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Abstract
The deformation process and failure mechanism of rock mass with increased density of initial joints subjected to confined

stress state are investigated in this study using discrete element method (DEM). A numerical model of standard size granite

samples is developed and validated using experimental data for both intact and jointed rocks. The micro-parameters of the

rock material are first determined, and the effects of the rock discontinuity on strength, deformability, stress–strain

relationship, and failure modes are then investigated at the macro-scale level. Analyses are also performed to examine the

tensile and shear crack distributions, fragmentation characteristics, particle kinematics, and energy dissipation to advance

the current understanding of the deformation processes and failure mechanisms of jointed rock masses. The microscopic

evolutions in the fabric and force anisotropy during loading and distributions of contact forces provide insights into the

influence of increasing initial jointing on the macroscopic deformational behavior of the rock. The results show how the

deceleration in the growth of fabric and contact force anisotropies develops and confirms that the increase in initial jointing

and the associated changes in microstructure can restrain the development of anisotropy, thereby reducing significantly the

strength of the rock samples.

Keywords Discrete element method � Fabric evolution and anisotropy � Rock discontinuity � Rock failure processes �
Micromechanics

1 Introduction

One of the main characteristics of rock mass is the presence

of discontinuities, such as fractures, joints, bedding planes,

and faults. These discontinuities can have dominant effects

on the deformability and strength of a rock mass. In par-

ticular, a discontinuity can have a critical effect on the

stability of rock slopes and underground structures.

Therefore, for stability analysis of rock slopes or support

design of underground excavations, it is of crucial

importance to acquire a thorough understanding of the

geometrical and mechanical properties of rock

discontinuities.

Laboratory experiments on rock samples are usually

performed to understand crack evolution as well as the

complex mechanical behavior of joints. Uniaxial com-

pression tests conducted on samples with pre-existing

discontinuities [18, 34, 35, 58] revealed that the most

significant factors controlling the strength, deformation,

and failure mechanism of jointed rock include joint length

and density, and joint orientation. However, rock masses

are generally subjected to in situ confinement and, there-

fore, it is important to investigate the effect of pre-existing

joint sets on the strength and failure behavior of rock under

confining pressure. Brown and Trollope [7] carried out a

series of triaxial compression tests under five different

confinements on an idealized rock-like material with four

arrangements of joint sets orientation. They concluded that

the predicted strength was much lower than that of the

intact material, except for the case of vertical–horizontal
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orientation. Prudencio and Van Sint [49] performed biaxial

compression tests on jointed rock samples and indicated

that the geometry of the joint systems, the orientation of the

principal stresses, and the ratio between intermediate

principal stress and intact material compressive strength

have significant effects on the failure modes and strengths

of jointed rock masses.

Although laboratory experiments can shed some lights

on the significance of joint configuration on the mechanical

behavior of jointed rock masses [73], the entire failure

progression from crack initiation, propagation, and coa-

lescence up to failure is hard to visualize inside the samples

during testing [37, 50]. Moreover, the fracture of some

brittle rock materials is very rapid, which makes it difficult

to trace the process with currently available monitoring

devices [25, 77]. In addition, experimental results are

sensitive to sample preparation and boundary conditions; a

small change in the contact condition between the sample

and loading platen may result in a different failure mode

[24]. Therefore, given the mechanical and geometrical

complexities of jointed rock blocks, there is a need to

develop suitable numerical models that are capable of

capturing the progression of fracture growth and the

associated material damage.

Continuum (e.g., FEM and FDM) and discontinuum

(e.g., DEM) methods are among the main methods used to

model rock failure. Continuum methods generally assume

continuous, isotropic, homogeneous, and linearly elastic

medium. However, jointed rocks are usually heterogeneous

and anisotropic such that fractures developing in the intact

rock interact with the pre-existing joints [10]. In addition,

the presence of weak planes, being sources of large

deformation and low shear strength, contributes signifi-

cantly to the anisotropic behavior of rocks [16, 19, 47].

By contrast to continuum methods, the application of the

discrete element method to simulate jointed rock mass has

the following advantages: (i) the failure and fracture

development caused by a joint face can be simulated free

from the limits of the mesh deformation; and (ii) the dis-

tribution of actual joint faces can be considered. Thus, the

discrete element method (DEM) is a promising approach to

capture the heterogeneous and anisotropic nature of rock

mass and assess the failure process and the strength of

jointed rock masses. Bahaaddini et al. [4, 5] simulated

uniaxial compression tests for non-persistent jointed sam-

ples and investigated the dependence of different failure

modes on the joint dip and overlap angles and joint spacing

by analyzing contact force distribution and bond breakage.

Yang et al. [73] studied uniaxial compression tests for non-

persistent jointed rock samples by analyzing the effects of

joint gap, dip angle, and persistency. They concluded that

the contact and interaction of joint surfaces have significant

effects on the mechanical behavior of jointed rock blocks.

Chen et al. [9] showed that the effect of joint strength

mobilization includes not only multi-peak deformation

behavior but also strength reduction and increasing

deformability features.

In the aforementioned experimental work and the cor-

responding discrete element modeling, only block-jointed

samples and samples with medium or small non-persistent

joints were studied. Indeed, very few experiments have

been performed for samples under confined compression

with multiple sets of large persistent joints, which can be

considered as a natural representative of a rock mass

characterized by discontinuity, heterogeneity, anisotropy,

and non-elasticity.

The objective of this study is to investigate the micro-

scale behavior of brittle rock material under confined

compressive loading with different joint configurations. A

two-dimensional bonded-particle model (BPM) is devel-

oped to model the behavior of brittle rock. Model valida-

tion is carried out by comparing the numerical results with

laboratory tests performed on Blanco Mera (BM) granite

material. Joint intensity-related phenomena such as fracture

patterns and modes, the shape of the stress–strain curve,

and the post-peak strength reduction (degradation) are

studied. Detailed analyses are performed to investigate the

evolutions of the microstructure of the rock mass for dif-

ferent joint set configurations in terms of the occurrence,

propagation, and coalescence of micro-cracks. In addition,

several important aspects are also examined including

evolution of energy transition, coordination number, fabric

and anisotropies of contact normal (a unit vector perpen-

dicular to the direction of contact between two particles)

and contact forces, modes of microcracks in terms of shear

or tensile failure of parallel bonds.

2 Model description

2.1 The discrete element method (DEM)

The discrete element method, or DEM [12], has been used

extensively to model the mechanical behavior of rocks and

soils [11, 14, 15, 20–23, 38, 52, 53, 55, 66, 68, 69, 74,

81–83]. In rock mechanics, the bonded-particle model

(BPM) [48] allows for the rock to be simulated using a

statistically generated assembly of bonded particles at the

micro-scale level. The BPM reflects the macro-character-

istics by assigning different micro-parameters to particles

and bonds to reproduce realistic features and to capture the

response of brittle rocks. The smooth-joint contact model

in bonded-particle systems provides the DEM model with

the ability to simulate fracture propagation within a rock

mass with persistent or non-persistent joints under selected

loading conditions.
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Discrete element modeling of jointed rock masses

essentially comprises four components [44, 48, 62]:

1. Discrete spherical/disk elements: of a finite radius r,

mass density q, and a friction coefficient l. These

discrete particles obey Newton’s laws of motion and

can interact when they are either in contact or bonded.

2. The force–displacement law: for the linear parallel-

bond model updates the contact force and moment

[36]:

Fc ¼ Fl þ Fd þ �F ð1Þ
Mc¼ M ð2Þ

where Fl is the linear elastic force, Fd is the dashpot

force, �F is the parallel-bond force, and �M is the par-

allel-bond moment. The parallel-bond force is resolved

into a normal and shear force, and the parallel-bond

moment is resolved into a twisting and bending

moment [36]:

�F ¼ � �Fnn̂c þ �Fs ð3Þ
�M ¼ �Mtn̂c þ �Mb ð2Dmodel : Mt � 0Þ ð4Þ

where n̂c is the unit vector that defines the contact

plane. Detailed information regarding the increments

of elastic force and moment can be found in Potyondy

and Cundall [48].

3. Parallel Bonds: In a bonded discrete element system,

each element is bonded to its neighboring elements

with which it is in contact using springs and linear

elastic beams of circular cross section (see Fig. 1a).

The maximum tensile and shear stresses acting on the

parallel-bond periphery are calculated from the beam

theory as [48]:

�r ¼
�Fn

�A
þ

�Mbk k �R
�I

ð5Þ

�s ¼
�Fsk k
�A

þ
�Mtj j �R
�J

; 3D

0; 2D

(
ð6Þ

where �Fn,�Fs are normal and shear parallel-bond force,
�Mt, �Mb denote twisting and bending parallel-bond

moments;

If the tensile strength limit is exceeded �r[ �rc, then
the bond breaks in tension. If the bond does not break

in tension, then the shear strength limit is enforced. The

shear strength �sc [ � r tan �/þ �c, where r ¼ �Fn
�A
is the

average normal stress acting on the parallel-bond cross

section. If the shear strength limit is exceeded (�s[ �sc),
then the bond breaks in shear.

