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Abstract
The anisotropy in the deformational behavior of blocky rock masses has been comprehensively investigated. 
The uniaxial deformation modulus was selected as the key parameter. This modulus is generally anisotropic 
and depends on the loading direction, as well as on the properties of the intact rock, joints, and joint setting. 
Representative volumes of blocky rock masses were numerically simulated using the discrete element method 
and were loaded uniaxially in various directions. Subsequently, the failure mode and the deformation modulus 
were studied for different loading directions and various relative joint settings. A new nonlinear, stress-
dependent stiffness matrix for joints was introduced, incorporating the surface conditions of the joints in 
terms of the Joint Roughness Coefficient (JRC) and the properties of the intact rock materials in terms of 
the Uniaxial Compressive Strength (UCS). The results of the assessments are presented in the form of rose 
diagrams, showing variations in the deformation modulus of the blocky rock mass that depend on the joint’s 
JRC, the intact rock’s UCS, and the structure of the rock mass in term of the relative joint angle. Also, the 
expected degree of anisotropy for various joint surface conditions and uniaxial compressive strengths of intact 
rock were introduced. In the Geological Strength Index (GSI) table, results are classified such that assigning a 
value to the JRC for each class of joint surface conditions allows for the corresponding deformation modulus 
and degree of anisotropy. According to this chart, it is deduced that the effect of joint roughness on the 
deformation modulus of blocky rock masses is greater than that of the intact rock UCS. The results support 
the hypothesis that a blocky rock mass has a critical strain that is independent of the loading angle (θ) and the 
orientation of the third joint set (α).
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Аннотация
Всесторонне изучена анизотропия деформационного поведения блочных массивов горных пород. 
В качестве ключевого параметра выбран модуль одноосной деформации. В целом он является ани-
зотропным и зависит от направления нагружения, а также от свойств ненарушенной породы, трещин 
и элементов их залегания. Представительные объемы блочных массивов горных пород были численно 
смоделированы методом дискретных элементов и одноосно нагружены в различных направлениях. За-
тем были изучены режим разрушения и модуль деформации для различных направлений нагружения 
и различных относительных элементов залегания трещин. Внедрена и использована новая нелинейная 
матрица жесткости трещин в зависимости от напряжения, в которой учитываются состояние поверх-
ности трещин в виде коэффициента шероховатости (JRC) и ненарушенного массива пород в виде пре-
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дела прочности при одноосном сжатии (UCS). Результаты оценок представлены в виде роз-диаграмм, 
демонстрирующих изменение модуля деформации блочного массива горных пород в зависимости от 
коэффициента шероховатости швов, прочности при одноосном сжатии ненарушенной породы и струк-
туры массива горных пород по относительному углу трещины. Также представлена ожидаемая степень 
анизотропии для различных условий поверхностных трещин и прочности при одноосном сжатии не-
нарушенной породы. В таблице геологического индекса прочности (GSI) результаты классифицирова-
ны таким образом, что, присвоив значение JRC каждому классу состояния поверхности трещин, можно 
определить модуль деформации и степень анизотропии, соответствующие значениям GSI. Согласно 
этой схеме можно сделать вывод, что влияние шероховатости трещин на модуль деформации блочных 
массивов горных пород больше, чем влияние предела прочности при одноосном сжатии ненарушен-
ной породы. Полученные результаты подтверждают идею о том, что блочный массив имеет критиче-
скую деформацию, которая не зависит от угла нагружения θ и направления третьей системы трещин α.
Ключевые слова
модуль деформации, блочный массив горных пород, анизотропия, матрица жесткости трещин, степень 
анизотропии, режим разрушения
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Highlights
• New nonlinear stress – dependent relations for 

both normal and shear stiffness of joints have been 
introduced

• Blocky rock masses are classified based on their 
joint surface condition and the strength of the intact 
rock.

• Results are organized in manner analogous to 
the GSI chart, allowing for the determination of the 
range of deformation modulus and degree of aniso-
tropy for a  specified blocky rock mass with an eva- 
luated GSI.

• The degree of anisotropy in the deformation 
modulus of blocky rock masses, defined as the ratio of 
the maximum deformation modulus to the minimum, 
was determined to be between 1.6 and 2.3, with an  
average value of 1.88.

Equation Symbols
σn: Normal stress;
σc: Uniaxial Compressive Strength; 
σci: Uniaxial Compressive Strength of intact rock;
σcm: Uniaxial Compressive Strength of rock mass;
τn: Shear stress;
τf: Peak shear stress;
τult: Ultimate shear stress;
ϕ: Friction angle of intact rock;
ϕj: Friction angle of joint;
ϕb: Base friction angle of joint;
a: Empirical constant;
C: Cohesion parameter of intact rock;
Cj: Cohesion parameter of joint;
K: Bulk modulus of intact rock;
G: Shear modulus of intact rock;
T: Tensile strength of intact rock;
Tj: Tensile strength of joint;

Ei: Intact rock elastic modulus;
Em: Deformation modulus of rock mass;
Emax: Maximum deformation modulus of rock 

mass;
Emin: Minimum deformation modulus of rock 

mass;
GSI: Geological strength index;
JRC: Joint roughness coefficient;
JCS: Compressive strength of the joint wall;
UCS: Uniaxial compressive strength;
Kn: Joint normal stiffness;
Ks: Joint shear stiffness;
Ksn: Coupling effects of the shear and normal be-

havior of the joint;
Kns: Coupling effects of the normal and shear be-

havior of the joint;
Kni: Initial joint normal stiffness;
Ksi: Initial joint shear stiffness;
Rf: Failure ratio;
RE: Degree of anisotropy deformation;
Un: Normal join relative displacement;
Us: Shear joint relative displacement;
Unc: Maximum joint vertical displacement;
U: Joint aperture at the beginning of loading;

Peak
sU : Shear displacement at peak strength;

D: Disturbance factor.

