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Abstract: Discontinuities mainly control the mechanical behavior of rock mass and cause a significant
reduction in the rock mass strength. Joint persistency and joint infill conditions are considered the
most significant joint parameters that control the mechanical response of rock mass. In this study,
numerical and statistical analyses were performed on pre-cracked specimens with two flaws to
investigate the effect of joint persistence parameters on shear strength. In addition, an extensive
study was conducted to explore the effect of infilled mineral strength, infill thickness, and infill wall
roughness on shear strength. The Lattice-Spring-Based Synthetic Rock Mass (LS-SRM) approach was
utilized to perform the numerical models. The results showed that the tensile crack propagation
is limited at higher normal stresses as tensile damage is largely suppressed. The increases in rock
bridge angle slightly increased the shear strength and caused a change in the failure mechanisms of
the rock bridge from tensile to shearing. The results of the models with infilled minerals revealed
that infilled minerals mainly controlled the shear strength of specimens when the infill thickness
was 4.0 mm or greater. The infill wall roughness had no apparent effect on the shear strength. In
contrast, it governed the failure mechanisms; cracks initiated at the asperity of the rough filling wall
and propagated through the hosted rock mass.

Keywords: lattice-spring-based synthetic rock mass (LS-SRM) modeling; non-persistent joints; shear
strength; joint infill; rock bridge

1. Introduction

The rock mass is primarily composed of intact rock and discontinuities. These dis-
continuities, such as cracks, fractures, joints, faults, and bedding planes, affect rock mass
strength and complicate assessing the deformable and mechanical behavior of jointed rock
mass. Thus, this significantly influences evaluations of rock mass stabilities in geotechnical
structures such as tunnels, rock slopes, quarries, and mines.

The failure mechanisms in a rock mass can be divided into three major groups:
(i) shearing failure along persistent discontinuities, (ii) the combination of shearing failure,
partially along non-persistent discontinuities and partially through the intact rock bridges,
and (iii) tensile cracking-driven failures along the tip of existing discontinuities in the
zone of the intact part of the rock mass. Lee and Jeon [1] illustrated the mechanism of
microcracks growing in a pre-cracked sample where microcracks begin to form at or near
the ends of pre-existing discontinuities and propagate in the main principal stress direction
until they coalesce with other cracks.

A substantial number of studies have been performed to explore the mechanism of mi-
crocrack initiation, propagation, and the coalescence of the pre-existing joints in specimens
made of natural rocks or rock-like materials, as well as the impact of rock bridge on the
mechanical behavior of pre-cracked specimens under uniaxial compressive load [2-8]. The
mechanism of brittle failure modes in pre-cracked rocks was also investigated under biaxial
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compressive loads [9-11]. The impact of rock bridges on the deformability and strength of
pre-cracked rock specimens under triaxial compressive loads was recently evaluated by
various researchers [12-15]. In addition, a few laboratory experiments were conducted in
order to assess the failure behaviors of joints and rock bridges in jointed rock masses under
shear loading [16,17]. According to the previous studies, microcracks were propagated
in pre-cracked specimens in two forms (as illustrated in Figure 1): (a) Wing cracks were
formed at the initial phase of failure and classified as tensile cracks originating at the tips
of pre-existing joints and then propagated in a curved line towards the major principal
stress; (b) Secondary cracks were classified as shear cracks that initiated from the tips of
pre-existing joints in two possible ways: (1) coplanar to the joints and (2) a curved shape
with the opposite direction with wing cracks.

wing crack

secondary crack

secondary crack

Figure 1. A simplified crack pattern in pre-cracked specimens of rock materials [3].

In the past few decades, numerical techniques have been extensively used to simulate
the experimental results of rock mass. Numerical techniques are favored over experimental
ones because they are flexible, inexpensive, safe, and efficient in simulating small and
large rock volumes [18]. Numerous numerical techniques, such as the discrete element
method (DEM), boundary element method (BEM), and synthetic rock mass (SRM), have
demonstrated the capability of stimulating brittle failure behavior through a rock bridge
in pre-cracked specimens. Vesga et al. [19] utilized the discrete element method (DEM) to
simulate crack initiation in clay samples under uniaxial compressive loading conditions.
Duan et al. [13] studied the brittle failure behaviors in sandstone samples under true
triaxial compression testing conditions using the DEM approach. Particle Flow Code (PFC)
was used to investigate the brittle failure mechanisms in pre-cracked rock specimens with
different flaws under uniaxial and biaxial loading conditions [20], and their study concluded
that the crack initiation angles became steeper as confinement stress increased. Besides
that, the grain-based model (GBM) has been widely used to identify crack propagation in
brittle rock specimens [21-24].

The LS-SRM is a new code from Itasca that efficiently simulates the mechanical be-
haviors of intact rock, discontinuities, and their interactions in the rock mass. Bastola and
Cai [2] utilized LS-SRM to investigate pre-cracked marble’s mechanical properties and
failure behaviors with coplanar or noncoplanar cracks. Bastola et al. [25] adopted the same
approach to explore the brittle failure mechanism sequence in coplanar and noncoplanar
cracked granite specimens under uniaxial compressive loading conditions. Gottron and
Henk [26] compared the LS-SRM modeling approach with continuum and empirical ap-
proaches for fractured rock mass simulation. They concluded that the LS-SRM approach
allows predictions to be specifically conducted on rock mass interaction and the design of a
wide range of geotechnical applications.

