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Determining the strength and deformation of jointed rock masses is an inevitable part of geomechanical projects. The strength and
deformability of a rock mass with stochastic joint sets are conceivably anisotropic and are mainly controlled by joints' mechanical and
geometrical properties. In this paper, the strength and deformation behavior of jointed rock masses against different scales and loading
directions has been evaluated at the Tazareh coal mine, Iran. Field mappings through the scanline method have been used to collect joints'
spatial features on rock surfaces. A statistical evaluation has been carried out on field data using Dips software. Then, the geomechanical
properties of intact blocks have been measured by conducting a uniaxial compressive strength test. Finally, the rock mass is modeled using
3DEC, and its behavior is analyzed in some cases with different loading directions and block sizes to obtain representative elementary volume

(REV) based on strength and deformation, respectively.
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1. Introduction

During the planning, construction, and utilization phases of every
geomechanical project, it is essential to recognize the strength and
deformability properties of jointed rock masses. Conventional
techniques of strength and deformability determination can be classified
into direct and indirect approaches. Direct methods include
experiments on laboratory specimens and in-situ rocks. Results obtained
from laboratory experiments, however, are far different from those
obtained in the field because of the scale effect. On the other hand,
testing intact rock samples cannot provide any information about the
strength and deformation of rock masses containing fractures of
different sizes and other spatial features. Hence, indirect methods are
used to simulate the real behavior of jointed rocks. These techniques
include empirical, analytical, and numerical models.

Empirical methods of strength and deformation estimation of rock
masses stand based on the correlation between empirical data [1]. In
these methods, rock mass properties are combined with a classification
index which represents its geomechanical quality. Since all of the
classification indices are quantitative, it is not possible to represent
anisotropic and scale-dependent mechanical behavior using them.

In analytical solutions, the rock mass is defined as a mixture of intact
blocks and joints (e.g. [2], [31, [4], [5], [6], and [7]), and its behavior is
evaluated considering mathematical relation between loads and
deformations. Fracture systems with a simplified pattern, infinite
persistence, deterministic constant spacing, and specified joint
orientation are involved in the derivation of this type of solution. In real
conditions, however, joints have finite length, and their geometrical
parameters are statistically distributed. On the other hand, the
interaction between joints is not considered by this method. Therefore,

real cases in which considerations of this technique are satisfied might
be uncommon.

Numerical modeling is the third indirect method for evaluating the
strength and deformability of rocks. In this procedure, the
corresponding behavior of a rock mass is derived from a combination of
strength and deformation of intact blocks and joint sets. This technique
allows the contribution of different fracture networks (such as discrete
fracture networks) in the rock mass properties. It also takes the
interaction between joints and intact rock into account. In recent years,
advanced numerical modeling tools have been utilized to involve more
aspects of complex rock mass behavior during studies. For this purpose,
there are two major numerical methods: (1) techniques which explicitly
model discrete nature of a material (e.g. Discontinuous Deformation
Analysis and Distinct Element Method); (2) Equivalent Continuum
Method and its implication in Finite Difference or Finite Element
Method [8].

Finite Difference and Finite Element Methods are the most widely
used numerical procedures for studying the mechanical properties of
geomaterials. These techniques, however, are only applicable for
continuum rocks, and it is not possible to model densely fractured rock
masses using them [9].

