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This study investigates the influence of the intermediate principle stress on the particle breakage of gran-
ular materials. The crushable agglomerate method is applied to model soil particles and numerical true
triaxial tests were carried out. The results show that particle breakage increases with increasing b value,
the relationship of which follows an exponential function and agrees well with previous experimental
results. More importantly, the study found that the relationship between particle breakage and total
energy input is independent of the intermediate principle stress, which provides a good basis for the
constitutive modeling of granular materials.

� 2016 Published by Elsevier Ltd.
1. Introduction

Particle crushing has an essential influence on the important
engineering properties of granular materials, such as stress-strain
relationship, strength, volume change, and yielding [1,2]. This is
because a change in particle size distribution due to particle crush-
ing may create a very drastic change in the internal structure [3].
Due to its importance, particle crushing behavior of granular mate-
rials has been investigated by a number of researchers. Single par-
ticle crushing behavior has been investigated using uniaxial
compression tests [4–10], based on which and together with frac-
ture theory, theoretical criteria for particle breakage have been
proposed [11–15]. Triaxial tests have been carried out to study
the effect of particle breakage on the mechanical behavior of gran-
ular materials [2,16–27]. To investigate the effect of particle break-
age on the mechanical behavior of granular materials, various
breakage indices have been proposed [1,16,25,28]. Based on the
experimental results, constitutive models have been developed to
take into account the influence of particle breakage in continuum
numerical analyses [26,29–32]. Discrete element method has also
been applied to investigate the behavior of crushable granular
materials, which has brought the investigation of particle breakage
into a grain scale and has provided many new insights [3,13–
15,33–39].
Previous studies show that particle crushing of granular materi-
als is affected by many factors, including the relative density, stress
level, loading path, particle strength, mineral composition, particle
shape, and particle size distribution [40]. Among all these factors,
the effect of intermediate principle stress on particle breakage
has not been fully clarified. Some limited study showed that parti-
cle breakage is dependent on the intermediate principle stress
ratio b [21], however, the mechanism of the effect of b on particle
breakage is still not clear. This may be due to the difficulties of car-
rying out experimental research on particle breakage considering
complex stress path. The type of soil, testing conditions, boundary
conditions and instrumental limitations may lead to difficulties in
revealing the hidden mechanism [40]. Previous experimental stud-
ies showed that particle breakage is very well correlated with the
external work, or the total energy input, applied to the soil element
[1,2,20,23,32,41], but these tests only covered simple stress paths
such as triaxial compression, and the influence of intermediate
stress is still not known [20,23]. However, it is very difficult to
track the evolutions of particle breakage and input work in true
triaxial tests, which is essential to understand the mechanics of
particle breakage.

DEM can overcome the limitation encountered in experimental
true triaxial test studies, because it enables one to prepare the
exact same sample in each numerical experiment for a certain b
value without any bias in the initial fabric [40]. Furthermore, with
the development of particle breakage simulation method using
DEM, it is possible to fully understand the mechanism of the effect
of b on particle breakage.
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Table 1
Parameters of crushable agglomerates.

Density of ball (kg/m3) 2600
Normal and shear stiffness of ball (N/m) 4.0e6
Friction coefficient l of ball 0.5
Normal and shear parallel bond strength (N/m2) after shearing 1.0e8
Normal and shear parallel bond strength (N/m2) before shearing 2.0e12
Normal and shear parallel bond stiffness (N/m3) 4.0e12
Ratio of parallel bond radius to ball radius 0.5
Normal and shear stiffness of wall (N/m) 4.0e8
Friction coefficient between walls and balls 0.0
Percentage of spheres removed at random (%) 10
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This study explores the effect of intermediate principle stress on
particle breakage of granular materials. Crushable agglomerate
method was used to model realistic particle grains of granular
materials. Single agglomerate uniaxial compression tests were
conducted to ensure that the particle strength follows Weibull’s
distribution. Then, a series of true triaixal tests were simulated.
The effect of intermediate principle stress ratio on the mechanical
behavior was analyzed and compared with previous experimental
results. Two breakage indices were used to explore the relationship
between particle breakage and intermediate principle stress ratio.
The relationships between particle breakage and total energy input
under different loading paths are also discussed.

