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Abstract
The deformation process and failure mechanism of rock mass with increased joint roughness subjected to unconfined

compression are investigated in this study using discrete element method. A numerical model is developed using soft-

bonded particle and validated to realistically replicate the mechanical response of the rock mass. The micro-parameters of

the rock material are first determined, and the effects of the joint roughness on the macromechanical response and fracture

growth mechanism are then investigated. Analyses are also performed to examine the tensile and shear crack distributions,

acoustic emission (AE) characteristics, coordination number, and crack anisotropy to advance the current understanding of

the role of joint roughness on the mechanical behavior and deformability of rock mass. The results show that strength and

deformability of the jointed rocks are highly dependent on the joint orientation and roughness. Joint roughness is found to

restrain the propagation and coalescence of microcracks and AE events from the interlocking of asperities. In addition, the

spatial distribution of the contact forces allows for better understanding of the effect of joint inclination angle on the

response of the investigated rock samples.

Keywords Acoustic emission � Crack tensor � Joint roughness � Rock fracturing processes � Soft-bonded discrete element

model

1 Introduction

The fracture behavior of rock mass is of prime importance

to many rock engineering projects, such as deep under-

ground excavations, and stability of natural rock slopes.

Rock mass is complex geological medium that may involve

features such as fissures, joints, faults, and bedding planes,

which strongly affect the performance of engineering

structures. The types and origins of discontinuities play a

decisive role in the failure of rock mass since existing

discontinuities provide planes of weakness on which fur-

ther deformation can occur [1, 74, 75]. The fracturing

process of jointed rock mass is governed by not only the

initiation and propagation of individual cracks but also the

interaction and coalescence within existing discontinuities.

Therefore, knowledge of the fracture behavior of jointed

rock mass is necessary to accurately predict rock instabil-

ity, which leads to improved design.

The fracture behavior and failure mechanism of jointed

rock masses under compressive loading have drawn ample

attention from both researchers and practicing engineers

over the past few decades. Substantial effort has been made

to study fracture initiation, propagation, interaction, and

eventual coalescence within a rock mass using both

experimental and theoretical methods

[4, 11, 29, 50, 54, 63–65, 71]. In one of the earliest studies,

Brace and Bombolakis [8] found that the eventual failure of

a rock sample develops by crack interaction that usually

forms a macro-shear fault. Wong and Chau [60] experi-

mentally studied the response of rock samples with flaw
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inclination angles ranging from 35� to 75� and identified

three main crack coalescence modes: shear mode, mixed

shear/tensile mode, and wing tensile mode. Haeri et al. [27]

found that the peak strength of rock samples is related to

the inclination angle of the cracks.

In general, the orientation, spacing, continuity, and

number of pre-existing cracks or joints dominate the

deformation and fracture characteristics of rocks

[45, 51, 59, 67, 69]. Conducting experiments on rocks with

pre-existing cracks and real-time monitoring of opaque

rock-like materials are usually challenging [2, 35, 37].

Therefore, numerical analysis seems to be necessary for

studying crack propagation and coalescence in rock mass.

Numerical modeling approaches can be classified into

two main categories: continuum and discontinuum meth-

ods. Continuum methods, including the finite element

(FEM) and boundary element (BEM) methods, generally

assume continuous, isotropic, and homogeneous medium.

Rock damage and failure are assessed using constitutive

models such as elasto-plastic or elasto-viscoplastic and

damage mechanics models [18]. However, the presence of

weak planes, being the source of large deformation and low

shear strength, makes the micro-mechanisms developing in

a rock mass complex and difficult to characterize using

continuum theories [49]. In contrast to continuum methods,

the application of the discrete element method (DEM) 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; (ii) the distribution of actual joint faces can

be considered; (iii) the influence of microstructure on the

macroscopic behavior can be studied. Therefore, the dis-

crete element method (DEM) constitutes a powerful tool to

capture the heterogeneous and anisotropic nature of a rock

mass and assess the fracturing behavior and failure mech-

anism of jointed rock masses [10, 20, 69, 78].

De Silva and Ranjith [15] used discrete element analysis

to simulate rock formations with complex joint geometries

to study rock mass fracturing mechanisms. It was found

that joints create a preferential direction for fracture

propagation and cracking generally propagates toward a

direction opposite to the joints. Yang et al. [68] modeled

uniaxial compression tests of non-persistent jointed rock

samples by analyzing the effects of joint gap, dip angle,

and persistency. It was concluded that the contact and

interaction of joint surfaces have significant effects on the

mechanical behavior of jointed rock blocks. Scholtès et al.

[52] used discrete element to numerically investigate the

effect of discontinuities on the development of fractures in

rock-like material. They demonstrated that discontinuities

have significant effects on the overall response of the

material.

Despite the promising results of the above studies in

investigating the behavior of jointed rock of different joint

geometries (e.g., orientation, length, spacing, and bridge

length) under compressive loadings, most of the reported

work was either experimental or numerical performed on

rock mass of single or multiple sets of smooth non-per-

sistent joints. Indeed, natural rocks are characterized by

undulated and rough joint surfaces that play an important

role in the damage evolution and fracture mechanism of the

rock mass [25, 44]. Therefore, this study aims to shed more

light on the effect of joint roughness on the mechanical

behavior of jointed rock mass subjected to uniaxial com-

pression. First, a validation is performed by comparing the

results of the developed numerical models with laboratory

data obtained for discontinuous rough-jointed rock sam-

ples. The non-persistent rough joints with various degree of

joint roughness are produced on the basis of the selected

standard joint roughness profiles proposed by Barton and

Choubey [7] who introduced the joint roughness coefficient

(JRC) to quantify rock joint roughness according to the

shear strength model (s ¼ rn tan JRC log10
JCS
rn

� �
þ /b

h i
,

where s is the peak shear strength, rn is the effective

normal stress, JCS is the joint wall compressive strength,

and /b is the basic friction angle). The well-known joint

roughness standard profiles are then proposed for JRC

values that range from 0 to 20. Second, the mechanical

response at the macroscopic level, including peak stress,

deformation modulus, and cracking process, is compared

with the measured values. Third, detailed micro-mechani-

cal analysis is carried out to gain new insights into fracture

growth, and evolution of energy transition and coordination

number within the tested rock samples. In addition, the

original application of acoustic emission characteristics

and crack tensor analyses helps explaining the fracturing

process and failure mechanism of rock masses.

2 Model description

Discrete element (DEM) is generally viewed as a method

that allows for finite displacements and rotations of discrete

bodies and updates contacts automatically [12]. The orig-

inal application of DEM by Cundall and Strack [13] is

aimed to study the behavior of granular material and

blocky rock systems. Nowadays, DEM is broadly used in

geomechanics from soil to rock masses with applications in

different areas, including, rock engineering, soil mechan-

ics, geohazards, and geotechnical engineering

[21, 24, 32, 36, 61, 66, 73].

