Granular Matter (2017) 19:7
DOI 10.1007/s10035-016-0686-1

@ CrossMark

ORIGINAL PAPER

Particulate modeling of cementation effects on small and large

strain behaviors in granular material

Z.Ning! - A. Khoubani’® - T. M. Evans®

Received: 29 March 2016 / Published online: 23 November 2016
© Springer-Verlag Berlin Heidelberg 2016

Abstract Most previous studies of cemented sands have
focused on quantifying response at either the element scale
or the field scale based on laboratory or in-situ test results.
These studies provide important practical information about
the engineering behavior of cemented sands, but often gen-
erate little knowledge about the underlying physics that
governs the response at readily observable physical scales.
The current study seeks to provide some insight into the
particle-level mechanics of cemented sands through the use
of discrete element method simulations that have been cal-
ibrated to a test bed of physical results previously reported
in the literature. Numerical particle assemblies are subjected
to applied boundary stresses and evolutions in bond break-
age, shear wave velocity, assembly fabric, and contact forces
are observed. Important similarities and differences in the
load-carrying response of bonded and unbonded granular
materials are observed and quantified. Shortcomings of tradi-
tional approaches to modeling cemented sands are identified.

Keywords Discrete element method - Cemented - Shear
wave velocity - Fabric

1 Introduction

Cementation can occur naturally in soils due to the precipita-

tion of certain minerals such as salts, iron oxides, and calcite
[25,35] or artificially by using cementing agents such as lime,
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ordinary Portland cement, and gypsum. There are also novel
artificial soil improvement techniques such as microbially
induced calcite precipitation (MICP, [7,27]) which mimics
the natural cementation process.

The improved engineering properties of cemented soils
with regards to both large-strain and small-strain responses
have been recognized and studied. Large-strain behavior of
cemented soils are usually studied under drained or undrained
triaxial compression (e.g., [1,22]) and Ko compression (e.g.,
[49]). Previous studies show an increasing degree of cemen-
tation produces increasing peak shear strength and dilative
volumetric response. Studies of small-strain response in
cemented soil primarily focus on small-strain shear modulus
and damping ratio. Small-strain shear modulus is corre-
lated to shear (S-) wave velocity and is normally assessed
using either the resonant column test [1,15,37] or bender
element test [7,27,29,30,49]. It has been shown that small-
strain shear modulus is increased by cementation due to the
enlarged contact area between particles [15]. There have
also been studies aimed at correlating small-strain prop-
erties to large-strain properties for cemented soils. Saxena
and Lastrico [36] developed a correlation between small-
strain modulus and static strength under a particular confining
pressure. Sharma et al.[39] proposed a relationship between
S-wave velocity and stresses at failure based on drained tri-
axial compression tests on weakly cemented sands.

While most of these above-mentioned studies are experi-
mental and emphasize macroscale behaviors, there has been
increasing numerical work aimed at exploring the underly-
ing mechanisms which control the behaviors of cemented
soils. Initial discrete element method (DEM) work in this
area was conducted by Trent and Margolin [41]. Wang
and Leung [43,44] studied the evolution of decementation,
contact force chains, and shear band formation using two-
dimensional DEM simulations. Similar DEM simulations
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were conducted by Jiang et al. [19], focusing on the effects
of bonding model and the parameters used to simulate the
cementing agent on large-strain response of cemented spec-
imens to biaxial compression. As for numerical studies on
small-strain response, Sadd et al. [34] showed that the wave
speed in a two-dimensional DEM assembly is very sensi-
tive to the cementation fabric distribution and is higher than
the uncemented case. Evans and Ning [11] measured S-
wave velocity on three-dimensional DEM models subjected
to various load-cementation histories and reported decreas-
ing S-wave velocity associated with decementation when the
specimen was subjected to isotropic unloading.

This paper explores the effects of cementation on both the
small-strain and the large-strain behaviors of cemented gran-
ular assemblies using three dimensional DEM simulations.
Special emphasis is placed on the analysis of decementation
during different loading conditions since the direct measure-
ment of the amount of cementation is extremely difficult
in physical experiments [26]. The simulation of cementing
agent, S-wave generation, and response measurement are
presented first. The basic model parameters are calibrated
based on experimental results by Sharma et al. [39]. Then the
effects of cement content, confining stress and two distinct
load-cement histories on S-wave velocity under isotropic
consolidation are shown and discussed. Finally the stress—
strain and volumetric response, and the evolution of S-wave
velocity during drained triaxial test of cemented specimens
are presented and compared to experimental results [39].
Microscale analysis is highlighted in regard of bond network,
normal contact force, local porosity, and local coordination
number.

2 The discrete element model
2.1 Geometry and loading

A diameter (D) to height (H) ratio of 1.5 was selected for
the numerical specimen to minimize the P-wave reflection
from specimen boundaries which is commonly observed in
typical triaxial samples with a (D/H) ratio of 0.5 [24,29].
Ning et al. [30] showed that when the specimen lateral bound-
aries are sufficiently distant, the zone along the central axis of
the specimen where the receivers are located is less affected
by P-wave interference. The numerical specimens consisted
of over 52,000 spherical particles with the grain size distrib-
ution shown in Fig. 1. A large number of particles is critical
for obtaining repeatable simulation results, particularly for
S-wave measurement. Mass scaling was used to speed up the
numerical simulation. Particles’ radius was increased 1000
times while the density was kept constant. Ning et al. [30]
showed that increase of particle size decreases the reso-
nant frequency of specimen but does not change the shear
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Fig. 1 Specimen’s grain size distribution

wave velocity. A flexible membrane was modelled using the
stacked cylindrical wall algorithm [13,51] to provide lateral
confinement for the assembly of particles. This stacked-wall
boundary is computationally economical relative to other
published flexible membrane simulation methods and has
been proven capable of effectively capturing stress—strain—
volume change response in discrete element simulations [51].
Rigid planar walls were employed to constrain the top and
bottom of the assembly. Isotropic consolidation was accom-
plished by servo-controlling the translational velocities of
the top and bottom rigid walls and the radial velocities of
the stacked cylindrical walls. The average contact forces
between the particles and the walls were constantly checked
to adjust the wall velocities so as to maintain the target
isotropic confining stress. At the end of consolidation, tri-
axial compression was simulated by moving the bottom and
the top rigid walls towards each other at a constant rate while
servo-controlling the radial velocities of the stacked cylin-
drical walls to maintain the desired confining stress.