The LS-SRM is formulated in a small strain that does not require the detection and
updating of contacts; the fast-computational time is one of the significant advantages of the
LS-SRM approach, which is up to 10 times faster than other BBM or BPM tools. Moreover,
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the LS-SRM code does not require the calibration of some micro-scale parameters as it has
some built-in calibration factors. Some of the desired macroscale parameters, such as tensile
strength, can be provided as direct model inputs. Introducing and incorporating the non-
persistent and non-planar joints is much more straightforward in LS-SRM, and the code
allows explicit representations of them to study crack evolution. Despite the promising
features mentioned above, LS-SRM also has certain limitations. The major limitation is that
the user should select either parallel bonds, which leads to a significantly higher o/, or
flat joint contacts that cause an unrealistically low rock matrix Poisson’s ratio. Also, the
visualization of the lattice detachment is not possible with the LS-SRM.

A few studies have evaluated the impact of four key parameters on the crack coales-
cence behavior, including the pre-existing joint roughness coefficient (JRC). Saadat and
Taheri [23] investigated the effect of the JRC on the asperity damage and shear mechanisms
of rock joints in Aue granite specimens under constant normal loading and constant normal
stiffness conditions.

In this study, the experimental work of Asadizadeh et al. [16] was utilized as a base
for calibrating and validating the LS-SRM models. The calibrated mechanical properties of
pre-cracked specimens were used to study the impact of the JRC, rock bridge angle (), rock
bridge length (L), and normal stress (¢;;) parameters on the shear strength and shear failure
behavior. In addition, the influence of infilled mineral, thickness, and infill wall roughness
on the shear strength of the Amphibolite specimens was investigated. Since the Response
Surface Methodology (RSM) method has an advantage over other statistical methods in
reducing the number of required models, the models were built with this method.

2. Model Development
2.1. Lattice-Spring-Based Synthetic Rock Mass Model (LS-SRM)

The LS-SRM code was developed as part of the large open pit project administered by
the Commonwealth Scientific and Industrial Research Organization (CSIRO) in Brisbane,
Australia. In LS-SRM, the intact rock can be represented as assemblages of nodes connected
by massless and unsmooth springs with both normal and shear directions. The intact rock
formation in LS-SRM is similar to the Bonded-Particle Model (BPM) approach in PFC [27],
except those spherical particles in PFC were replaced by nodes located at the particle’s
center. Newton’s second law of motion was employed to estimate translational and rotational
displacement components for the node masses, and a linear force—displacement relationship
was used for the springs [28]. During the simulation process, the translational and rotational
displacement components of nodes were determined using central differential equations:

Vit + At/2) = vi(t — Dt/2) + Y F At /m 1)

t+At
(1480

t+AL/2)

= ulgt) —|— 1/1.( At (2)

where and are the velocity and position of component i (i = 1, 2, 3) at time ¢, }_F; is the sum
of all force components acting on the node of mass (1) within time step (At) including local
damping force. The angular velocities, w;, of component i (i = 1, 2, 3) at a time (f) were
determined from the following central differential equation:

FRAL2) _(-012) ZMZQ) At 3)
1

W2 1
where ) M; is the sum of all moment components acting on the node with the moment of
inertia I.

The LS-SRM can simulate the initiation, propagation, and coalescence of microcracks
through the intact rock. Figure 2a illustrates that when the shear or tensile strength of the
spring is exceeded, the spring can break, slide, or separate, and then the broken spring is
replaced with a microcrack. As a result of the coalescence of microcracks, a failure plane
will develop through the intact rock in the direction of crack propagation. Discontinuity in
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LS-SRM is represented by a discrete fracture network (DFN) and is superimposed on the
lattice springs, as illustrated in Figure 2b. The LS-SRM model can efficiently simulate the
coplanar and non-planar discontinuities [28].

(a) (b)

Sub-contact

+— Sub-spring

Figure 2. (a) Fractured lattice replaced broken spring, (b) discontinuity plane superimposed in the
lattice springs, (c) Flat joint contact logic (modified after [28]).

The contact in the LS-SRM approach can be represented as parallel bonds or flat joint
contacts similar to “Flat Joint” in PFC. There are two disadvantages of using parallel bonds
in simulating the brittle failure in the intact rock: (1) a significantly higher ratio of uniaxial
compressive strength to tensile strength (0./0;); and (2) a low macroscale intact rock friction
angle (maximum is around 30°). When parallel bonds are employed, the particles can
roll relative to each other without resistance after the parallel bond breaks. On the other
hand, when flat joint contacts (Fj) are utilized, each spring splits into sub-springs, and these
sub-springs allow resistance to rotation via normal forces in the sub-springs even after the
springs are broken (see Figure 2c). This provides realistic compressive strength and the
acceptable compressive to tensile strength ratios of the intact rock.