2. DEM simulations

2.1. DEM method and contact models

The commercial DEM software PFC3D3.1 was used to investi-
gate the particle breakage behavior of granular materials in this
study. The PFC3D software uses the ‘‘soft contact” approach, which
assumes that all spheres are rigid and can’t change their shape and
size, and inter-action of spheres is represented by assigning each
sphere a stiffness and allowing them to overlap. The constitutive
models used in this study are the same as those in Wang and
Yan [37]. A brief description of the models is given in the following.
A linear contact stiffness model, a Mohr-Coulumb based slip model
and a parallel bond model are introduced to represent the consti-
tutive contact behavior between contacting spheres. In the linear
contact stiffness model, the force-displacement relationships for
the normal and tangential component models are given by

Fni ¼ Kn � un
i ð1Þ

DFsi ¼ �Ks � Dus
i ð2Þ

where Kn and Ks are the stiffnesses of normal and tangential model,
respectively. The contact stiffness is computed assuming that the
stiffnesses of the two contacting spheres act in series, so that Kn

and Ks are defined by following equations:

Kn ¼ k½A�
n � k½B�

n

k½A�
n þ k½B�

n

ð3Þ

Ks ¼ k½A�
s � k½B�

s

k½A�
s þ k½B�

s

ð4Þ

where the superscripts [A] and [B] denote the two spheres in
contact.

The slip model describes the constitutive behavior tangential to
the particle contact between two particles. It is defined by the fric-
tion coefficient at the contact l, where l is taken to be the friction
coefficient of the two contacting entities. The slip model starts
working at the contact i, when the following condition is satisfied:

jFsi j P l � jFni j ð5Þ
where Fsi is the contact tangential force and Fni is the contact normal
force.

The bond model used in this study is parallel bond. The parallel
bond can be imagined as an elastic circular disk lying on the con-
tact plane and centered at the contact point, which acts like a
beam. This makes the parallel bond able to transmit both transmit
both forces and moments between particles. Each parallel bond has
normal and shear stiffness (in terms of stress/displacement), nor-
mal and shear strength (in terms of stress) and a radius. The
load-deformation-relationships for tension and compression,
bending, shear and torsion are linear. The load bearing capacity
is calculated as the elastic bearing capacity of a cylindrical beam.
The radius of a parallel bond can be calculated by a predefined
radius ratio multiplying the radius of the smaller spheres in the
contact.

2.2. Crushing test of single crushable agglomerates

2.2.1. Crushable agglomerate modeling
The appropriate approach to model a realistic crushable granu-

lar grain is essential to study the shear behavior of an assembly of
crushable particles. Crushable agglomerate method which is firstly
developed by Robertson and Bolton [33], then used by many inves-
tigators [3,34–39], is found to be an effective approach for simulat-
ing realistic crushable particles. In this method, crushable
agglomerates are composed by a large number of elementary,
uncrushable spheres, which are bonded together by breakable
bonds. Each elementary sphere is given a certain probability of
existence to provide the statistical variation of the strength and
shape of agglomerates.

In this study, the crushable agglomerate method by Robertson
and Bolton [33] is adopted. However, the contact bond model
applied in the original method is replaced by parallel bond model,
because the contact bond model fails to consider rotational resis-
tance, which frequently leads to the absence of a clear and visible
physical fracture of an agglomerate [37]. The proportion of
removed balls is set as 10% in this study, in order to obtain smooth
stress-strain relationships. The parameters used in this study are
shown in Table 1. The parameters of linear contact stiffness model
are from Cheng et al. [34]. The parameters of parallel bond model
are based on those in Wang and Yan [37] and Laufer [38], but para-
metric analyses were carried out to determine the final values to
ensure smooth stress-strain relationships in the numerical tests.

2.2.2. Crushing of a single agglomerate
A realistic granular particle may have many flaws, and its frac-

ture strength under compression tests is determined by the num-
ber and size of these flaws. As a result, the fracture strength of
granular particles may vary widely. The Weibull’s statistical distri-
bution is found to be a useful tool to describe the variation of frac-
ture strength of crushable granular particles [7,8]. Robertson and
Bolton [33] firstly developed an agglomerate method using PFC3D
to model such strength variation of granular materials by ran-
domly removing balls or weakening bonds.