Introduction
The deformation modulus of rock mass is a fun-

damental parameter in the geomechanics of tunnels, 
mining, and other geotechnical rock-supported facili-
ties. The mechanical properties of a rock mass, seen as 
a fractured medium, are determined by the intact rock, 
the pattern of relative joint-sets, the geometrical ar-
rangement of the joints, and their mechanical proper-
ties. Joint sets, acting as planar discontinuities, confer 
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scale and direction-dependent mechanical properties. 
Each joint set introduces anisotropy in the direction 
of its normal vector. When a rock mass is heavily frac-
tured, the individually imposed anisotropy by the joints 
in any direction can considered uniformly distributed, 
resulting in an isotropic rock mass. Otherwise, even in 
dimensions larger than the representative elementary 
volume (REV), where the rock mass can be treated as 
a continuum, its directional dependence persists.

For rock masses with simple joint settings, ana-
lytical relations, such as those proposed by Singh [1], 
Gerrard [2], Oda [3] and Amadei and Savage [4], are 
available to evaluate the deformation modulus. An 
example of such type of relations is the three-di-
mensional equivalent continuous model presented 
by Kulhawy [5] for a rock mass with three orthogo-
nal joint sets that displays orthotropic behavior. Ho- 
wever, it is impossible to find a closed-form solu-
tion for the deformation modulus of rock masses 
with numerous joint sets or when considering more 
advanced constitutive behavior for intact rock and 
joints. It is noteworthy that empirical methods com-
monly used in rock engineering to evaluate rock mass 
deformability, such as those presented by Serafim & 
Pereira  [6], Gokceoglu et al. [7], Hoek & Diederichs 
[8], overlook the effect of rock mass anisotropy and 
there is a lack of a mathematical platform for creating 
a behavioral model. 

In experimental methods, as the mechanical 
properties of the rock mass are scale-dependent, 
the scales of rock samples and test probes seldom 
correspond proportionally to the actual rock mas- 
ses. Heuze [9] concluded that the rock mass defor-
mation modulus measured in the field ranges wide-
ly between 20 and 60% of the intact rock modulus 
measured in the laboratory. In-situ tests are costly, 
time-consuming, and challenging to interpret due 
to the presence of undefined joints and uncertain 
boundary conditions. They are often used cautiously 
as a representative of the extent of the affected rock 
mass. Furthermore, multiple tests in various direc-
tions are necessary to characterize the inherent ani-
sotropy of the rock mass.

Numerical simulations of rock masses as frac-
tured discontinue generally employ two metho- 
dologies. One is the continuum approach, where 
the impact of discontinuities is implicitly consi- 
dered through equivalent mechanical properties, as 
per Singh [1], Agharazi et al. [10]. The other involves 
numerical solution techniques such as discrete  
element, finite element, or finite difference meth-
ods, in which discontinuities are explicitly simula- 
ted. The discrete element method (DEM), introduced 
by Cundall [11] and further developed by subsequent 

researchers [12, 13], is highly regarded for its ability 
to describe the geometric configurations and consti-
tutive relations of joints and intact rock. Many stu- 
dies on the mechanical behavior of rock masses have 
employed discrete element method [14–16].

The present study investigates the anisotropic 
deformation modulus of blocky rock masses formed 
by three intersecting joint sets, including two or-
thogonal sets. This was achieved through discrete 
element simulations of representative volumes of 
blocky rock masses.

The critical factor influencing the deformational 
behavior of a rock mass is the stiffness of its frac-
tures and discontinuities. The stiffness of planar dis-
continuities, expressed through the normal (Kn) and 
shear (Ks) components, is crucial for evaluating the 
stiffness of the rock masses. Definitions that close-
ly reflect actual conditions improve the accuracy 
of the calculated rock mass deformation modulus. 
Therefore, efficient relationships that accurately 
represent nonlinear joint behavior are essential for 
calculating the rock mass deformation modulus. To 
this end, a newly inferred nonlinear stress-depend-
ent stiffness matrix for joints has been introduced 
for the simulations. This matrix accounts for the real 
nonlinear behavior of joints through their basic pa-
rameters, eliminating the need for multiple tests. 
This study is unique in that directly incorporates the 
fundamental joint parameters into the calculation of 
rock mass modulus, enhancing the precision and ap-
plicability of the results.

This study aims to present a realistic portrayal 
of the anisotropic behavior of blocky rock masses by 
combining numerical simulation with a mathema- 
tically- empirical relationship for joint stiffness in 
a practical manner. It addresses the deformation mo- 
dulus, failure mechanism, and post-failure behavior 
for different loading directions, along with summari- 
zing the degree of anisotropy. The deformation mo- 
duli are depicted through rose diagrams, illustrating 
the variability of the blocky rock mass deformation 
modulus in various directions as a function of the rock 
mass’s intrinsic parameters along. These parameters 
include the joints JRC, the intact rock’s UCS, and the 
structure of the rock mass in terms of relative joint 
angle. These diagrams allow for the estimation of the 
blocky rock mass deformation modulus in different 
directions without relying on laboratory and in-si-
tu tests or empirical relationships. Furthermore, by 
consolidating the analysis results into the GSI table, 
the data were categorized such that assigning a JRC 
value to each class of joint surface conditions enables 
the determination of the corresponding deformation 
modulus and degree of anisotropy for GSI values.
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1. Modeling strategy
To examine the state of anisotropy in blocky rock 

masses, representative volumes were simulated using 
the discrete element method (via 3DEC software, Itas-
ca 20131) and subjected to uniaxial loading in various 
directions.