The most widely used contact model related to rock

mechanics in the DE analyses is the Bonded-Particle

Model (BPM) proposed by Potyondy and Cundall [49].
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Nonetheless, Ma and Huang [42] pointed out that using the

standard BPM with elastic-perfectly brittle contacts leads

to macro-scale strength ratio (rc=rt) that is much lower

than that of real rocks, i.e., the uniaxial compressive

strength (rc) and tensile strength (rt) cannot be matched

simultaneously. However, a realistic strength ratio is crit-

ical to accurately interpret failure mechanism of a rock

mass at the macro-scale level [43, 53].

Compared to previous studies that used BPM to simulate

rock mass or rock-like materials, a novel aspect of this

study is that a new contact model (soft-bond model)

implemented in PFC 6.0 [33] that accounts for the soft-

ening regime in the contact bond strength is applied. The

model is capable of reproducing the expected high UCS to

tensile strength ratio, internal friction angle, and the non-

linear strength envelope. In an unbonded state, the soft-

bond contact model behaves essentially similar to that

proposed by Jiang [34] with the ability to transmit both

force and moment at the contact point, with frictional

strength parameters that limit the shear force, bending and

twisting moment.

2.1 Modeling jointed rock mass

The soft-bond model allows for the rock material to be

simulated using a statistically generated assembly of bon-

ded particles at the micro-scale level. The introduction of

smooth-joint contact model in the soft-bond particle sys-

tems provides the DEM model with the ability to simulate

the mechanical behavior and fracture mechanism of jointed

rock mass under uniaxial compressive loading. Discrete

element modeling of jointed rock masses comprises four

typical components [56]:

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

density q, and 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 of the soft-bond model

updates the contact forces and moments:

Fc ¼ Fþ Fd ð1Þ
Mc¼ M ð2Þ

where F is the linear force, Fd is the dashpot force, and

M is the linear moment. The linear force is resolved

into normal and shear force, and the linear moment is

resolved into a twisting and bending moment:

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

where n̂c is the unit vector that defines the contact

plane.

3. Soft Bonds may carry force and moment (F and

M) and provides two distinct responses depending on

its bonding state (see Fig. 1). When unbonded, it

provides linear elastic behavior and frictional with

rolling resistance. When bonded, the soft-bond model

becomes similar to the linear parallel bond model with

tensile softening, which is characterized by linear

elastic behavior until either the shear or tensile strength

limit is reached. If the shear strength limit is exceeded,

the bond breaks making the model unbonded. How-

ever, if the tensile strength limit is exceeded, contrary

to the linear parallel bond model, the bond is not

removed and instead the model enters a softening

regime (see Fig. 1b) until the bond stress reaches a

threshold value where the bond breaks making the

model unbonded.

The increments of elastic force and moment are

given by

Fn :¼ Fn þ knADdn ð5Þ
Fs :¼ Fs � ksADds ð6Þ

where Ddn and Dds are, respectively, the relative nor-

mal-displacement and shear-displacement increments.

Mt :¼
Mt � ksJDht; 3D

0; 2D

�
ð7Þ

Mb :¼ Mb � knIDhb ð8Þ

Dht and Dhb are the relative twist-rotation and bend-

rotation increments, respectively; A, I, and J are the

area, moment of inertia, and polar moment of inertia of

the cross section, respectively. In two dimensions,

A ¼ 2Rt, I ¼ 2
3
R3t, and J = 0.

Updating the maximum normal (r, r[ 0 is tension)

and shear (s) stresses at the bond periphery using:

r ¼ Fn

A
þ b

Mbk kR
I

ð9Þ

s ¼ Fsk k
A

þ b
Mtj jR
J

; 3D

0; 2D

(
ð10Þ

with b 2 0; 1½ �.
If the bond is intact and the maximum normal stress

at the bond periphery exceeds the bond tensile strength

(r[ rc), then the bond enters the softening regime,

and the maximal bond elongation is set to:

l� ¼ lcð1:0þ fÞ ð11Þ

with lc ¼
Fn

knA
þ b

Mbk kR
knI

ð12Þ
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where lc is the critical bond elongation (at peak

strength) and f is the bond softening factor.

If the bond is within the softening regime, the nor-

mal stress at the bond periphery is checked against the

softening envelope as follows:

The maximum stress is given by:

r� ¼ rcðl� � lÞ
flc

ð13Þ

where the current bond elongation l is expressed as:

l ¼ lc þ dlþ R dhbj j ð14Þ

(a)

(b)

(c)

Fig. 1 Behavior and rheological components of: a soft bond model; b softening behavior of the soft bond model; c smooth-joint model
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where dl is a measure of the bond elongation since

softening started:

dl :¼ dlþ Ddn ð15Þ

and dhbj j is a measure of the accumulated bending

since softening started.

Tensile failure is first checked to determine if the

bond is within the softening regime and r� rcc, then
the bond breaks in tension, and F = 0, M = 0. If the

bond has not failed in tension, then shear failure is

assessed. The shear strength sc ¼ �r tan/þ c, where

r ¼ Fn

A
is the average normal stress acting on the 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 discrete element

model with embedded smooth joints allows for the

generation of an equivalent anisotropic jointed rock

mass. After generation of the joint plane, a smooth

joint is assigned to the particle contacts 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. 1c). 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 to the

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

given by:

A ¼ pR2 ð16Þ

with R ¼ kminðRð1Þ;Rð2ÞÞ.
where 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 forces (Fig. 1b) as given by:

Fc ¼ F; Mc � 0 ð17Þ

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

into normal and shear forces:

F ¼ �Fnn̂j þ Fs ð18Þ

Updating the normal and shear forces:

Fn ¼ ðFnÞ0 þ knADd
_e

n ð19Þ

F�
s ¼ ðFsÞ0 � ksADd

_e

s ð20Þ

where ðFnÞ0 and ðFsÞ0 are the smooth joint normal and

shear forces, respectively, at the beginning of the time step;

Dd
_e

n and Dd
_e

s are the elastic portions of the normal and

shear displacement increments.

The shear strength is also computed as:

Fl
s ¼ �lFn ð21Þ

In the unbonded smooth joint model, the shear force is

updated using:

Fs ¼
F�
s ; F�

s

�� ��\Fl
s

Fl
s ðF�

s= F�
s

�� ��Þ
�

ð22Þ

When Fsk k ¼ Fl
s , the slip state is active, and the contact

is sliding. In this case, shear displacements result in an

increase in normal force due to dilation:

Fn ¼ Fn þ
F�
s � Fl

s

ks

� �
kn tanw ð23Þ

2.2 Model calibration

To build a reliable discrete element model that realistically

reflects the mechanical behavior of a rock mass, the micro-

mechanical properties to be assigned to the particles and

soft bonds are needed. However, these properties cannot be

measured directly using laboratory experiments; thus,

extensive model calibration is unavoidable. This requires

an iterative process using different micromechanical

properties, until the numerical model captures the mea-

sured response. The calibration is conducted based on the

uniaxial compression and Brazilian tests with the aim of

finding appropriate micro-parameters that match the three

key macroscopic properties, i.e., uniaxial compressive

strength (UCS), Brazilian tensile strength, and elastic

modulus. Schematic diagrams that show the experimental

setups used by Asadizadeh et al. [3] are summarized in

Table 1.