2.2 Contact and bonding models

Interaction between particles was simulated using the Hertz-
Mindlin contact model (e.g., [20,23]). Viscous damping is
introduced at the contact points between particles to avoid
non-physical vibrations in the model. Normal and shear vis-
cous damping generate forces at the contact point between
two particles that are proportional to the particles relative
velocity in the corresponding direction. This type of viscous
damping model is appropriate for non-collisional regimes, as
all the simulations in this study include small strain pertur-
bations due to shear wave propagation and quasi-static large
deformations in triaxial compression test. For collision prob-
lems more appropriate damping models can be used [21].
Cementation is simulated via parallel bonds between parti-
cles. Parallel bonds transmit normal forces, shear forces, and
moment at the contact point by providing normal and shear
stiffnesses that act in parallel with the stiffnesses defined
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Parallel Bond

Fig. 2 Schematic view of parallel bonding model (after [18])

Table 1 Basic material parameters used in the DEM simulation

Parameters Value
Particle properties
Specific gravity, G 2.65
Shear modulus, G, 2.9 x 10°Pa
Poisson’s ratio, v, 0.31
Interparticle friction, 0.31
Mean particle diameter, Dsg 0.205 m
Uniformity coefficient, C,, 1.2
Bond properties
Normal stiffness 5 x 108 N/m
Shear stiffness 1 x 10°N/m
Normal strength 5 x 10°Pa
Shear strength 5 x 10°Pa
Specimen geometry
Specimen diameter/Dsg 439
Specimen height/ D5 29.3

by the contact model [31]. Cementation in granular materi-
als involves changes in the surface texture of the individual
grains, changes in fabric, the formation of inter-particle
bonds, and thus, changes in the internal distribution of con-
tact forces [15]. Though a parallel bond does not reproduce
all of the aforementioned cementation effects, it does mimic
the inter-particle bond effect of real cementation by provid-
ing a connection between two particles that transmits both
forces and moments, as shown in Fig. 2. The basic particle
and parallel bond properties were calibrated based on phys-
ical tests as discussed subsequently in Sect. 4 and are listed
in Table 1.

2.3 Shear wave generation and measurement

Shear (S-)wave velocity was measured in the granular assem-
blies to evaluate the effects of cementation on small-strain
behavior. S-waves were generated by applying a horizontal
excitation (along the x-axis) to a thin layer of particles at the

Fig. 3 A typical DEM specimen with S-wave transmitting zone and
receivers. For clarity, only half of the specimen is shown. Red parti-
cles S-wave transmitters; blue particles S-wave receivers (color figure
online)

top of the specimen using a single sinusoidal velocity pulse
(Fig. 3). The diameter of this S-wave transmitting zone is
D/4 (D = specimen diameter) and its thickness is nominally
2x Dsp. Compared to the S-wave generation in bender ele-
ment tests, in which the wave source is approximately a point
and the wave propagation front is spherical, this approach
reduces the P-wave interference effect [24] observed in phys-
ical specimens [29,30]. The DEM model was excited by
sine pulses of different frequencies to obtain the resonant
frequency of the specimen. In subsequent simulations, the
excitation frequency was selected close to the resonant fre-
quency to obtain a strong response in the model. In DEM
simulations, the displacement and velocity of each individ-
ual particle is known, so five approximately equally spaced
particles along the central axis of the cylindrical specimen
were selected (R1 through RS5) to monitor particle motions
during wave propagation.

Figure 4 shows source and receiving signals from a typical
DEM simulation. The amplitude of the signal is a represen-
tation of the displacement of particles in the direction of
the excitation (normalized by the amplitude of the source
signal). It can be seen that the receivers respond to the exci-
tation at different times. The delays between the equally
spaced receivers are almost the same. The receiving signals
have identical waveforms but attenuate as the distance to
the source increases. The S-wave velocities were determined
by first calculating the travel times and distances between
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Fig. 4 Source and receiver signals for shear wave velocity calculations

each of the neighboring receiver pairs using the start-to-start
method [48] and then averaging the resulting wave velocities.
Care also should be taken regarding the excitation amplitude
of source particles, as a large amplitude can lead to inelastic
deformation in the assembly. The adequacy of the excitation
amplitude was investigated by Ning et al. [30] where several
shear waves were applied to an assembly of un-cemented
particles and receiver response was shown to be the same for
repeated application of shear waves.

3 Parametric study of parallel bond behavior

Parallel bond behavior is specified by normal and shear
stiffness, normal and shear strength, and bond radius (nec-
essary for computing moments and calculating stresses from
forces). When the magnitude of the normal or shear stress
exceeds the respective strength, the bond breaks. No slip
is possible at the contact while the bond remains intact.
Results of parametric analyses are presented in Fig. 5 and
show the effects of bond parameters on the stress—strain
behavior of cemented specimens subjected to triaxial com-
pression. In Fig. 5, all of the bond parameters are normalized
by the base parameters listed in Table 1 ({k,}: normalized
normal stiffness; {ks}: normalized shear stiffness; {s,}: nor-
malized normal strength; {s}: normalized shear strength). In
Fig. 5a, it can be seen that increasing the bond normal stiff-
ness increases the specimen stiffness without significantly
changing its shear strength. In Fig. 5b, the specimen becomes
stiffer as bond shear stiffness is increased. The shear strength
of the specimen first increases when bond shear stiffness
is increased from a relatively low value, but decreases as
response becomes very brittle with continuing increases in
bond shear stiffness. Comparing Fig. 5a and b, the bond shear
stiffness shows more significant effects than the bond nor-
mal stiffness. In Fig. 5c, d, the specimen shear strength is
improved by increasing the bond strength but the initial stiff-
ness of the specimen is not affected by either the bond normal
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strength or the bond shear strength. Changing the bond shear
strength shows a more significant effect than changing the
bond normal strength, implying the majority of bonds are
failing in shear for the baseline parameters.