For different relative joint settings – representing 
various blocky rock masses – the failure modes and 
the deformation moduli were ascertained for different 
loading directions. The modeling procedure includes: 
a) defining the geometric configuration of the blocky 
rock masses; b) applying uniaxial loading to the se-
lected rock mass in various directions; c) specifying 
the mechanical constitutive behavior of joints and in-
tact rock in a parametric manner; and d) identifying 
a representative volume for the rock masses. These 
steps are elaborated on in the subsequent subsections. 

1.1. Geometric setting  
of studied blocky rock masses

The term 'blocky rock mass' usually refers to 
a  rock mass that encompasses three joint sets [17]. 
In this study, we consider blocky rock masses that in-
clude two orthogonal joint sets intersected by a third 
set, as shown in Fig. 1. In Fig. 1, the third joint set 
forms an angle (α) with the second joint set, and its 
strike is perpendicular to the strike of the joint set 1. 
This study examines rock masses formed by values of 
α = 5°, 15°, 30°, 45°, 60°, 75° and 90°.

1.2. Loading scheme
To evaluate the anisotropic behavior of the mo- 

dels, a representative volume element of the mass was 
subjected to uniaxial loading in different directions. 
This load is applied perpendicular to a plane with 

1 Itasca Consulting Group Inc., 2013. 3DEC 5.00, User’s 
Guide, Itasca Consulting Group, Inc.

a strike parallel to the ‘X’ axis, deviating from the ‘–Z’ 
axis by an angle θ.

Fig. 2 depicts the directions of uniaxial loadings 
on a blocky rock mass with α = 45º. As another exam-
ple, Fig. 3, a illustrates a model of a blocky rock mass 
with α = 90° and θ = 0, and Fig. 3, b shows a model of 
a blocky rock mass with α = 90° and θ = 45º.

The 3DEC models are made as cubes with axes 
aligned with the global coordinates of the software 
environment, and uniaxial load is consistently ap-
plied in the direction of the global vertical axis. To 
load the mass at an angle θ for each set of joints, the 
joint planes are rotated around the global x axis by 
angle θ, as shown in Fig. 1. 

1.3. Mechanical properties of joint
A general constitutive equation for the deforma-

tion of joints can be expressed as:

,n sn nn

ns s sn

K K U
K K U

σ     
=     τ       

(1)

where σn is the normal stress, τn is the shear stress, 
Un is the normal relative displacement, and Us is the 
shear relative displacement of the joint. Kn and Ks are 
the normal and shear stiffnesses of the joint, respec-
tively, and Ksn and Kns are the coupling effects of the 
shear and normal behaviors of the joint, which have 
been neglected in this study. To account for a realis-
tic behavior of joint stiffness in the models, new non-
linear stress-dependent expressions for the diagonal 
components of the joint stiffness matrix are intro-
duced in the following subsections. These expressions 
define the stiffness matrix components as a function 
of the normal stress to the joint (σn) the joint surface 
condition in terms of the Joint Roughness Coefficient 
(JRC), and the intact rock material in terms of the  
Uniaxial Compressive Strength of intact rock (σci).
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Fig. 1. A blocky rock mass with two orthogonal joint sets 
intersected by a third joint set forming an angle (α)
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1.3.1. Normal stiffness
The normal behavior of a joint can be described 

by the hyperbolic model proposed by Goodman et al. 
[18] and Bandis et al. [19] as:

,n
n

nc n

aU
U U

σ =
−  

(2)

where Un is the joint vertical displacement, Unc is 
the maximum joint vertical displacement, and “a” is 
an empirical constant. Fig. 4 shows a typical normal 
behavior of joints. From the definition of Kn and 
Eq. (2):

2 .
( )

ncn
n

n nc n

aUd
K

dU U U
σ

= =
−  

(3)

Thus, the initial joint normal stiffness Kni at the 
onset of loading, when Un = 0, is:

.ni
nc

aK
U

=
 

(4)

By solving Eq. (4) for “a” in terms of Unc and Kni, 
and substituting in Eq. (2) for Unc and then into Eq. (3), 
Kn becomes:

2

2

2
.n n

n ni
n n

n n
ni

n ni n
n ni n

K K
UU

K K UK U

σ σ
= + +

σ σ
  σ −σ −         

(5)

Eq. (5) expresses the normal joint stiffness in a 
specified state of stress and deformation relative to 
its initial value, Kni which can be evaluated as follow:

Bandis et al. [19] proposed the initial normal stiff-
ness of joints as:

 
= − + +  

 
7.15 1.75 0.02 .ni

JCSK JRC
U  

(6)

Here, JRC is the Joint Roughness Coefficient of the 
joint surface and JCS is the compressive strength of 
the joint wall expressed in MPa, which can be equated 

with the compressive strength of the intact rock (σci). 
The joint aperture U, mm, at the beginning of loading 
can be estimated by Bandis et al. [19]:

0.04
0.02 .ciU JRC

JCS
σ 

= − 
   

(7)

By substituting U from Eq. (7) into Eq. (6), an ex-
pression for estimating Kni is derived.