4. Joints: With the introduction of the smooth-joint

contact model, the bonded-particle DEM model with

embedded smooth joints allows for the generation of an

equivalent anisotropic jointed rock mass. After gener-

ation of the joint plane, a smooth joint is assigned at the

contacts of particles with centers located on the

opposite sides of the joint plane. At these contacts,

the bonds are removed and smooth joints are defined in

a direction parallel to the joint plane (see Fig. 1b).

Particles intersected by a smooth joint may overlap and

pass through each other rather than be forced to move

around one another.

A smooth joint can be envisioned as a set of elastic

springs uniformly distributed over a circular cross section,

centered at the contact point, and oriented parallel with the

joint plane. The area of the smooth-joint cross section is

given by [36]:

A ¼ pR2 ð7Þ

with R ¼ kminðRð1Þ;Rð2ÞÞwhere Rð1Þ and Rð2Þ are the radii

of the two contacting entities (disk/sphere).

The force–displacement law for the smooth-joint model

updates the contact force (Fig. 1b) as given by [36]:

Fc ¼ F; Mc � 0 ð8Þ

where F is the smooth-joint force. The force is resolved

into normal and shear forces:

F ¼ �Fnn̂j þ Fs ð9Þ

The shear strength is also computed as:

Fl
s ¼ �lFn ð10Þ

More information related to the computation of the

normal and shear forces can be found in Itasca Consulting

Group [36].

2.2 Model calibration

In DEM, the macro-behavior of the material is derived

from the interaction of micro-components where the input

properties of these micro-constituents are usually

unknown. Therefore, these micro-properties have to be

determined through a calibration process [3, 22, 71, 78]. In

the calibration process, the appropriate micro-properties

are chosen in which the mechanical behavior of the model

is directly compared against the measured response of a

physical material [36, 48].

2.2.1 Calibration of intact rock models

Laboratory experiments of Alejano et al. [1] on intact rocks

were first simulated to calibrate the material parameters of

the parallel-bonded model and the contact of particles. This

starts with the generation of a dense packing of non-uni-

form and well-connected grain assembly with a specified
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nonzero material pressure and the installation of parallel

bonds at grain–grain contacts. A polyaxial vessel consist-

ing of frictionless walls with a mean width of 54.0 mm and

a mean height of 96.7 mm is constructed to match the

dimensions of laboratory sample. Subsequently, an

assembly of grains with diameters satisfying a uniform size

distribution (Rmax=Rmin = 1.66) is generated and then

allows them to rearrange into a packed state under condi-

tions of zero friction until static equilibrium is obtained.

The material friction coefficient is set to the particles, and a

confinement pressure of 4 MPa is applied to be consistent

with the experimental conditions. The confinement is

applied by moving the vessel walls under control of the

servomechanism until the wall pressures are within the

specified pressure tolerance of the material pressure and

static equilibrium is established. The parallel bonds then

are implemented, and final material properties are assigned

to the grain–grain contacts.

However, these material properties cannot be measured

directly from laboratory experiments; thus, extensive cali-

bration process is unavoidable, which requires an iterative

process to reproduce the mechanical properties of intact

rocks at the laboratory scale of Alejano et al. [1]. Particle

contact modulus (Ec), particle normal/shear stiffness ratio

( �kn= �ks), parallel-bond modulus ( �Ec), and parallel-bond

normal/shear stiffness ratio ( �kn= �ks) are first varied to match

the Young’s modulus and the Poisson’s ratio of the intact

rocks. Peak strength is then matched by varying the par-

allel-bond normal and shear strength. The calibrated values

of microscopic parameters are listed in Table 1. The stress–

strain behavior of the DEM model compared with that

obtained from laboratory test on intact rocks under con-

fining pressure of 4 MPa is illustrated in Fig. 2a. It can be

Interface load 
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ĉt
xc

p

ˆ
jt

ˆ jn
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(Fc andΜc )

bonded

nk
sk ,c

nk
sk

c

unbondedjoint gap
sg

0g

c

nknk

sg ,csk

sk
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sk
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2R
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cF F F F
cM =M

Bond load (F andM ),
linear elastic & bonded  
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(a) Contact model for the rock 

(b) Contact model for the joint set 

Fig. 1 Behavior and rheological components of a the linear parallel-bond model; b the smooth-joint model
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seen that the adopted parameters can reasonably simulate

the mechanical behaviors of BM granite under confined

compression. A comparison of macro-properties of the

intact sample by the numerical test and physical test is

presented in Table 2.

2.2.2 Calibration for rock mass models

After the intact rock behavior simulated by DEM is vali-

dated, reliable rock mass models then need to be built that

can reflect the mechanical behavior of jointed rock masses

with that obtained from laboratory experiments. Therefore,

two sets of joint planes, i.e., 1 sub-vertical and 2 sub-

horizontal (1V ? 2H) jointed samples, are introduced (see

Table 3) to match the patterns observed in the laboratory

experiments of Alejano et al. [1].

Likewise, there is a need to identify the corresponding

micro-properties for the smooth-joint contact model. The

SJ model has six essential parameters: joint normal stiff-

ness (ksjn ), shear stiffness (ksjs ), joint tensile strength (rsjt ),
joint cohesion (csj), joint friction (lsj), and dilation angle

(w). Considering that the joint surfaces used in the labo-

ratory experiments are planar and smooth, rsjt , csj and w
values are all set to 0 in the numerical model.

(a) (b)

Fig. 2 Stress–strain responses of a BS granite and DEM model; b BS jointed granite and DEM jointed model for validation micro-parameters

Table 2 Comparison of target and achieved macro-mechanical

parameters of intact and jointed rock samples

Intact rock sample Jointed rock sample

Experiment DEM Experiment DEM

Deformation modulus

(GPa)

28.67 31.74 11.74 14.08

Peak strength (MPa) 185.87 187.06 129.13 131.29

Table 1 Numerical parameters used in the discrete element analysis

Item Micromechanical properties

Rock

Ball–ball contact effective modulus 27.0 GPa

Ball stiffness ratio (kn=ks) 2.0

Ball friction coefficient 0.5

Parallel-bond effective modulus 27.0 GPa

Parallel-bond stiffness ratio ( �kn= �ks) 2.0

Parallel-bond tensile strength 148 MPa

Parallel-bond cohesion 148 MPa

Joint set

Smooth-joint normal stiffness (ksjn ) 420 GPa

Smooth-joint shear stiffness (ksjs ) 210 GPa

Smooth-joint friction coefficient (lsj) 0.839

Smooth-joint tensile strength (rsjt ) 0 MPa

Smooth-joint cohesion (csj) 0 MPa

Smooth-joint dilation angle (w) 0�
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The strength and deformation modulus of a jointed rock

depend on joint stiffness and frictional resistance. In the

calibration process, ksjn is first determined using the inverse

calibration method. This means that the joint normal

stiffness ksjn is adjusted until the target value of the defor-

mation modulus Em measured in the laboratory experiment

is reached. It is noted that the deformation modulus is

calculated from the slope of stress–strain curves at 50% of

the peak stress. The ratio of ksjn =k
sj
s is then set to 2 as

suggested by Vergara et al. [61]. Finally, lsj is adjusted to

achieve the desired peak strength, which is consistent with

the friction angle reported in the literature for similar

granite samples [31].

Figure 2b compares the numerical and experimental

results, showing that the macro-response captured by the

numerical model for the 1V ? 2H jointed samples is in

agreement with the experimental results. Quantitatively,

the achieved macro-mechanical properties obtained

numerically are reasonably close to the experimental

results (see Table 2). Thus, the derived joint stiffness val-

ues and joint friction that reproduce deformation modulus

and the strength of are the calibrated micro-properties of

the joints (listed in Table 1). However, compared to the

calculated linear elastic deformations, the experimental

stress–strain curves of the both intact and jointed samples

at low stress levels (Fig. 2) show concave (hardening) and

nonlinearity, which mainly result from the closure of the

pre-existing fissures or cracks in natural rock at the initial

loading stage [44].

Table 3 Numerical configurations of rock blocks

Intact 1V + 2H
S1 = 35 cm

2V + 3H
S1 = 20 cm
S2 = 20 cm

3V + 5H
S1 = 15 cm
S2 = 15 cm

6V + 9H
S1 = 10 cm
S2 = 10 cm

Sub-vertical
joint set

Sub-horizontal 
joint set

S1

S2

Experimental figures are obtained from Alejano et al. [1]
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Since the main objective of this study is to investigate

the influence of increased density of initial jointing on the

macroscopic behavior and the underlying micromechanical

mechanism, it is not required to fully reproduce all the

responses under different confining pressures. The perfor-

mance of the numerical models subjected to confining

pressure of 4 MPa is, therefore, evaluated and found to

agree well with the experimental results.