Distinct Element Method (DEM) is a robust tool for stress-strain
analysis of jointed rock masses due to its advantage in the explicit
demonstration of fracture network geometry and contribution of
different constitutive models. Because of the complex geometry of
fracture networks, numerous joint set patterns are needed for the
statistical analysis of data obtained from rock mass numerical modeling
[10]. Christianson et al. [11] studied strength and deformability
properties of rocks through numerical simulation of triaxial, uniaxial,
and tensile tests in UDEC, and stated that the trends of both numerical
and experimental results are identical. Kulatilake et al. [12] numerically
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investigated deformability properties of rocks with non-persistent
fractures introducing fictitious joints. In the research, fictitious joints
generated discrete blocks in the intersection areas with real joints. These
fictitious discontinuities must imitate intact rock behavior to be
distinguished from real non-persistent joints. Noorian Bidgoli et al. [13]
proposed a 2D systematic numerical method to predict the strength and
deformability of jointed rocks following studies conducted by Min and
Jing [14] and Baghbanan [15]. They concluded that when the model size
is smaller than Representative Elementary Volume (REV), the result
shows a tremendous scale effect on the strength and deformation of
jointed rock masses. However, when the model sizes exceed REV size,
these variations would be negligible. Wu and Kulatilake [16] utilized
3DEC to determine REV, mechanical properties, and stress analysis of a
rock mass that forms a dam site in china. They used crack tensor theory
to combine the effects of joint sets' frequency, orientation, and size.
JianPing et al. [17] used the finite element method to study the failure
process, scale effect and anisotropy of uniaxial compressive strength,
and deformation modulus of fractured rock masses based on a statistical
constitutive model for intact rock. Their results showed that a rock mass
has a critical strain which mainly is controlled by uniaxial compressive
strength, rather than the deformation modulus, scale, and direction.
Alshkane et al. [18] modeled a rock mass as an assemblage of deformable
blocks that can yield as an intact material and/or slide along pre-existing
discontinuities, and proposed a 2D numerical methodology to predict
the strength and deformability of a jointed rock mass using UDEC. They
concluded that the strength and deformability of rock mass significantly
depend on the loading direction. Laghaei et al. [19] numerically
determined compliance tensors and representative elementary volumes
(REV) of a fractured rock mass with stochastic fracture systems and
concluded that the characteristic parameters vary with stress path
variation.

Developments in numerical modeling have resulted in providing
new procedures to study the behavior of discontinuum media. The
ability to define a network of non-persistent or discrete fractures is one
of these developments. Understanding the strength and deformability
properties of jointed rock masses and their influencing parameters is
essential in different aspects of rock engineering such as the design of
support systems in working stopes, selection of excavation method,
slope stability, etc. Selected block size and geometrical configuration of
joints with respect to loading direction are two parameters that affect
the geomechanical behavior of rock mass and have not been studied yet.
This paper aims to investigate the effect of geometrical properties and
boundary conditions on the strength and deformability of a jointed rock
mass at the Tazareh coal mine. First, data obtained from field mapping
of structures are interpreted. Then, experimental intact rock testing
results are provided. Finally, DEM numerical modeling is carried out to
evaluate the scale and loading direction effect on rock mass behavior.

2. Tazareh coal mine

Tazareh region with a 34 km’ area is located in the southern
neighborhood of Alborz mountains, Semnan province, Iran. Coal seams
in this area show a dip angle between 35 to 50 degrees, and their
thicknesses vary from 0.4 to 1.8 m [20]. The geographical location of the
mine has been shown in Figure 1.

Fine to coarse-graded layers of sandstone which contain quartz, with
siltstone and argillite form the hanging wall of the coal seams. The
footwall also generally includes siltstone and rarely sandstone and
argillite [20]. The geological map and structural section of the mine are
presented in Figure 2.

Mapping of discontinuities and joints is necessary to identify joint
systems and study the strength-deformation behavior of rock mass. In
addition, geomechanical investigation not only is important to evaluate
qualitative parameters of rock mass but also to determine the spatial
configuration of joints in the area. In this research, first, non-persistent
joints have been mapped in the study area. Then, results including the
general trend of the joints and maximum frequency related to each
geometrical parameter have been calculated through statistical analysis.
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Figure 1. The geographical location of the Tazareh coal mine.
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Figure 2. Geological map and longitudinal section of Tazareh coal mine [21].

The scanline method has been used for discontinuity mapping at the
Tazareh coal mine. Dip and dip direction of joints have been surveyed
using a compass. Other properties of fractures such as opening,
persistence, surface roughness and waviness, and infill types have also
been investigated. An aerial view of the mapping zone has been
presented in Figure 3. According to this figure, the mapping zone is
located at 36°24'24/90" northing and 54°25'21" easting next to
Tunnel Madar.

Rock joints have been mapped in 3 scan lines with orientations
presented in Table 1. Since the hypothetical lines with 80 degrees strike
from north to east intersect most of the visible rock joints in the area,
the orientations of SL2 and SL3 were selected identical to incorporate
more representative structures. Persistences of the discontinuities were
in the range of 0.55 to 2 meters while their dip and dip direction angles
were widely different. Hence, there was a need to carry out a statistical
analysis using Rocscience Dips software.