In this study, 30 agglomerates, which consisted of about 57 ele-
mentary balls, were created by giving each elementary ball a prob-
ability of existence of 90%. The diameter of each elementary ball
was 0.5 mm. Then compression tests were conducted on these
agglomerates. The fracture strengths of these agglomerates were
analyzed using Weibull’s distribution as:

Ps ¼ exp � r
r0

� �m� �
ð6Þ



(a)
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where Ps is the survival probability of a particle with size d, r is the
induced tensile stress, and r0 is the characteristic tensile stress at
which 37% of tested particle survive, and m is the Weibull’s
modulus.

The survival probabilities Ps of 30 agglomerates are calculated
using the mean rank position proposed by Davidge [42] as follow:

Ps ¼ 1� i
N þ 1

ð7Þ

in which i is the rank position of an agglomerate when sorted into
increasing order of equivalent stress, and the N is the number of
agglomerates, which is 30 in this study.

To estimate the Weibull modulus, Eq. (6) can be rewritten as:

ln ln
1
Ps

� �� �
¼ mln

r
r0

� �
ð8Þ

Fig. 1 presents the relationships between the fracture strength and
the survival probability Ps for agglomerates tested in this study.
Fig. 1 illustrates that the results obtained from DEM agglomerates
is in good agreement with Weibull’s distribution. The Weibull’s
modulus is approximately 2.186, and the characteristic fracture
stress r0 is 80.65 MPa.

2.3. True triaxial compression test

2.3.1. Specimen preparation
The numerical cubical specimens have an initial dimension of

30mm enclosed by six rigid, frictionless walls. A set of 582 ‘‘exo-
spheres” following a designed particle size distribution shown in
(a)

(b)

Fig. 1. Survival distribution curve of singe agglomerate crushing: (a) normalized
distribution; (b) Weibull modulus.

(b)

Fig. 2. Configuration of cube model and Particle size distribution: (a) numerical
simple; (b) particle size distribution.
Fig. 2(b) were first created using the radius expansion method.
Then a linked list storing the radii of these exo-spheres and the
coordinates of their centres were created. After that, randomly
rotated crushable agglomerates were created to replace the exo-
spheres. The agglomerates centred at the coordinates in the linked
list. The radii of elementary spheres in the agglomerates were set
to 1/5 of the replaced exo-spheres, and each elementary sphere
had a survival probability of 90%. Then the assembly of crushable
agglomerates was cycled to equilibrium. The finial specimen is
shown in Fig. 2(a), and its PSD was presented in Fig. 2(b) as PSD
of the agglomerates. The parallel bond strength was set to a rela-
tively high value of 2� 1012 N=m2 in order to ensure no bond
breakage occurring during isotropic compression. Similar approach
was adopted in Kwok and Bolton [36].
2.3.2. Isotropic compression
After the specimen was created, it was isotropically compressed

to a given confining stress. A servo algorithm was employed to
make sure this process was stable and controllable and a complete
equilibrium condition was achieved. In each step, the stress in each
direction was calculated and compared with confining stress, then
the velocity was calculated and applied to corresponding walls.
The confining stresses used in this study were 400 kPa, 600 kPa,
800 kPa, and 1000 kPa, respectively.
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2.3.3. True triaxial compression
After the designed confining stress condition was reached, the

specimen was then sheared by moving the walls in the z direction
towards each other at a constant velocity of 0.05 m/s. A new servo
algorithm was employed at this stage. The servo control on the
walls in the z-direction was dismissed and a constant small veloc-
ity of 0.05 m/s was applied to these two walls so that they moved
towards each other. The servo control on the walls in the x-
direction did not change, while that on the walls in the y-
direction was modified. The stress applied on the specimen in
the x direction was maintained nearly constant, while the stress
applied on the specimen in the y direction was determined by
intermediate stress ratio b ¼ ðr2 �r3Þ=ðr1 �r3Þ. The normal
and shear parallel bond strength of the spheres are set to final
value of 1� 108 N=m2 at the beginning of this stage to allow bond
breakage. To ensure a quasi-static condition in the numerical tests,
an index Iuf proposed by Kuhn [43] and Ng [44] was used in this
study. During all simulations, the values of Iuf remained a quite
low value (less than 1.0%), which according to Kuhn [43] and Ng
[44] corresponds to a quasi-static condition.
3. Macroscopic response