2.2.1 Model calibration for intact rock

The experimental results reported by Asadizadeh et al. [3]

on intact rocks are first simulated to calibrate the material

parameters needed for the soft-bond model. This starts with

the generation of a dense packing of nonuniform and well-

connected grain assembly with a specified nonzero material

pressure, and the installation of soft bonds at grain–grain

contacts.

2.2.1.1 Uniaxial compression (UCS) tests A polyaxial

vessel consisting of frictionless walls, 300 mm in width

and 300 mm in height, is constructed to match the

dimensions of the rock sample. Subsequently, an assembly

of grains with diameters satisfying a uniform size distri-

bution (Rmax=Rmin = 1.66) is generated, and allowed to
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rearrange into a packed state under conditions of zero

friction until static-equilibrium is reached. The material

friction coefficient is set to the particles, and the soft bonds

are then introduced, and the final material properties are

assigned to the grain–grain contacts. In this case of loading,

the axial walls act as loading platens, and the radial walls

are moved away from the specimen and kept motionless.

Axial pressure is applied by activating the servomechanism

with a pressure boundary condition in the axial direction

and a velocity boundary condition of zero in the radial

direction. Particle contact modulus (Ec), particle normal to

shear stiffness ratio (kn=ks) are varied to match the mea-

sured Young’s modulus of the intact rock materials.

2.2.1.2 Brazilian tensile strength (BTS) tests These tests

are performed on a cylindrical sample, 300 mm in diam-

eter, oriented such that the loading axis coincides with the

cylinder radial direction specimens. Likewise, axial walls

that act as loading platens are created. The particulate

system with the same particle size distribution similar to

that used in simulating the uniaxial compression tests is

generated for the Brazilian tests and brought to static

equilibrium. The loading phase is activated by moving the

axial walls at the specified strain rate, and the peak axial

force is used to determine the tensile strength using:

rB ¼ Faj jmax

pRt
ð24Þ

where Faj jmax is the peak axial force, and R and t are the

radius and thickness of the disk, respectively.

UCS and BTS results are then matched by varying the

normal and shear strength of the soft bond, as well as the

softening factor. The computed stress–strain response is

compared with that measured in the laboratory for intact

rocks under unconfined compression as depicted in Fig. 2a.

The BTS results shown in Fig. 2b are used to calibrate the

macro-scale strength ratio, which is estimated at 22.97/

3.43 = 6.7. The calibrated values of the microscopic

parameters are listed in Table 2. It should be pointed out

that softening is activated in this case by setting a value of

30 for the softening factor, and a value of 0.0 for the tensile

strength softening factor. This means that once the tensile

strength is reached at a specific contact, the contact enters a

softening regime with a softening stiffness that is 1/30th of

the loading stiffness and breaks only if the tensile force

reaches 0.0. In addition, as suggested by Itasca [33], the

bending and twisting friction multipliers are set to 1.0.

Based on the comparison of the calculated and measured

results in Fig. 2, it can be concluded that the microprop-

erties obtained using the described calibration process

ensure that the model reasonably predicts the response of

the intact rock samples.

2.2.2 Model calibration for rock mass

After the response of the intact rock is validated, rock mass

models need to be created to reproduce the measured

response with non-persistent rough joints subjected to

uniaxial compression. The rock sample with non-persistent

rough joints JRC profile of 14-16 used in the laboratory

Table 1 Schematic diagrams of testing devices

Loading Rod Loading Cell 

Rock 

Sample

Height Regulation Platens 

Upper Jaw 

Lower Jaw 

Ram 

Spacer 

Rock
Sample  

Loading Rod   

Brazilian tensile test deviceUCS test device    

Note: These schematic diagrams are made based on the experimental work of Asadizadeh et al.[3]
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experiments [3] is replicated using discrete element anal-

ysis (see Table 3). In this case, there is a need to identify

the corresponding microproperties for the smooth joint (SJ)

contact model that has six essential parameters: joint nor-

mal stiffness (ksjn ), shear stiffness (k
sj
s ), joint tensile strength

(rsjt ), joint cohesion (csj), joint friction (lsj), and dilation

angle (w). Considering that the joint surfaces used in the

laboratory experiments are cohesionless and clean-cut,

rsjt ,c
sj and w values are all set to 0 in the model. Joint

normal stiffness (ksjn ) is determined by adjusting its value

until normal stiffness value consistent with the laboratory

results is achieved. As suggested by Huang et al. [30], the

ksjn =k
sj
s ratio is taken as 2 in this study. It is worth men-

tioning that, compared to the calculated linear elastic

0
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(c)

Fig. 2 Calculated and measured responses: a intact rock sample under uniaxial compression; b intact rock sample under diametral compressive

loadings; c jointed rock sample under uniaxial compression
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deformations, nonlinear concaving response was measured

up to around 4% strain for both the intact and jointed

samples (Fig. 2a,c). This reflects that under uniaxial com-

pression, most of the tested rock samples experienced an

initial crack closure phase, which is attributed to the clo-

sure of the natural flaws or the stress-induced cracks

resulting from the coring process. This initial phase is hard

to replicate numerically due to the unbreakable and unde-

formable nature of the particles. The generated rock

material is generally homogeneous, isotropic with well-

connected granular system with no pre-existing defects

[38, 48, 53]. Additionally, the emergent stress-variations

around the peak stress state (see Fig. 2c) are associated

with more pronounced crack coalescences happening in the

experiments [3]. This can also be attributed to the intrinsic

limitation in the basic formulation of discrete element

method as the circular-based particles are rigid and unable

to crack or crush under the applied loads [17, 49, 52, 70].

Despite these shortcomings, the macro-response captured

by the model for the jointed samples shows an overall

agreement with the experimental results, as presented in

Fig. 2c.

2.2.3 Rock mass configuration

Once the discrete element models are validated, the

mechanical behavior of the rock masses embedded with

various configurations of non-persistent rough joints that

have 100 mm in length, 17.5 mm bridge length, and

inclination angle of 67.5� is investigated (see Table 3). In

addition to JRC 14-16 jointed samples, three more rock

samples with rough joints that correspond to JRC profiles

of JRC 2-4, JRC 10-12, and JRC 18-20 are created. By

doing so, additional data can be generated to supplement

laboratory tests and capture the details of the rock frac-

turing process and failure mechanism. Therefore, this

numerical study has the merits of investigating both the

macroscopic response and microscopic information asso-

ciated with damage evolution of rough-jointed rock mas-

ses. A detailed description of the jointed rock configuration

is given in Table 3.

3 Results and discussion

With the verified mechanical parameters, a series of dis-

crete element analysis is performed to model unconfined

compression tests on jointed rock samples with increasing

degree of joint roughness. This allows for the deformability

and failure mechanism of the rock to be investigated at

both the micro- and macro-scale levels, including stress–

strain responses, failure modes, acoustic emission infor-

mation, energy budgets, coordination number, crack tensor,

and crack anisotropy distributions. In addition,

microstructure interpretation is also made to evaluate the

effect of joint inclination angles on the response of the rock

system.