1.3.2. Shear stiffness
The relationship between the relative shear dis-

placement (Us) and shear stress (τ) can be described 
by a hyperbolic function [19–21] as:

1
1 ,f

si s f

R
K U

−
 

τ = + 
τ    

(8)

where Ksi is the initial shear stiffness, τf is the shear 
strength of the joint, Rf is the failure ratio (τf /τult), and 
τult is the ultimate shear stress. Consequently:

2

1 ;f si s
s si

s f

R K UdK K
dU

−
 τ

= = + 
τ    

(9)

1

.f sisi
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Fig. 3. A blocky rock mass with: а – α = 90° and loading angle θ = 0; b – α = 90° and loading angle by θ = 45°
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At the shear strength of a joint, using τ = τf and 
peak

s sU U=  from Eq. (10), we get:

1 .f
f peak

si s

R
K U

τ
= −

 
(11)

Following Barton and Choubey [22], the shear dis-
placement at peak strength along a joint is considered 
to be 0.01 times the length of the joint or fault block; 
hence, the relative shear displacement, Peak

sU  is 0.01. 
From Eq. (11):

1 .
0.01

f
f

si

R
K

τ
= −

 
(12)

Substituting Eqs. (10) and (12) into Eq. (9), we 
obtain:

21
1

1

f

sik
f si si

si
f

s si
f

k k
k

K K

−−τ 
−  

 

  
  τ  − −   τ τ  
 = +

τ 

0.01

0.01

.

  

(13)

According to Bandis et al. [19]:

= − + σ 0.78317.19 3.8( )( )6si nK JRC  (14)
and following [23–25]:

tan log .f n b
n

JCSJRC
 

τ = σ +ϕ σ   
(15)

1.4. Mechanical properties of intact rock
The intact rock is assumed to behave as an iso-

tropic elastic-perfectly plastic material, and the 
Mohr-Coulomb criterion was adopted as the yield or 
failure model. The relationship between the elastic 
modulus, Ei and the uniaxial compressive strength, 
σci, of intact rock was selected from the relationships 
proposed by Deere & Miller [26]. They proposed cor-
relations between σci and Schmidt hammer rebound 
number (Rn(l)), and between Ei and Rn(l) as:

ρσ ⋅ ( )(0.0087 R + 0.16) = 6.9 10 , MPa;n l

ci  (16)

= ρ ( )0.6005 –2.0276,  GPa,i n lE R  (17)

which yields:
= σ69.023log 0.145 –13.07,  GPa,( )i ciE        (18)

where σci is in MPa. Eqs. (16) and (17) have been pro-
posed based on experimental results from 28 litholo- 
gical units and 3 types of rocks [26].

Poisons’ ratio is selected as 0.25. 
The cohesion parameter of intact rock, C, is deter-

mined as [27]:
= σ0.16 .ciC  (19)

For the friction angle of intact rock, a value is se-
lected as representative for each group variation of σci 
as presented in Table 1, based on typical values of ϕ 
for various rocks in [28] and Barton & Choubey [22].

1.5. Representative Elementary Volume  
of the rock masses

It is recognized that the mechanical behavior 
of rock masses with a systematic pattern of joints is 
scale-dependent. Depending on the relative block size 
(ratio of block size to a characteristic size of the rock 
mass, e.g. S / L in Fig. 1), rock mass behavior can range 
from that of intact rock to an asymptotic value at 
a large scale where the rock mass may be considered 
a continuum. Cuba [29] suggested that a certain scale, 
known as the “Representative Elementary Volume” 
(REV), can be chosen above which the characteris-
tics of the domain remain basically constant. Empir-
ically based relations can be employed to estimating 
this scale. Schultz [30] recommended a scale of 5 to 
10  times the block size or fracture spacing (relative 
block size = 0.2 to 0.1).

For a cubic volume containing three uniform 
joint sets with spacing S and dimension L, the mini-
mum relative dimension (L / S) of the REV can be de-
termined through successive analyses of the cube’s 
uniaxial behavior. The chosen volume consists of 
two orthogonal joint sets intersected by a third set at 
α = 45°, as illustrated in Fig. 1. The results for peak 
uniaxial strength and uniaxial secant stiffness corre-
sponding to 50 percent of the peak strength E50, are 
presented in Fig. 5. From this figure, L / S = 10 was 
selected as the REV scale.

2. Validation of the modeling strategy
The validation of the implemented modeling 

procedure has been conducted through a series of 
comparisons between existing results and nume- 
rical modeling predictions. This includes compari-
son for: a) simulated variation of uniaxial compres-
sive strength UCS of a rock mass with a single joint 
set with closed-form solution results (Section 2.1), 
b) predicted mode of failure of jointed rock masses 
with experimental modeling results (Section 2.2), 
and c)  predicted anisotropic modulus of rock with 
a single joint set with experimental modeling results 
(Section 2.3).