4 Model calibration

The base particle and parallel bond parameters were deter-
mined through calibration of model response to devia-
toric stress—axial strain data from drained triaxial com-
pression tests at 100kPa confining pressure reported by
Sharma et al. [39] on uncemented and weakly cemented
quartz sand with 1, 2.5 and 5% cement content (cc). Ordinary
Portland cement (OPC) was used as the cementing agent in
the tests. Particle parameters (shear modulus, Poisson’s ratio,
and interparticle friction) were calibrated to the laboratory
results for the uncemented specimen. Then using the cal-
ibrated particle parameters, the parallel bond normal/shear
stiffness and normal/shear strength were calibrated based on
the test data from the 5% cc specimen. Using the known
cement content by weight (i.e., 5%), the bond radius (a direct
measure of cement volume) was calculated based on the
specific gravity of the particles (2.65) and the cementing
agent (3.15), the mean particle diameter (Ds0), and average
coordination number (CN; the average number of contacts
per particle). Bonds were installed at all particle-particle
contacts. Then for 2.5% cement and 1% cement cases, the
same bond parameters were used except for the bonds were
installed at 50 and 20% of the contacts (uniformly distrib-
uted within the DEM specimen), respectively, resulting in
cement contents consistent with the laboratory specimens.
Bond radius was kept constant for all simulations. If cement
content were varied in some other way (e.g., by varying bond
radius), we would expect slightly different, yet still internally
consistent, results. This approach results in good predictions
of the stress—strain curves for laboratory tests. These basic
particle and parallel bond parameters are presented in Table 1.
Some of these properties were subsequently varied as part of
parametric studies. It is noted that in the current 3D DEM
simulations, the calibrated bond normal/shear strength used
are similar to those used in previous 2D DEM studies on
cemented sand [19,43,44].

The deviatoric stress versus axial strain curves and the
volumetric strain versus axial strain curves of the calibrated
DEM specimens with various cement contents under triax-
ial compression are shown in Fig. 6. It is readily observed
that: (a) increasing cement content produces higher peak
shear strength and results in a more brittle response (i.e.,
sharp decrease in deviatoric stress after reaching some peak
value, indicating a considerable difference between the peak
and residual strengths); (b) specimens with higher cement
contents experience greater dilation. These observations are
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Fig. 5 Parametric study of parallel bond parameters. a Bond normal stiffness; b bond shear stiffness; ¢ bond normal strength; d bond shear strength.
Deviatoric stress is normalized by the peak deviatoric stress produced in the specimen with the baseline parameters

consistent with the findings in other experimental and numer-
ical studies on cemented soils (e.g., [1, 19]). It should be noted
that Sharma et al. [39] reported contractive behavior for the
uncemented and 1% cc specimens, but in the current sim-
ulation, with the particle and bond parameters calibrated to
the deviatoric stress versus axial strain curves, they show
dilative behaviors but are less dilatant than specimens with
higher cement contents. Many studies in the literature con-
tain instances of DEM results which overpredict dilations
measured in the laboratory (e.g., [9,40,51]). This difference
is due to the imperfect simulation of compliant confinement
provided by stacked walls boundaries (though these are a sig-
nificant improvement over single-cylinder confinement); (c)
critical state shear strength is the same for different cement
contents. Some prior experimental studies (e.g., [38,39])
found that critical state shear strength was dependent on
cement content while other studies (e.g., [43,44]) showed the
existence of a unique critical state regardless of the level of
cementation. It is expected that in laboratory tests the cement
content should have an effect on critical state. Cementation
changes the surface texture of individual grains, increasing
interparticle friction, and bond breakage results in the gener-
ation of silt-sized fines that will fill pores in the sand matrix.
Parallel bonds, however, do not model these features.

S Effects of cementation history: isotropic loading

Confining stress, cement content, and the load-cementation
history are the main factors that affect the small-strain
stiffness of cemented soils [11,15,27]. The two distinct
load-cementation histories are: loading before cementa-
tion (LBC) and cementation before loading (CBL). The
first case is common in natural deposits, where materi-
als are compressed by the weight of overburden deposits
followed by diagenetic cementation processes. The second
case reflects the common procedure for preparation of arti-
ficially cemented specimens in the laboratory [37,39]. In
the current simulations, cemented specimens were isotropi-
cally consolidated to various levels of confining stress under
LBC and CBL cementation histories. In LBC cases, the
specimens were first isotropically consolidated to the target
confining stress. Then the bonds were installed. Finally the
S-wave velocity was measured. In CBL cases, the bonds were
installed when the specimens was consolidated to 10kPa
isotropic confining stress. Then the specimens were fur-
ther isotropically consolidated to the same target confining
stress as in the LBC cases. Finally, the S-wave velocity was
measured. The simulated testing program is described in
Table 2.
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Fig. 6 Comparison of calibrated numerical model response to stress—strain—volume change behavior measured in triaxial compression: a deviatoric
stress versus axial strain; b volumetric strain versus axial strain. Confining stress = 100 kPa.

Table 2 Simulated testing

program Cementation history

Cement content (%)

Isotropic stress (kPa) Fitting parameters

o (m/s) B
Uncemented 0 100, 300, 600, 900, 1200 68.8 0.187
Loading before 100, 300, 600, 900, 1200 79.3 0.169
cementation (LBC)
2.5 85.6 0.165
96.1 0.151
Cementation before 1 100, 300, 600, 900, 1200 70.7 0.188
loading (CBL)
2.5 77.8 0.180
5 90.0 0.168

Figure 7 shows the variation of S-wave velocity under dif-
ferent confining stresses for specimens with different cement
contents. Several observations can be made. Clearly, S-wave
velocity increases as the degree of cementation increases.
However, this effect is less significant when compared to the
physical tests [1,39]. For example, in the current simulation,
the S-wave velocity is increased by only 20% for 5% cc case
while in Sharma’s experiment a 180% increase in S-wave
velocity was reported for the same cement content.