A series of numerical true triaxial tests were conducted under
constant confining pressures (r3 ¼ 400 kPa; 600 kPa; 800 kPa
and 1000 kPa). The variation values of intermediate principle
stress ratio b considered in this study are 0.0, 0.25, 0.50, 0.75 and
(a)

(b)

Fig. 3. The evolutions of stress ratio g versus Major principle strain:(a) stress ratio
g with different b values ðr3 ¼ 1000 kPaÞ; (b) stress ratio g with different r3

(b = 0.5).
1.00, respectively. Figs. 3–5 show the typical macroscopic
responses of crushable agglomerates with different b values.

The evolutions of stress ratio g versus axial strain are shown in
Fig. 3. The stress ratio g is defined as follow:

g ¼ q
p0 ð9Þ

where q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððr1 � r2Þ2 þ ðr2 � r3Þ2 þ ðr3 � r1Þ2Þ=2

q
,

p0 ¼ ðr1 þ r2 þ r3Þ=3, and r1, r2 and r3 are the major, intermedi-
ate, and minor effective stresses, respectively.

It is shown in Fig. 3(a) that g is initially independent on b, and
quickly starts to depend on b values. An increase in b value at
r3 ¼ 1000 kPa leads to a decrease in the stress ratio g at the same
axial strain. The effect of confining pressure r3 on g is shown in
Fig. 3(b). It is clear that an increase in confining stress r3 at
b = 0.5 results in a decrease in the stress ratio g at the same axial
strain.

The relationships between volumetric strain and axial strain are
shown in Fig. 4. As shown in Fig. 4(a), all specimens with different
b values initially contract, and the volumetric strains decrease with
increasing b values. When the axial strains reach nearly 2%, all
specimens begin to expand until the end. During this stage, volu-
metric strains decrease with increasing b until b � 0.50 and subse-
quently increase as b increases. The evolution of volumetric strains
under different confining stresses with b = 0.5 is shown in Fig. 4(b).
The volumetric strains decrease as confining stress increases at the
same axial strain. The stress-strain-volume relationships of the
(a)

(b)

Fig. 4. The evolutions of volumetric strains versus Major principle strain: (a)
volumetric strains with different b values ðr3 ¼ 1000 kPaÞ; (b) volumetric strains
with different r3 (b = 0.5).



(a)

(b)

Fig. 5. Variations in peak friction angle /p with (a) b value; (b) minor principle
stress r3.
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numerical samples are consistent with those from true triaxial
tests on crushable granular materials [21].

The peak friction angle /p is widely used to represent the vari-
ation of peak strength under generalized stress conditions. The
peak friction angle /p is the maximum value of the mobilized fric-
tion angle /m during shearing, where the mobilized friction angle
is defined as follows:
(a)

(c)

Fig. 6. The evolutions of damage ratio vs. axial strain: (
/m ¼ sin�1 r1 � r3

r1 þ r3

� �
ð10Þ

The relationships of /p � b under different minor principle stresses
r3 are shown in Fig. 5. Fig. 5 indicates that the peak friction angle
/p depends on both the minor principle stress and b values. The
peak friction angle first increases as b increases, and then when a
certain b value is attained, the peak friction angle decreases with
increasing b, as shown in Fig. 5(a). This trend is consistent with
the experimental results in Xiao et al. [21]. The results presented
in Fig. 5(b) illustrate that the peak friction angle decreases with
increasing minor principle stress r3.
4. Influence of intermediate stress ratio b on particle breakage

