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ABSTRACT

This paper investigates the influence of two key properties of rock joints, namely orientation and infilling material, on the
strength and deformation behavior of jointed rock. To achieve this objective, numerical experiments were conducted using the
UDEC code based on the discrete element method (DEM). The simulations involved uniaxial compression tests on a limestone
rock specimen with a single joint. Twelve models of jointed rock were created, incorporating three different types of infilling
materials (F1, F2, and F3) and four joint orientation angles (0°, 45°, 60°, and 90°). A novel technique based on the equilibrium
principle of the models during loading was employed to mimic realistic static loading conditions, ensuring controlled
application of axial loads and preventing sudden catastrophic failure. Two-dimensional (2D) models were used to evaluate the
computational models' uniaxial compressive strength (UCS) and stress-strain behavior. The results indicate that the
combination of joint orientation angle and infilling material significantly influences jointed rock's strength and deformation
behavior. Under pressure, the jointed rock models exhibit orientation and infilling material-dependent behaviors, leading to
varying UCS values. The UCS of jointed rocks decreased as the orientation angles increased from 0 to 60 degrees, ranging from
25 MPa for the strongest infilling material (F1) at a joint orientation angle of 0° to 0.63 MPa for the weakest infilling material
(F2) at a joint orientation angle of 60°. The maximum UCS values of jointed rock were observed at a joint orientation angle of
90°: 26.3 MPa for F1, 22.1 MPa for F2, and 24.1 MPa for F3 infilling materials. The deformation behaviors of the jointed rock
are nonlinear and ductile, irrespective of the orientation and infilling materials of the rock joint. These findings highlight the
importance of considering the combined effect of joint properties to reduce uncertainty in the strength and deformation

parameters of jointed rock.
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L. INTRODUCTION

Determining the properties of rock masses is a
crucial aspect of geotechnical problems (Pine and
Harrison, 2003). A rock mass consists of intact rock with
discontinuities (Priest, 1993). However, determining
their properties is challenging due to the complex and
variable nature of rock masses (Zhang, 2016). The
strength and deformability of rock masses are influenced
by the inherent characteristics of intact rock and the
presence of discontinuities within it (Noorian-Bidgoli,
2014). Consequently, rock masses cannot be treated as
CHILE (continuous, homogeneous, isotropic, and linearly
elastic) materials but rather as DIANE (discontinuous,
inhomogeneous, anisotropic, and nonlinear elastic)
materials (Hudson and Harrison, 2000). Strength is a
critical parameter in rock mass engineering, as it
significantly impacts rocks' mechanical behavior and
fracture mechanisms (Qi et al.,, 2020). Given that most
rock structures experience pressure, accurately
determining the compressive strength of the rock mass

is of utmost importance (Gupta and Rao, 2000; Zhang,
2010), particularly for designing and analyzing the
stability of various surface and subsurface structures.
Discontinuities encompass weak natural surfaces
within the rock, including joints, faults, bedding planes,
folds, schistosity planes, sheared zones, and faults (ISRM,
1978). With their diverse geometric and mechanical
characteristics, discontinuities are pivotal in defining a
rock mass (Wines and Lilly, 2003). Consequently,
discontinuities within a rock mass lead to spatial
heterogeneity and directional anisotropy (Noorian-
Bidgoli and Jing, 2014). Moreover, each type of
discontinuity possesses distinct characteristics that can
influence the strength behavior of the rock mass (Han et
al,, 2022; Xu et al,, 2024). For instance, joints, the most
common type of discontinuity in nature, exhibit
properties such as dip (Han et al.,, 2018), dip direction, or
orientation (Kulatilake, 1985; Basu et al., 2009; Kumar et
al,, 2018), size or trace length (Cruden, 1977; Kulatilake,
1984), aperture (ISRM, 1978), frequency (Song, 2006),
spacing (Priest and Hudson, 1976; Rives, 1992), infilling
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material (ISRM, 1978; Gong et al, 2018; Cui and
Gratchev, 2020; Zhao et al., 2020), density (Jia et al.,
2025), roughness (Shan et al.,, 2025), and persistence
(Einstein et al., 1983; Kim et al., 2007; Das and Singh,
2020). These characteristics necessitate a
comprehensive investigation when determining the
strength behavior of the rock mass (Wu et al., 2022;
Wang et al,, 2025).

The uniaxial or unconfined compressive strength
(UCS) serves as a widely employed metric for measuring
rock strength (Hoek, 1983; Brook, 1993; Hoek and
Brown, 1997; Wang et al.,, 2022). Various direct and
indirect methods, including experimental, empirical, and
theoretical-analytical approaches, can be employed to
determine this strength (Hoek, 1977; Jade and Sitharam,
2003; Del Potro and Hiirlimann, 2009; Que et al., 2021;
Que et al., 2023; Li et al., 2025). Accurately estimating
this property is essential for conducting any type of
analysis in rock engineering design (Hoek, 2000).