S-wave velocity also increases as the confining stress
increases. For both uncemented and cemented cases, the
S-wave velocity is shown to be a power function of con-
fining stress, which can be fitted using the general equation
Vi= a(o/1kPa)?, where « and B are the fitting parame-
ters shown in Table 2. It is noted that the § values slightly
decrease as the cement content increases but all are around
1/6, which is the theoretical value for particulate media with
Hertzian contacts at moderate stress levels [3,4,8,16,17,42].
The constant S values for specimens with various cement
contents are consistent with the findings in [1] for Monterey
No. 0/30 sand. However, according to many recent studies
[15,27], in the cementation-controlled region [35], where the
cementation degree is relatively high and the confining stress
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is relatively low, the § value is close to zero, implying the S-
wave velocity is minimally sensitive to the stress state—i.e.,
so-called rock-like behavior [27].

There is very small variation of S-wave velocity between
LBC and CBL cases. This agrees with the experimental
results of Fernandez and Santamarina [15]. The small varia-
tion between the measured S-wave velocity for LBC and CBL
cases with the same cement content implies that the level of
cementation is significantly more important than the stress-
cementation history. The LBC case produced lower 8 values
than the CBL case, which indicates the small-strain stiffness
in LBC cemented specimens is less sensitive to stress state.
This is due to the geometry of the Hertzian contact model
(i.e., contactradius increases nonlinearly with increasing nor-
mal force) because a larger particle-particle contact area will
develop for particles loaded before being cemented. There-
fore, further increases in confining stress result in smaller
increases of contact area and thus, smaller gains in interpar-
ticle stiffness (i.e., contact quality, [10,50]).

The discrepancies in the increase in S-wave velocity due
to cementation and its sensitivity to stress state for the cur-
rent simulations and previous experimental studies are likely
due to the fact that the parallel bond used in the simulation
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Fig. 8 Normal contact forces on the xz-plane: a uncemented; b 5% cc LBC; ¢ 5% cc CBL specimens at 1200 kPa isotropic stress
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Fig. 9 Porosity contours on the xz-plane: a uncemented; b 5% cc LBC; ¢ 5% cc CBL specimens at 1200 kPa isotropic stress

is simply a mathematical construct that enhances the tensile
and shear resistance at a contact but is not a real physical
substance (i.e., it does not increase the contact area between
particles). In real soil, the effective contact is much larger
because of the cementing agent. This is a topic that is cur-
rently the subject of active research [12].

Though specimens with different cementation-loading
histories produce very similar S-wave velocities, the follow-
ing analysis shows the differences between these two cases
from a microscale perspective. The normal contact force
chains, porosity contours and coordination number contours
on an xz plane passing through the specimen axis of symme-
try for 0% cc, 5% cc LBC and 5% cc CBL cases at 1200 kPa
confining stress are shown in Figs. 8, 9 and 10. Porosity and

coordination number are calculated for 600 spherical regions
of diameter 8 x D5 with their centroids on the cutting plane.
Contours are then generated using a simple kriging algorithm
in MATLAB.

Figure 8 shows very similar normal contact force chains
for the 5% cc LBC and uncemented cases. In both instances,
a weak contact force area can be seen in the core zone and
is surrounded by strong contact force chains. This particular
pattern of normal contact force is developed because the fab-
ric of the particulate assembly adjusts to react to the external
force. For the uncemented and LBC cases, when the con-
fining stress is gradually increased without the help of any
bonding force, translational and rotational movement of par-
ticles occurs to form the particular arch-like microstructure

@ Springer
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to resist the isotropic confining stress in the most efficient
way. For the CBL case, the normal contact force distribution
is more uniform because the bonds increase the interparti-
cle shear resistance, which prevents interparticle movements.
The distributions of normal contact force for the uncemented,
LBC and CBL cases are quantified using force histograms,
as shown in Fig. 11. It can be seen that the uncemented and
the LBC case have very similar contact force distributions.
The contact force distribution for the CBL case is similar to a
(one-side truncated) normal distribution, consistent with the
visual observation of Fig. 8 that shows a high concentration
of contacts with similar normal force. A normal distribu-
tion curve with the mean () and standard deviation (o)
values of the normal contact forces is plotted on the force
histogram in Fig. 11c to illustrate this fact. Qualitatively,
the agreement between the normal distribution and the his-
togram is reasonable. It has been shown previously that high
confining stresses cause breakdown of cementation [2], so
arch-like force chains are also expected to develop in the
CBL specimen if the confining stress is further increased.
In the current simulation, only 0.38% bond breakage occurs
under 1200kPa confining stress.

The distributions of porosity and coordination number
shown in Figs. 9 and 10 respectively are consistent with the
contact force distribution. In general, low porosity and high
coordination number are observed in the areas with con-
centrated high contact forces while high porosity and low
coordination number are seen mainly in the core zone where
contact forces are low. Again, the LBC and uncemented
specimens have similar porosity and coordination number
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distributions. Distinctions between the LBC and CBL spec-
imens are less obvious from the porosity distribution but are
well demonstrated in terms of the coordination number dis-
tribution. For the LBC case, low CN concentration is well
identified in the core zone for the same reason that the arch-
like contact force chain is formed surrounding the core. For
the CBL case, the spatial variation of coordination number
is less prominent.

6 Specimen response in axisymmetric compression

The effects of cementation on both large-strain and small-
strain response are studied for specimens subjected to
axisymmetric compression. The relationship between cement
degradation and stress—strain response, volumetric behavior,
shear band formation and S-wave velocity are particularly
investigated. A LBC specimen at 100kPa confining stress is
considered.