Table 1
Correlation selection between uniaxial compressive 

strength and friction angle for intact rock

σci, MPa ϕ, degree

σci < 50 25

50 < σci < 100 30

100 < σci < 250 35
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2.1. Simulation of UCS of a rock mass  
with a single set of joints

Jaeger proposed a closed-form solution for pre-
dicting the variation of uniaxial compressive strength 
of a rock mass with a single joint set in various direc-
tions [31]. Fig. 6 compares the UCS from the numerical 
model of a cylindrical specimen with a single joint set 
to the solution proposed by Jaeger et al. [31]. The an-
gle of the joints relative to the vertical axis varies from 
0° to 90°. In the numerical solution, a cylindrical rock 
mass sample with a diameter of 2 m and a length of 4 m 
was loaded to failure. The UCS values are compared in 
Fig. 6. As shown in Fig. 6, the results closely align with 
the solution by Jaeger et al. [31]. Details of the intact 
rock and the joints are provided in the caption of Fig. 6.

2.2. Simulation of experiments on failure modes 
of jointed rocks

Yang et al. (1998) [32] performed a series of phy- 
sical model tests to investigate the failure mode and 
anisotropy of jointed rocks. These models included 
simulated rock specimens (composed by cement and 
sand) with one or two non-orthogonal joint sets, as 
presented in Table 2. Table 2 also provides a compari-

son between the failure states observed in test results 
reported by Yang et al. (1998) [32] and the outcomes 
of numerical simulations of these models, which were 
found to be consistent.

2.3. Simulation of experiments on deformation modulus 
of jointed rocks

Fig. 7 present a comparison between the experi-
mental deformation modulus from Yang et al. [32] and 
the results of numerical simulation for a rock mass 
with a single joint set. The consistency between expe- 
rimental results and numerical simulation is evident.

3. Results of Simulations
3.1. Anisotropy in rock mass stress-strain behavior 

and failure mechanism
When a rock mass is subjected to uniaxial loading, 

the possible failure mechanisms include intact rock 
failure, failure due to sliding on the joints, and a com-
bination of these two modes. In the analyses, stress-
strain curves and modes of failures have been exam-
ined. The mechanisms of failure and the post-failure 
behavior for each loading direction are summarized in 
Tables 3 and 4.
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Fig. 6. UCS variation in a rock mass 
with a single joint set and varied joint 

inclination. Intact rock parameters: 
G = 4.28 GPa; K = 1.75 GPa; ϕ = 40; 

T = 200 kPa; Joint parameters: cj = 10 kPa; 
ϕj = 30; Tj = 20 kPa; Kn = 15 GPa / m;  

Ks = 12 GPa / m

Table 2
Comparison of failure modes in physical and numerical models 

Proposed model Test result Rock mass with one joint set

dip = 0
dip = 90

Intact rock failure
Intact rock failure

Intact rock failure
Intact rock failure

Proposed model Test result Rock mass with two joint sets

dip = 0/90
dip = 60/−60 (60/120)
dip = 40/−40 (40/140)

Intact rock failure
Joint sliding
Mixed failure (joint sliding + intact rock)

Intact rock failure
Joint sliding
Mixed failure
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For instance, in the case of poor rock (0 < JRC < 4 
and σci < 25 MPa) by selecting σci = 15 and JRC = 2 as 
mean values, Fig. 8 shows how axial stress-strain 
curves vary with the relative uniaxial loading direc-
tion α. σci represents the UCS of the intact rock. For 
each curve, the mode of failure has also been indica- 
ted in the Figure.

When the loading direction is perpendicular to or 
parallel with the planes of the joints, (θ = 0 or θ = 90) and 
(α = 0 or α = 90), failure of the blocky rock mass occurs 
due to the failure in the rock material. In other cases, 
failure of the rock mass occurs due to the sliding on the 
joints or as a combination of sliding on the joints and 
failure of the intact rock. When the direction of loading 
varies from 15 to 75° (15 ≤ θ ≤75), failure in the blocky 
rock mass occurs due to the sliding on the joints. In 
this case, the uniaxial strength of the rock mass, σcm, 
is between 0.35 to 0.45MPa (σcm  <  0,03σci). When θ 
varies from 0° to 15° or from 75° to 90° (0 < θ < 15 or 
75 < θ < 90), failure occurs as a combination of the fai- 
lure of the intact rock and sliding on the joints. In this 
case, σcm varies from 0.8 to 1.4MPa (σcm < 0.1σci). For the 
case of fair-quality blocky rock mass (4 <  JRC < 8 and 
50 < σci <100), when the failure occurs due to the sliding 
on the joints, σcm < 0.05σci; and when failure occurs as 
a combination of failure of the intact rock and sliding 
on the joints, σcm < 0.16σci. For good-quality blocky rock 
masses  (8 < JRC < 12 and 100 < σci < 250), when failure 
occurs due to the sliding on the joints, σcm < 0.14σci and 
when it occurs as a combination of the failure of the 
intact rock and sliding on the joints, σcm < 0.4σci. Fig. 9 
shows a subset of these results for brevity.

It is important to note that when failure in the 
blocky rock mass occurs due to sliding on the joints 
(at θ = 30, θ = 45, and θ = 60), the yield strain ran- 
ges from 0.2 to 0.4 and is independent of the loading 
angle (θ) and the direction of the third joint set (α). 
When samples undergo softening after peak stress, 
phenomena such as block rotation within the mass 
and the formation of a zigzag pattern on the fracture 
surface are observed.

