
02006

Loose, cohesive granular assemblies: constitutive law and microstructure
evolution in quasistatic isotropic compression
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Abstract. DEM-simulated cohesive granular materials made of spherical beads of diameter a initially assem-
bled in homogeneous solidlike loose states (solid fraction Φ as low as 20-30%), by ballistic cluster aggregation,
are subjected to quasistatic isotropic compression. As the large initial voids gradually collapse under compres-
sion, void ratio e = ↑1 + 1/Φ decreases irreversibly as in cohesive soils. This plastic compression is controlled
by dimensionless ratio P→ = a2P/F0, comparing pressure P to contact cohesive strength F0. The compression
curve, e versus log P→, is sensitive to the initial characteristic velocity during aggregation, which determines net-
work connectivity and microstructure, and to the initial density. Despite the large heterogeneities, this curve is
remarkably reproducible, independent of sample size and aspect ratio. Its slope (the compression index) varies
with the initial density in the aggregation stage, and, surprisingly, correlates with small scale microstructural
features much better than with large scale ones.

1 Introduction

Cohesive granular assemblies, such as powders and col-
loids, exhibit a wider variety of static states than cohesion-
less ones. Cohesion may, in particular, stabilize very loose
states [1], in which stresses are carried by tenuous, rami-
fied contact networks similar to colloidal gels [2]. Hence
interesting compression properties, as initial loose states
get irreversibly densified under growing pressure. We re-
port here on a DEM investigation of the response of a sim-
ple model material, as presented in Sec. 2, in quasistatic
isotropic compression (Sec. 3). While the broad features
of the compression behavior were previously reported [1],
new results are added here, especially as regards the mi-
crostructure (Sec. 4). Sec. 5 presents conclusions.

2 Simulated model

2.1 Particle interactions

The same model system as in Refs. [1, 3] is simulated here:
spherical beads of diameter a and mass m, with Hertz con-
tact elasticity, friction coefficient µ = 0.3, and adhesive
forces modeling capillary attraction through small liquid
menisci, describing wet granular assemblies in the low sat-
uration, pendular regime of isolated liquid bridges. The at-
tractive contact force is simply F0 = ωΓa (Γ denoting the
interfacial tension of the wetting liquid). This force law
has hysteresis: liquid bridges only form in intergranular
contacts but survive between receding pairs, which remain
in distant interaction as long as the separation distance D
does not exceed a rupture threshold DR (here, DR = a/10,
→e-mail: jean-noel.roux@univ-eiffel.fr
→→e-mail: anh-minh.tang@enpc.fr

corresponding to meniscus volume 10↑3a3). Thus, in addi-
tion to the contact coordination number, zc, the distant in-
teraction one, zd, should also be measured. The attractive
force decrease as D grows from zero to DR is modeled with
the simple law of Refs. [1, 3] (“Maugis approximation”).
The Coulomb inequality involves the elastic repulsive nor-
mal force Fe

N only. A contact with vanishing normal force
(Fe

N ↑F0 = 0) may thus transmit a tangential force as large
as µF0.

Simulations implementing this simple model agree
quantitatively with experimental results in simple shear
flow [3, 4], and, semi-quantitatively, in oedometric com-
pression [5].

As in Refs. [1, 3, 4] reduced pressure P→ = a2P/F0,
comparing the adhesive force to pressure P, is used as a di-
mensionless control parameter. Cohesive effects are strong
for small P→, stabilizing tenuous, open structures [1].
Their influence gradually vanish as P→ increases, until the
properties of cohesionless systems are retrieved for large
P→ [1, 2].

2.2 Sample preparation

Several samples (4000 to 9000 particles) are prepared for
each set of parameters. Simulation cells are triperiodic
cubes or tall rectangular cuboids with aspect ratio 2. Loose
stress-supporting structures [1, 6] form by ballistic aggre-
gation (without gravity) in a cell of fixed volume. Grains
are first randomly placed within the cell, at low solid frac-
tion Φ0 (e.g., 0.3), without contacts, and given Maxwell-
distributed random velocities (mean quadratic velocity
V0). Then, collisions form growing mobile clusters and
dissipate kinetic energy. The process stops when a unique,
solid, equilibrated cluster, containing all grains, spans the
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Figure 1. Aspect of aggregated configurations at solid fraction
Φ0 = 0.3 (slices with thickness 3a in 4000 grain cubic cells),
assembled with V0 = V1 (left) and V0 = V2 (right).

system. Its microstructure is determined by Φ0 and V0.
V0 is compared [6] to the escape receding relative velocity
V→ from the potential well, for a pair of grains in distant
mutual attraction, which writes V→ ↓ 1.3

↔
DRF0/m.