6.1 Particle, void, and fabric behaviors

Figure 12 presents deviatoric stress, volumetric strain, bond
breakage, and S-wave velocity evolution versus axial strain.
System response is divided into four zones based on the
observed stress—strain behavior: Zone I, from the start of
the test to yield (¢, = 0—1.1%); Zone II, from yielding
to peak strength (¢, = 1.1-1.5%); Zone III, from peak
strength to approaching a steady state (¢, = 1.5—6.5%);
and Zone IV, from the beginning of the steady state to the
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Fig. 12 Stress—strain response, volumetric response, bond breakage
history, and S-wave evolution of 5% cc specimen under 100kPa con-
fining stress

end of the test (¢, = 6.5—10%). Volumetric strain also
shows distinct behaviors in these four zones (Fig. 12b). Zone
I shows volumetric contraction. Zone II is a transition zone
from contraction to dilation. Significant dilation is devel-
oped in Zone III. In Zone IV, the volumetric strain is almost
constant, implying a steady state. Observing bond break-
age versus applied strain reveals the underlying correlations
between cement degradation and specimen-scale behavior.
In Fig. 12c, it can be seen that specimen yield and volumet-
ric dilation occurs at the onset of bond breakage. Decreasing
deviatoric stress and significant dilation is associated with
dramatic bond breakage. The specimen is approaching a

steady state when bond breakage slows down to a mini-
mal rate. Similar observations on the correlation between
bond breakage and cemented sand behaviors were previously
reported in two-dimensional DEM biaxial test simulations
(e.g. [19)]).

Microscale analyses were performed to provide further
insight into the mechanisms of bond breakage effects on
cemented specimen behavior under triaxial compression.
Figure 13 shows the evolution of normal contact forces, the
bond network, local porosity, and local coordination num-
ber at four axial strain levels falling in each of the four
characteristic zones (on the xz plane). It is apparent that, at
&a = 0.5%, well before yielding, the bond network remains
intact. The normal contact forces are uniformly distributed
without forming dominant force chains. Relatively high local
porosities and low coordination numbers are observed in
the central area due to the initial isotropic consolidation
effect before triaxial compression, as discussed previously.
Atey = 1.5%, where peak strength is reached, minimal bond
breakage can be observed. Dominant force chains are propa-
gating vertically through the specimen. No significant change
in local porosity is evident, while local coordination numbers
decrease on the lateral edges of the specimen. At e, = 2.5%,
where deviator stress has rapidly dropped and the specimen
is dilating, significant bond breakage can be observed, form-
ing an ‘X’ shaped bond breakage zone. Local force-chain
buckling occurs near the top and the bottom of the specimen
with contact forces concentrated in the center. Incongru-
ously, both local porosity and coordination number increase
simultaneously in the bond breakage zone. At ¢, = 7%,
where the specimen is approaching a steady state, the ‘X’
shaped bond breakage zone expands while little new break-
age occurs within the intact zone. Many of the contact force
chains break down and the contact forces become highly
concentrated in the center of the specimen, accompanied by
continued increase in coordination number. Dilative shear
bands can be clearly identified from the porosity contours.
It should be noted that the application of stacked-wall cylin-
drical confinement in conjunction with the top and bottom
parallel platens results in enforced axisymmetric deforma-
tion of the specimen. This manifests as the ‘X’ shaped
bond breakage zone and shear bands; however, in physical
experiments only one of the two failure planes often occurs

(e.g., [14]).
6.1.1 Contact force

Summary statistics for normal contact forces at the strain
levels considered in Fig. 13 are presented in Table 3. The
mean contact force reflects the specimen scale stress—strain
response: it first increases and then gradually decreases.
However, the maximum contact force increases monotoni-
cally, implying the development of high locked-in contact
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Fig. 13 Evolution of internal structure during shear

Table 3 Statistics of normal

contact force for 5% cc Strain level (%) Max (N) Min (N) Mean (N) Std. deviation (N) Cov
specimen under triaxial 0.5 1.25% 10° 6.45 x 1073 1.28 x 10* 1.16 x 10* 0.90
compression
1.5 292 x 10° 8.23x 107 3.27 x 10* 3.20 x 10* 0.98
2.5 2.94 x 10° 9.23 x 1073 2.13 x 10* 2.31 x 10* 1.08
7 3.34 x 10° 3.04 x 1073 1.43 x 10* 1.77 x 10* 1.24

forces even as the mean contact force decreases. The coeffi-
cient of variation (COV) also increases with strain, suggest-
ing the distribution of contact forces becomes less uniform
as the specimen is sheared.

6.1.2 Bond breakage

Parallel bonds can experience either normal or shear fail-
ure modes. Figure 14 shows bond breakage evolution for
the 1% cc, 2.5% cc and 5% cc cases. The total fraction of
broken bonds at the end of the test are nearly the same for
all three cases, but the shear bond breakage/normal bond
breakage ratio increases with increasing cement content. The
ratio is 1.03, 2.27 and 4.00 for 1% cc, 2.5% cc and 5% cc
case respectively at ¢, = 10%. For the 1% cc case, there

@ Springer

are almost equal chances for normal and shear bond break-
age while for the 5% cc case, shear bond breakage mode
dominates. This occurs because in the lower cement content
specimens there are contact points that are not bonded and
thus, local shear rearrangement and force redistribution can
occur within the specimen without shear bond breakage. The
spatial distribution of these two bond breakage modes on an
x—7 plane with a thickness of 2.5 x Dsq passing through the
specimen axis of symmetry is demonstrated in Fig. 15. No
particular distribution pattern is seen for each bond break-
age mode. Breakage events are uniformly distributed within
the shear bands with an increasing concentration of shear
bond breakage points as the cement content increases. It is
found that although the onset of bond breakage occurs at
almost the same strain level for different cement contents, its
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development becomes more ‘brittle’ as the cement content is
increased.