Table 1. Orientations of the scan lines.

Mapping zone location Next to Tunnel Madar
Scan line code SL1 SL2 SL3
Orientation N5E NS8OE N8OE

The mechanical behavior of rock masses is extremely affected by the
geometrical and mechanical properties of their weak surfaces such as
joints, faults, beddings, etc. On the other hand, rock mass behavior
controls the stability of a geomechanical structure. Therefore, accurate
evaluation of joint systems' condition and properties is a matter of great
importance for stability analysis of underground and surface
excavations. Based on the analysis carried out using Rocscience Dips
(Figure 4), three major joint sets have been distinguished for which
average values of dip, dip direction, K fisher constants, persistence
ranges, average values for roughness coefficient, aperture, and their
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frequencies are listed in Table 2. It should be noted that the one-
dimensional frequency or P10 was used here as a measure of jointing
frequency which was calculated after clustering the mapped structures
into three classes (representing the joint sets) based on the spacings
recorded for each joint set.
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Figure 3. Study area.
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Figure 4. Stereographic demonstration of scanline data of the study area.

Table 2. Geometrical properties of distinguished joint sets in the study area.
Joint set Dip angle Dip direction Persistence K  Roughness Aperture Frequency
No. (deg) (deg) (m)  Fisher coefficient (mm) (m™1)

1 79.11 2429 06-15 5331 2.017 2.587 032
2 74.81 99.99 0.7-15 3847 2.068 234 014
3 34.54 16.54 0.55-2 194 2.156 4.09 0.26

3. Experimental studies

Intact rock characterization is an inevitable part of every rock
engineering project. In this study, uniaxial compressive tests have been
carried out based on ISRM suggested method to obtain the uniaxial
compressive strength (UCS) and deformability properties of the intact
rock samples. Four cylindrical specimens have been taken from rock
blocks that were collected from the field When the stress-strain
relationship of rock is non-linear, the modulus of elasticity (or Young’s
modulus) would not be a constant value. In this case, this parameter
must be determined by calculating the slope of a line tangent to the axial
stress-strain curve at a point of interest. In this paper, Young’s modulus
(and deformation modulus later on) is defined as the slope of the line
connecting zero stress point to 50% of the peak strength. Results
obtained from testing all of the samples are also presented in Table 3.
Lateral strain values have been used to calculate Poison’s ratio for the
rock samples. Diameters of the specimens which have been measured
before testing at their top, middle, and bottom line are also listed in
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Table 3.

Since sample A2 was selected next to the mapped rock face, the
geomechanical characteristics of this specimen were used for simulation
purposes. Figure 5 shows the sample and uniaxial compression machine
before and after conducting the UCS test. Axial stress versus axial and
lateral strain curves of the specimen has been illustrated in Figure 6 (a)-
(b), respectively.

Table 3. Uniaxial compressive test results along with physical properties of the

sample.

Sample Dijameter Length Density Porosity UCS ;2331‘2; Poison’s

No. (mm) (mm) (g/cm®) (%) (MPa) (GPa) ratio
54.13-54.24

Al 5426-5426 13540 2489 0.98 130 38.00 0.24
54.22-54.28
54.21-54.23

A2 5425-5429 13771 2.487 0.96 95 2455 031
54.22-54.23
54.26-54.29

Bl  5429-5431 13840 2.878 0.67 180 49.12 0.25
54.29-54.32
54.19-54.22

B2 5421-5424 13615 2.718 0.61 176 2218 021
54.19-54.20

Figure 5. The specimen under uniaxial compression: a) before; and b) after
testing.
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Figure 6. Axial stress vs: a) axial strain; b) lateral strain curves for the sandstone
sample.

4. Numerical Modeling

The advantages of DEM in modeling jointed rock masses compared
to the other numerical methods and also the importance of rock mass
behavior evaluation in 3D made us utilize this method to take the
mechanical effect of discrete fractures into account.