3.2. Anisotropy in deformation modulus of blocky 
rock masses

The deformation modulus is considered a func-
tion of the characteristics of the joints and intact 
rock, as well as the direction. Blocky rock masses 
were classified based on the joints condition by JRC 
as (0 < JRC < 4, 4 < JRC < 8, 8 < JRC < 12, 12 < JRC < 16, 
16  <  JRC  <  20) and the UCS of the intact rock as 
(σci < 25 MPa, 25 < σci < 50 MPa, 50 < σci < 100 MPa, 
100  < σci  <  250  MPa). The deformation modulus for 
each group is calculated for different α directions. 
Results of these calculations are presented in a polar 
coordinate system introduced in Fig. 10.
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Fig. 7. Experimental vs. numerical simulation deformation 
modulus comparison from Yang et al. [32] for a rock mass 
with a single joint set. Fundamental material properties: 

G = 1.913 GPa; K = 2.448 GPa;  
JCS = 7.63 MPa; ϕ = 31; σt = 1.05 MPa; v = 0.19;  

U.W. = 1.05 g/cm3; σc = 7.63 MPa

Table 3
Failure mechanisms for the blocky rock masses shown 

in Fig. 1

θ
α

5 15 30 45 60 75 90

0° IRF + JS IRF + JS IRF + JS JS JS IRF + JS IRF

15° IRF + JS IRF + JS JS JS IRF + JS IRF + JS IRF + JS

30° JS JS JS JS JS JS JS

45° JS JS JS JS JS JS JS

60° JS JS JS JS JS JS JS

75° IRF + JS IRF + JS JS JS JS IRF + JS IRF + JS

90° IRF + JS IRF + JS IRF + JS JS JS IRF + JS IRF
Note: IRF: Intact rock failure; JS: Joint sliding

Table 4
Post-failure behavior of blocky rock masses shown 

in Fig. 1

θ
α

5 15 30 45 60 75 90

0° P & B P & B S & B P & S P & S P & B P & B

15° P & B P & S S S S & B S & B S & B

30° P & S S S S P & S P & S S

45° P & S S S S S S P & S

60° P & S S P & S S S S S

75° P & B P & B S S S P & B P & B

90° P & B P & B S & B P & S P & S P & B P & B
Note: P: Perfect plastic; S: Softening; B: Brittle
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Fig. 8. Stress-strain curve comparison for different directions of third joint set (α) at different loading angles (θ) for poor 
quality blocky rock mass (JRC = 2 and σci = 15 MPa)

In this system, angle θ (defined in Fig. 1) is mea- 
sured in the positive trigonometric direction from 0° 
to 90°, and the value of the deformation modulus is 
indicated in the radial direction from the center. In 
these charts, the deformation modulus is expressed 
in GPa. In Fig.  10, the curve represents the range 
16 < JRC < 20 and 50 < σci <100 MPa at α = 30°. Each 
point on this curve, which attributes a modulus va- 
lue E to θ in 5° increments, is calculated as follows:

– for a specific value of θ;
– for σci ranging from 50 to 100MPa in 5 steps (60, 

70, 80, 90, 100MPa);
– for JRC from 16 to 20 in 4 steps (17, 18, 19, 20);

– an E is calculated for each pair of JRC and σci, 
and their mean value is attributed to the θ value.

Figs. 11 to 14 display the results. In these figures, 
each curve corresponds to a specific value of α. From 
these figures, by knowing the rock mass structure (α), 
joint conditions (based on JRC), and intact rock pro- 
perties (represented by σci), the deformation modulus 
of the rock mass can be extracted from the curves for 
different loading directions. For example, in Fig. 10, 
for a rock mass with two orthogonal joint sets and 
a third joint set at α = 30, if the condition of joint is 
very good, (16 < JRC < 20), and 50 < σci < 100 MPa, the 
deformation modulus at θ = 15° is 39 GPa.
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3.3. Indexing anisotropy in blocky rock masses
An anisotropy index (RE), defined as the ratio of the 

maximum deformation modulus (Emax) to the minimum 
deformation modulus (Emin), can be expressed as:

max

min

.E

E
R

E
=

 
(20)

RE has been calculated for each curve in Figs. 11 to 
14, and the results are presented in Fig. 15. For exam-

ple, in Fig. 15, a, the first column shows that RE = 1.64 
corresponds to the anisotropy of a blocky rock mass 
with α = 5°, 0 < JRC < 4 and σci < 25 MPa. This is the 
mean value of RE ’s calculated for pairs of (JRC, σci) 
as JRC = 1, 2, 3, 4 and σci = 5, 10, 15, 20, 25 MPa. For 
each column, the values are displayed as bars above 
it. The magnitude of anisotropy index for a blocky 
rock mass can be expected to be between 1.6 and 2.3 
(1.6 ≤ RE ≤ 2.3), with an average value of 1.88.
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3.4. Comparison of results 
with empirical relationships

For further evaluation of the results presented in 
Figs. 11 to 14, the range of variation of the deforma-
tion modulus for each class of blocky rock masses is 
presented and compared with corresponding results 
from empirical relationships in Tables 5. In this ta-
ble, the classification of blocky rock masses is based 

on the surface condition of the joints, similar to the 
GSI table by Hoek [17]. For each class of rock mass 
(with specified range of JRC), Em values calculated for 
different ranges of σci, were compared, and maximum 
and minimum values are presented in the table. 