2.2.3 Rock mass configuration for the numerical analysis

Once the discrete element models are validated, the

mechanical behavior of the jointed rock masses with var-

ious configurations of joint sets can be investigated.

Besides, the aforementioned intact and 1V ? 2H jointed

samples, three models representing 2V ? 3H, 3V ? 5H,

and 6V ? 9H jointed samples were developed. Additional

data can then be generated to supplement laboratory tests,

which compensates for the shortcomings of laboratory

experiments. This numerical study has the merits of

investigating the influence of the level of initial jointing on

the macroscopic characteristics of the fracturing process of

rock masses and the underlying mechanisms at the

microscopic level. A detailed description of the jointed

rock configuration is given in Table 3.

3 Numerical results and discussion

With the verified mechanical parameters, a discrete ele-

ment numerical confined compression tests on both intact

and jointed granite samples can be performed to investigate

the deformability and failure mechanism thoroughly from

micro–macro-behavior, including stress–strain relation,

failure modes, kinematic activities, energy budgets, fabric

evolutions, contact force distributions, and microstructure

anisotropies.

3.1 Deformation and failure processes

3.1.1 Mechanical response

The stress–strain relationships as well as the number of

micro-cracks generated for the intact and jointed rocks

models in triaxial compression with 4.0 MPa confining

pressures are presented in Fig. 3. The following observa-

tions can be made from this figure:

1. Pre-existing discontinuities have significant effects on

the stiffness, peak strength, and axial strain at peak. For

example, a significant decrease of stiffness and peak

strength is found with the increase of initial joint

frequency, and the corresponding information is pre-

sented in Table 4.

2. The onset of microcracking, also associated with

material yielding, occurs at approximately 50–55% of

the peak stress in agreement with the experimental

observations of Alejano et al. [1]. In addition, with the

increase in the joint density, strain hardening becomes

more apparent as reflected by the deviation of the

stress–strain curve with respect to its initial slope. This

is because the increasing dominance of joint slip

yielding mechanism in the increasingly jointed rock

samples contributes to strain hardening, which is also

in line with the conclusion made by Walton et al. [64].

3. The transition from brittle behavior, at zero or low

level of initial jointing, to more ductile behavior, at

high intensity of pre-existing discontinuity, can be

clearly observed in the stress–strain responses of intact

(Fig. 3a) and 6V ? 9H samples (Fig. 3e), respectively.

The increase in ductility with the increase in the degree

of initial jointing is attributed to the highly jointed

structure that largely suppresses the localization and

coalescence of microcracks. This in turn inhibits the

formation of a throughgoing macro-rupture plane

associated with catastrophic failure. Consequently,

the increase in initial joint frequency leads to reduced

number of cracks with no apparent coalescence and

more ductile response.

4. With the increase in the degree of initial jointing, the

evolution of cumulative micro-cracks transits from a

surge with rapid increment of cracks into a step-wise

manner characterized by an accumulation of cracks at a

relatively slower rate. This is mainly due to the fact

that the addition of further joints to the sample

interrupts the localization and coalescence of freshly

formed cracks, with a higher tendency for the rock

mass to disaggregate along the joint planes.

5. The number of shear cracks decreases significantly

with increased density of initial joints, especially for

the 6V ? 9H samples, where no shear crack is

generated during the entire deformation and failure

process. This can be attributed to the fact that the

cohesive rock unit is split into jointed blocks along the

fully persistent joint sets. Microcracks are generated

during the sliding of the jointed blocks at the emergent

asperities along the pre-existing joints. Thus, the

growth of fractures in the 6V ? 9H rock samples

occurs through the plucking of particles along the pre-

existing joints as a result of the sliding of the jointed

blocks, which is predominantly generated in tensile

mode.
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3.1.2 Failure mode and orientations of microscopic cracks

Each jointed block consists of intact portions of the model

material interspaced with joints [35]. The effects of persis-

tent rock discontinuities on the failure pattern of rockmasses

were reported in Kulatilake et al. [34, 35], Singh et al. [58],

Wang andHuang [67], Xu et al. [72], Shang et al. [54]. Three

primary modes of rock mass failure are reported, namely

failure through intact material, sliding on the joint plane, and

mixed failure of the above two modes. Moreover, it is worth

noting that microcracking has two modes, i.e., tensile and

shear microcracks. A tensile microcrack forms when inter-

particle normal stress exceeds the tensile strength of the

bond. Similarly, a shear microcrack results when local shear
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in numerical confined compression experiments

3490 Acta Geotechnica (2020) 15:3483–3510

123

Author's personal copy



stress exceeds the shear strength of the bond in compression.

To better investigate the influence of pre-existing disconti-

nuities on the failure mechanisms of rock masses, detailed

observations of various failure modes based on the damage

behavior, orientations of microscopic cracks, and fragmen-

tation characteristics are analyzed and discussed below.

Intact rock failure: the main mechanism of failure is the

development of the macro-shear plane within the intact

rock samples, and the formation of axial splitting zone or

tensile failure within the intact rock blocks for the jointed

1V ? 2H rock sample (Fig. 4a). The models exhibit high

compressive strengths and brittle behavior [34]. No

macroscopic movements parallel or normal to the planes of

the pre-existing discontinuities are observed. Failure occurs

through the intact material exhibited by the sequence of

elastic deformation, crack initiation, propagation, and

crack coalescence. Consequently, large amount of fractures

can nucleate and grow to completion, thus resulting in the

disintegration of solids (i.e., the intact rock or jointed rock

blocks) into smaller pieces. These pieces (i.e., fragments)

are identified as sets of particles connected by the surviving

bonded contacts as a consequence of the fragmentation

process. Both tensile and shear cracks tend to nucleate in

specific areas in the samples and form organized patterns,

which are correlated with areas of high fragmentation

concentration. The formation of well-organized cross-like

shear band results from the coalescence of both tensile and

shear cracks which clearly defines the contour of the

sheared zone as shown in Figs. 4a and 6.

For intact rock, it can be observed that the orientation of

microscopic tensile cracks is predominantly parallel to the

direction of the maximum principal stress [13]. This is

attributed to the dilation of the sample in the direction

perpendicular to the loading (Poisson’s effect). For the

jointed 1V ? 2H samples, the orientation of shear micro-

cracks exhibits more isotropic. On the other hand, the

concentration of tensile microcracks is found to deviate

towards the direction of the sub-vertical joints with a mean

dip of 77.9� in the jointed 1V ? 2H samples.

Sliding along joint plane: for jointed 6V ? 9H rock sam-

ples, the main mechanism of failure is sliding along the pre-

existing discontinuities and thus the behavior of joints plays a

dominant role on the global deformation, which are charac-

terized by a dramatic decrease in the number of micro-tensile

cracks and the absence of micro-shear cracks. This failure

mode is associated with large deformations and subsequent

dilations of the sample in the minor principal stress direction

(see Fig. 4a). These samples exhibit a significant ductile

behavior characterized by a relatively low peak strength at

greater axial strain and slower drop in post-peak strength.

Only a small number of fragments are squeezed out due to the

movement of the rock block (see Fig. 4b).

Mixed failure: the predominant failure mechanism for

2V ? 3H and 3V ? 5H rock samples is partly through

intact rock failure and partly through pre-existing discon-

tinuities. The orientation distribution of shear cracks

transforms from distributed to predominantly vertical. The

failure mode observed involves failure through the intact

rock, which is also controlled by the interaction with pre-

existing joints and the interlocking of the model blocks,

inducing a gradual spreading of internal damage and rela-

tive movement of blocks along pre-existing joints. Thus,

the rock mass can either disaggregate along the pre-exist-

ing discontinuities or break along freshly formed faces

resulting in fragments being generated at block corners.

This phenomenon is consistent with the experimental

observations in Alejano et al. [1], and the numerical

modeling of the failure mode of jointed rock blocks

reported by Huang et al. [31] and Zhou et al. [84].

3.1.3 Particle-level kinematics and contact force
information

The influence of rock discontinuities on the mechanism of

rock failure can be captured through the distributions of

particle-level kinematics, such as the translational and

rotational granular temperatures, local strain, and void

ratio, which are excellent indicators of damage evolution.

Granular temperature is proportional to the average

value of the square of the grains’ velocity fluctuations, with

respect to their mean velocity. It can be used to quantify

particle-level kinematical activities [41, 42]:

vi0x ¼ vix � vix ð11Þ

vi0y ¼ viy � viy ð12Þ

xi0 ¼ xi � xi ð13Þ

where translational velocity components vix, v
i
y and angular

velocity component xi of the selected i-th particle in the

selected spherical region Xi can be divided into the mean

velocity components vix, v
i
y, andx

i and fluctuating parts vi0x , v
i0
y ,

and xi0.