2.2. Model Setup
2.2.1. Models with Two Pre-Existing Flaws

In this study;, lattice-spring-based synthetic rock mass (LS-SRM) models were built
using the SRMTools of Itasca. These models were designed based on the experimen-
tal data of the direct shear test on coplanar and noncoplanar jointed specimens from
Asadizadeh et al. [16]. Response Surface Methodology (RSM) was employed to design
the LS-SRM models. Twenty-nine models were created to investigate the impact of the
JRC, v, L, and 0, on the shear behavior of rock-like pre-cracked specimens. The speci-
mens with 120 x 300 x 300 mm? dimensions comprised 496,832 lattice nodes connected
by 2,535,371 lattice springs and were utilized as depicted in Figure 3. After considering the
sample size, a lattice spring length of 3.0 mm was assigned to the models as a reasonable
lattice resolution. For realistic simulations of ¢./o; of rock-like material, a flat joint was
applied with a disk radius multiplier of 0.9 with three contact points.
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(@)

(b)

Figure 3. Illustrating (a) the LS-SRM intact model with monitoring points of force and displacement
in z and x directions, (b) a vertical cross-section at the center of the spring lattice model.

The RSM model geometry is illustrated in Figure 4. The base geometry was kept
constant for all models. The model had two roughness flaws and various JRC profiles,
L, v, and ;. Boundary conditions are presented in Figure 4; constant o, was applied on
the right-side boundary of the shear sample, and a velocity was applied on the top right
boundary of the sample with the increment of 0.01 m/s. The left, top left, and bottom left
boundaries were fixed to prevent movement.

Force
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Figure 4. Pre-cracked direct shear specimen illustrating the studied parameters v, L, 0, and JRC.

2.2.2. Models with Infilled Joints

In order to investigate the effect of the mechanical properties and the thickness of infill
mineral on the shear strength and shear failure behavior of the direct shear specimen, the
models were utilized with dimensions of 50 x 100 x 100 mm?. A lattice spring length
(resolution) of 1.0 mm was used in these shear models to simulate the infill behavior
efficiently. As shown in Figure 5, the shear models contain a single persistent joint with
various infill minerals, thicknesses, and JRCs.
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Figure 5. The geometry of the direct shear test sample with an infill thickness of 4 mm.

It should be noted that all infill minerals used in this study were weaker compared
with the hosted rock (Amphibolite). The micro- and macro-mechanical properties of the
infilled minerals and hosted rock are listed in Table 1. The mechanical properties of
amphibolite and quartz were determined from available input rocks in the LS-SRM. The
calcite, mudstone, and clay properties were taken from published studies [29-31] and
calibrated based on the method illustrated in Section 3.

Table 1. Micro- and macro-mechanical properties of the hosted rock and infilled minerals.

Hosted Rock Infilled Minerals
Mechanical Properties
Amphibolite Quartz Calcite Mudstone Clay
Density (kg/m?) 3001 2650 2700 2460 1600
micro 110.0 78.02 9.0 14.0 1.0
Young’s modulus (GPa)
macro 880.0 528.0 73.0 11.2 0.9
micro 225.0 175.0 75.0 25.0 0.2
UCS (MPa)
macro 298.0 231.0 90.0 43.0 0.4
micro 22.50 17.50 8.00 2.00 0.20
Tensile strength (MPa)
macro 22.5 17.50 8.00 2.10 0.20
o micro 26.56 26.56 30.00 45.00 26.00
Friction angle (°)
macro 26.56 32.80 32.00 36.40 18.70

3. Model Calibration

Unlike other DEM codes, the calibration procedure is less complicated in LS-SRM
because fewer micro parameters require calibration. A series of unconfined and confined
compressive strength tests and direct shear tests were performed on the LS-SRM to calibrate
the mechanical properties of the intact rock and joints. The loading rate and lattice spring
length utilized in calibration studies were constant (0.01 m/s and 2.0 mm, respectively).

3.1. Calibration of Rock-like Specimens

The behavior of the lattice spring model is controlled by elastic and strength micro-
properties such as the deformable modulus (E), UCS, and flat joint friction angle. These
micro-properties require calibration to simulate the exact macro-properties of the rock-like
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specimens tested in the laboratory. The flow chart in Figure 6 demonstrates the calibration
procedure of the rock-like specimens. For rock-like specimen calibration, equations pre-
sented by Al-E’Bayat et al. [32] were used for the initial micro parameter estimation. Since
the careful selection of the micro-scale input parameters is required to simulate the actual
behavior of the laboratory-scale specimens in the numerical simulation, fine calibration
is performed by regular trial-and-error iterations to achieve less than a 10% difference
between the models and experiments. A cubical specimen, the exact dimensions as the
laboratory specimens, 54 x 54 x 122 mm?, was used in the unconfined and confined com-
pressive tests. Although the calibration results in Table 2 showed that the micro and macro
values of the E and UCS were close together, the unconfined compression stress—strain
curves of the laboratory and LS-SRM did not match perfectly (Figure 7a). The reason is
due to the initial curvature of the crack closure in the laboratory specimens. Bastola and
Cai [33] also report a similar response.

Intact rock properties calibration

!

Choosing micro parameters
(numerical input)

[
! !

v

Triaxial ucCs
test test

) / | Aaaaa

Comparison with Foon
acceptable
(UCS, E, ¢, and ¢)
Intact rock is
calibrated

Cal”

Figure 6. A schematic of the intact rock UCS & TCS calibration procedure for the LS-SRM model.

Table 2. Experimental and numerical mechanical properties of the rock-like material.