3.1 Damage and fracturing processes

3.1.1 Mechanical response and acoustic activity

The stress–strain relationships as well as the number of

microcracks and acoustic events generated for rocks of

different degree of joint roughness under uniaxial com-

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

tions are obtained:

(1) Joint roughness has significant effects on the defor-

mation behavior, such as stiffness and peak strength.

More precisely, significant increase in stiffness and

peak strength is found with the increase in joint

roughness, i.e., for rock samples with JRC profiles of

2-4, 10-12, 14-16, and 18-20, the peak strengths

reach 15.1, 17.5, 19.6 and 21.5 MPa with axial strain

arriving at 6.84, 6.81, 7.01, and 7.79%, respectively.

In addition, the elastic moduli of these jointed rock

samples with the selected JRC profiles are found to

be about 2.83, 2.85, 2.87 and 2.88 GPa, respectively.

(2) The three stages representing the stress–strain

response of the modeled rock sample are identified:

Stage I (initiation): This stage corresponds to the

Table 2 Numerical parameters used in the discrete element analysis

Item Micromechanical properties

Rock

Ball-ball contact effective modulus 3.35 GPa

Ball stiffness ratio (kn=ks) 1.5

Ball friction coefficient 0.7

Bending Friction multiplier 1.0

Twisting Friction multiplier 1.0

Soft bond tensile strength 4.01 MPa

Soft bond cohesion 17.16 MPa

Softening factor 30

Softening tensile strength factor 0

Joint set

Smooth joint normal stiffness (ksjn ) 400 GPa

Smooth joint shear stiffness (ksjs ) 200 GPa

Smooth joint friction coefficient 0.7

Smooth joint tensile strength (rsjt ) 0 MPa

Smooth joint cohesion (csj) 0 MPa

Smooth joint dilation angle (w) 0�
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quasi-elastic deformation and is characterized by

increasing rock strength following linear stress–

strain relationship. This initial stage of the UCS

experiment is clearly delineated by low microcrack-

ing activity.

Stage II (nucleation): this stage corresponds to an

axial strain range where the growth of microcracks is

in a slow and steady progress. This begins with the

introduction of nonlinearity in the stress–strain

behavior of the sample until peak stress is attained.

With the increase in applied strains, more damage is

accumulated and acoustic energy emits resulting in

an increase in the acoustic event count. In addition,

this stage is characterized by increasing rock strength

and decreasing slope of the stress–strain curve,

corresponding to growth of local microcracking

events within the rock sample. Compared with rock

samples embedded with rough and irregular joints,

greater number of microcracks are generated in rock

samples with smooth and planar joints during this

stage, which are reflected by more pronounced

deviation of the stress–strain curve with respect to

its initial slope. This is attributed to the fact that the

planar and smooth joints are much more favorable

for the occurrence of accelerating amount of bond

breakages, which causes permanent damage and

contributes to the nonlinearity. These results are in

line with the conclusions made by Walton et al [58].

Stage III (rupture): This stage corresponds to an

axial strain range associated with vertical growth in

the number of microcracks and sharp increase in the

AE count, which defines the post-peak stress–strain

behavior of the rock sample. Stage III is character-

ized by decreasing rock strength with strain softening

behavior and increase in volumetric strain with rapid

dilatancy.

Based on the response observed in this stage, with

increasing degree of joint roughness, the rock sample

is essentially exhibiting brittle behavior with repaid

decrease in strength without significant change in the

resulting strains. Furthermore, with the increase in

joint roughness, the stress drops quickly and the

episode of microcracking becomes more intense. In

contrast, the stress–strain relationship for the case of

smooth and planar joints does not exhibit rapid drop

following peak strength, implying that these samples

show enhanced ductile response.

(3) When the joint is rough and highly undulated, the AE

activities of the jointed rock samples mainly follow

stage III and seldom appear at stages I and II

(Fig. 3c, d). When the joint roughness declines to a

lower degree, the concentration of AE activity

appeared early and are relatively pronounced in

Stage II (see Fig. 3a, b). It is worth noting that the

Table 3 Configurations of modeled rock blocks

JRC 2-4 JRC 10-12 JRC 14-16 JRC 18-20 

67.5° 17.5 mm 

100 mm 
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cumulative AE counts for the rock samples with

smooth and planar joints are generally smaller than

those with rough and irregular joints, e.g., 517 AE

counts are found for JRC 2-4 rock samples in

contrast to 741 AE counts for JRC 18-20 samples.

(4) With the continuous increase in the degree of joint

roughness, i.e., from smooth (JRC 2-4) and rough

planar joints (JRC 10-12) to rough undulating (JRC

14-16), and irregular joints (JRC 18-20), the evolu-

tion of the microcracks transits from a step-wise

manner characterized by an accumulation of cracks

at a relatively slower rate to a surge with rapid

increment of cracks. This is mainly due to the fact

that the localization and coalescence of freshly

formed cracks are countered by the rock mass to

disaggregate along the smooth and planar joints.

3.1.2 Fracture growth mechanisms

Stage 1 (initiation): is characterized by low microcracking

activity. Initial deformation of these jointed rock samples is

defined in terms of distributed tensile and shear microc-

racking, marking the onset of inelastic deformation. The

microcracking is found to mainly concentrate in the rock

bridge areas of JRC 2-4 and JRC 10-12 samples that have

smooth planar and rough joints, respectively. Conversely,

microcracking particularly occurs along rough and irregu-

lar asperities, as presented in Fig. 4.

During the nucleation stage, deformation in JRC 2-4,

10-12, and 14-16 rock samples is progressively localized

with growth of shear and tensile microcracks, arising from

the tips of the non-persistent joints. At the end of the

nucleation stage, i.e., at the peak stress state, the pre-ex-

isting rough joints are progressively linked through the

emergence of microcracks, and the rock bridges are cut by

the gradual accumulating of fractures. Fracture nucleation

in these three rock samples involves both shear and tensile

microcracking. Nevertheless, shear microcracking is the

dominant nucleation mechanism in the JRC 18-20 rock

sample, and the associated damage characterized by

microcracking predominantly localized along rough and

irregular asperities and homogenously distributed inside

the intact rock matrix.

(a) (b)

(c) (d)

Fig. 3 Stress–strain responses of: a JRC 2-4, b JRC 10-12, c JRC 14-16, and d JRC 18-20 rock samples
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After the peak stress state, as deformation begins to

concentrate, pre-existing and newly generated microcracks

merge and propagate into a through-going shear rupture. In

accordance with damage mechanics, the episode of intense

microcracking leads to significant stress drop, particularly

for the cases of JRC 14-16 and JRC 18-20 rock samples. As

shown in the rose diagrams in Fig. 5, tensile microcracks

have a preferential vertical orientation, which is parallel to

the direction of the major principal stress. This agrees with

the observation made by Hazzard et al. [29] for axially

loaded rock samples. In addition, the distribution of the

shear crack orientation developing during the process of

macroscopic shear rupture can be associated with the

antithetic (oblique to the major shear band) and synthetic

(parallel to the major shear band) cracks, which is also

consistent with the observations made by Desbois et al.