The mean velocity components, vix, v
i
y, and xi can be

attained by averaging the velocities of particles

Table 4 Strength and deformability of intact and increasingly jointed

samples

Intact 1V ? 2H 2V ? 3H 3V ? 5H 6V ? 9H

Peak

strength

(MPa)

187.06 131.29 107.35 75.74 38.58

Deformation

modulus

(GPa)

31.74 14.08 10.91 7.69 5.32
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(a) (b) (c) (d)

Fig. 4 a Micro-crack distribution within the rock mass samples; b fragment size distributions presented by the logarithmic hue scale; c polar

histogram for tensile failure; d polar histogram for shear failure at the final damage stage
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surrounding the selected i-th particle in the chosen spher-

ical region Xi [41, 42]:

vix ¼
1

n

Xn
j¼1

v j
x ð14Þ

viy ¼
1

n

Xn
j¼1

v j
y ð15Þ

xi ¼ 1

n

Xn
j¼1

x j ð16Þ

ðxj � xiÞ2 þ ðyj � yiÞ2 � r2 ð17Þ

where r is the radius of the spherical region Xi. In this

study, the neighborhood size is set to 4dmax (see Fig. 5a).

Hence, the translational Ti
V and rotational Ti

R granular

temperatures representing the intensity of particle

exchange (analogous to a thermodynamic temperature) are

calculated from the velocity fluctuations as expressed

below [41, 42]:

Ti
V ¼ 1

2
ðvix 0Þ2 þ ðviy 0Þ2
h i

ð18Þ

Ti
R ¼ I

2m
xi 0� �2 ð19Þ

where I and m are moment of inertia tensor and mass of the

particle.

Following Wang et al. [65] and Ma et al. [41], a mesh-

free strain calculation method is adopted in this study. The

mesh-free method used in this study employs a grid-type

discretization over the reference configuration. A grid

spacing of the median particle diameter (d50) is suggested

to capture the shear localization at a satisfactory resolution.

A rectangular grid is superimposed over the volume of

particles prior to any deformation and serves as the con-

tinuum reference space (see Fig. 5b). Each grid point in the

reference space is, then, assigned to an individual particle j

such that [65]:

dj
rj

� di
ri

ði ¼ 1; 2; . . .; NP; i 6¼ jÞ ð20Þ

where ri is the radius of particle i, di is the distance between

the centroid of particle i and the considered grid node, and

NP is the number of particles. If the distance ratio between

particle centroid and its associated grid node to the particle

radius is the smallest among all particles, then the associ-

ation from this particle to the considered node is con-

structed [65].

The displacement of the grid point is calculated by [65]:

ugx ¼ upx þ d cosðh0 þ xÞ � cos h0½ � ð21Þ

ugy ¼ upy þ d sinðh0 þ xÞ � sin h0½ � ð22Þ

where ugx , u
g
y and upx , u

p
y are the x and y are displacement

components of the grid point and particle centroid,

respectively; d is the distance between the grid point and

the particle centroid; h0 is the initial phase angle of the grid
point location relative to the particle centroid; and x is the

accumulated rotation of the particle (Fig. 5c).

On account of the particle rotation, this method is able to

capture accurately the actual strains that the granular media

are experiencing. Therefore, the Green—St Venant strain

tensor Eij can be obtained at any stage of the simulation [65]:

Eij ¼
1

2
ðui;j þ uj;i þ uk;iuk;jÞ ð23Þ

where ui;j is the displacement gradient tensor over the grid,

which is based on the deformation measure related to the

reference configuration.

It is found, in Fig. 6, that a strong degree of spatial asso-

ciation exists among the localization patterns of the kine-

matic quantities, shear strain, void ratio, contact force chains

at the final damage stage (50% post-peak stress state), indi-

cating their consistency in depicting the failure mechanism

of the intact/pre-jointed rock models. Distinct localization

bands can be observed in intact rock, where the localized

shear strains and high void ratios in the granular assemblage

are accompanied with high granular temperatures and strong

(a) (b) (c)

Fig. 5 Schematic illustrations of a definition of the neighborhood of a particle; b association of grid node to particle, and c displacement of grid

node and its associated particle
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force chain confined within a thin zone along the rupture

surface, as shown in Fig. 6.Within this zone of primary shear

fracture, the high granular temperature distributions (that

indicate rapid particle exchange and higher rates of particle

collisions) are mainly caused by the significant amount of

bond breakage. The nucleation and coalescence of fractures

result in a loss of interparticle bonds and a reduction in rock

strength, imparting permanent changes in solid structure.

Therefore, a growing number of particles are more suscep-

tible to movement and change positions more intensely with

nearest neighbors, implying more pronounced higher gran-

ular temperatures.

(a) (b) (c) (d) (e)

Fig. 6 a distribution of translational granular temperature, Ti
V ; b distribution of rotational granular temperature, Ti

R; c contour of void ratio;

d contour of localized shear strains; e contact force chain at the final damage stage
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In contrast to intact rock samples, no visible bands of

particles with high temperature are found in the 6V ? 9H

samples, which indicates that the localized shear bands are

not formed in the bonded granular assembly (see Fig. 6).

This is generally interpreted as a dominance of frictional

sliding along the joint planes with a low percentage of

interparticle bond breakages instead of localization of large

amounts of fractures. Comparing to the intact rock failure

mode, the difference is that the particles of the 6V ? 9H

samples remain largely bonded and move as rigid blocks

while experiencing significant frictional movement. A few

microcracks involved in the failure mode of sliding along

pre-existing joints result from the breakage of particle

conglomerates (or ‘‘coarse fragments’’) resisted by the

frictional sliding process.

It is worth noting lack of distinct shear band is found in

jointed samples. Instead, irregular, local zones of strain

localization are observed in 1V ? 2H, 2V ? 3H, and

3V ? 5H samples where intense fracturing activities are

evidenced by the heterogeneous distribution of granular

temperatures and localized distribution of contact force

chains and void ratios. This phenomenon is expected as the

breakage of bonds contributes to the nucleation and growth

of fractures leading to the interparticle locking being

reduced; thus, fractured blocks are capable of moving and

rotating freely manifesting the enhanced granular

temperatures.

Compared to that of 1V ? 2H samples, more intense

granular agitations with frequent collisions depicted by the

translational and rotational granular temperatures are

observed for 2V ? 3H and 3V ? 5H rock samples where

the mixed failure mode dominates the deformation and

damage process. It suggests that additional degrees of

freedom for interparticle motion are created not only by

fracturing of the intact rock material but also the interac-

tion with pre-existing discontinuities.

3.1.4 Spatial correlation and contact force heterogeneity

A more quantitative characterization of the influence of the

initial joint density level on force chain structure can be

obtained by computing the 2D spatial correlation function

GðrÞ of the magnitude of the normal contact forces acting

on the particles. The GðrÞ is defined in the same manner as

in Løvoll et al. [40]:

GðrÞ ¼

PN
i¼1

P
j[ i

dð rij � r
�� ��Þfifj

PN
i¼1

P
j[ i

dð rij � r
�� ��Þ ð24Þ

where N is the total number of contact points, fi is the

normalized normal contact force acting at contact i, rij is

the distance between contacts i and j, and dð0Þ ¼ 1. A force

pair is two normal forces fi and fj separated by rij which

together contribute to the spatial correlation function. A

nonzero value of GðrÞ infers that, on average, two contacts

separated by a distance r have forces that are correlated

[39, 42]

The correlation demonstrates that two particles at dis-

tance r are connected through a cluster of simultaneously

contacting particles, and the force from one particle is

being transmitted through the network to the other particle

[39]. It thereby establishes a quantitative measurement of

the average effect of force chains of length r in the

assembly. Figure 7a illustrates the correlations of normal

contact force for increasingly jointed rock samples at the

final damage stage. Note that the radial distance has been

normalized with respect to the mean particle diameter d50.

For this 2D discrete element analysis, the minimum

separation distance rmin � d50=2, which is consistent with

the numerical observation of Silbert et al. [57]. Obviously,

all samples have the strongest peak near r � d50, and other

prominent peaks are found at separation distances of r �
2d50; 3d50 and 4 d50. These peaks are all located around

integral multiples of the average grain size d50. This cor-

responds to situations where contact forces are transmitted

through the ‘‘force chain networks’’ that propagate from

one grain to the next across grain–grain contacts.

Clearly, with the increase in initial joint frequency, the

GðrÞ has higher peaks before r reaches 5d50, representative
of the higher interparticle locking. In addition, the local

correlations between the positions of the contact points are

stronger in highly jointed samples at the final damage

stage, indicating a more tightly connected distribution of

contact points in the system as a result of the fewer

amounts of microcracking being generated.