Fig. 1 shows structures obtained with V0 = V1 ↗ V→/5
and V0 = V2 ↗ 20V→, corresponding to the opposite limits
of maintained contacts and of strong restructuration during
aggregation. Large V0 values entail heterogeneities (dense
regions and pores) on larger scales.

3 Isotropic compression
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Figure 2. Isotropic compression curve (void ratio versus P→) of
material assembled atΦ0 = 0.3 with V0 = V1 (a) and V0 = V2 (b):
cubic samples with 4000 grains (D), and 8788 grains (C), rectan-
gular cuboidal ones (elongated, aspect ratio 2) with 8000 grains
(P). Density hardly changes in decompression (see arrows). All
results except D in graph (b) are shown for 3 different samples.

Unlike other numerical studies [7], ours deals with
quasistatic compression, after the initial aggregation
stage. The initial states of Sec. 2.2 are subjected to step-
wise increasing isotropic pressures, while the cell volume
decreases to balance the applied load in equilibrated con-
tact networks [2]. The resulting compression curves of
Fig. 2, showing void ratio e [8] versus P→ on a logarithmic
scale (e ↗ (1 ↑ Φ)/Φ, with Φ the volume fraction), are
remarkably well defined and reproducible, despite the ini-
tial heterogeneities (Fig. 1), with no effect of sample size
or shape, and surprisingly little sample to sample fluctu-
ations. Irreversible collapse mostly occurs as P→ ranges
from 0.1 to a few units (pressures of order 1 kPa for beads
with a = 0.1 mm wet by water), as the confining pres-
sure gradually dominates capillary cohesion. The evolu-
tion of coordination numbers (Fig. 3) exhibits a similar
reproducibility. With larger V0, better coordinated initial
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Figure 3. Analogue of Fig. 2 (same symbols and colors) for
coordination numbers of contacts (zc) and of distant interactions
(zd), initial states prepared with V0 = V1 (a) and V0 = V2 (b).

states (Fig. 2b) withstand a larger pressure increase be-
fore gradually collapsing. With small V0, as the forming
aggregates do not restructure in the assembling process,
zc (Fig. 3a) starts close to the minimum value 4, and zd

(which counts opening contacts) starts at zero. The mate-
rial behavior in decompressing from the largest P→ value
(under which cohesive effects are negligible), shown in
Figs. 2-3, is similar to that of a cohesionless material, with
little change in density and coordination number (except
at large pressure, due to elastic contact deflections).

The influence of model parameters on material behav-
ior was tested. The force range (meniscus rupture distance
DR) has but a small effect on the isotropic compression
curves, which is also hardly affected by a moderate size

polydispersity [5]. Yet, a small rolling (and pivoting) re-
sistance in contacts (crucial in the mechanics of colloidal
gels [9]) causes important changes, as even more tenuous
networks may be stabilized at low P→, comprising stress-
transmitting thin, one-grain wide strands [5, 6].

The plastic behavior in isotropic compression is simi-
lar to that of cohesive soils [8], with a linear variation of
the void ratio with log P in some range. The slope of this
curve (known as the compression index) depends on the
initial microstructure, as apparent on Fig. 2: the plastic
compression begins at larger P→, and occurs faster for the
more heterogeneous and better coordinated microstructure
prepared with V0 = V2. The state of minimum void ratio at
large P→, though, is independent of the preparation proce-
dure [1]. Contrarily to the standard presentation of cohe-
sive soil behavior [8] (and to observations in a similar 2D
model [2]), the compression index varies with initial solid
fraction Φ0, as shown in Fig. 4. Interestingly, some states
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Figure 4. e versus log P→, as in Fig. 2, for V0 = V1 and different
initial solid fractions Φ0 (or void ratios e0 = 1/Φ0 ↑ 1).

assembled with different initial density and different char-
acteristic velocity V0 may behave similarly, with close val-
ues of the compression index in some range. Thus, defin-
ing Φ1 ↗ 0.3 and Φ2 ↗ 0.2, Fig. 5 shows that preparations
with Φ0 = Φ1 and V0 = V2, on the one hand, and Φ0 = Φ2
and V0 = V1, on the other hand, have very similar com-
pression curves, the decrease in compression index due to
a smaller V0 compensating the increase caused by a lower
Φ0. The coincidence (Fig. 5) or difference (Fig. 4) in com-
pression curves and compression indices originates in the
preparation-dependent microstructure, as analysed below.