[14], and Dinç and Scholtès [17].

Visual representation of tensile and shear stresses acting

on the periphery of the soft bonds is constructed in Fig. 6 to

provide micromechanical explanation to the origins of

damage and distributions of the developed microcracking

in rocks with increasing degree of joint roughness. Figure 6

shows that strong tensile stress acting on the periphery of

soft bonds predominantly oriented parallel to the loading

direction, which corresponds to the orientation of tensile

cracks. Likewise, the shear stresses acting on the periphery

of the soft bonds show preferential orientations that are

directly related to the orientation of the shear microcracks

Initiation  Nucleation Rupture 

JRC  
2-4 

JRC  
10-12

JRC  
14-16

JRC  
18-20

Micro tensile crack  Micro shear crack  

Fig. 4 Distribution of microcracks within the jointed rock samples for the distinct three stages
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being either orientated subparallel or sub-perpendicular to

the shear band. It is found that the higher the degree of

roughness of the joint surface, the larger the magnitude of

stresses acting on the periphery of the soft bonds. This can

be explained by the fact that undulating and irregular rough

joint planes are prone to stress concentration related to the

coalescence of emergent microcracks.

It is worth noting that the localized tensile and shear

microcracks along the pre-exiting rough joints are only

observed for JRC 14-16 and JRC 18-20 rock samples,

which have much larger undulating and irregular mor-

phologies compared to the remaining samples. This is

explained by the fact that geometric irregularities (waves)

of joints with higher degree of roughness are favorable for

the nucleation of microcracks due to the asperities of large

amplitudes and inclination angles. This accords well with

the observations of Camones et al. [9] where irregular

surfaces resulted in higher chances of forming microcracks

within the rock blocks.

3.1.3 Energy budget during rock fracturing process

The energy evolution mechanism is closely related to the

progressive localization of damage inside the rock.

Therefore, understanding the energy input, elastic strain

energy accumulation, energy dissipation and release is

helpful in gaining deeper micromechanical insight into the

rock fracturing and failure mechanisms. These energy

terms are specified by the work input at the boundary dEW ,

body work dEb done by gravity, strain energy dEs stored in

the linear springs, kinetic energy dEk, frictional dissipation

energy dEf , damping dissipation energy dEd , and fracture

energy Efrac. The cumulative energy released by all bond

breakage in the modes of tensile and shear fractures can

then be calculated. In this study, the body work dEb is

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

For a balanced energy budget, the sum of recoverable

strain energy and irrecoverable plastic dissipation energy
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Fig. 5 Orientation distribution of tensile/shear microcracks in the jointed rock samples at the final damage stage. Note: The hue scale indicates

the number of tensile/shear microcracks
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will equal the external mechanical work applied to the

system:

dEW ¼ dEs þ dEk þ dEf þ dEd þ dEfrac ð25Þ

It is noteworthy that the profile of the incremental strain

energy has an overall good agreement with the stress–strain

curve for each investigated jointed rock samples. At the

pre-peak stage, i.e., during the stages of initiation and

nucleation, both the external mechanical work applied to

the system (dEW ) and strain energy (dEs) relationships

show upward-concave and nonlinear evolution features.

The energy absorbed by the rock is mainly stored in the

form of strain energy. As shown in Fig. 7, during the ini-

tiation stage, the trends of total and elastic strain energy are

basically overlapping. After reaching the coalescence

stage, the rock enters a nonlinear deformation stage and the

total energy curve begins to diverge from the elastic strain

energy.

When the stresses get close to the peak strength, the

elastic strain energy gradually attains its storage limit. The

peak strain energy reflects the capacity of the rock to store

the strain energy, i.e., the greater the peak elastic strain

energy, the more energy is needed for the rock to fail and

consequently higher overall resistance [72, 76]. The peak

strain energy is reached at axial strain of 6.84, 6.81, 7.01,

and 7.79 %, respectively, for rock samples with increasing

degree of joint roughness. It is found in Fig. 7 that the peak

strain energy of the jointed rock samples increases with the

increase in the degree of joint roughness, inferring that an

increase in joint roughness enhances the energy storage

capacity of the rock. Likewise, during the stages of initi-

ation and coalescence, in contrast to the infinitesimal

growth of plastic dissipations for samples with undulating

and irregular joint planes, intermittent fluctuations of

incremental plastic dissipations occurs in rock samples

with smooth and planar joint planes as observed in Fig. 7.

This indicates that the dissipated energy is controlled by
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the interplay between the competing fracture formation and

the frictional sliding properties.

After reaching peak strength, the elastic strain energy is

released and the dissipated energy increases rapidly due to

the development of macroscopic damage. This can be

reflected by the distinct intermittent versus relatively flat

increase in plastic dissipation for samples with smooth and

rough joint planes by the end of nucleation stage, never-

theless, all samples subsequently follow a sharp increase in

incremental energy associated with spikes of microcrack-

ing activities during the stage of rupture. It is perceived

that, as the degree of joint roughness increases, the amount

of input energy due to frictional work, dEf , decreases

accounting for 28%, 26.1%, 24.2%, and 23.9% of the input

energy for the cases of JRC 2-4, JRC 10-12, JRC 14-16,

and JRC 18-20, respectively.

The results indicate that frictional deformation is a

significant term in the energy budget during rock
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deformation, with its share of total input energy increasing

with the increase in the degree of joint roughness. It also

demonstrates that undulating and irregular joint planes

provide greater resistance to the frictional sliding of the

fractured blocks, which leads to a decline in the relative

contribution of the frictional energy to the energy budget as

joint surfaces are increasingly roughened.

Additionally, it is revealed that fracture energy (Efrac)

accounts for a small fraction of the input energy corre-

sponding to 9.2% for JRC 2-4, 7.7% for JRC 10-12, 7.6%

for JRC 14-16, and 7.7% for JRC 18-20, respectively. This

is consistent with the energy budget estimations based on

field data, laboratory, and numerical studies [23, 26, 57]. It

is worth noting that only 32.6%, 31.1%, 31.4%, and 32% of

all the total microcracks occur in shear mode for rock

samples with increasing degree of joint roughness. Nev-

ertheless, the contribution of shear microcracking to total

fracture energy released decreased from 94.3% for JRC

2-4, 94.2% for JRC 10-12, 93.8% for JRC 14-16, and

92.3% for JRC 18-20, respectively, as depicted in Fig. 7f.

3.2 Microstructural signatures of fracturing
process

The effect of joint roughness on the rock fracture mecha-

nism can be demonstrated using the distributions of

acoustic events, contact force network, coordination num-

ber, and crack anisotropy. These quantities are considered

to be excellent signatures for the propagation of shear

rupture.