The amplitude of oscillation is found to decrease with

the increase in radial distance. After extending to a distance

greater than five times the mean particle diameters (5d50),

slight oscillations around unity are observed for intact,

1V ? 2H, and 2V ? 3H rock samples. However, for

jointed 3V ? 5H and 6V ? 9H rock samples there is an

obvious decline in GðrÞ, and this trend continues until r

reaches 8d50 and 10d50, respectively, for these two sam-

ples. This is attributed to the slippage along the joint

planes, creating space for each fracture opening with a

separate distance being equivalent to 8d50 and 10d50, as

shown in Fig. 6e.

The above demonstrates a continuous decreasing cor-

relation pattern until fracture opening occurs, which con-

straints the transmission of contact forces through ‘‘force

chain networks’’ formed by the topology of the contact

network [39]. It is noted that the GðrÞ in 6V ? 9H jointed

samples finally decreases to a value smaller than that of the

intact, 1V ? 2H, and 2V ? 3H rock samples, which
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differs from 3V ? 5H rock sample that it is still larger than

the other three cases. It mirrors the visual prominence of

the force chain network in jointed 6V ? 9H samples that

has much larger fracture openings shown in Fig. 6e. In all

cases, the results of this study demonstrate that contact

forces are spatially correlated, but are much more affected

by the level of initial jointing.

The influence of the level of initial jointing on the

contact network can also be illustrated using the probability

distribution function (PDF) of contact forces. Clearly, the

results shown in Fig. 7b for the PDF of the normal contact

forces at post-peak stress state demonstrate that the degree

of initial jointing largely affects the contact force distri-

bution. Note that the probability distribution of the tan-

gential contact forces demonstrates a similar trend during

compression, so there is no need to repeat it herein.

Clearly, the PDF distribution for normal contact forces

becomes narrower, and the corresponding inhomogeneity

of the stress transmission becomes larger with increasingly

jointed rock structure. This decreasing force homogeneity

is in the sense that with the increase in initial jointing, the

granular media involve less strong force chains in number

(see Fig. 6e) as well as the decrease in the magnitude of

normal force.

The above can be further corroborated by examining the

Gini coefficient for the normal force magnitudes. The Gini

coefficient, often used to represent a nation’s income

inequality, describes the homogeneity of some quantity in a

population. A Gini coefficient of 1 indicates complete

inequality, whereas a value of 0 indicates perfect equality

and homogeneity. The definition is the same as that in

Hurley et al. [32] and calculated as follows:

G ¼ 1

Nc

Nc þ 1� 2

PNc

i¼1 ðNc þ 1� iÞf niPNc

i¼1 f
n
i

 ! !
ð25Þ

The term Nc is denoted as the number of contacts. The

increase in Gini coefficient indicates more evident inho-

mogeneity among the whole contact system. The normal

contact force f ni is sorted in a non-decreasing order

(f ni � f niþ1).

Table 5 indicates that the force heterogeneity intensifies

as the initial joint frequency increases, which accords well

with the observations from the PDF of the normal contact

force.

These two descriptions provide complementary points

of view of the microstructure and demonstrate that the

increasing heterogeneity of contact force distribution with

the increase in the degree of initial joint frequency can be

attributed to the increasing number of debonded particles

along the joint plane.

Intact
1V + 2H
2V + 3H
3V + 5H
6V + 9H

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6 7 8 9 10

Intact
1V + 2H
2V + 3H
3V + 5H
6V + 9H

50/r d
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Fig. 7 a Spatial force correlation function G(r) for normal contact force plotted as a function of distance r normalized by mean particle diameter

d50 for intact and jointed samples; b probability distributions of normal contact forces fn in log–log scales for intact and jointed samples

Table 5 Gini coefficient

Intact 1V ? 2H 2V ? 3H 3V ? 5H 6V

?9H

Gini
coefficient

0.5955 0.6549 0.7098 0.8032 0.8377
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3.1.5 Energy budget during deformation

Analyses of the energy budgets are of critical importance to

establishing the linkage between micro- and macro-me-

chanical responses for a comprehensive understanding of

the deformation process and failure mechanism of intact

and pre-jointed rock. Relevant energy terms include

boundary work dEW, body work dEb done by gravity force,

elastic strain energy dEs stored at particle contacts, bond

energy dEpb stored in parallel bonds, kinetic energy dEk,

frictional dissipation dEf , damping dissipation dEd, and the

fracture energy Efrac, are calculated as the cumulative

energy released by all bond breakage in the tensile and

shear fracture modes. In this study, the body work dEb is

equal to zero as the gravity acceleration was set to zero.

The energy input due to the walls is represented by [36]

E j
W ¼ Ej�1

W þ
XN
i¼1

FWDUW ð26Þ

where E j
W and Ej�1

W are the total accumulated work done by

all walls on the assembly at the current and previous time

steps; FW is the resultant force acting on the wall; DUW is

the applied displacement occurring during the current time

step.

According to the first law of thermodynamics, the

energy components satisfy

dEW ¼ dEs þ dEpb þ dEk þ dEf þ dEd þ dEfrac ð27Þ

where the last three terms define the plastic energy dissi-

pation dEp.

For 6V ? 9H rock samples (see Fig. 8e), friction dis-

sipation prevails over the strain energy build-up from the

very beginning due to lower average coordination number;

this situation further demonstrates sliding through the joint

plane plays a dominant role in the rock deformation pro-

cess. In contrast, for intact rocks (Fig. 8a), strain energies

are predominantly accumulated due to the elastic com-

pressions at the particle contacts before the occurrence of

microcracking marking the onset of inelastic dissipation.

The transition in energy evolution is expected as the solid

microstructure being more disintegrated with lower contact

intensity due to the increased jointing. The energy absorbed

by the rock samples stored not only as elastic strain energy

but accompanied by plastic energy dissipation due to a

large amount of frictional movements occurring along the

pre-existing discontinuities.

The major effect of microcracking activity, which itself

only dissipates a small amount of the external work, is to

promote the changes in solid microstructure by creating

additional degrees of freedom for frictional sliding both

through pre-existing discontinuities and frictional inter-

particle movements. The threshold of strain energy for

initiating the bond breakage decreases with the increase in

initial joint frequency, as evidenced by the downward shifts

of the trend in Fig. 8. For intact (Fig. 8a) and 1V ? 2H

samples (Fig. 8b), stress drop occurs rapidly after the peak

strength, and the stored energy is released quickly. Elastic

and plastic energy does not dissipate gradually in this case.

Elastic strain energy significantly reduced, while dissipated

strain energy instantly increased to reach the total strain

energy value.

The relative contribution of elastic energies to the

energy budget declines with the increase in initial joint

frequency, accounting for 41.9% of the input energy for

intact samples, 20.9% for 1V ? 2H samples, 14.8% for

2V ? 3H samples, 11.1% for 3V ? 5H samples, and 9.1%

of the input energy for 6V ? 9H samples as illustrated in

Fig. 8f. Simultaneously, fracture energy decreases from

279.9 J for the intact sample, 194.2 J at 1V ? 2H samples,

190.3 J at 2V ? 3H samples, 89.0 J at 3V ? 5H samples

to 10.9 J at 6V ? 9H samples. The tensile and shear

components of fracture energies in each case are summa-

rized in Table 6. In addition, it is worth noting that

although only 9.1%, 8.4%, 8.3%, and 5.3% of the total

microcracks for intact, 1V ? 2H, 2V ? 3H, and 3V ? 5H

rock samples, respectively, occur in shear mode, they

contribute to 23.3%, 20.8%, 22.1%, and 17% of the frac-

ture energy released for the corresponding rock samples.

It can be observed that fracture energy accounts for a

small percentage of the input energy, similar to the energy

budget estimations reported by Vora and Morgan [63] for

Berea Sandstone and Lac du Bonnet Granite. The decrease

in fracture energy with the degree of initial joint frequency

is due to the decrease in the number of microcracking

activities. Thus, fracture energy is strongly influenced by

the modes of microcracks, which is in turn controlled by

the rock strength and level of joint intensity.

3.2 Micro-mechanism and macro-response

3.2.1 Evolution of fabric and coordination number

The microstructure, or fabric, of a granular material can be

interpreted by the orientation of the contact normal char-

acterizing microscopic features. Satake [51] quantified the

fabric using a second-order tensor. In tensorial notation, the

second-order fabric tensor (Uij) is given as:

Uij ¼
1

Nc

X
Nc

ninj ð28Þ

where Nc is the total number of contacts, n is the unit

normal vector of contact with i; j ¼ 1; 2 for two-dimen-

sional (2D) analyses.
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The contact normal is defined as vectors that are per-

pendicular to the plane defining the contact between two

particles. The summation and averaging are taken over all

Nc contacts in the contact network.