4.1. Influence of b-values on bond breakage

Crushable agglomerates are comprised of elementary balls
bonded together. If contact force acting on a parallel bond exceeds
its strength, the bond breaks. As the number of broken bond
increases, an agglomerate splits into fragments. So a larger number
of broken bonds lead to a higher level of particle breakage. In this
study, an index known as damage ratio [45] is applied to measure
particle breakage in the assemble of crushable agglomerates. The
damage ratio is defined as the number of broken bonds Nb divided
by the number of total parallel bonds at the initial stage of shearing
Nb0:

Damage ratio ¼ Nb

Nb0
ð11Þ

Fig. 6 shows the evolutions of the damage ratio with axial strain
under different confining stresses. It can be seen in Fig. 6 that the
damage ratio is basically zero initially until the axial strain reaches
approximately 2%.After that, the bonds begin to break, and the bond
breakage ratios increase rapidly with an increase in the axial
strains. It is also shown in Fig. 6 that damage ratio increases with
increasing principle stress ratio b at the same axial strain, which
indicates that particle breakage of granular materials depends on
the intermediate principle stress. This tendency agrees with the
(b)

(d)

a) 400 kPa; (b) 600 kPa; (c) 800 kPa; (d) 1000 kPa.



(a) b=0.00 (b) b=0.25 

(c) b=0.50 (d) b=0.75 

(e) b=1.00 

Fig. 7. The evolutions of particle size distribution of numerical specimens with different b values (r3 ¼ 1000 kPa): (a) b = 0.00; (b) b = 0.25; (c) b = 0.50; (d) b = 0.75; (e)
b = 1.00.
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experimental results carried out on rockfill materials presented by
Xiao et al. [21].
4.2. Influence of b-values on particle breakage

Tracking the evolution of PSD is one of the most difficult tasks in
real triaxial test. However, it can be easily achieved in DEM simu-
lations. To track the evolution of PSD, a method based on graph
theory is employed in this study. In this method, elementary par-
ticles are deemed as vertexes, parallel bonds are deemed as edges,
and each intact agglomerate is deemed as a contacted graph. If an
agglomerate splits into several fragments, each fragment is
deemed as a maximal connected subgraph. To track the evolution
of PSD, one has to identify the fragments (subgraphs) first. The
Warshell’s algorithm is applied to identify the fragments (sub-
graphs) [46]. The Warshell’s algorithm is an efficient algorithm to
get the connectivity of undirected graph (broken agglomerate).
The questions that how many numbers of fragments (subgraphs)
there are and which fragment (subgraph) each elementary ball
(vertex) belongs to can be easily solved by this algorithm.

After the fragments were identified, the diameters were calcu-
lated and assigned to the fragments. Since it is difficult to assign
a single number (the grain diameter) to a 3-dimensional body, to
capture both its size and shape [38], a simplified approach was
used to calculate the diameters of the fragments:

D ¼ dmax þ 2de ð12Þ



Fig. 8. Particle size distribution at axial strain 16% for different b values
(r3 ¼ 1000 kPa).

(

(b)

Fig. 9. Influence of b values on Br: (a) the relationship of Br and b-values
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where dmax is the longest distance between centers of two elemen-
tary spheres in the fragments, and de is the radius of the elementary
sphere in the fragments. A description of this PSD tracking method
is given as follows:

(1) Create an array to store the mass of fragments in a specific
range of particle diameters, and set all items of the array
to be zero at the beginning of the analysis.

(2) For each agglomerate, the Warshell’s algorithm is first
applied to identify the number of its fragments and to deter-
mine to which fragment each elementary ball belongs.

(3) After that, create a table for each fragment to store the IDs of
its elementary balls.

(4) Calculate the diameters of each fragment, and determine
which diameter range it belongs to, then calculate its mass
and add it to the corresponding items of the PSD array.

(5) After all fragments of an agglomerate is calculated, delete
the tables created in step (3).

(6) Traverse all agglomerates and calculate their PSD respec-
tively and get the whole PSD of the specimen.
a)

; (b) comparison between experimental and DEM simulation results.