Table 5 assigns range of GSI values for each class 
of rock mass based of JRC values, in analogy with the 
GSI table by Hoek [17].
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αα    5 15 30 45 60 75 90
1.64 2.47 2.46 1.71 2.44 2.41 1.5
 1.3 1.59 1.56 1.34 1.52 1.57 1.24
1.37 1.84 1.73 1.5 1.68 1.82 1.35
1.29 1.62 1.52 1.37 1.49 1.6 1.28
 1.4 1.88 1.81 1.48 1.78 1.85 1.34
1.65 1.65 1.65 1.65 1.65 1.65 1.65

   5 15 30 45 60 75 90
1.53 2.46 2.17 1.8 2.07 2.42 1.5
1.37 1.97 1.77 1.52 1.72 1.9 1.38
1.32 1.77 1.59 1.42 1.55 1.73 1.31
1.32 1.88 1.59 1.42 1.55 1.7 1.31
1.38 2.02 1.78 1.54 1.72 1.9 1.37
1.68 1.68 1.68 1.68 1.68 1.68 1.68

   5 15 30 45 60 75 90
1.27 2.38 2.06 1.49 2.03 2.42 1.22
1.15 2.38 2.06 1.66 1.91 2.25 1.21
1.18 2.25 1.94 1.54 1.8 2.11 1.19
1.14 2.47 2.08 1.59 1.99 2.37 1.22
 1.8 2.3 2 1.57 1.93 2.25 1.21
1.86 1.86 1.86 1.86 1.86 1.86 1.86

   5 15 30 45 60 75 90
1.25 2.48 2.33 2.11 2.5 2.46 1.04
1.51 2.49 2.33 2.11 2.3 2.46 1.04
 1.6 3.19 3.02 2.36 2.98 3.16 1.02
1.58 3.16 2.98 2.34 2.95 3.14 1.03
1.48 2.8 2.64 2.22 2.67 2.77 1.03
2.23 2.23 2.23 2.23 2.23 2.23 2.23

   5 15 30 45 60 75 90
1.65 2.84 2.52 2.008 2.52 2.82 1.34
 1.5 2.59 2.25 1.89 2.16 2.53 1.31
1.56 2.64 2.21 1.76 2.1 2.64 1.31
1.43 2.77 2.42 1.88 2.29 2.76 1.34
1.52 2.6 2.3 1.86 2.26 2.66 1.32
2.07 2.07 2.07 2.07 2.07 2.07 2.07

σci < 25
25 < σci < 50
50 < σci < 100
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total average
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total average

Fig. 15. Anisotropy index, RE, in blocky rock masses

A comparison in Table 5 shows that the relation 
proposed by Hoek and Diederichs [8] with a disturbance 
factor (D) of 0 (“D” is zero for an undisturbed state, 0.5 
for partially disturbed, and 1for fully disturbed states) 
shows the best match with the numerical simulation 
results. This is graphically presented in Fig. 16. The 
modulus values obtained from the relation proposed 
by Serafim & Pereira [6] are higher than those in the 

current study, but the values from Gokceoglu et al. [7] 
are lower compared to the results of the current simu- 
lations. Also, the deformation modules from Sonmez 
[36] and Carvalho [35] are high when compared to the 
results of the current research for blocky rock mass 
with weak joints. However, for strong joints, the modu-
lus values are lower, indicating a very high safety factor 
for weak joints and a very low one for strong joints.
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3.5. Deformation modulus and anisotropy index 
of blocky rock masses as a function of GSI

The results of the calculation of deformation 
modulus, Em, and the anisotropy index, RE, of blocky 
rock masses can be summarized in a GSI table as 
shown in Fig. 17. The JRC values relate to the surface 
quality of the joints in this table.

Figs. 11 to 14 show that when JRC is assumed 
to be constant in each column of the GSI table, an 
increase in one interval in σci results in an average 
eight-fold increase Em. On the other hand, for a spe-
cific value of σci, an increase in JRC by one interval 
causes an average 24-fold increase in the deforma-
tion modulus.

It can be inferred that the effect of the quality 
of the joints is greater than the strength of the in-
tact rock on the deformation modulus of blocky rock 
masses.

For example, according to Table 6, at a fixed in-
terval of 50 < σci <100, an increase in the JRC from 0 
to 20 results in the deformation modulus increas-
ing from an average of 2.5GPa to 50GPa, which is  
a 20-fold increase. For 8 <  JRC < 12, an increase in 
σci from σci < 25 MPa to σci < 250 MPa results in the 
average deformation modulus for the rock mass in-

Table 5
Comparative evaluation of deformation modulus for blocky rock masses (Em)  

using empirical formulas and numerical simulation
Joint surface condition Poor Very poor Very good Good Fair

Reference
JRC 0 < <4 4 < < 8 8 < < 12 12 < < 16 16 < < 20

Deformation modulus (GPa)

Numerical simulation 0.79–6.2 1.6–11.5 4–27.5 7–54.2 8–75.5 –

GSI 25–45 35–55 45–65 55–75 65–85 –

10(RMR – 10) / 40 3.16–10 5.6–17.7 10–31.6 17.7–56.2 31.6–100 [6]

2RMR – 100 – – – 0–60 40–80 [33]

0.1451e0.654 GSI 0.744–2.752 1.43–5.29 2.75–10.18 5.29–19.58 10.18–37.66 [7]

0.0736e0.755 RMR 0.7–3.2 1.5–6.8 3.2–14.5 6.8–30.9 4.5–65.7 [7]

0.33e0.064 GSI 1.63–5.87 3.1–11.14 5.87–21.14 11.14–40.1 21.14–76.04 [34]