4 Compression law and microstructure

The first internal variables to be measured are the coordi-
nation numbers. For different preparations with the same
value of V0, but different densities, Fig. 6 shows indeed
that initially denser samples are less coordinated than ini-
tially less dense ones compressed to the same void ra-
tio. Thus they start to yield for lower pressures, whence
a lower compression index. Conversely, preparations "Φ1-
V2" (green) and "Φ2-V1" (red) lead to similar coordina-
tion numbers, as shown in Fig. 7, for e ↘ 2.3, and their

0.5

1

1.5

2

2.5

3

3.5

10−2 10−1 100 101 102

e

P ⇤

�0 = �1, V0 = V1
�0 = �1, V0 = V2
�0 = �2, V0 = V1

Figure 5. Compression curves for different values of Φ0 and V0

(data averaged over 3 independent samples of each kind).
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Figure 6. Coordination numbers zc and zd versus void ratio
(compression proceeds from right to left) for states of Fig. 4
(same color code). Note common zc value in final dense state [1].

compression curves are also very close. Unsurprisingly,
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Figure 7. Coordination numbers zc and zd versus e for samples
of Fig. 5 (same color code).

zc and zd thus correlate with plastic compression behav-
ior. Among other small scale features that correlate well
with the compression index are the contact angular distri-
butions and the number of triangles and tetrahedra formed
by interacting grains.

The complex geometry of loose equilibrated networks
should of course be analysed further. It is tempting to try
and identify characteristic length scales in loose heteroge-
neous microstructures (Fig. 1) and correlate them with the
compression behavior. We characterise the pore space as
follows. To each point x in the pore space we associate its
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Figure 2. Isotropic compression curve (void ratio versus P→) of
material assembled atΦ0 = 0.3 with V0 = V1 (a) and V0 = V2 (b):
cubic samples with 4000 grains (D), and 8788 grains (C), rectan-
gular cuboidal ones (elongated, aspect ratio 2) with 8000 grains
(P). Density hardly changes in decompression (see arrows). All
results except D in graph (b) are shown for 3 different samples.

Unlike other numerical studies [7], ours deals with
quasistatic compression, after the initial aggregation
stage. The initial states of Sec. 2.2 are subjected to step-
wise increasing isotropic pressures, while the cell volume
decreases to balance the applied load in equilibrated con-
tact networks [2]. The resulting compression curves of
Fig. 2, showing void ratio e [8] versus P→ on a logarithmic
scale (e ↗ (1 ↑ Φ)/Φ, with Φ the volume fraction), are
remarkably well defined and reproducible, despite the ini-
tial heterogeneities (Fig. 1), with no effect of sample size
or shape, and surprisingly little sample to sample fluctu-
ations. Irreversible collapse mostly occurs as P→ ranges
from 0.1 to a few units (pressures of order 1 kPa for beads
with a = 0.1 mm wet by water), as the confining pres-
sure gradually dominates capillary cohesion. The evolu-
tion of coordination numbers (Fig. 3) exhibits a similar
reproducibility. With larger V0, better coordinated initial
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Figure 3. Analogue of Fig. 2 (same symbols and colors) for
coordination numbers of contacts (zc) and of distant interactions
(zd), initial states prepared with V0 = V1 (a) and V0 = V2 (b).

states (Fig. 2b) withstand a larger pressure increase be-
fore gradually collapsing. With small V0, as the forming
aggregates do not restructure in the assembling process,
zc (Fig. 3a) starts close to the minimum value 4, and zd

(which counts opening contacts) starts at zero. The mate-
rial behavior in decompressing from the largest P→ value
(under which cohesive effects are negligible), shown in
Figs. 2-3, is similar to that of a cohesionless material, with
little change in density and coordination number (except
at large pressure, due to elastic contact deflections).

The influence of model parameters on material behav-
ior was tested. The force range (meniscus rupture distance
DR) has but a small effect on the isotropic compression
curves, which is also hardly affected by a moderate size

polydispersity [5]. Yet, a small rolling (and pivoting) re-
sistance in contacts (crucial in the mechanics of colloidal
gels [9]) causes important changes, as even more tenuous
networks may be stabilized at low P→, comprising stress-
transmitting thin, one-grain wide strands [5, 6].