Numerical
Intact Rock Properties Experimental
Micro-Properties Macro-Properties
Density (Kg/m?) 1610 1610 1610
Young’s modulus (GPa) 10.03 14.00 10.19
UCS (MPa) 31.32 26.00 30.71
Tensile strength (MPa) 343 343 343

Internal friction angle (°) 26.95 33.00 25.04
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Figure 7. (a) stress-strain plot of unconfined compression tests, and (b) o,—03 plot of conventional
triaxial tests.

The internal friction angle and cohesion were calibrated by conducting a confined
compressive test with low confining pressures of 2, 4, and 6 MPa. The LS-SRM results were
compared with the laboratory results, as presented in Figure 7b. The peak friction angle
of the flat joint (¢;,) was calibrated to obtain an optimal internal friction angle (¢). In the
lattice spring models, the target tensile strength (experimental value) always corresponds
to (ot)yic [33]. Table 2 summarizes the micro- and macro-mechanical properties of the
rock-like materials.

3.2. Calibration of Mechanical Parameters of Joints

The procedure for calibrating joint parameters is illustrated by a flowchart in Figure 8.
An unconfined compression test was performed to calibrate the deformability of the speci-
men with a single horizontal joint perpendicular to the axial load, as shown in Figure 9a.
The micro normal stiffness of the joint was adjusted to achieve the closest value of the
macro deformability of the system, in which the final micro normal stiffness of the joint
was 5.5 GPa/m. The direct shear tests were then executed on specimens containing a
persistent joint at the center of the specimen and perpendicular to the ¢, (see Figure 9b) to
calibrate the joint shear stiffness and joint friction angle. The micro- and macro-mechanical
properties of the joint are summarized in Table 3.
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Figure 8. A schematic of the direct shear calibration procedure for the LS-SRM model.
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Figure 9. The specimen for (a) the unconfined compression test for normal stiffness calibration and
(b) the direct shear test.

Table 3. Experimental and numerical mechanical properties of joint.

Numerical
Joint Properties Unit Experimental
Micro-Properties Macro-Properties
Friction angle (°) (Degree) 54.15 45.00 52.09
Deformability of the system (GPa) 4.03 5.50 3.97
Shear stiffness (GPa/m) (GPa/m) 1.19 1.05 1.18

3.3. Validation of LS-SRM Models

Due to the LS-SRM method being relatively new, the capability of the LS-SRM ap-
proach to simulate the shear strength value and failure mode of the rough pre-cracked
specimens that were experimentally performed by Asadizadeh et al. [16] was validated in
this section. Two experimental direct shear tests were selected and rebuilt in LS-SRM using
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the calibrated parameters. The first specimen contains two noncoplanar flaws with an y of
120° and L of 10 mm (Figure 10a). The second specimen (Figure 10b) contains two coplanar
flaws with an L of 10 mm. The loading rate of both specimens was 0.01 m/s, and constant
normal stresses of 1.33 and 3.00 MPa were applied at the right side of the noncoplanar and
coplanar specimens, respectively.

vwwwwl |l

= > =
S € -
—z P ¥
- —£
i » i
I -
- > -
N -
P < .
oA AAL A
LS-SRM
Experimental Experimental
(@) (b)

Figure 10. The geometry of direct shear specimens of (a) noncoplanar rock bridge specimens and
(b) coplanar rock bridge specimens.

Figure 11 illustrates the failure mode of the LS-SRM models and laboratory specimens.
The LS-SRM model predicts brittle failure in coplanar and noncoplanar rock bridges,
providing a close match to the experimental specimens. Also, the shear strength values of
the LS-SRM models were close to the experimental results, as shown in Table 4.

Table 4. Experimental and numerical results on specimens of the noncoplanar and coplanar rock bridge.

Specimen Method Shear Strength (MPa)
. Experiment 5.34
Noncoplanar rock bridge LS-SRM 508
Experiment 8.61

Coplanar rock bridge LS-SRM 9.
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LS-SRM  Experiment LS-SRM Experiment
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Figure 11. The failure mechanism of LS-SRM and experimental of (a) noncoplanar rock bridge

specimens and (b) coplanar rock bridge specimens.

4. Design of Experiments Based on Response Surface Methodology

Response surface methodology (RSM) is the most common optimization technique
developed by Box et al. [34]. Response surface methodology is a set of mathematical
and statistical tools used to design a functional relationship between input parameters
and response variables. Box-Behnken design can significantly minimize the number of
experimental sets without reducing the accuracy of the optimization. It was used efficiently
to minimize the number of computationally expensive models in FEM and DEM codes [35].
The RSM technique uses a combination of statistical and mathematical approaches to
identify the relationship between the response (output) and the model parameters (input),
which is not explicitly known [36].

The RSM technique was executed in five steps as follows:

(1) Defining the independent variables that have a significant impact on the model
response;

(2) Choosing the experimental design and performing the tests in accordance with the
experimental matrix chosen;

(3) The mathematical statistical analysis of the generated experimental data by the fitting
of a polynomial function;

(4) Assessing the model’s performance;

(5) Selecting the optimum values for each studied parameter [37].