6.1.3 Void ratio and coordination number

Mesoscale (i.e., particle neighborhood) void ratio and coor-
dination number were measured in hundreds of random
locations within the specimen. The evolution of average void
ratio and coordination number are shown in Fig. 16. The void
ratio first slightly decreases, suggesting an initial contrac-
tive volumetric change, and then increases and approaches
a steady state at approximately &, = 6.0%. It shows a sim-
ilar trend as the evolution of volumetric strain versus axial
strain as computed from boundary measurements and shown
in Fig. 12. The decrease in coordination number reflects a
dilative response in general but it reaches a steady state at a
lower global axial strain level than void ratio. The same trend
was also observed by Rothenburg and Kruyt [33]. This is not
surprising as there is no unique relationship between void
ratio and coordination number. In fact, the rigid balls with
soft contacts used in this study allow increase in volume with
no change in coordination number just by the reduced over-
lap between two particles in contact. In addition, Rothenburg
and Kruyt [33] stated that critical void ratio cannot be quanti-
fied just by critical coordination number but also by a unique
critical anisotropy. As discussed in the next section, at 3%
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= 065 s E
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S
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Fig. 16 Evolution of void ratio and coordination number for 5% cc
specimen during triaxial compression

axial strain the coordination number is at critical state but
contact anisotropy is still evolving.

6.1.4 Anisotropy evolution

To further investigate the difference in response of unce-
mented and cemented assemblies at the microscale level,
spherical histograms are used to show the distribution of
orientation of contact normal vector, contact normal force,
and contact shear force (Figs. 17, 18). Spherical histograms
provide good firsthand information about the concentration
of one parameter along some specific axis by visual obser-
vation. However, to better quantify anisotropy evolution in
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Fig. 17 3D histograms of: a contact orientation; b contact normal force orientation; ¢ contact shear force orientation at 0, 1, and 10% strain values

for an uncemented assembly

the assembly, the method proposed by Woodcock [46] is
employed. In this method the unit normal contact vectors
form a fabric tensor as follows:

R,'j = = n$nS (1)
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where N is the total number of contacts in the assembly and
nf (i = 1,2,3) is the ith component of the normal vector
at contact point c¢. This tensor possesses three eigenvalues
(A1, A2, A3), the sum of which is equal to 1. These eigen-
values are a measure of the degree of clustering in the data
about their respective eigenvectors (vi, v2, v3). For exam-
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for an assembly with 5% cc

ple, A1 = A, refers to axisymmetric distribution around v3
or A1 = Ay = A3 refers to an equal distribution around all
three eigenvectors (spherical distribution). Therefore, these
eigenvalues are directly related to the fabric shape [46]. The
same tensors can be calculated for normal contact forces as
follows:

1
Fli=—>" fnin )

where f; is the value of total normal force at contact point c.
Ng [28] used eigenvalue ratios versus strain plots to study the
fabric change in unbound granular assemblies subjected to
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Table 4 Eigenvalues

corresponding to distribution of Cement content (%) Contact parameter Strain (%) Aylhx Azl Ax Azlhy
different contact parameters 0 Orientation 0 1.01 1.02 1.01
around principal axes at ' ' '
different strains values 1.01 1.28 1.27
10 1.01 1.31 1.30
Normal force 0 1.02 1.04 1.02
1.01 1.71 1.70
10 1.00 1.82 1.80
5 Orientation 0 1.01 1.02 1.01
1.01 1.28 1.26
10 1.01 1.25 1.23
Normal force 0 1.02 1.04 1.02
1.01 2.78 2.75
10 1.02 1.80 1.77

varying stress paths. In this paper, the fabric descriptors are
defined as Ay/Ax, Az/Ax, and A, /Ay corresponding to main
axes X, y, and z with z being the direction of application of
deviatoric stress. Variations of eigenvalue ratios with axial
strain are presented in Table 4 and plotted in Fig. 19. Fig-
ure 17a shows the distribution of contact orientation in the
assembly. The length of each prism in the histogram is equal
to the fraction of total contacts whose directions are within
the solid angle subtended by the prism boundaries. Accord-
ing to Fig. 17a, the distribution of contact orientation after
the consolidation phase is almost spherical with equal eigen-
value ratios (Table 4). At 1% strain, the histogram elongates
in the z-direction due to the dissolution of contacts normal
to the z-axis, resulting in the preferential contact orientation
shown. These preferentially oriented contacts then form the
strong force network [32] in the z-direction and resist the
external applied load on the assembly. Contact orientation of
the assembly at 10% strain is similar to that at 1% strain and
has the same eigenvalue ratios. This implies no considerable
rotation of particles occurs from 1 to 10% strain. Figure 17b
shows the distribution of contact normal force. The length of
each prism in the histogram is equal to the sum of contact
normal forces whose orientations are within the solid angle
subtended by the prism boundaries normalized by the aver-
age contact normal force in the assembly. The distribution
under isotropic confining stress is spherical, as expected for
spherical particles [6]. At 1% strain, the histogram elongates
in the z-direction and the eigenvalue ratio (1,/ L) increases
from 1.04 to 1.71. At 10% strain, the histogram has not
changed size in the z-direction, but has shrunk laterally, lead-
ing to a larger anisotropy in the assembly (A,/Ax = 1.82).
The distribution of contact shear force is shown in Fig. 17c.
The length of each prism in the histogram is equal to the
sum of contact shear forces whose contact normal vectors
are oriented within the solid angle subtended by the prism
boundaries normalized by the average contact normal force
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in the assembly. Contact shear forces are very small and
their distribution is spherical under isotropic confining stress,
indicating low locked-in shear forces and a high degree of
homogeneity post-consolidation. Anisotropy increases con-
stantly with increasing strain. Both histograms at 1 and 10%
strains enlarge considerably compared to the consolidation
phase which implies that the contact shear forces in the
assembly are increased substantially (again, there is very
little locked-in shear after consolidation). In general, the dif-
ference between the histograms at 1 and 10% strain is not very
appreciable as the two points being considered include one
immediately before maximum shear strength and the other
in the steady state zone of a sample exhibiting loose behavior
(Fig. 6a).

Histograms of a cemented assembly with 5% cc are shown
in Fig. 18. The uncemented and cemented assemblies are
identical prior to the installation of bonds in the cemented
assembly, so all three histograms at 0% global axial strain
are also identical for both specimens. When comparing con-
tact orientation alone, Figs. 17a and 18a indicate very little
difference across strain levels with nearly equal eigenvalue
ratios. This is consistent with Fig. 19a where anisotropy val-
ues of uncemented and cemented specimens are very similar
for 1 and 10% axial strains although anisotropy evolution is
different for both specimens.