For 2D analyses, Eq. (28) gives a two-dimensional

matrix:

Uxx Uxy

Uyx Uyy

� �
¼ 1

Nc

P
Nc

nxnx
P
Nc

nxnyP
Nc

nynx
P
Nc

nyny

0
@

1
A ð29Þ

The eigenvalues of the fabric tensor give the principal

fabrics U1 and U2, which can be used to describe the

intensity of the anisotropy. The degree of anisotropy can be

characterized by the deviatoric fabric expressed by [56]:
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Fig. 8 Evolution of energy in a intact, b 1V ? 2H, c 2V ? 3H, d 3V ? 5H and e 6V ? 9H rock samples; f energy partitioning into elastic energy

and plastic energy during numerical confined compression experiment
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U1 � U2 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðUxx � Uyy

2
Þ2 þ U2

xy

r
ð30Þ

Four groups of contact normal are analyzed in this

study: (i) considering all engaged contacts, (ii) contacts

only transmitting compressive force, (iii) contacts only

transmitting tensile contacts, (iv) bonded contacts. The

corresponding evolutions of the deviatoric fabric of contact

normal as a function of the axial strain are illustrated in

Fig. 9.

Different patterns of evolutions can be noted for the

fabric deviator of all contacts due to the presence of rock

discontinuities (see Fig. 9a). For intact rock, deviatoric

fabric rapidly increases to a peak value within a small axial

strain, whereas deviatoric fabric for 1V ? 2H and

2V ? 3H samples exhibits a similar upward trend but with

significantly smaller peaks. In contrast, deviatoric fabrics

for 3V ? 5H and 6V ? 9H samples act distinctly different

where they fluctuate to peak and then evolve to be almost

flat. This can be attributed to the fact that the frictional

sliding of fractured blocks along the pre-existing discon-

tinuities plays an increasingly dominant role during the

failure process.

Figure 9b shows the evolution of deviatoric fabric for

the contacts only transmitting compressive forces with

axial strain in compression tests. It is evident that the

increasing rate of deviatoric fabric, for the group where

contacts only transmit compressive forces, starts to slow

down as the initial joint intensity increases. In fact, the

highly jointed rock structure effectively damps the contact

intensity and microstructure evolution. After the peak,

Fig. 9b also shows a sudden decrease of the deviatoric

fabric in intact, 1V ? 2H, and 2V ? 3H samples corre-

sponding to degradation or collapse of the compressive

contact network. Similar to all engaged contacts, deviator

fabrics of compressive contacts approach their peak values

and then gradually decrease with the increase of axial strain

to ultimate values in 3V ? 5H and 6V ? 9H samples.

The deviatoric fabric for contacts that transmits only

tensile forces is initially highly anisotropic, and this ani-

sotropy reduces during compressive loading (see Fig. 9c).

It is worth noting that the deviatoric fabric of tensile con-

tacts is generally much larger than that of the compressive

contacts in all five cases, which is in agreement with pre-

vious numerical observations on high-porosity sandstones

by Wu et al. [70]. The ‘‘tensile contacts’’ major principal

fabrics is horizontal as a result of the Poisson effect [8],

leading to the breakage of more bonds in the horizontal

direction and a reduction of the ‘‘tensile contacts’’ aniso-

tropy. This, however, corresponds to an increase in ‘‘bon-

ded contacts’’ anisotropy.

For bonded contacts, the deviatoric fabric experiences a

short period of initial decrease as the model is being

compacted (see Fig. 9d). The deviatoric fabric then begins

to increase at a slow rate to a maximum value which is

dependent on the initial joint frequency. Generally, when

the amount of fracturing is large, a significant amount of

particle rearrangement takes place resulting in large devi-

ator fabric values.

In particular, the deviator fabric for bonded contacts

in the intact rock sample increases rapidly to the largest

value among all investigated joint configurations, due to

the occurrence of the most intense microcracking

activities associated with catastrophic failure of the

internal structure. It correlates reasonably well with that

of the brittle behavior. Nevertheless, only a slight

increase in deviatoric fabric for bonded contacts is

observed for 6V ? 9H sample. This is attributed to the

fact that with the increased density of initial joints, the

number of fractures significantly reduced. As a result,

cohesion and interparticle restriction are largely main-

tained, which suppresses particle motion during the

compressive loading. Hence, particle orientation is less

likely to be random, leading to a lower anisotropy in

highly jointed samples.

The coordination number is calculated using the number

of particles (Np) and their contacts (Nc), as expressed

below:

Cn ¼ 2
Nc

Np
ð31Þ

The evolution of the coordination number as a function

of axial strain (ea) under different initial jointing conditions

is presented in Fig. 10. It reveals that for the ‘‘all contacts’’

coordination number there is an upward trend before

reaching the peak state, as a result of the increasing of

overlapping between particles under elastic compression,

and followed by a descending trend owing to the degra-

dation of contacts and bonds. Moreover, Fig. 10a shows

that for the case of ‘‘all contacts,’’ coordination number

increases at a slower rate to a maximum value as the degree

of initial jointing increases. This difference can be attrib-

uted to the fact that the contact state of the intensely jointed

rock sample is relatively loose and dispersive, which means

that the formation of an effective force transmission

structure and a connected interaction network is prevented.

Table 6 Tensile and shear fracture energy

Intact 1V ? 2H 2V ? 3H 3V ? 5H 6V ? 9H

Tensile
fracture
energy (J)

214.7 153.9 148.2 73.9 10.9

Shear
fracture
energy (J)

65.2 40.3 42.1 15.1 0
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For highly jointed rocks, contact force chains are more

likely to reach the limiting value for sliding along the pre-

existing joints; hence, the decrease in the coordination

number (or the loss of contact) is more gradual. The rate of

increase or decrease in coordination number is closely

related to the tendency of a particulate assemblage to dilate

or contract as shown in Fig. 3f.

The coordination number of parallel bonds stays con-

stant at the elastic deformation stage and then starts to

decrease when ea reaches 4.48, 9.78, 10.59, 12.21, and

14.28 % for intact and jointed 1V ? 2H, 2V ? 3H,

3V ? 5H, and 6V ? 9H samples, respectively. This

observation is in accordance with the fracturing behavior,

where the increment of micro-cracks and increasing num-

ber of particles being debonded are observed; thereafter,

the coordination number of parallel bonds decreases

significantly.

The late reduction in coordination number can further

confirm the failure mode associated with brittle–ductile

transition. This is due to the fact that with the increase in
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initial joint frequency, the frictional movements of parti-

cles on the joint planes are facilitated. It is noted that the

increase of the degree of initial jointing prevents further

increase of interlocking due to a growing number of par-

ticles being debonded, marked out by decreasing initial

coordination number of parallel bonds (see Fig. 10b).

3.2.2 Microstructure anisotropy

In quantifying anisotropy in a granular assembly, two

anisotropy sources are distinguished: geometrical aniso-

tropy and mechanical anisotropy [26, 46, 75].

Geometrical anisotropy is defined as the local orienta-

tion of a contact plane that gives rise to the global aniso-

tropic phenomenon. Mechanical anisotropy is mainly

caused by external forces and depends on the induced

contact forces in relation to contact plane orientations [76].

For an assembly of circular particles, geometrical aniso-

tropy can be expressed using the distribution of contact

normal vectors.

The probability density function EðnÞ of contact normal

at a unit circle in 2D is introduced to identify the likelihood

that a contact will have an orientation described by the unit

normal vector n.Z
H
EðnÞdH ¼ 1 ð32Þ

Therefore, the fabric tensor of contact normals can be

represented as [6]:

Uij ¼
Z
H
EðnÞninjdH ¼ 1

Nc

X
Nc

ninj ð33Þ

The probability density function E(c) can be fitted using

a Fourier series in tensorial form as

EðHÞ ¼ 1

2p
1þ acijninj þ acijklninjnknl

h i
ð34Þ

where odd ordered tensors do not contribute to the series

solution in terms of the symmetry of the directional data.

With a second-order Fourier expansion of E(c), i.e.,

EðHÞ ¼ 1

2p
1þ acijninj

h i
, substituting into Eq. (33) and

integrating, we get:

Uij ¼
1

2
dij þ

acij
4

ð35Þ

where dij is the Kronecker delta; the second-order tensor acij
is deviatoric and symmetric and characterizes the fabric

anisotropy. In a nutshell, acij can be represented with respect

to the deviatoric fabric tensor U0
ij given by Eq. (35).

acij ¼ 4U0
ij ð36Þ

The mechanical anisotropy can be split into normal

force anisotropy (caused by normal contact forces) and

tangential force anisotropy (induced by tangential contact

forces), which are, respectively, defined as follows

[26, 56]:

Axial strain, ‰ Axial strain, ‰ 
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vn
ij
¼ 1

2p

Z
H

�f nðHÞninjdH ¼ 1

Nc

X
c2Nc

f nninj
1þ acklnknl

ð37Þ

�f nðHÞ ¼ �f 0½1þ anijninj� ð38Þ

and

vt
ij
¼ 1

2p

Z
H

�f tðHÞtinjdH ¼ 1

Nc

X
c2Nc

f ttinj
1þ acklnknl

ð39Þ

�f ti ðHÞ ¼ �f 0½atiknk � ðatklnknlÞni� ð40Þ

where

an
ij
¼ 4

v0nij
�f 0
; at

ij
¼ 4

v0tij
�f 0

ð41Þ

Similar to the previous cases, �f 0 ¼ vn
ii
is the average

normal force calculated over different H and may differ

from the average normal force �f over all contacts.

