1140/epje/i2018-11677-8
https://doi.org/10.1140/epje/i2018-11677-8
https://doi.org/10.1103/physreve.98.050901
https://doi.org/10.1016/j.partic.2020.12.013
https://doi.org/10.1016/j.partic.2020.12.013
https://doi.org/10.1103/physreve.65.061306
https://doi.org/10.1103/physreve.70.051307
https://doi.org/10.1103/physreve.70.051307
https://doi.org/10.1002/aic.14241
https://doi.org/10.1002/aic.14241

(17]
(18]
[19]
(20]
(21]
(22]
(23]
(24]
[25]
[26]
(27]
(28]
[29]
(30]
(31]

(32]

(33]

(34]

Trung, V. T., Kien, N. T. / Journal of Science and Technology in Civil Engineering

Yang, S., Sun, Y., Zhao, Y., Chew, J. W. (2018). A numerical study of the segregation phenomenon of
lognormal particle size distributions in the rotating drum. Physics of Fluids, 30(5):053301.

Vo, T.-T., Mutabaruka, P., Nezamabadi, S., Delenne, J.-Y., Izard, E., Pellenq, R., Radjai, F. (2018). Me-
chanical strength of wet particle agglomerates. Mechanics Research Communications, 92:1-7.

Tapia, F., Pouliquen, O., Guazzelli, E. (201 9). Influence of surface roughness on the rheology of immersed
and dry frictional spheres. Physical Review Fluids, 4(10):104302.

Shi, H., Roy, S., Weinhart, T., Magnanimo, V., Luding, S. (2019). Steady state rheology of homogeneous
and inhomogeneous cohesive granular materials. Granular Matter, 22(1).

Vo, T.-T., Vu, T. L., Mutabaruka, P. (2021). Effects of size polydispersity on segregation of spherical
particles in rotating drum. The European Physical Journal E, 44(6).

Marks, B., Rognon, P., Einav, I. (2011). Grainsize dynamics of polydisperse granular segregation down
inclined planes. Journal of Fluid Mechanics, 690:499-511.

Deng, Z., Umbanhowar, P. B., Ottino, J. M., Lueptow, R. M. (2019). Modeling segregation of polydisperse
granular materials in developing and transient free-surface flows. AIChE Journal, 65(3):882—893.

Deng, Z., Fan, Y., Theuerkauf, J., Jacob, K. V., Umbanhowar, P. B., Lueptow, R. M. (2020). Modeling
segregation of polydisperse granular materials in hopper discharge. Powder Technology, 374:389-398.
Nguyen, D.-H., Azéma, E., Sornay, P., Radjai, F. (2015). Effects of shape and size polydispersity on
strength properties of granular materials. Physical Review E, 91(3):032203.

Nguyen, T. K. (2013). Modélisation multi-échelle des matériaux granulaires frottant-cohésifs. PhD thesis,
Université de Grenoble.

Mutabaruka, P. (2013). Numerical modeling of immersed granular media: initiation and propagation of
avalanches in a fluid. PhD thesis, Université Montpellier.

Vo, T. T., Nezamabadi, S., Mutabaruka, P., Delenne, J.-Y., Radjai, F. (2020). Additive rheology of complex
granular flows. Nature Communications, 11(1).

Vo, T.-T., Nguyen, C. T., Nguyen, T.-K., Nguyen, V. M., Vu, T. L. (2021). Impact dynamics and power-law
scaling behavior of wet agglomerates. Computational Particle Mechanics, 9(3):537-550.

Vo, T.-T., Nguyen, T.-K. (2022). Unified penetration depth of low-velocity intruders into granular pack-
ings. Physical Review E, 106(1):014902.

Mutabaruka, P., Taiebat, M., Pellenq, R. J.-M., Radjai, F. (2019). Effects of size polydispersity on random
close-packed configurations of spherical particles. Physical Review E, 100(4):042906.

Phong, H. V. N,, Trung, V. T., Minh, T. D., My, N. V., Lo, V. T. (2022). Effects of lightweight particle
content on the mechanical strength of cylindrical aggregates. Journal of Science and Technology in Civil
Engineering (STCE) - HUCE, 16(2):117-127.

Vo, T.-T., Nguyen, T.-K. (2022). The roles of the reversibility and irreversibility of capillary bonds on the
impact dynamics of agglomerates. Acta Geotechnica, 18(1):217-233.

Gong, J., Zou, J., Zhao, L., Li, L., Nie, Z. (2019). New insights into the effect of interparticle friction on
the critical state friction angle of granular materials. Computers and Geotechnics, 113:103105.

66


https://doi.org/10.1063/1.5026807
https://doi.org/10.1063/1.5026807
https://doi.org/10.1016/j.mechrescom.2018.07.003
https://doi.org/10.1016/j.mechrescom.2018.07.003
https://doi.org/10.1103/physrevfluids.4.104302
https://doi.org/10.1103/physrevfluids.4.104302
https://doi.org/10.1007/s10035-019-0968-5
https://doi.org/10.1007/s10035-019-0968-5
https://doi.org/10.1140/epje/s10189-021-00091-0
https://doi.org/10.1140/epje/s10189-021-00091-0
https://doi.org/10.1017/jfm.2011.454
https://doi.org/10.1017/jfm.2011.454
https://doi.org/10.1002/aic.16514
https://doi.org/10.1002/aic.16514
https://doi.org/10.1016/j.powtec.2020.06.065
https://doi.org/10.1016/j.powtec.2020.06.065
https://doi.org/10.1103/physreve.91.032203
https://doi.org/10.1103/physreve.91.032203
https://doi.org/10.1038/s41467-020-15263-3
https://doi.org/10.1038/s41467-020-15263-3
https://doi.org/10.1007/s40571-021-00427-9
https://doi.org/10.1007/s40571-021-00427-9
https://doi.org/10.1103/physreve.106.014902
https://doi.org/10.1103/physreve.106.014902
https://doi.org/10.1103/physreve.100.042906
https://doi.org/10.1103/physreve.100.042906
https://doi.org/10.31814/stce.huce(nuce)2022-16(2)-10
https://doi.org/10.31814/stce.huce(nuce)2022-16(2)-10
https://doi.org/10.1007/s11440-022-01577-7
https://doi.org/10.1007/s11440-022-01577-7
https://doi.org/10.1016/j.compgeo.2019.103105
https://doi.org/10.1016/j.compgeo.2019.103105

	Introduction
	Numerical simulation
	Results of simulations
	Conclusions