3.2.1 Spatial distribution of acoustic events and contact
force network

Complementing the evolution of contact force networks,

the spatial and temporal distribution of microcracks iden-

tified by AEs can contribute to a better understanding of the

fracture growth mechanisms and their correlation with

microstructure. It is well-established that each bond

breakage is assumed to be a microcrack in DEM. When a

bond breaks, the stored strain energy is released as kinetic

energy in the form of a seismic wave. Seismic source

information can therefore be calculated for these AEs

where microcracks occur close together both in space and

time and are considered a single AE event [28, 29]. Fig-

ure 8 shows the magnitude and orientation of the contact

forces in conjunction with the locations of the associated

acoustic emissions for the three deformation stages in

samples with increasingly roughened joints. The contact

forces are predominantly vertically oriented to counteract

the load applied by the uniaxial compressive loading. The

diffuse seismicity during the initiation stage is evidence of

an essentially spatially uniform stress distribution, which

only locally exceeds tensile or shear bond strengths.

Toward peak stress, progressive damage is such that frac-

ture interaction and coalescence become increasingly

active, leading to an accelerating number of acoustic events

with increased size, and culminating in the development of

macrofracture.

For rock samples with undulating and irregular joints,

the spatial force distribution is quite uniform throughout

the sample prior to peak stress, in line with the uniform

distribution of event locations. This agrees with the stress–

strain relationship (see Fig. 3), which shows that the

nucleation and propagation of macrofracture occurs post-

peak stress. Simultaneously, during the coalescence stage,

samples with smooth and planar joint surfaces gradually

exhibit spatially nonuniform forces, of which the crack

propagation and coalescence start at the tip of the pre-

existing joints and cut through the rock bridges. This leads

to AE events that are localized along the joint. Coalescence

of event locations to form sharply defined macro-shear

planes, just beyond peak stress signifies a strongly focused

stress heterogeneity as shown in Fig. 8. The macro-failure

planes in the stage of rupture are visible as an absence of

soft bond forces (white areas) as these bonds have been

broken and cannot reform. The overlapping of AE events

indicates that some of the micro cracking activities are,

indeed, clustered.

The frequency–magnitude distribution of AE events is

used to understand the microcracking mechanisms and

damage quantification of rock samples with increasing

degree of joint roughness under the uniaxial loading, as

shown in Fig. 9. At the peak stress state, the AE magni-

tudes mainly range from -3.4 to -3 occupying 43.1%,

49.3%, 60%, and 63.4% of the total AE events for the

samples with JRC 2-4, 10-12, 14-16, and 18-20, respec-

tively. This increasing trend can be explained considering

the fact that external work put into the system is the same

for all jointed rock samples. Before the complete formation

of macro-fracture surface, if the dissipation of work done

by external applied stresses along the joint plane is

restrained by surface roughness, the external energy will

have to dissipate by developing more cracks within intact

matrix resulting in larger quantities of AE events. At the

end of the rupture stage, the AE magnitudes mostly range

from -3.8 to -3 accounting for 58.2%, 56.9%, 56.9%,

67.4% of the total AE events for these jointed samples,

respectively. This can be attributed to the predominant

occurrence of smaller post-peak fractures resulting in an

increase in the quantities of small events.

To further investigate the progressive damage localiza-

tion, the Gutenberg-Richter b-value is used. The Guten-

berg–Richter relationship is expressed as follows:

logNð[MÞ ¼ a� bM ð26Þ
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where N is the cumulative number of events with magni-

tudes larger than M, and a and b are constants. The con-

stant a represents the mean activity level in the local region

investigated, while the constant b represents the proportion

of frequency of small events in comparison with great

events. a large b indicates larger proportion of small events,

and vice versa.

Overall, as nucleation and propagation of the macro-

fractures occurs post-peak stress, the b values decrease

from 1.605 to 1.287, 2.258 to 1.495, 1.871 to 1.511, and

2.324 to 1.548 corresponding to the four rock samples with

increasing degree of joint roughness. A reduction in b value

implies that a relatively increased number of large-mag-

nitude events occurs, which is evidenced by the range of

- 5.4 to - 2.4, - 5.6 to - 2.8, - 5.4 to - 2.6, - 5.4 to

- 2.6 increases to - 5.6 to - 2.2, - 6.8 to - 2, - 6.2 to

- 2.2, - 6.2 to - 2.2 at the two selected stages for the

investigated samples. AE events are mainly composed of

no more than 2 and 5 microcracks at the end of coalescence

and rupture stages, respectively. The proportions of the

events and the corresponding microcracks are summarized

in Table 4.

van der Baan and Chorney [55] demonstrated that rock

failure dominated by tensile cracking is characterized by a

 Initiation Nucleation Rupture

JRC 
2-4

JRC 
10-12

JRC 
14-16

JRC 
18-20

AE magnitude  
Compression 
Tension 

Contact force chain 

-6.0          -5.6        -5.0       -4.4        -3.6        -3.2        -2.6      -2.0          -1.4    

Fig. 8 AE source locations associated with magnitude and force chains in the rock samples under unconfined compression for different degrees

of joint roughness. (Note: the color bar indicates the acoustic emission magnitude, M, calculated from the kinetic energy of the sources; line

thickness indicates force magnitude)
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relatively higher number of small-magnitude events,

whereas shear-dominated deformation leads to a relatively

higher number of large-magnitude events. This coincides

well with the above observation of b values of 1.287,

1.495, 1.511, and 1.548 with relative ratio of released

tensile-to-shear fracture energy of 0.060, 0.061, 0.066, and

0.084, respectively, for the rock samples with JRC 2-4,

JRC 10-12, JRC 14-16, and JRC 18-20.

3.2.2 Coordination number

The effects of granular media, having different joint

roughness, on the progression of fracture growth and the

associated material damage can be expressed using the

coordination number, which is calculated using the number

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

below:

Cn ¼ 2
Nc

Np
ð27Þ

The coordination number (Cn) rises initially as the rock

sample compresses, because particles rearrange to achieve

greater stability with more contacts as the applied stress

increases. Following the rise, Cn values usually decrease

owing to the degradation of contacts and bonds and the

rock system is free to dilate.
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Fig. 9 Distribution of acoustic emission events and estimated b-value for different degree of joint roughness
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The results show a systematic trend of bonded particle

assembly where increasing the degree of joint roughness

results in an increase in coordination number before the

peak stress state is reached (see Fig. 10a). This is followed

by a decreasing trend in the coordination number after

passing the peak stress state. This can be attributed to the

fact that highly undulated and irregular joints provide

greater resistance to the occurrence of slippage along the

weak planes, which delays the onset of failure. Contrarily,

for the case of rock samples with low values of JRC, the

evolution of coordination number, considering all contacts,

is essentially intermittent. This indicates the presence of an

interplay between competing processes involving the

nucleation and localization of shear and conjugate frac-

tures, in addition to the frictional movements of particles

along the smooth and planar joints. This is consistent with

the macroscopic deformation behavior reflected by the

irregular drops in axial stress (Fig. 3).