EiS1 / 4 6.22–10.85 8.21–14.32 10.85–18.91 14.32–24.96 18.91–32.96 [35]

Ei(Sα)0.4 8.61–14.49 11.37–18.38 14.49–22.95 18.38–28.76 22.95–35.85 [36]

D = 0; ( )
5

75 25 / 11

1 / 2
10

1 D GSI

D

e + −

−

+

 
 
 

1.05–6.13 2.56-13.96 6.13–28.73 13.96–50 28.73–71.42 [8]

D = 0.5; ( )
5

75 25 / 11

1 / 2
10

1 D GSI

D

e + −

−

+

 
 
 

0.254–1.54 0.629–3.71 1.54–8.59 3.71–18.23 8.59–33.27 [8]

D = 1; ( )
5

75 25 / 11

1 / 2
10

1 D GSI

D

e + −

−

+

 
 
 

0.055–0.334 0.135–0.823 0.334–1.96 0.823–4.68 1.96–10.21 [8]
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Fig. 16. Comparative analysis of rock mass deformation 
modulus from empirical formulas versus numerical 

simulation

creasing from 4 GPa to 27.5 GPa. This represents an 
approximate 6.8-fold increase. Based on this ob-
servation, joint roughness affects the deformation 
modulus about three times more than the intact 
rock’s UCS.
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Intact / Massive – intact rock specimens 
or massive in-situ rock masses with very few 
widely spaced discontinuities

Blocky – very well interlocked undisturbed 
rock mass consisting of cubical blocks formed 
by three orthogonal discontinuity sets

Decreasing surface qualityStructure

Geological Strength Index (GSI)

From the description of structure and 
surface conditions of the rock mass, pick an 
appropriate box in this chart. Estimate the 
average value of GSI from the contours. 
Do not attempt to be too precise. Quoting
a range of GSI from 36 to 42 is more realistic 
than station that GSI = 38
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Fig. 17. Deformation modulus, Em,  anisotropy index, RE and JRC for blocky rock masses in the GSI chart

Table 6 
Rock mass deformation modulus as a function of JRC and σci

GSI 25–45 35–55 45–65 55–75 65–85

JRC 0–4 4–8 8–12 12–16 16–20

σci Deformation of modulus (GPa)

σci < 25 0.79–1.75 1.6–4 4–10 7–19 8–23

25< σci <50 1.75–2.8 2.75–6 7–14.5 8–29 17–40

50< σci <100 2.5–5 5.2–10 8–19.5 15–38 20–50

100< σci <250 3.7–6.2 6.7–11.5 12–27.5 18–54.2 22–75.5

24-fold increase in deformability modulus on average
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Conclusion
A systematic investigation of anisotropy in the 

deformation behavior of blocky rock masses is car-
ried out using discrete element simulations. The rock 
mass consists of two orthogonal joint sets intersected 
by a third. The third joint set forms a variable angle 
with the second joint set, and its strike is perpendicu-
lar to that of joint set 1. Elements with representative 
volumes of the masses were uniaxially loaded in dif-
ferent directions.

New nonlinear stress-dependent relations for 
the normal and shear stiffness of joints have been 
introduced and used in the simulations. JRC and in-
tact rock UCS serve as independent variables in these 
relations. It was determined that joint normal and 
shear stiffness coefficients significantly influence 
the overall deformation behavior of the rock mass. 
Notably, the effect of normal stiffness on the rock 
mass deformation modulus is approximately twice 
that of shear stiffness. Additionally, it was observed 
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that the roughness of the joints has a much greater 
impact on the deformation modulus than the UCS of 
the intact rock.

An important consideration is the potential pres-
ence of thin layers on the joints. In this research, the 
effects of joint fillers are reflected in the JRC as illus-
trated in the first row of Table 6. However, the ad-
hesion and friction coefficient on the joint surfaces, 
which can significantly influence simulation results 
due to the presence of thin layers, are not detailed. In 
this context, Voznesenskii et al. [37], conducted com-
prehensive research discussing the significant impact 
of thin layers of carbonaceous clays on the contact 
cracking resistance between different rocks.

Numerical investigations indicated that a mass 
with L / S ≥ 10 can be considered as a REV for a blocky 
rock mass when evaluating the deformation modulus 
and failure modes.

The deformation modulus, failure mode, and 
post-failure behavior of the blocky rock masses were 
evaluated for various relative loading and joint an-

gles. The degree of anisotropy for the deformation 
modulus (due to the fracture systems), represented by 
the anisotropy index RE, was deduced as 1.6 ≤ RE ≤ 2.3, 
with an average value of 1.88 in blocky rock masses.

When the mode of failure is characterized by 
“slipping on the joints”, the yield strain ranges from 
0.2 to 0.4, independent of the loading angle and the 
direction of the third joint set.

Results are presented in the form of polar curves 
showing variations in the blocky rock mass deforma-
tion modulus, which depend on the joints’ JRC, the in-
tact rock’s UCS, and the rock mass structure in terms 
of the relative joint angle. These curves facilitate the 
estimation of the blocky rock mass deformation mo- 
dulus in different directions without the need for la- 
boratory and in-situ tests or empirical relationships.

In the GSI table, results are categorized such 
that assigning a JRC value to each class of joint sur-
face conditions allows for the determination of corre-
sponding deformation modulus and degree of anisot-
ropy for GSI values.
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