Figure 18b shows that at 1% strain, contact normal forces
have both a larger value and a larger degree of anisotropy
when compared to the uncemented assembly. The eigenvalue
ratio increases from 1.71 for uncemented specimen to 2.78
for cemented specimen. The increased normal forces are due
to the bonding at the contact points, which increase con-
tact stiffness and thus result in greater contact forces at the
same displacement relative to the unbonded assembly. At
10% strain, where about 70% of parallel bonds have already
failed (Fig. 12c), the reduction of normal stiffness at contact
points results in a decrease of contact normal forces. At this
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Fig. 19 Anisotropy evolution for a contact orientation; b contact normal force

level of strain, both cemented and uncemented histograms
are much the same in terms of size and anisotropy (refer to
Table 4).

Comparing Figs. 17c and 18c, the shear contact force his-
tograms for the cemented assembly are clearly larger than
those for the uncemented assembly. This is due to two com-
plimentary mechanisms: (1) the increased shear stiffness at
contacts points leading to increased shear forces, much like
in the case of the normal forces; and (2) bonds that allow
the contact points to support a greater force prior to slip rel-
ative to the unbonded case. The direction of the maximum
shear forces—which are potential shear failure planes—can
be observed in Fig. 18c for 1% strain. This preferential
shear force orientation is consistent with the dilatant response
(shown in Fig. 12) and post-failure geometry of the assembly,
which clearly exhibits strain localization. Moving towards
10% strain, the shear force histogram gets smaller in both
size and anisotropy. This indicates the presence of smaller
and more uniform shear forces in the assembly after break-
age of a significant number of the bonds.

Considering the variation of eigenvalue ratio with axial
strain (Fig. 19), both contact orientation anisotropy and
contact normal force anisotropy of uncemented specimen
initially increase and then are approximately constant for the
remainder of the simulation. For the cemented assembly, the
same parameters first increase to a maximum value before
decreasing to steady state, similar to the anisotropy behav-
ior of a dense uncemented assembly [33]. The difference
between degree of anisotropy of cemented and uncemented
specimens is more pronounced for contact normal force as
contact points in the cemented specimen are able to carry
larger normal forces before the bonds break (i.e., before
slippage occurs at the contact). Figure 19 also demonstrates
existence of a critical anisotropy independent of cement con-
tent that was also reported by Rothenburg and Kruyt [33] for
uncmented granular assemblies independent of initial state.

From these microscale observations, it is found that for
weakly cemented particulate assemblies (e.g. soils), shear

band formation, force-chain evolution and volumetric dila-
tion are all closely related to cement degradation. At low
strain levels, the bond network is intact so all particles can
jointly share the load resulting in a uniform contact force dis-
tribution. As strain increases, the initial bond breakage is mild
and random. Interparticle slippage is hindered by the bonding
effect, and thus, the shear strength is improved compared to
uncemented case. Strong force-chains are formed, carrying
most of the load. When the strain is further increased, inten-
sive bond breakage occurs, which leads to the formation of
‘X’ shaped shear bands. With less interparticle bond resis-
tance inside the shear band, contact forces are concentrated in
the force-chains. Weak points are established which results
in local force-chain buckling. Inside the developing shear
bands, clusters of still-bonded particles can rotate to form par-
ticle arches to withstand the concentrated contact force and
also contribute to the volumetric dilation, which is demon-
strated by the increased local porosity. When the strain level
reaches the steady state, shear bands stop expanding and sep-
arate the bond network into several intact zones. High contact
forces are locked in the central area. The stability of the open
voids inside the shear band is maintained through stress arch-
ing. Particle rotation and volumetric dilation are prohibited
outside the shear band where contact forces are low and the
bond network is preserved. Similar observations on the evo-
lution of bond breakage and force chains under shearing were
reported in previous two-dimensional DEM biaxial test sim-
ulations on cemented assemblies [19,43,44]. However, the
fundamental differences between the load-carrying mecha-
nisms in cemented and uncemented specimens—particularly,
the partitioning of fabric and force—have not been previously
reported.

6.2 Wave propagation during shear
Cementation effects on wave propagation during triaxial

compression were studied by measuring S-wave velocity at
different axial strains, similar to the experimental work by
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Fig. 20 Variation of S-wave velocity with axial strain during triaxial
compression

Sharma et al. [39]. Figure 20 shows the measured S-wave
velocity versus axial strain for uncemented, 1% cc, 2.5% cc
and 5% cc specimens. The overall trends are consistent with
those reported by Sharma et al. [39] based on results from
physical experiments. The S-wave velocity increased during
shear to a peak value and then gradually decreased with axial
strain to a steady state value. Higher cement content resulted
in higher S-wave velocities at all strain levels and a more
distinct peak in the curve. The S-wave velocities at steady
state were identical to those at initial state for 2.5% cc and
5% cc case but were lower than initial values for the 1% cc
and uncemented cases. However, Sharma et al. [39] report S-
wave velocities at steady state significantly lower than those
at initial state for high cement contents.

Figure 12a, d shows that the peak S-wave velocity in the
5% cc specimen occurred prior to full mobilization of shear
strength, consistent with results from physical experiments

b)

(@) (
- =

(a)

[39]. Specifically, peak S-wave velocity was found to occur
at the onset of bond breakage, validating the hypothesis by
Sharma et al. [39] that “this phenomenon is an indicator for
bond breakage and de-structuring in the samples.”

Figures 21 and 22 show the evolution of shear strain on the
x—z plane during S-wave propagation in the 5% cc specimen
when ¢, = 0% and e, = 7% respectively. Recall that at
&, = 0%, the bond network was intact and the contact force
nearly uniformly distributed. At e, = 7%, an ‘X’ shaped
bond breakage zone and strong force-chains were formed.
Figure 22 demonstrates how these differences in microstruc-
ture can significantly alter wave propagation. It is clear that
the S-wave propagates preferentially through the breakage
zone, where the contact force-chains were formed [34,35].