Response surface methodology was adopted in this study, in which the JRC, , L, and
o were the independent variables, and the shear strength and shear stiffness were the
response variables. The responses were expressed using Equation (4), as follows [16,38,39]:

3 3 3 o3
y=PBo+ Yy BiXi+ Y BaXi+ Y Zj:i-i-l BijXiX; 4)

where y is a response variable, B;;, Bjj, p;, and By are the regression coefficients, and X; and
X; are the independent variables coded in a program according to:

X+ Xo

X‘
! Ax

©)
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where x is the value of x; at the center point, and Ay is the variation interval.
According to Box-Behnken'’s design, the minimum and maximum ranges for the four
independent parameters were demonstrated in terms of coded symbols in Table 5.

Table 5. Coded independent variables and their corresponding levels obtained from Box-Behnken design.

Level
Variable/Parameter/Factor Code
-1 0 1
Rock bridge angle (°) A 50 70 90
Rock bridge length (mm) B 10 20 30
Joint roughness coefficient C 0 10 20
Normal stress (MPa) D 0.5 1.0 1.5

Based on the Box-Behnken design, 29 direct shear tests were conducted numerically
using the LS-SRM approach, and the shear strength and shear stiffness of the samples were
calculated. The model results are presented in Table 6.

Table 6. Numerical Simulation results and their corresponding parameters.

L Normal Stress  Shear Strength ~ Shear Stiffness
©) (mm) JRC (MPa) (MPa) (GPa/m)
Intact sample 1.5 13.96 -
0-2 1.0 6.49 5.95
0o s 700 o0
18-20 1.0 6.49 6.00
02 0.5 5.20 5.27
1.5 8.24 6.07
50 20 10-12 1.0 6.77 5.07
N
0-2 1.0 6.76 5.75
W e N mw
18-20 1.0 6.67 5.39
10 10-12 1.0 5.91 5.73
0-2 1.0 7.18 5.95
noow wm B
18-20 1.0 6.95 5.80
30 10-12 1.0 6.61 5.47
10 12-12 1.0 6.19 5.05
0-2 1.0 7.05 5.08
T .
18-20 1.0 6.81 5.07

30 10-12 1.0 6.56 4.95
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The functional relationship between the dependent parameters (shear stress and
shear stiffness) and the independent parameters (,L, JRC, and ¢,,) were determined. The
mathematical model was presented for shear stress (7) and shear stiffness (ks) as follows:

T = —0.00597 4 (0.17695 x L) — (7.76468 x 07,) — (0.00618 x 7y x 07,) — (0.00399 x L2) — (0.00013 x JRC?)+

Shear Stress (MPa)

(2.4303 x 02) (©)

ks = 0.746 + (0.1457 x 7) — (0.0729 x L) + (1.2605 x 07,)=( 0.025 x 7 x 071) — (0.001 x 92) + (0.0015 x L2)

+(0.0004 x JRC? + (0.4604 x 02) 7

where A and B code for v and L, respectively. C codes for JRC and D codes for ¢;. These
equations demonstrated that all independent parameters affect rock samples’ shear strength
and stiffness. Shear stress and stiffness can be predicted for rock-like shear samples with
known 7, L, JRC, and ¢, values using the proposed equations (Equations (6) and (7)) in
a reasonable agreement with the adjusted R? of 0.91 and 0.83, respectively. Figure 12
illustrates how Equation (6) can predict the shear strength of pre-cracked specimens with
varying 7, L, JRC, and ¢,. The relationships between Equation (6) and the RSM results are
discussed in detail in the following section.

0 5 10 15 20  JRC
| | ] ] |
0.5 0.75 1.00 1.25 1.50 o,(MPa) o
| | | | |
8.0
< 8
D =5}
S
7 | ¢ C =
A -,/nA 2D 7+
= S
8 72
-
- <
6 _g 6 —
7}
=t
(]
S
5 5 5
A:y (%) -
B: L (mm)
C:JRC 4 4.00 9.00
407 D: o,(MPa) | | | \ T
T I I I | 4 5 6 7 8 9
50 60 70 80 90  y() Actual Shear Strength (MPa)
| I I | I
10 15 20 25 30 L (mm)
(a) (b)

Figure 12. (a) Effect of noncoplanar joint parameters on the shear strength of specimens with the
same joint length (2a = 10 mm). (b) Predicted vs. actual shear strength scatterplot of RSM results
(Equation (6)).

The Analysis of Variance (ANOVA) tables for the shear strength and shear stiffness
responses of pre-cracked shear samples are illustrated in Table 7 and Table 8, respectively.
For the variables, p-values (last column) lower than 0.05 indicate that the model terms are
significant, while values greater than 0.1 indicate that the model terms are insignificant.
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Table 7. ANOVA for response surface quadratic model for shear strength.

Source Sum of df * Mean F Value p-Value
Squares Square
Model 23.76 6 3.96 47.77 <0.0001
B: rock bridge length ~ 0.364 1 0.364 4.39 0.0479
D: normal stress 11.63 1 11.63 140.27 <0.0001
AD 0.28 1 0.28 3.38 0.049
B? 0.5455 1 0.5455 6.58 0.0177
C? 0.7343 1 0.7343 8.86 0.007
D? 1.60 1 1.60 19.34 0.0002
Residual 1.82 22 0.0829
Lack of Fit 0.000453 19 0.096

* df = degree of freedom.

Table 8. ANOVA for response surface quadratic model for shear stiffness.