Collectively, the three anisotropic tensors, acij, a
n
ij
and at

ij
,

are defined to characterize the anisotropic behavior.

Because all three tensors are deviatoric in nature, the

deviatoric invariants are then used to quantify the degree of

anisotropy, given as [26]:

a� ¼ signðSrÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
a�

ij
a�ij

r
ð42Þ

where the sub-/superscript � stands for c, n or t, corre-

sponding to one of the three cases of anisotropy mentioned

above, respectively.

Sr is defined in Eq. (42), and more details can be found

in Guo and Zhao [26].

Sr ¼
a�ijr

0
ijffiffiffiffiffiffiffiffiffiffi

a�
kl
a�kl

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r0mnr

0
mn

p ð43Þ

The evolution of anisotropy coefficients of intact and

pre-jointed rock samples during confined compressive

strength tests is shown in Fig. 11. Although the deviatoric

fabric for all engaged contacts is found to be equal to ac=2

[2, 43], the evolution of contact normal anisotropy (ac) has

the same trend as that of deviatoric fabric (Fig. 9a). Hence,

there is no need to further discuss the evolution of contact

normal anisotropy herein.

The increasing initial joint frequency appears to restrain

the growth rate of all anisotropy coefficients. However, the

variation of the anisotropy coefficient (an) for intact,

1V ? 2H, and 2V ? 3H rock samples, follows similar

manners during rock deformation, the anisotropy coeffi-

cients increase with axial strain up to the peak value of

around 1.26, 1.23, and 1.22, and then it drops instanta-

neously to 1.09, 1.13, and 1.14, respectively. Similar to

geometric anisotropy (ac), the variations of the anisotropy

coefficient (an) for 3V ? 5H and 6V ? 9H samples

experience a slower progression where the anisotropy

coefficients increase to peaks as the loading proceeds and

then relaxes to a residual values up to fluctuations of rather

small amplitude. In fact, the rise and fall observed in the

value an during the loading process correspond, respec-

tively, to the generation and collapse of microstructures.

For instance, the significant drop of an in the intact sample

implies that the reduction in an coincides with the reduc-

tion observed in the rock strength as well as the high level

of fracturing. As already explained, this dropping point is

in response to the onset of coalescence of pre-existing

microcracks and freshly formed fractures into a through-

going rupture.

As initial joint frequency intensifies, an abrupt fall after

peak in 3V ? 5H and 6V ? 9H rock samples cannot be

observed, instead the variation of an fully mobilized at

larger axial strain, and the following reduction becomes

less significant compared to other samples. This decreasing

trend for an indicates that the sliding through pre-existing

joints in the rock deformation process plays an increasingly

governing role by activating large frictional movement of

unbroken blocks as well as the high degree of dilation until

the intact material failure mode is entirely replaced.

Compared with the other mechanical anisotropy an, the

tangential force anisotropy at during the loading course is

obviously smaller.

It is worth noting although this rapid rise of mechanical

anisotropy can be observed for all cases, the growth rate is

still significantly reduced with the degree of initial jointing,

because the assembly is kinematically locked initially and

deforms elastically; however, the highly jointed rock

structure effectively damps the granular dynamics and

contact intensity as stated by Zhao et al. [82, 83]. In general

terms, this rapid rise of the anisotropies of contact tan-

gential force at corresponds to the development of fric-

tional resistance as a result of the relative translational

movement of particles. The variation of anisotropy coef-

ficient at is analogous to what happens with the normal

contact force an for intact, 1V ? 2V, and 2V ? 3H rock

samples, which it reaches a peak value at a finite axial

strain and then it accompanies an abrupt drop, indicating

that the large rise of bond breakage as well as the reduction

of contact density leads to particles gaining rotational

freedom; as a result, tangential forces are slowly released.

In contrast to an for the 3V ? 5H and 6V ? 9H rock

samples, variation of at acts in a different manner where it

continuously increases with axial strain up to the end of the

test without any onset of decreasing. This may be attributed

to the fact that the rotational mobility of the particles is

strongly reduced as a result of tightly connected structure

due to much lower fracturing intensity so that the largely

bonded particles tend to slide rather than rolling with a

strong increase of friction mobilization. Indeed, it further
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confirms that as the governing failure mechanism is pro-

gressively transited from mix failure mode to sliding

through pre-existing discontinuities with the increasing

degree of initial jointing, the level of friction mobilization,

which reflects the dependence of the mechanical stability

of the material on friction forces, also increases. Never-

theless, this at increase is not large enough to additively

compensate for the decrease of ac and an, so that the shear

strength continues to exhibit a softening trend.

3.2.3 Anisotropic distribution

Given the preceding picture of the anisotropy evolutions

under different joint configurations for confined compres-

sion tests, further examination of the polar distributions of

the geometric and mechanical anisotropies in terms of

micro-structural mechanism can provide a better descrip-

tion of the complex macroscopic behavior including the

topology of arrangement of particles as well as the internal

0
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0 5 10 15 20 25 30 35 40

Intact
1V + 2H
2V + 3H
3V + 5H
6V + 9H

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35 40

Intact
1V + 2H
2V + 3H
3V + 5H
6V + 9H

Axial strain, ‰ 

Axial strain, ‰ 

Axial strain, ‰ 

y
a t

a n
a c

porto sin alacinahce
M

,
yportosinalacinahce

M
,

ypor tosi na
ci rte

moe
G

,

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 5 10 15 20 25 30 35 40

Intact
1V + 2H
2V + 3H
3V + 5H
6V + 9H

(a)

(b)

(c)

Fig. 11 a–c Evolution of geometrical anisotropy ac , mechanical anisotropy an, and mechanical anisotropy at as a function of cumulative axial

strain in intact and jointed rock samples

Acta Geotechnica (2020) 15:3483–3510 3503

123

Author's personal copy



force transmissions. Therefore, the polar distributions of

anisotropies of fabric, contact normal, and shear forces at

three distinct (initial, peak, and 50% post-peak) states for

the intact, 2V ? 3 H, and 6V ? 9H samples are selected to

reflect microstructural changes during the rock deforma-

tion, of which failure mechanisms are governed by intact

rock failure, mixed failure, and sliding through pre-existing

joints, respectively. In addition, the numerically measured

data are presented together with the approximations to the

distributions using second-order tensorial relationships

(34), (38), and (40). This second-order tensorial relation-

ship has been widely applied to quantity the spatial ori-

entations of micro-mechanical descriptors, such as contact

normals [33, 60] and contact forces [46]. Figures 12–14

show that the approximations appear to visually well-rep-

resent the numerically measured data and the initial ani-

sotropy condition totally evolves due to the induced

anisotropy within intact and pre-jointed samples. More

precisely, compared to the polar distributions of mechani-

cal anisotropies, the polar histograms of contact normals

seem to have approximately a circular form during the

loading process as a result of the value of contact normal

anisotropy is far below than 1, as suggested by Hosseininia

[29, 30] that the circle deforms as a peanut when the value

of ac increases and closes to 1, indicating a high degree of

anisotropy. Nevertheless, polar histograms for the intact

samples during the deformation process are observed to be

more elongated along the loading axis due to interparticle

contacts being disintegrated reflected by the relatively

marked rise of anisotropy.

The polar histogram of contact normal force for the

selected three samples at the initial state seems to have

approximately a circular form, which reveals that the

magnitude of average contact normal force is almost the

same in all directions (see Fig. 12). This is expected since

all samples were initially compacted under isotropic con-

dition. The histograms, however, are elongated, at the peak

stress state (see Fig. 13), along the loading axis and slimed

along the horizontal direction for the intact rock samples.

In addition, the long axis of histograms for jointed samples

is increasingly deviated anticlockwise from the loading

axis with the higher level of initial jointing. This evolution

in the normal force anisotropy distribution suggests the

development of new contacts and the increase in the

magnitude of normal forces along the loading axis in

relation to those in the horizontal direction are largely

affected by the increased initial joint frequency. After the

entire loading course, the anisotropies of contact normal

forces decrease rapidly accompanied by the significant

rotation of its orientations, particularly for 6V ? 9H

samples (see Fig. 14). The reduction in contact normal

force anisotropy is related to reorganization of

microstructure when the dilation is intense. Dilation is

initiated by movement of highly compressed conglomer-

ates of particles that move as rigid blocks and disrupt the

assembly; therefore, the 6V ? 9H samples characterized

by the highest dilatant activity show the lowest degree of

contact normal force anisotropy as well as the continuous

decreasing trend.