In summary, the observed shear wave velocity changes for
a cemented specimen can be explained as follows: With an
increase of axial strain and before failure of parallel bonds,
large contact forces are generated within the assembly, as
shown in Fig. 13. These large contact forces increase the
overlap between particles which, in turn, increases normal
and shear contact stiffness:

k, = Mﬁ (3)
3 (l — vg)
3G2 (1 — v) R

JF, 4)

kg =2
2 — v,

where U is the overlap of the two particles, F,, is the normal
contact force, R is the average radius of the two particles, and
G and v, are the shear modulus and Poisson’s ratio of the
two particles, respectively. This results in an increase of shear

(c)

v

-_— ,
--i

Fig. 21 Evolution of shear strain on x—z plane during S-wave propagation at a 10 ms; b 15 ms; ¢ 20 ms; d 25 ms after excitation for 5% cc
specimen at &, = 0% during triaxial compression

Fig. 22 Evolution of shear strain on x—z plane during S-wave propagation at a 10 ms; b 15 ms; ¢ 20 ms; d 25 ms after excitation for 5% cc

specimen at &, = 7% during triaxial compression
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wave velocity of the assembly. With further increase of axial
strain and the initiation of bond breakage, large contact forces
and therefore the main pathways for shear wave propagation
concentrate in a central portion of the specimen. Moreover,
the average normal contact force in the assembly is reduced
(Table 3). These two phenomena together result in a decrease
in shear wave velocity.

Atthe macroscale level, shear wave velocity is shown to be
a function of effective confining stress [35,47]. More specifi-
cally, Ning et al. [30] showed that for a granular assembly the
shear wave velocity is constant for the same mean effective
stress for both isotropic and K¢ conditions. In an axisym-
metric compression test with radial stress held constant, the
mean effective stress increases with an increase in deviatoric
stress and vice versa. Therefore, in zone II (Fig. 12) with the
largest deviatoric stress, the largest shear wave velocity is
expected.

7 Summary and conclusions

The parallel bonding model can be used in DEM simulations
to effectively reproduce many of the characteristics present
in cemented soils and observable at the element scale. It was
observed in the present work that the peak shear strength is
significantly improved as the cement content is increased.
Meanwhile, the stress—strain response becomes more brittle
and the volumetric strain becomes more dilative. The S-wave
velocity (small-strain stiffness) increases when the cement
content is increased and decreases as decementation occurs.

Under isotropic confinement, S-wave velocity increases
as the cement content is increased (for a given isotropic con-
fining stress). For a specimen with a given cement content,
S-wave velocity increases as the confining stress is increased,
following the typical power law relationship. The difference
between the S-wave velocities measured from the specimens
with load-before-cementing (LBC) and cementing-before-
loading (CBL) cement-stress histories is small. However, the
S-wave velocities of LBC specimens are less sensitive to the
change of stress state, likely due to larger contact areas being
formed when particles are loaded without cement, resulting
in a stiffer contact behavior. The distinctions between the
LBC and CBL cases are revealed from a microscale investi-
gation. It is shown that the contact forces for the CBL cases
are more uniformly distributed compared to the LBC cases.
For the LBC cases under high isotropic confining stress, parti-
cle arches are formed surrounding the core of the specimen,
resulting in relatively high porosity and low coordination
number inside the zone surrounded by particle arches.

For numerical specimens subjected to axisymmetric com-
pression, the simulations indicate that stress—strain and
volumetric response are closely correlated to bond break-
age. The onset of bond breakage corresponds to a yield point

in the stress—strain curve and the transition from volumet-
ric contraction to volumetric dilation. Complimentary shear
bands are formed on a cutting plane as axial strain increases.
Inside the shear band, large bond breakage occurs and the
normal contact forces are concentrated, accompanied by high
local porosity and low local coordination number. Outside the
shear band, the bond network remains intact and less change
in local porosity and local coordination number can be seen.
The bond breakage is primarily due to shear failure in the
high cement content case. More normal mode bond failure
is seen for low cement content cases.

Contact orientation, normal force orientation, and shear
force orientation anisotropy were observed to evolve differ-
ently for cemented and uncemented assemblies. In heavily
cemented specimens, the predominant load-bearing mecha-
nism prior to significant bond breakage is through increased
contact normal forces along the axis of deviatoric load-
ing and increased contact shear forces on planes oriented
at 45° relative to the axis of deviatoric loading (Figs. 17,
18). In lower cement content specimens, the unbonded con-
tact points allow for local shear rearrangement and force
redistribution within the specimen without shear bond break-
age, resulting in a fundamentally different failure mechanism
when compared to uncemented or heavily cemented speci-
mens (Figs. 14, 15). Anisotropy evolution in terms of contact
orientation and normal contact force is different for cemented
and uncemented specimens; however, there is a unique criti-
cal anisotropy at large axial strain regardless of cementation
level.

The evolution of S-wave velocity agrees with the cor-
responding experimental results [39]. S-wave velocity first
increases to a peak value then decreases to a stable value. The
peak S-wave velocity occurs before the peak shear stress is
reached, which corresponds to the onset of bond breakage.
The shear strain contours on a cutting plane clearly show that
the S-wave propagates preferably through the bond breakage
zone, where the contact forces are concentrated. However,
two significant differences were observed between numeri-
cal and physical S-wave velocities in cemented assemblies:
(1) numerical assemblies were much less sensitive to increas-
ing bulk stress than physical assemblies; and (2) the presence
of parallel bonds does not increase S-wave velocity as much
as would be expected based on physical experiments. This
latter point also manifests in terms of the magnitudes of pre-
and post-failure S-wave velocities observed in axisymmetric
compression (Fig. 20). These observations are likely due to
the fact that parallel bonds are a mathematical construct that
serve to increase normal and shear resistance at a contact but
do not increase the contact area between particles. In real
soil, the effective contact area is increased in the presence of
a cementing agent. This is a topic that is currently the subject
of active research, including a recent paper [45] that proposes
a constitutive model that considers this effect.
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