Source Sum of df * Mean F Value p-Value
Squares Square
Model 4.78 8 0.5969 18.22 <0.0001
A: rock bridge angle 0.3228 1 0.3228 9.86 0.0052
B: rock bridge length 0.216 1 0.216 6.6 0.0183
D: normal stress 1.43 1 143 43.61 <0.0001
AD 0.4325 1 0.4325 13.21 0.0017
A? 0.8103 1 0.8103 24.74 <0.0001
B2 0.4175 1 0.4175 12.75 0.0019
C? 1.34 1 1.34 40.92 0.0001
D? 0.3158 1 0.3158 9.64 0.0056
Residual 0.6551 20 0.0328
Lack of Fit 0.6551 17 0.0385

* df = degree of freedom.

Table 7 shows that the ¢, and y have a primary role in the shear strength while the
p-value < 0.05. Shear stiffness was also affected by the ¢y, 7, and L of the rock bridge
(Table 8).

5. Results and Discussion
5.1. Results of Pre-Cracked Shear Specimens

According to the shear strength results in Table 6, the presence of two noncoplanar
joints significantly reduced the sample’s shear strength compared with the intact sample. In
all the models, the shear strength of the flawed samples containing two noncoplanar joints
was lower than that of the intact sample. Figure 12a illustrates the relationship between
each parameter of the noncoplanar joints with the shear strength. The peak shear strength
of the intact sample under 1.5 MPa normal stress was 13.92 MPa. On the other hand, as
given in Table 6, the shear strength of the pre-cracked samples ranged from 4.62 MPa
(y=>50° L =10 mm, JRC = (10-12), and o, = 0.5 MPa) to 8.24 MPa (v = 50°, L = 20 mm,
JRC = (0-2), and ¢, = 1.5 MPa). The average shear strength of all the pre-cracked samples
was approximately 6.46 MPa, which is approximately half of the intact model shear strength.
In contrast, the percentage difference between the maximum and minimum values and the
average value was about 26 % of the intact model shear strength. The scatter plot of the
model results against the values predicted by Equation (6) are presented in Figure 12b.

5.1.1. Effect of Normal Stress on the Pre-Cracked Shear Specimens

Figure 12a illustrates the relationship between the oy, and the shear strength of pre-
cracked samples, as it is known that the shear strength increases when oy, increases. The
RSM results showed that the shear strength at higher ¢, (above 1.33 MPa) remained
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relatively constant with a slight decrease. The reason for the decrease was the interlocking
cracks at the asperities of the joints with high JRC profiles; asperity interlocking caused
tensile cracking and decreased the shear strength.

Figure 13 shows the shear stress—shear displacement curves of pre-cracked samples
with constant values of  (90°), L (20 mm), and JRC of 10-12 in three constant o,. The
failure patterns in the rock bridge area in the samples were identical. As presented on the
shear stress—shear displacement curves, the first wing crack initiation at the inner tip of the
pre-existing joints caused a drop in the shear strength at points A and A’. Cracks continued
to propagate until they coalesced with the other wall of the pre-existing joint. This caused
a brittle failure in the rock bridge without coalescence at the inner tip of the pre-existing
joints, leading to peak failure at points B and B/, shown on the curves. After that point,
wing cracks are initiated at the outer tip of the pre-existing joints, propagate curvilinearly
for a distance, then grow parallel to the shear loading direction. Finally, secondary cracks
formed and propagated from the specimen wall toward the outer tip of the pre-existing
joints until the specimen failed at points C and C’. Although the failure mechanism at
the rock bridge area looked similar in both specimens, the wing cracks at the edge of the
specimens under low oy, dipped steeply in the direction of ;. Another observation was
that the specimens tested with lower oy, had relatively higher cracks than those under
higher 0. The higher o, restricted the propagation of tensile wing cracks.

T
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8.0 | | —6,=0.5 MPa B > =
—0,= 1.0 MPa [’ g
7.0 ——o0,= 1.5 MPa > é o,
=60 > =
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Shear Displacement (mm)

Figure 13. Shear strength—shear displacement curve for pre-cracked specimens under the o, of 0.5
and 1.5 MPa.

5.1.2. Effect of Rock Bridge Angle on the Pre-Cracked Shear Specimens

Figure 14 depicts the RSM findings in a 3D surface plot to better understand the
mutual interactions on the peak shear strength, , and ¢, of pre-cracked specimens. The
results showed that the shear strength decreased by around 10% when the y changed
from 90 to 50° under 1.5 MPa ¢;;. A monotonic shear strength increase was observed for
specimens having 7y = 90°, whereas shear strength reached a constant at the lower values
of oy, for any vy < 90°. Figure 12b shows the shear strength results calculated from RSM and
Equation (6). The plot illustrates that the estimations by Equation (6) are close to the RSM
results, having an error of less than 5%.
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Figure 14. The RSM result for impacting y on the shear strength of noncoplanar pre-cracked samples.

Although the 7 slightly affected the shear strength of the pre-cracked specimens, the
spatial distribution of the microcracks in failed specimens with different 7y could reflect
various failure patterns, as shown in Figure 15. Under specific (plane stress) conditions,
cracks form in two types: wing cracks and shear cracks. Wing cracks were classified as
tensile cracks, initiated at the tip of pre-existing joints after the slip has occurred along the
pre-existing joints and propagated in a stable manner in a curvilinear path towards the
loading direction. Shear cracks were observed after wing cracks, which were initiated at

the edges of the specimens. It should be noted that in a 3D condition, tearing mode could
generate another type of crack than tensile and shearing.