In this section, the procedure of 3D discrete fracture network (DFN)
construction using geometrical parameters and their related
distribution functions is introduced. ITASCA 3DEC version 5.0 software
has been utilized to model Tazareh sandstone which contains discrete
fractures with the obtained geomechanical properties through the
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experimental study. Uniform distribution has been selected as the
distribution function of fracture positions in space, and their sizes have
been defined by power-law distribution considering the minimum and
maximum persistence values obtained during the field mapping. In
addition, fracture orientations have been generated based on Fisher
distribution with the parameters presented in Table 2. In this paper,
joint set 2 (out of three distinguished joint sets presented in Table 2)
has not been included in the numerical model due to its lower frequency
in comparison with other joint sets. Since 3DEC uses a pseudo-random
logic to construct DFN, a fixed seed number has been utilized for
generating the reference network of discontinuities, so that the rock
blocks might be extracted from this network with no change in fractures
configuration. In order to eliminate the boundary effect, researchers
proposed that the interval between the block boundary and the fracture
network must be larger than one-half of the largest trace length of joints
located in the reference network [14]. Hence, a 3D network with 100 m
sides has been selected as the reference fracture network (Figure 7).

LS

Fractures (972821)
' Dip 74.81/ Dip dir 99.99
B Dip 79.11/Dip dir 2429

Figure 7. The reference fracture network.

The main purpose of this study is to evaluate the effect of scale and
loading direction on the rock mass strength and deformability in a three-
dimensional space. In order to reach this goal, it is essential to create
different block sizes. These blocks, therefore, have been constructed
concentrically in the reference fracture network. Consequently, twelve
block models have been derived from the reference network with 0.5, 1,
15,2,25,3,35,4,5, 6, 8, and 10 m sides (Figure 8).

LA A
U owveoe

Figure 8. Jointed concentric blocks with different dimensions.

The numerical modeling process has been started with the smallest
block, and the block size has been increased step by step to the block
after which an increase in size doesn’t significantly affect the strength
behavior of the rock mass.

When under constant velocity loading, axial displacements have been
recorded for all the side walls perpendicular to the loading direction.
Five points shown in Figure 9 have been selected as monitoring points
on the aforementioned surfaces. In the next step, a developed FISH
function has been used in the software to record the average value of
strain in every time step and then to calculate the total average axial and
lateral strains. The stress is also calculated by averaging the stress values
for all the block zones.

Geomechanical parameters used in the numerical modeling including
joints normal and shear stiffness, cohesion, and internal friction angle
are provided in Table 4. Furthermore, Mohr-Coulomb elastoplastic
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model is used to demonstrate the behavior of discontinuities.
Researchers have suggested that rock mechanics' large scale effect is
more due to structures than sample scale effect [22]; it is not, therefore,
practical to obtain normal and shear stiffness values of a highly jointed
medium in the laboratory because of the scale effect that influences the
medium response. Hence, the values related to joints normal and shear
stiffness are derived from Khani et al. [23].

0.05L  0.45L 045L  0.05L
0.05L
L LJ
0.45L
L ®
0.45L
® L
0.05L
L

Figure 9. Location of monitoring points on each sidewall.

Table 4. Mechanical parameters of discontinuities [23].

Normal stiffness Shear stiffness Cohesion Internal friction angle
(GPa/m) (GPajm) (MPa) ©)

434 434 25 25

4.1 Loading procedure and model calibration

Determination of appropriate loading velocity is the first step to
accurately calculate the UCS and deformation modulus of rock through
numerical modeling. The velocity has been determined by calibrating
the numerical intact model according to the UCS test results. For this
purpose, a rectangular cuboid intact block has been modeled with
dimensions close to the core samples (137*54*54 mm), and a constant
velocity loading has been applied to its upper surface while the lower
surface has been fixed as shown in Figure 10.

Constant Velocity Leading

LI

z

L

x

Figure 10. Intact rock numerical model under constant velocity loading.

An appropriate loading condition has been predicted solving the
numerical model with different velocities and comparing the resultant
stress-strain curve with the experimental one. The calibrated stress-
strain curve for the intact numerical block is illustrated in Figure 11.
Loading velocity for this case was 0.025 m/s. Therefore, this value has
been selected as loading velocity in the forthcoming stages. The velocity,
however, might cause greater strain rates compared to the real
conditions but it was tried to control the velocity in a way that
compressional stresses can be transferred through the entire numerical
model. It could, in turn, provide the model with a continuous and
constant stress rate as suggested by ISRM [24].
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Figure 11 Axial stress vs. axial strain curve for the intact numerical model.