As illustrated in Fig. 10b, the bulk volumetric changes

of the jointed rock sample are closely related to the ten-

dency of a particulate assemblage to dilate or contract. This

can be attributed to the fact that dilatancy is increasingly

suppressed in samples that are embedded within more

pronounced rough joints. The undulated and irregular joints

are found to facilitate further interlocking of the connected

grain contacts that can strengthen the mechanical stability

of the rock.

As depicted in Fig. 10c, the coordination number of soft

bonds is relatively constant at the elastic deformation stage

and starts to decrease when the axial strain reaches 4.67,

5.71, 7.06, and 7.39% for JRC 2-4, JRC 10-12, JRC 14-16,

and JRC 18-20, respectively. This observation is in con-

formity with the rock fracturing behavior, at which sig-

nificant increments of microcracks and increasing number

of debonded particles start to develop. In addition, the

coordination number of the soft bonds exhibits apparent

decreasing trends with more distinct decrease for the cases

rock samples embedded with undulating and irregular

joints (see Fig. 10c). This is explained by the asperities of

large amplitudes and inclination angles that contribute to

the localization and rapid coalescence of microcracks.

Simultaneously, the fracture mass density (P21), defined as

the total fracture length per unit area, records a shift from

intermittent to abrupt rise in damage accumulation with the

increase in the degree of joint roughness as shown in

Fig. 10d. Overall, when a spike in bond breakage activity

develops as compression proceeds, the corresponding

propagation and clustering of microcracks can be identified

by a drop in the coordination number, which indicates

shear-band formation. These observations are consistent

with those made by Asadizadeh et al. [3] based on exper-

imental results.

3.2.3 Crack anisotropy and crack tensor

To characterize the progression of fracture growth and the

associated material damage, the crack tensor, that describes

the density of broken bonds and crack normal, is utilized.

The crack tensor allows for the microcracking distribution

to be quantified with respect to the direction of crack

normal [16]:

Rij ¼
1

A

XN
k¼1

ðd2Þninj
� 	

k
ð28Þ

where d is the average diameter of the two adjoining disks,

ni and nj are the i th and j th components of the crack

normal vector, respectively, for a crack k,N is the total

crack number, and A is the sample area.

The first (isotropic) invariant of the crack tensor repre-

sents the overall magnitude of damage, while the second

(deviatoric) invariant indicates the anisotropy of damage.

The first invariant of the crack tensor determines the

crack intensity or crack density:

vd ¼ ðR11 þ R22Þ ¼
1

A

X
d2 ð29Þ

where d ¼ 2r is the crack length.

Crack density is a scalar and isotropic parameter that

does not convey information about the anisotropy of crack

formation under the UCS loading. The crack anisotropy

can be characterized by the second invariant of the tensor:

a ¼ 4

vd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
ðR11 � R22Þ2 þ R2

12

r
ð30Þ

The crack tensor can alternatively be expressed as:

Table 4 Microcracking information and maximum number of cracks

for joint roughness

The proportions of the events

composed of

JRC

2-4

JRC

10-12

JRC

14-16

JRC

18-20

Peak stress state

1 microcrack 73.9% 76.5% 64.1% 81.3%

B 2 microcracks 85.2% 90.1% 84.6% 96%

The maximum number and

corresponding magnitude

7

- 2.6

6

- 3.04

12

- 2.44

4

- 2.57

40% post-peak stress state

1 microcrack 66.3% 72.1% 69.5% 68.1%

B 2 microcracks 79.8% 83.7% 82.5% 83.4%

B 5 microcracks 91.7% 94.5% 93.6% 94.7%

The maximum number and

corresponding magnitude

41

- 2.78

102

- 1.96

51

- 2.15

29

- 2.53
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Rijninj ¼
v
2
ð1þ a cos 2ðh� h0ÞÞ ð31Þ

Taking the data set of crack normal orientations each

vector is binned into an angular interval Dh centered

around an angle h. The number of cracks in each bin is

given by DvðhÞ and is normalized by the product vDh,
where v is the crack density. Then, the probability distri-

bution function, SðhÞ, of the crack normal orientations can

be expressed as:

SðhÞ ¼ DvðhÞ
vDh

ð32Þ

A second-order Fourier approximation is employed to

characterize the probability distribution function, SðhÞ, of
the crack normal orientations:

SðhÞ ¼ 1

2p
ð1þ a cos 2ðh� h0ÞÞ ð33Þ

where h0 is the orientation of the major principal aniso-

tropy; and a is the coefficient of anisotropy. For a com-

pletely isotropic distribution of cracks, a = 0; for an array

of mutually parallel cracks a = 1.

As shown in Fig. 11a, first (isotropic) invariant of the

crack tensor, representative of crack intensity by dint of

reflecting the overall magnitude of damage, increases with

the increase in the degree of joint roughness and follows a

pattern consistent with the cumulative number of microc-

racks. With the increase in joint roughness, the evolution of

the first (isotropic) invariant of the crack tensor vd gradu-

ally transits from an intermittent increase to a significant

surge. As fracture growth progresses from initiation to
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rupture, a significant decline in the second invariant of the

crack tensor, symbolic of crack anisotropy, is illustrated in

Fig. 11b. This can be attributed to the fact that the coa-

lescence of pre-existing joints and smaller fractures,

assisted by newly generated microcracks, is able to form of

a through-going shear rupture in a specific direction. This is

in contrast to the uniformly distributed microcracks that

develop in the stage of initiation. Noteworthy is the crack

anisotropy in JRC 14-16 rock sample is pronouncedly

larger than that of others within the axial strain range from

5.7 to 7.1%, corresponding approximately to the Stage II

(nucleation). During this stage, more microcracks are

generated in the rock samples other than that of JRC 14-16,

which can be further reinforced from the observation in

Fig. 3. Consequently, larger quantities of microfractures

are more likely to coalesce and nucleate, which can cause

the emergent fracture networks to be more connected and

thereby less anisotropic.

To better understand the crack anisotropy, the crack

normal distributions are presented using polar histograms

as shown in Fig. 12. The polar histograms are obtained by

statistically collecting the microcracking orientation at

angular interval (bin angle) of 10�. In addition, the Fourier

Series Approximations (FSA) are applied herein as a

quantitative measure for crack anisotropy. The basic idea is

that the orientation can be described using a probability

density function such that the crack normal distribution

function, SðhÞ, provides the portion of microcracking ori-

entation that fall within the bin angle. It can be seen in

Fig. 12 that the values of the coefficient of anisotropy,a,
are revolving around 0.6, indicating that the generated

microfracture distributions in these investigated rock

samples bear a very close resemblance as a result of the

same loading direction and major orientation as well as the

length of the per-existing joints. The subtle difference is

attributed to joint morphology that is characterized by

different levels of undulation of waviness with various

amplitudes and inclination angles. In addition, the privi-

leged directions of crack normal in all investigated samples

tend to coincide with the major principal stress direction,

because it is favored in the occurrence of bond breakages

during the course of uniaxial compression.