Pre-existence Pre-existence
cracks cracks
First wing Secondary
RS . X shear cracks
First wing «§_crack”
cracks

(@) (b)

Figure 15. Failure mechanism in pre-cracked shear specimens with -y of (a) 50° and (b) 90°. Microc-
racks shown by the light blue dots.

In a specimen with v of 50° (see Figure 15a), the tensile wing cracks started at the
inner tip of joints and propagated toward the other joint wall through the rock bridge area.
Haeri [40] also reported a similar failure pattern in specimens with overlapping pre-existing
joints. In contrast with overlapping pre-existing joints, the S-shaped crack was observed in

the specimen without joint overlapping (y = 90°) (see Figure 15b). It should be noted that
the S-shaped crack is classified as a shear-tensile crack [16].
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5.1.3. Effect of Rock Bridge Length on the Pre-Cracked Shear Specimens

The effect of L on the shear strength of noncoplanar pre-cracked specimens can be
seen in Figure 12a. The results demonstrated that increases in L (from 10 to 20 mm)
increased shear strength by approximately 10%. This result was expected since increases
in L increased the intact rock bridge size, enhancing the strength of the rock specimens.
However, increases of L of more than 25 mm led to a decrease in the shear strength. In
cases where L is over 25 mm, the shear strength decreases due to a decrease in microcrack
density that increases the cohesion and decreases the rock bridge’s friction angle [41].

5.1.4. Effect of Joint Roughness Coefficients on the Pre-Cracked Shear Specimens

The effect of the [RC on the shear strength of noncoplanar pre-cracked specimens is
illustrated in Figure 12a. According to Barton’s [42] formula expressed in Equation (8), the
JRC significantly affects the shear strength of specimens with a fully persistent rough joint.
Nevertheless, the RSM results could not capture the impact of the JRC on the shear strength
of non-persistent pre-cracked specimens.

T = 0], tan {gor + JRClog, (](SSH 8)

n

where T is the peak shear strength, 0'/” is the effective normal stress, ¢, is the residual
friction angle of the joint, and JCS is the joint wall compressive strength.

In order to emphasize the influence of the JRC on pre-cracked shear specimens, copla-
nar shear models with a varying JRC and joint continuity factor (k), given by Equation (9),
were performed. A high resolution of 1 mm lattice spring length was used to ensure that
the asperity of joint roughness was captured. The results in Figure 16 agree with the RSM
results in Figure 12. They indicated that the JRC had no apparent impact on the shear
strength and shear behavior of noncoplanar and coplanar pre-existing joints.

80 | _ jrRC=02
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Figure 16. Shear stress—shear displacement curves for specimens varied in K and JRC.

It is common knowledge that joint roughness significantly impacts shear strength
and the shear behavior of rock discontinuities. However, this fact is overshadowed in our
models due to the non-persistency of the joints. Joint persistency impacts the shear strength
response much more than the joint roughness, and the JRC impact can only be captured by
models having fully persistent joints.

P 9
(Lt L) ©

where L; and L, are the lengths of the joint and of the rock bridge, respectively.
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5.2. Results of Shear Specimens with Infill Mineral

The chemical and physical weathering processes cause a gradually weathered joint
wall. Therefore, fine-grained infill minerals may accumulate between joint walls over
time. These minerals may increase or decrease the shear strength of the rock based on the
mineralogy, thickness, and roughness of the infilled wall. This section quantifies the effect
of infilled minerals, infill thickness (aperture), and the infilled wall roughness on the shear
strength of amphibolite specimens. All the LS-SRM models were conducted at a constant
op of 1.5 MPa and a constant loading rate of 0.01 m/s. The lattice spring length (1.0 mm)
is small enough to ensure that at least four lattice springs were placed within the infill
thickness of 4.0 mm.

5.2.1. Effect of Rock Bridge Length on the Pre-Cracked Shear Specimens

Figure 17 illustrates the peak shear strength of amphibolite specimens with different
infill minerals. It is apparent that the infill minerals’ strength controlled the specimens’
peak shear strength. The results demonstrated that the shear strength decreased as the infill
mineral strength decreased. The minimum shear strength reduction of the amphibolite
specimen (77.46 MPa for no filling condition) was 7% in the quartz-infilled specimen, and
the maximum shear strength reduction was 99.5% in the clay-infilled specimen.

80
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(=3

(=2
o

60%

wn
(=}
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S
(=]

100%

- 047—

Quartz Calcite Mudstone Clay
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Shear strength (MPa)

(=}

m Shear strength Shear reduction

Figure 17. Effect of infilled mineral on the peak shear strength of rock specimens.

The specimen with no infill failed after shear cracks initiated and propagated, follow-
ing wing cracks from the edge of the specimen toward the center in a parallel direction
with the loading axis (see Figure 18a). A similar failure pattern was observed in a quartz-
infilled specimen, except the failure path was developed partly through the infill and
partly through the host rock since the quartz strength (231 MPa) was close to the host rock
strength (298 MPa). Shear bands cut through the infilled mineral parallel to the shear zone
boundaries. Notable tensile wing cracks were observed in the host rock with medium
(calcite, UCS = 90 MPa) and weak (mudstone, UCS = 43 MPa) infilled minerals. A pure
shear failure occurred through the clay-infilled joints, representing a very soft mineral
(UCS = 0.2 MPa).