After the determination of appropriate velocity, it is time to define
loading conditions in different directions. In order to investigate the
effect of loading direction on the strength and deformation of the rock
mass, blocks responses to loading in -x and -y directions are also
recorded (Figure 12). In these cases, displacement of the lower sidewall
perpendicular to the applied velocity is constrained like the initial
loading condition.

Figure 12. Loading conditions in -x, -y, and -z directions.

5. Scale effect on rock mass strength

In order to evaluate the strength behavior of block models with
different sizes, constant velocity loading has been applied to the upper
surface of these blocks in the z-direction. The blocks with 0.5, 2, 6, and
10 m sides have been chosen to demonstrate the scale effect. Axial stress
vs. axial strain curves for these blocks are shown in Figure 13. In contrast
to 0.5, 6, and 10 m side lengths, the block with 2 m long sides shows
ductile post-peak behavior. This might be addressed by interactions that
occurred between different joint sets in the rock mass block.
Furthermore, it seems that the number of joints doesn’t have a
dominating role in this case compared to the other blocks' behavior.

100 -
80
)
E 60
% w | side=0.5m
4 e = = = side=2m
side=6m
20
e 5ide=10m
n L 1 J
0 0.002 ZStrain 0.004 0.006

Figure 13. Axial stress-strain curves for different block sizes.

According to Figure 13, it is observed that UCS decreases significantly
with increasing the block size and the number of its discontinuities. On
the other hand, UCS variations for block sizes in the range of 6 to 10 m
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are negligible. It should be noted that there are some fluctuations in the
numerically obtained curves which may be addressed with the
instability that occurred for blocks during the loading process. For
comparison purposes, these curves have been refined to eliminate the
fluctuations as shown in Figure 13. The original curves are presented in
Figure 14 in which some irregularities can be observed.

6. Determination of Representative Elementary Volume
based on the strength

In numerical modeling, there is a minimum block size after which
increasing the block size doesn’t significantly affect a given model
feature [16]. This block size which is statistically homogenous and
contains a certain number of discontinuities may be referred to as REV
and can be used to represent its equivalent rock mass. Strength-based
REV is calculated using the procedure illustrated in Figure 15 which
depicts UCS against the block size. It is observed that the UCS variation
is negligible for block sizes more than 3 m. Therefore, a block with 3 m
sides is introduced as REV based on strong values.

340
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Figure 14. Original stress vs strain curves for a) 2 m, and b) 6 m side lengths.
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Figure 15. REV determination based on strength.
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7. Loading direction effect on rock mass strength

Jointed rock mass behavior is always affected by loading direction
because of geomechanical properties anisotropy. In this section, the
mechanical behavior of Tazareh jointed sandstone is studied under axial
loads in —x and —y directions.

Figure 16 shows the axial stress vs axial strain curves for selected
blocks with 0.5, 2, 6, and 10 m sides. Comparison of these curves with
each other and with the stress-strain curve of the simulated intact rock
helps us discover the jointing, scale, and loading direction effect on
strength of the jointed blocks when loading in different directions.

It should be noted that Figure 16 (a) and (b) demonstrates the results
obtained from simulated rock mass with different side lengths loaded in
x and y directions, respectively, while Figure 11 presents a simulated
intact rock loaded in the z-direction. In the latter case, the rectangular
cubic sample size was considered large enough to be equivalent to its
cylindrical lab sample. For the former case, however, the side lengths
were increased from 0.5 to 10 m for square blocks, and the determination
of REV size is the main goal of the simulated tests. It is, therefore,
expected that a sample with 0.5 m side length has an uniaxial strength
close to the intact sample since the averaged spacings of considered joint
sets (according to Table 2) are in a range between 3.125 and 3.846 m.

It is also remarkable that the strength value for the lowest block size
when loading in —y direction is more than the other cases. Comparison
between Figure 16 (a) and (b) with Figure 13 shows that the scale effect
is more obvious when loading in —x direction. According to Figure 16
(a), increasing the block size makes the slope of the stress-strain curve
vary more than the other cases.