The plastic behavior in isotropic compression is simi-
lar to that of cohesive soils [8], with a linear variation of
the void ratio with log P in some range. The slope of this
curve (known as the compression index) depends on the
initial microstructure, as apparent on Fig. 2: the plastic
compression begins at larger P→, and occurs faster for the
more heterogeneous and better coordinated microstructure
prepared with V0 = V2. The state of minimum void ratio at
large P→, though, is independent of the preparation proce-
dure [1]. Contrarily to the standard presentation of cohe-
sive soil behavior [8] (and to observations in a similar 2D
model [2]), the compression index varies with initial solid
fraction Φ0, as shown in Fig. 4. Interestingly, some states
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assembled with different initial density and different char-
acteristic velocity V0 may behave similarly, with close val-
ues of the compression index in some range. Thus, defin-
ing Φ1 ↗ 0.3 and Φ2 ↗ 0.2, Fig. 5 shows that preparations
with Φ0 = Φ1 and V0 = V2, on the one hand, and Φ0 = Φ2
and V0 = V1, on the other hand, have very similar com-
pression curves, the decrease in compression index due to
a smaller V0 compensating the increase caused by a lower
Φ0. The coincidence (Fig. 5) or difference (Fig. 4) in com-
pression curves and compression indices originates in the
preparation-dependent microstructure, as analysed below.

4 Compression law and microstructure

The first internal variables to be measured are the coordi-
nation numbers. For different preparations with the same
value of V0, but different densities, Fig. 6 shows indeed
that initially denser samples are less coordinated than ini-
tially less dense ones compressed to the same void ra-
tio. Thus they start to yield for lower pressures, whence
a lower compression index. Conversely, preparations "Φ1-
V2" (green) and "Φ2-V1" (red) lead to similar coordina-
tion numbers, as shown in Fig. 7, for e ↘ 2.3, and their
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Figure 7. Coordination numbers zc and zd versus e for samples
of Fig. 5 (same color code).

zc and zd thus correlate with plastic compression behav-
ior. Among other small scale features that correlate well
with the compression index are the contact angular distri-
butions and the number of triangles and tetrahedra formed
by interacting grains.

The complex geometry of loose equilibrated networks
should of course be analysed further. It is tempting to try
and identify characteristic length scales in loose heteroge-
neous microstructures (Fig. 1) and correlate them with the
compression behavior. We characterise the pore space as
follows. To each point x in the pore space we associate its
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minimum distance Dg(x) to a spherical grain surface. Dg
values are computed by a Monte-Carlo approach, by re-
peating a large number (107) of random drawings of points
in the pore space. Fig. 8 is a plot of the cumulative distri-
bution function (CDF) of Dg over the pore space, grow-
ing from 0 to 1, at the initial void ratio 2.33 for choices
V0 = V1 and V0 = V2. In the more heterogeneous state of
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Figure 8. CDF of distances Dg (in units of a) in void space for
initial states with Φ0 = 0.3, assembled with V0 = V1 (blue) and
V0 = V2 (green, 3 samples).

type "Φ1-V2" (green), the largest Dg values approach 3: the
void space contains a few spheres of diameter 6a. A few
percent of the void space is at distance larger than 2a from
the grain surfaces. Meanwhile, small values Dg ↘ a/2
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Figure 9. Distance d90 versus void ratio e in compression. Same
color code as in Fig. 5 (3 samples for red and green curves).
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Figure 10. Analogue of Fig. 9 for mass-averaged pore volume
VM (same samples and color code).

are also more frequent, evidencing larger dense clusters

than for states "Φ1-V1" (blue). Defining distance d90 by
F(d90) = 0.9 (such that 90% of the volume of voids is
closer to a grain surface), its variations are represented in
Fig. 9 for the three compression curves of Fig. 5. The
marked difference between red and green curves on this
graph signals that the compression behavior does not cor-
relate with length d90 associated with large cavities.

We split the void space into different pores using an
“inflating bubble” algorithm (this is equivalent to the De-
launay construction approach, if pores are merged when
their separating constriction radius is larger than that of
their central cavity). The resulting mass-averaged pore
volume, VM , is shown for the same states in Fig. 10.
While for e ↘ 2.3 the compression curves for initial states
"Φ1-V2" (green) and "Φ2-V1" (red) are very close, aver-
age pore size VM values strongly differ, like those of d90.
Thus, somewhat counter-intuitively, large density hetero-
geneities do not determine the compression behavior. This
may explain the excellent reproducibility of the compres-
sion curves, whereas sample to sample fluctuations are ap-
parent in the large scale variables shown in Figs. 8 to 10.

5 Conclusions

Our simulations thus show the model cohesive material to
possess a very well defined constitutive law in compres-
sion, with e versus log P→ curves akin to those of cohesive
powders or soils. The compression law is sensitive to the
initial state density and microstructure. The large scale
features of loose states (associated to pores and dense re-
gions) are surprisingly little correlated to the compression
index, which is apparently determined by small scale char-
acteristics like connectivity. Other relevant state parame-
ters could be searched for. Our study provides a basis for
comparisons with similar loose cohesive states as obtained
by other preparation methods, experimentally or numeri-
cally, and a wide range of loose microstructures with vary-
ing mechanical properties has yet to be explored.
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