(b)

(d)(c)

(a)

Fig. 10. The relationships between Br and ET : (a) 400 kPa; (b) 600 kPa; (c) 800 kPa; (d) 1000 kPa.
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Fig. 7 presents the evolutions of PSDs with different b-values at
a confining stress of r3 ¼ 1000 kPa. As shown in Fig. 7, there is no
significant change in the PSDS at small strains. Afterwards the PSDs
change in a stable pattern, which is consistent with the observa-
tions of bond breakage. This implies that the method employed
in this study is capable of tracking the PSDs. It can also be seen that
the major changes of PSDs in all conditions occur in relatively small
diameter areas. This means that smaller particles break first in all
conditions. This behavior agrees with experimental results [47]
and other DEM simulation results [38], and has been theoretically
explained [6].

To investigate the effect of b-values on the evolution of the
PSDs, the PSDs with different b values at axial strain e1 ¼ 16%
are presented in Fig. 8. It is clear that the evolutions of PSDs
depend on the intermediate principle stress ratio b, and an increase
in the b-values can lead to an increase in the change of the PSDs.
This trend agrees with the observation of laboratory tests pre-
sented by Xiao et al. [21].

4.3. Relationship between particle breakage and b value

Different particle breakage indices have been proposed to rep-
resent the extent of particle breakage. Among them, Hardin’s par-
ticle breakage factor Br is believed to be the most appropriate and
is widely used by other researchers. In this study, Br is selected as
the reference of particle breakage.

As stated by Xiao et al. [21], the relationship between the b-
value and the relative breakage index Br can be given as

Br ¼ Br0 � vBe
�kBb ð13Þ
where Br is the relative breakage index proposed by Hardin, Br0, vB

and kB are material constants.
To compare with the observation presented by Xiao et al. [21],

the Hardin’s relative breakage indices Br at an axial strain of 16%
are selected and analyzed using Eq. (13).The values of Br at an axial
strain of 16% for all tests are plotted against b-values as shown in
Fig. 9. It can be seen in Fig. 9(a) that the relationships between the
b-values and the relative breakage indices Br under different con-
fining stresses can be well represented by Eq. (13). The experimen-
tal and DEM simulation results under the same confining stress of
400 kPa are compared as shown in Fig. 9(b). It appears that both of
them have the same trend.
5. Relationship between particle breakage and energy input

For a specimen in conventional triaxial test, the total energy
input per unit volume is the sum of energy input during the isotro-
pic compression and shearing phases

ET ¼ EC þ ES ¼
XBOS
SOT

�rc � _ev þ
XEOS
BOS

ðr1 � r3Þ � _ea þ
XEOS
BOS

rc � _ev
" #

ð14Þ

in which EC = energy input during isotropic compression;
ES = energy input during shearing; rc = finial confining pressure;
�rc = average confining pressure over increment; _ev = volumetric
strain increment; ðr1 � r3Þ = average stress difference over incre-
ment; _ea = axial strain increment; SOT = start of test; EOS = end of
shearing; and BOS = beginning of shearing.

In this study, particle breakage during isotropic compression
was not considered to save computing time, so ET ¼ Es.



(a)

(b)

Fig. 11. The relationships between Br and energy input under different initial
confining stresses with b = 1.00: (a) Br versus ET; (b) Br versus Corrected ET.

66 Y. Liu et al. / Computers and Geotechnics 84 (2017) 58–67
Furthermore, Eq. (14) is inapplicable to calculate total energy input
in true triaxial test. So the total energy input adopted in this study
is rewritten as

ET ¼ ES ¼
XEOS
BOS

ðrx � y � z � dxþ ry � x � z � dyþ rz � x � y � dzÞ 1
x � y � z

ð15Þ
in which rx; ry and rz are stresses in x, y, z direction, respectively;
x, y and z are lengths of specimen in x, y, z direction, respectively;
and dx, dy and dz are length increments in x, y and z direction,
respectively.