The initial contact tangential force inside all the samples

is close to zero, because the initial loading relates to an

isotropic compaction and no shear deformation occurs. As

a consequence, no shear stress is mobilized among parti-

cles. For the peak stress state, however, it is observed that

the polar histograms of tangential forces are paraded by

four leaps instead of having a peanut-like form such as

happened for contact normal force distribution. The reason

explained by Hosseininia [29] is that the direction of the

contact tangential force is perpendicular to the contact

normal force, and thus, the distribution of tangential con-

tact force differs.

Analogous to what happens with the contact normal

force, the principal direction of tangential force anisotropy

(ht) rapidly orients along loading axis (ht ¼ 90	) for the

intact rock samples, while it is inclined around 3 and 9

degrees anticlockwise with respect to the loading axis for

3V ? 5H and 6V ? 9H rock samples at peak stress state;

subsequently, it is rotated counter-clockwise by approxi-

mately 5� and 13� with respect to the loading axis when it

reaches the 50% post-peak stress state. This can be

attributed to the fact that the orientations of joint sets

within the assemblies strongly influence the direction of

maximum mobilized shear stress. In addition, by compar-

ing the variation of ht with that of hn at the peak and post-

peak stress states, it is observed that the principal directions

of contact force and fabric anisotropies are essentially

coincident. The explanation for this observation is that

distribution of contacts is defined by contacts that actively

transmit force; then, the coincidence of contact force and

fabric tensors is assured [6].

4 Discussion

4.1 Macro-scale response and microscopic origin

Based on a detailed 2D DEM analysis, better understanding

of how the rock mass responds to the increase in the

intensity of initial joints has been achieved. From the

macroscopic point of view, the level of such weakness

planes influences the mechanical characteristics of the rock

mass through: (i) a reduction in stiffness and peak stress,

(ii) brittle–ductile transition, (iii) less accentuated post-

peak stress drops, (iv) decrease in microcracking intensity

(Fig. 3), (v) shift in failure modes, and (vi) variations of
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orientation distributions of microtensile and shear cracks

(Fig. 4).

The above effects on the mechanical behavior are also

manifested in the energy budget spent during rock defor-

mation. The addition of further jointing to the sample

weakens the rock brittleness nature and leads to the less

intense fracturing in the microstructure, which, from the

viewpoint of energy, makes the energy storage capacity

lower, while the energy dissipation capacity of the rock

becomes higher. This prohibits strain energy accumulation

and facilitates friction dissipation (Fig. 8).

The fracturing activity, which itself only dissipates a

negligible amount of input energy (Table 6 and Fig. 8),

imparts permanent changes to the solid microstructure that

can be delineated by the enhanced deviator fabric (Fig. 9d)

and the reduced coordination number below the initial state

(Fig. 10b). It is worth noting that the change in both the

deviator fabric and coordination number for bonded con-

tacts has been significantly affected by the increase in

initial joint intensity. This observation is due to the fact that

the decrease in the amount of fracturing leads to more

particles remain bonded. Consequently, particles may sur-

vive in the fabric rearrangement process as a result of the

slow release of inter-particle constraints and the change in

both deviator fabric and coordination number is signifi-

cantly reduced.

Fig. 12 Distribution of anisotropies of contact normal, normalized average contact normal force ( �f nðHÞ �f 0), and normalized average contact shear

force ( �f ti ðHÞ �f 0) of the intact and two jointed rock samples at initial stress state
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Further insights have been gained by examining the

development of particle kinematics, shear strain, void ratio,

and force chain distributions in intact and pre-jointed

samples, which are not easily visualized in experiments or

continuum models. It has been found that in an intact

sample, the macroscopic rupture surface exhibits a high

concentration of shear strains and a large amount of

translational and rotational granular temperatures (Fig. 6).

With increasing initial joint frequency, many isolated

zones of strain localization are observed, yet they fail to

form a connected zone. Therefore, no catastrophic failure

associated with macro-failure planes traversing the entire

sample is formed. In particular, neither apparent localized

patterns of shear strain nor granular temperatures can be

found in 6V ? 9H samples. This is due to the sliding that

develops on pre-existing discontinuity being the dominant

failure mechanism as a result of large plastic deformation

(Fig. 3) occurring without crack nucleation.

From a micromechanical standpoint, the strengths of

intact and pre-jointed samples depend on its ability to

develop anisotropies. The trend found for the mechanical

anisotropies (see Fig. 11) is generally synchronized with

that for the macroscopic stress observed in Fig. 3, which

was also reported in several laboratory and numerical

studies [6, 26, 45].

Fig. 13 Distribution of anisotropies of contact normal, normalized average contact normal force ( �f nðHÞ �f 0), and normalized average contact shear

force ( �f ti ðHÞ �f 0) of the intact and two jointed rock samples at peak stress state
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With the increase in initial joint frequency, the rock

sample behaves in a more brittle-ductile fashion with less

prominent post-peak stress (see Fig. 3) and progressive

transition to sliding failure mode along the joint planes

(Figs. 4 and 6). This evolution of macroscopic deformation

can be traced back to the micromechanical origins where a

softening trend of the contact normal force anisotropy is

compensated by a gradual increase of the tangential force

anisotropy instead of significant falloffs of the both

mechanical anisotropies. This further confirms the addition

of further jointing to the sample leads to an increasing

dominance of the sliding failure mode on the rock defor-

mation; thus, a strong activation of tangential forces is

ensured to balance the increasing mobilization of friction

forces [2, 6].

4.2 Limitation and future outlook

Discrete element modeling of grain-scale heterogeneity,

i.e., particle size distribution or non-spherical distinct ele-

ment, plays an important role in controlling its emergent

macroscopic response under compression. However, no

matter which particle size distribution or grain shape is

used, it is necessary to re-calibrate the values of the micro-

mechanical parameters used in the analysis to match the

measured macro-mechanical behavior. This means that

Fig. 14 Distribution of anisotropies of contact normal, normalized average contact normal force ( �f nðHÞ �f 0), and normalized average contact shear

force ( �f ti ðHÞ �f 0) of the intact and two jointed rock samples at 50% post-peak stress state
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when the arrangement of the spherical particles changes,

some self-adjustment of the micro-mechanical parameters

takes place to produce the expected macro-mechanical

behavior [17, 27]. Therefore, the main trends related to the

addition of joints on the strength and deformability of the

rock samples remain essentially the same even though

some slight changes on the exact values are possible.

Substantial insights have already been gained from

discrete element numerical modeling of acoustic emissions

(AEs) in progressive mechanisms of rock failure

[28, 59, 79, 80]. In particular, acoustic emissions result

from sources of internal damage due to sudden local dis-

locations in the form of tensile or shear microcracks can

foster a deeper understanding of the onset and propagation

of microcracking and provide significant additional infor-

mation to complement micromechanical study to analyze

fracture growth mechanisms and their correlation with

increasing level of initial jointing.

5 Conclusion

The deformability and failure behavior (progressive frac-

ture growth, material damage, failure) of intact rock and

rock samples containing two sets of persistent joints with

increased initial joint frequency has been investigated

through confined compression tests by discrete element

numerical simulation. The smooth-joint contact model and

the linear parallel-bond model were selected in the

numerical model for the pre-existing joints and the rock

matrix, respectively. The entire deformation and failure

process are visually represented, and the failure mode in

reasonable accordance with experimental results is

obtained. The results show that the failure mechanism is

much affected by the degree of initial jointing. The fol-

lowing preliminary conclusions can be drawn from the

numerical tests:

1. As the density of the initial jointing increases, the rock

deformation behaves in a more brittle-ductile fashion

with corresponding patterns of visible strain hardening,

reduced stress drops and fracturing activities, and

dispersed microcracking distribution. This is generally

synchronized with transition of failure mode to joint

slip yielding mechanism leading to the absence of

nucleation and coalescence of fractures as a conse-

quence of the movement of conglomerates of particles

along the joint plane.

2. The relative contributions of the elastic energies to the

energy budget and to the fracture energy are found to

decline with the increase in initial joint intensity. This

is compatible with the fact the frictional energy

dissipation gradually prevails over the elastic strain

energies build-up as a result of the sliding along the

joint plane.

3. With the increase in initial joint intensity, rock samples

are prevented from developing larger fabric and force

anisotropies, which further result in a smaller macro-

scopic peak strength.

4. Consistent with the macroscopic deformation behavior,

i.e., stress–strain curve, the variations of geometric and

mechanical anisotropies provide micromechanical evi-

dence that a transition from brittle to ductile behavior

occurs with increasing initial joint frequency.
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granular assemblies. Géotechnique 29(1):47–65
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