3.3 Impact of joint orientation

To investigate the impact of joint orientation on the

mechanical behavior of the rock samples with increasing

degree of joint roughness, joint angle b is varied from 0�
(horizontal joints) to 90� (vertical joints) with an interval of
22.5�. The effect of joint angle on the uniaxial compressive

strength (rucs) and rock mass deformation modulus Em is

shown in Fig. 13. The highest values of rucs and Em are
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found when b is 0� for the four investigated samples. The

values of rucs and Em for all samples then exhibit a

decreasing trend, and the lowest values are found for the

case of b = 67.5� before rebounding to relatively higher

values at b = 90�.
To understand the mechanical behavior and fracturing

process in response to the changes of joint orientations,

visual representation of microcrack locations for the case

of JRC 18-20 is shown in Fig. 14a. Fracture patterns

obtained from the analysis are generally in good agreement

with the observations made by Asadizadeh et al. [3],

indicating that the soft-bonded particle model is able to

capture the deformation process and the failure mechanism

of the investigated rock samples. At inclination angles of

0� and 22.5�, microcracks predominantly occur in intact

rock matrix and merge into a macroscopic fracture, in

particular, the generated macrofailure plane in the rock

sample at b = 0� matches what is observed in laboratory

experiment of Asadizadeh et al. [3]. As a comparison,

when the b increases to 45� and 67.5�, interaction and

Fig. 12 Effect of degree of joint roughness on the distribution microcracking normals and the associated tensor approximation
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coalescence of joint planes and microcracks form sharply

defined macroshear planes that clearly display the complex

failure mode. Although failure develop mostly within intact

rock, it is largely influenced by the pre-existing joints and

the interlocking of blocks. At b = 90�, new microcracks

and fractures fail to develop and merge to form a through-

going shear rupture. Only crushing failure at the sample-

platen interfaces and smaller shear fracture enveloped by

tensile microcracks are observed. This reflects why the

deformability and strength first exhibit a decreasing trend

and then rebound. The calculated failure mechanism is in

line with the experimental work of Walton et al. [58], and

other bonded particle analysis that focus on the role of joint

orientation on the rock deformation [46, 47, 62, 77].

Computing the 2D spatial correlation function GðrÞ of

the normal contact forces acting on the particles can pro-

vide new insights into the effect of the joint orientation

angle on the mechanical response of jointed rock samples

under uniaxial compressive loadings. GðrÞ is defined the

same manner as reported by Løvoll et al. [40]:

GðrÞ ¼
PN

i¼1

P
j[ i d rij � r

�� ��� 

fifjPN

i¼1

P
j[ i dð rij � r

�� ��Þ ð34Þ

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 indicates that, on average, two

contacts separated by a distance r have forces that are

correlated [22, 41].

The correlation demonstrates that two particles at dis-

tance r are connected through a cluster of simultaneously

contacting particles, and the force of one particle is trans-

mitted through the network to the other particle [39].

Figure 15 illustrates the correlations of normal contact

force for JRC 18-20 rock samples with increasing joint

angle at the final damage stage. Note that the radial dis-

tance has been normalized with respect to the mean particle

diameter d50. Apparently, GðrÞ has higher peaks before r

reaches 4d50, representative of the higher interparticle

locking. The amplitude of oscillation is found to decrease

with the increase in radial distance. At a distance greater

than four times the mean particle diameter, slight oscilla-

tion around unity is observed. In addition, the local cor-

relation between contact points indicates that macroscopic

fractures take place mostly within intact rock matrix. This

is confirmed by the tightly connected distribution of con-

tact points in the system as a result of the fewer microc-

racking that have been generated.

To understand the effect of joint orientation on the

deformability and fracture growth of these jointed rock

samples, Fig. 14 presents the micro-scale characterization

of the normal contact force distribution and the corre-

sponding spatial correlation map. Associated with the

clustering of microcracks and fractures in the intact matrix,

contact forces are distributed more uniformly in the sam-

ples when b is 0�, 22.5�, and 90�. This is further illustrated
by the strong spatial correlation of contact forces as pre-

sented in Fig. 14c. In contrast, the inhomogeneity of the

force chains is localized around the joint planes in samples

with intermediate inclination angles of 45� and 67.5� that

reveals the increasingly dominant role of joint surface in

the failure mechanism (see Fig. 14b). In particular, the

absence of contact forces indicates the coalescence of

microcracks into a through-going shear rupture, which

result in the relatively weaker spatial correlation between

forces.

3.4 Limitations and future outlook

It is recognized that actual joint morphology cannot be

fully described using the well-known standard joint

roughness profiles proposed by Barton and Choubey [7]

because of the complexity of natural joint surfaces. How-

ever, the proposed joint roughness coefficient (JRC) as well

as the standard JRC profiles can integrate quantitative and

qualitative descriptions to identify the characteristic joint

surface roughness in relation to the deformability and

mechanical strength of a rock mass [5, 19, 31]. Moreover,

the approach has been recommended by ISRM [6] and has

been widely used in engineering practices. Thus, not only

is this study examines the effect of joint roughness on the

rock strength and mechanical behavior of the rock material

but also provides new insights into the micromechanical

nature of the deformability and fracture development in

rough-jointed rock samples under unconfined compression.
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Notwithstanding these promising results, future research

into the irregularity and randomness of natural structural

planes should be considered to advance our understanding

of the natural rock topography and correlate the response

with laboratory values.

4 Conclusions

The deformation and failure process of rock samples that

have non-persistent rough joints have been numerically

investigated using unconfined compression tests. Smooth-

joint contact and soft bond models are selected to represent

the pre-existing joints and the rock matrix, respectively.

The progressive damage is visually represented. The

mechanical response and cracking behavior of the samples

are found to be in agreement with experimental results. The

results show that strength and deformability of the jointed

rocks are highly dependent on the joint roughness and

orientation. The following conclusions can be drawn from

the numerical analysis:

1. As fracture growth progresses from initiation to

rupture, the transition of microcrack distribution and

spatial location of AE from being diffused to strongly

localized is evidenced by the decrease in the Guten-

berg–Richter b-value. This is usually associated with

macro-rupture of the rock samples and the develop-

ment of spatially nonuniform stress heterogeneity.

2. As the degree of joint roughness increases, the peak

strain energy of the jointed rock samples increases,

which enhances the energy storage capacity of the

rock.

3. AE source locations are largely affected by the joint

morphology. Compared to smooth and planar joints,

the undulated and irregular joint planes are favorable

for the localization and clustering of acoustic

emissions.

4. The abrupt spike of the first and the sudden drop of the

second invariants of the crack tensor indicates a change

from random to localized damage accumulation pat-

tern, which confirms the formation of shear and

conjugate fractures within the jointed rock samples.

5. The distribution and spatial correlation of contact

forces with the corresponding density map provide

micromechanical insights into the role of joint incli-

nation angles on the strength and deformation behavior

of jointed rock.
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