The relationships between total energy input per unit volume
ET and relative breakage ratio Br under different confining pres-
sures are presented in Fig. 10. It can be seen that there are two
stages in these curves. In the first stage at small input energy, par-
ticle breakage is negligible; after the energy input attains certain
value, particle breakage begins to increase with an increase in
the input energy. The results agree well with the experimental
observations presented by Karimpour and Lade [2]. More impor-
tantly, it can be seen that the energy input is closely related to par-
ticle breakage index Br, independent of the intermediate principle
stress ratio. The relationship may be very well approximated by
some hyperbolic equation, as shown in Fig. 10:

Br ¼ ET � Eth

c þ dðET � EthÞ ð16Þ

in which ET is the total energy input per unit volume of the speci-
men; c and d are hyperbolic curve-fit parameters;and Eth is the
threshold energy input that initiates particle breakage [48]. When
Eth ¼ 0, Eq. (16) becomes
Br ¼ ET

c þ dET
ð17Þ
Similar relationships have been observed from conventional triaxial
tests in many previous studies [1,2,23,24,32,41].

Apparently, there exists a certain relationship between the par-
ticle breakage and energy input that is independent on loading
path. The degrees of curvature of the fitting curves are determined
by parameter d in Eq. (16), and it is obvious that the values of
parameter d in Eq. (16) are very small, which means the relation-
ship between the particle breakage and energy input is basically
linear at low to medium level of energy input. It is also found that
Eth increases with an increase in the confining stress in the numer-
ical tests.

For the sake of computational efficiency, agglomerates were
only allowed to break at the shearing stage in this study, and the
energy input during isotropic compression is also not considered.
This assumption is quite different from actual tests, since energy
input during isotropic compression is not negligible, and particle
breakage may also occur in this stage. This difference may lead
to discrepancy between DEM simulation result and experimental
result when the effect of initial confining pressure is taken into
account.

Fig. 11(a) presents the relationships between Br and total
energy input under different initial confining pressures with
b = 1.00. It can be seen that the relationship is slightly influenced
by the confining pressure, but in laboratory tests, the relationship
between Br and total input energy is found to be independent on
initial confining pressures [20,23].

This inconsistency maybe attributed to the simplified procedure
used in this study. It is assumed that no particle breakage occurs
during isotropic compression for the numerical specimens investi-
gated in this study, but the energy input during this stage is differ-
ent with different confining pressures. The larger the confining
pressure, the larger the input energy. This means that the horizon-
tal coordinates of the curves in Fig. 11(a) should actually be larger
if taking into account the energy input during isotropic compres-
sion, and the increase is larger for higher confining pressure. An
attempt has been made by horizontally translating the curves in
Fig. 11(a) according a certain gradient. The difference of translation
is obtained as the difference in the values of Eth in Fig. 10. The
resulted curves then follow very similar trend and the influence
of confining pressure ceases to exist, as shown in Fig. 11(b).
6. Conclusions

Particle breakage of granular materials under true triaxial tests
was investigated in this study using 3D DEM simulation consider-
ing both the influences of initial confining stress and intermediate
principle stress. To simulate realistic fracture behavior of a single
granular particle, the crushable agglomerate method proposed by
Robertson and Bolton [33] was modified and applied. 30 random
created agglomerate were tested using uniaxial compression tests
to examine the validity of the simulation method. Then a series of
true triaxial compression tests were carried out to study the effects
of both initial confining stress and intermediate principle stress on
the macroscopic responses and particle breakage. Particularly, the
relationship between particle breakage and total energy input was
investigated considering the influence of different loading paths.

The main conclusions are summarized as follows:
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(1) The result of single particle compression tests shows that
the statistical distribution of the strength of crushable
agglomerates, in line with previous studies on actual granu-
lar particles, is in good agreement with the Weibull’s
distribution.

(2) The peak friction angle of granular materials at a specific
confining stress r3 increased to a peak value and then
decreased with an increase in the b-value, and the peak fric-
tion angle at a specific b-value decreased with an increase in
r3, which are in good agreement with previous experimen-
tal findings.

(3) Two particle breakage indices, damage ratio and Hardin’s
relative breakage index, were used to study the particle
breakage of granular materials. Both damage ratio and Hard-
in’s relative breakage index Br increased with an increasing b
value at a specific confining stress r3.The relationship
between particle breakage and intermediate stress is consis-
tent with the experimental results by Xiao et al. [21].

(4) The relationship between particle breakage indices and total
energy input of granular materials was independent on the
b-value. The relationship could be fitted very well by a
hyperbolic equation.
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