In the case of specimens with infill minerals and having a 10% rock bridge, the peak
shear strength increased compared to fully persistent infilled cases (see Figure 19). The
shear strength of a quartz-infilled specimen increased by 1% due to the percent of rock
bridge, while the shear strength was increased more than 8 times in a specimen with soft
infill (clay), as illustrated in Figure 19.
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Figure 18. Failure mechanisms in shear specimens with (A) no infill, (B) quartz infill, (C) calcite infill,
(D) mudstone infill, and (E) clay infill.
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Figure 19. Peak shear strength of rock specimens with fully persistent filling and having 10% rock bridge.

5.2.2. Effect of the Infill Thickness on the Shear Specimens

In order to investigate the impact of infill thickness, three amphibolite shear specimens
with calcite infill thicknesses of 4.0, 8.0, and 12.0 mm were modeled under oy, of 1.5 MPa.
These thickness values were selected to ensure that at least four lattice springs were placed
within the infill area with a resolution of 1.0 mm, where the recommended resolution in
LS-SRM is 2.0 mm [2]. The results illustrated that the infill thickness had no apparent
effects on shear strength, where the shear strength of the filling specimens was about
30 MPa, which is close to that of the intact calcite specimen (32.87 MPa). Therefore, it is
concluded that the infill mineral controls the entire specimen’s shear strength rather than
infill thickness.

Figure 20 shows the failure mechanisms of calcite-infilled specimens with different
infill thicknesses. The failure mechanisms were almost identical in three different infill
thicknesses. Tensile wing cracks were initiated at the edge of the specimen and propagated
through the hosted rock; then, shear cracks were initiated and propagated through the
infilled minerals and formed shear bands. Generally, shear bands were formed in a thin
layer of rock weaker than the surrounding rock. The results indicated that the intensity of
the shear bands increased as the infill thickness decreased.
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Figure 20. Failure mechanisms in calcite-infilled specimens with calcite-infill thicknesses of (A) 4 mm,
(B) 8 mm, and (C) 12 mm.

5.2.3. Effect of Infill Waviness on the Shear Specimens

In order to quantify the effect of the JRC on the strength of infilled specimens, nine
shear models were generated (quartz, calcite, and mudstone-infilled joints with three
different JRC profiles). The results, presented in Figure 21 demonstrated that the infill
wall roughness had no apparent effect on the shear strength of specimens for the same
infilled minerals. In contrast, the type of mineral considerably impacted the shear strength
of specimens: joints having strong mineral infill had higher shear strength, as illustrated in
Section 5.2.1. Figure 22 illustrates the failure mechanisms of shear specimens with strong
mineral infill (calcite). The shear bands were clearly observed throughout the infilled
mineral in all specimens. In addition, some cracks were initiated at the asperity of rough
filling walls and propagated through the hosted rock.
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Figure 21. Shear strength of quartz, calcite, and mudstone-infilled specimens with varying infill JRC
under 0.5 MPa oy,.
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Figure 22. Failure mechanisms in calcite-infilled specimens with (A) 0-2 JRC profile, (B) 10-12 JRC
profile, and (C) 18-20 JRC profile.

6. Conclusions

In this study, the effects of non-persistent joint and infill parameters on shear strength
and shear failure behavior were investigated by numerical modeling. The available ex-
perimental results were utilized for calibrating and validating the Lattice-Spring-Based
Synthetic Rock Mass (LS-SRM) models. The calibrated mechanical properties of pre-cracked
specimens were used to study the impact of the [RC, rock bridge angle (-y), rock bridge
length (L), and normal stress () parameters on shear strength and shear failure behavior.
In addition, the influence of infilled mineral thickness and infilled wall roughness on the
shear strength of Amphibolite specimens was investigated. Since the Response Surface
Methodology (RSM) method has an advantage over other statistical methods in reducing
the number of required models, the models were built with this method.

The LS-SRM models indicated that the failure mechanisms were approximately the
same in pre-cracked specimens where tensile wing cracks started at inner flaw tips and
propagated in the rock bridge in a stable manner in a curvilinear path toward the loading
direction. Then, secondary shear cracks initiated at the outer flaw tips toward the edge of
the specimen and coalesced with the other wing cracks.

The obtained results show that o, was the most significant parameter affecting the
shear strength and stiffness of pre-cracked specimens, as expected. As o, increased, the
shear strength and stiffness increased. The second parameter that affected the shear strength
and failure pattern was <, where the shear strength slightly increased as overlapping
percentiles increased. For L, shear strength increased 10% when L increased from 10 to
20 mm. A different failure mechanism was observed in specimens with L over 25 mm:
since the cohesion of the rock bridge increased and the friction angle decreased due to the
reduced intensity of cracks, shear strength decreased.

The presence of rock bridges in non-persistent pre-cracked specimens restricted the ef-
fect of the JRC on shear strength and behavior. The results indicated that the increased joint
continuity factor (K) significantly increased the shear strength of pre-cracked specimens
compared with the JRC effect.

The presence of joint infill decreased the shear strength. This decrease depended on
the strength of the infilled mineral, where the decrease was significantly more in specimens
with a soft infill mineral. Although the infill wall roughness had no apparent effect on
shear strength, the failure mechanism was affected by infill wall roughness.
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