100 o
%0 REREES 100
80 . %
) L A
g . & %0
= 60 ’,’ :g: 70
2 s0 L’ H 60
% a0 ‘ - 50 )
= P ——side=05m g 40 side=0.5m
i 0 W = = =side=2m 230 oy = = =side=2m
0 Z side=6m 20 . ——side=6m
10 ——side=10m 10 —ide=10m
0
0 0.002 0.004 0.006 0.008 0 0002 0004 0.006 0,008
Axial Strain Axial Strain
(a) (b)
Figure 16. Axial stress vs axial strain curves when loading in: a) —x; and b) —y
direction.

8. Loading direction effect on strength-based REV

In this section, the effect of loading direction on REV determination
based on the UCS of the blocks is evaluated. Figure 17 illustrates
numerical results obtained for different block sizes when loading in —x,
-y, and —z direction, respectively.

120 -
100 + ——i=x
E T i=y
E 80 F —0—i=z
=
]
2 60 |
2]
=
g 40 g~
5
20 R
(} I I I 1 J
0 2 4 6 8 10

Side Length (m)
Figure 17. Loading direction effect on strength-based REV.

Loading direction effect on jointed rock mass strength is clear in
Figure 15 for different block sizes. It is also observed in the diagram that
strength-based REV is different for these three cases. It is, therefore,
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concluded that the loading direction influences REV determination.
According to Figure 17, REV is equal to 3 m for —x and —z loading cases,
and 2.5 m for —y loading cases.

In the next step, trends of stress-strain curves are compared for the
given block size. In order to carry out a correct comparison, this block
size must be equal to or more than REV for all the loading conditions.
Thus, the block with 3 m long sides is applicable for this purpose because
it is equal to or is bigger than REVs for three cases. Axial stress versus
axial strain curves applying different loading conditions is shown in
Figure 18. It is obvious that the peak strength when loading in —x
direction is more than the other ones. On the other hand, the
deformation modulus for this case is the lowest.

9. Loading direction effect on deformability-based REV

The slope of the axial stress-strain curve represents rock mass
deformation modulus. As stated before, block size and loading direction
both affect deformation modulus. In this section, scale and loading
direction effect on the determination of deformation-based REV is
investigated. The same procedure as the last section is used to determine
REV based on deformation modulus. For this purpose, the numerical
results obtained for deformation modulus are depicted in Figure 19
against block sizes when loading in different directions. Deformation
modulus has been calculated using the 50% peak strength of each block
and its corresponding strain. Figure 19 shows that the deformation
modulus is higher when loading in —y and —z directions, and it is
reduced up to a certain block size which equals 2 m when loading in —x
and —y directions, and 4 m when loading in —z direction.
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Figure 18. Axial stress vs axial strain curves for 3 m block size.
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Figure 19. REV determination is based on deformation modulus when loading in
different directions.

10. Conclusions

The study of strength and deformation behavior of coal-bearing
formations is important in many aspects such as evaluating hanging wall
competency of coal seams, designing underground openings, etc.
Experimental tests on intact rock samples, however, cannot provide
useful information about rock mass behavior. Despite in-situ large-scale
tests being the most reliable methods for predicting rock mass strength
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and deformation, these methods suffer from economical and time-
related problems. Therefore, it is reasonable to use numerical methods
as an alternative for the aforementioned tests. Tazareh coal mine is one
of the most important mines in Iran. In terms of lithology, the area
consists of sandstone, siltstone, argillite, and coal seams intercalations.
Sandstone frequently comprises hanging walls of the coal seams. In this
paper, scale and loading direction effect on strength and deformability
of Tazareh sandstone was investigated collaborating field mapping of
structures, experimental intact rock testing, and DEM numerical
modeling. The results show that numerical model size affects values
obtained for strength and deformation modulus so that increasing the
block size decreases strength value up to a REV size after which the
variation is negligible. A block with 3 m long sides was determined as
REV based on strength value, and its strength was equal to 25 MPa. A
block with 2 m long sides was estimated as deformation-based REV size
when loading in —x and —y directions. Appling constant velocity in —z
direction, the corresponding block size was 4 m. Deformation modulus
for REV was 16, 22.4, and 21.1 when loading in —x, -y, and —z directions,
respectively.
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