Experimental methods encompass both in-situ
(Bieniawski, 1968; Bieniawski and Van Heerden, 1975)
and laboratory tests (Franklin and Chandra, 1972;
Ramna and Venkatanarayana, 1973; Szlavin, 1974; Lama
and Vutukuri, 1978; Reik and Zacas, 1978; Gaviglio,
1989; Gupta and Seshagiri, 1998; Al-Harthi, 1999;
Starzec, 1999; Plinninger et al., 2003; Dinger et al., 2004;
Yasar and Erdogan, 2004; Aydin and Basu, 2005; Alber et
al., 2007; Buyuksagis and Goktan, 2007; Ji et al., 2007;
Kahraman and Yeken, 2008; Basu and Kamran, 2010;
Kayabali and Selcuk, 2010; Rahmouni et al., 2013; Aydan
etal., 2014; Aladejare, 2020; Zhong et al., 2020; Kumar et
al,, 2022; Singh and Khalkho, 2023; Zhao et al., 2025) that
provide direct measurements of rock strength and
deformation parameters (Ozsan and Akin, 2002).
Laboratory testing offers the advantage of assessing the
compressive strength of small rock samples using
precise and efficient measuring devices, following
standardized protocols (Ulusay and Hudson, 2007).
However, determining the UCS of the entire rock mass in
the laboratory is challenging since it requires intact and
large samples that accurately represent the conditions of
discontinuities within the rock. Consequently, the results
obtained from small rock samples may not reflect reality.
To address this limitation, in-situ field tests employing
various devices (Fig. 1) have been developed to directly
assess the strength and deformation parameters of rock
masses (Rix et al,, 2019). While these methods yield
results closer to reality, they are often time-consuming,
costly, and associated with implementation difficulties.

Given the drawbacks and complexities of direct
methods, several empirical approaches (Karakul and
Ulusay, 2013) have been developed to estimate rock
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strength indirectly. Some of these methods fall under the
category of rock mass classification systems, drawing on
experiences gained from diverse engineering projects
(Hashemi et al., 2010; Singh and Goel, 2011). Notable
empirical methods include rock mass rating (RMR)
(Bieniawski, 1974), geological strength index (GSI)
(Sonmez and Ulusay, 1999; Cai et al., 2004; Huang et al,,
2019), and rock mass index (RMi) (Palmstréom, 1996).
Failure criteria, such as the Hoek-Brown criterion (Hoek
et al, 2002), can also be used to predict the strength
parameters of rock masses (Bagheripour et al., 2011).
One advantage of these methods is their simplicity, as
they do not require numerous parameters to estimate
rock mass strength. However, their results tend to be less
accurate and reliable due to the omission of influential
factors, such as the characteristics of discontinuities.
Additionally, since the development of these methods is
based on data obtained from specific regions, their
applicability may be limited in other locations.

Given the limitations and drawbacks of practical and
empirical methods in estimating rock mass strength, it is
crucial to develop a precise and essential method that
can effectively assess the impact of discontinuities on
rock mass strength. Theoretical-analytical methods fall
under indirect approaches, capable of simulating real-
world problems using mathematical frameworks (Lawal
et al.,, 2022). These methods can be classified into two
categories: novel and numerical methods.

Novel methods encompass computational analytical
techniques that employ mathematical modeling to
determine optimal values in complex problems,
considering various objectives and constraints. These
methods often draw on operations research techniques
such as linear and nonlinear programming, Monte-Carlo
simulation, and others (Grima and Babuska, 1999;
Meulenkamp and Grima, 1999; Gokceoglu, 2002;
Gokceoglu and Zorlu, 2004; Tiryaki, 2008; Zorlu et al,,
2008; Beiki et al., 2010; Dehghan et al.,, 2010; Cevik et al,,
2011; Mishra and Basu, 2013; Wang and Aladejare,
2015; Jahed Armaghani et al., 2018; Aliyu et al., 2019;
Gupta and Natarajan, 202; Dadhich et al., 2022; Zhang et
al,, 2022). Artificial neural networks (ANN), neural-fuzzy
inference systems (ANFIS), and evolutionary, machine
learning techniques and meta-heuristic algorithms
(Fattahi and Hasanipanah, 2021; Jing et al,, 2021; Lei et
al, 2022; Li et al,, 2023; Li et al,, 2023; Yu et al., 2023),
among others, can also be utilized in this context. While
these methods offer high flexibility, reduced
computational time, and the ability to consider
quantitative and qualitative criteria, their reliance on
random processes can lead to irreproducible results,
introducing uncertainty and unreliability.
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Fig. 1. The in-situ field tests for rock mass characterization (Rix et al., 2019)

On the other hand, numerical methods provide highly
accurate calculations based on differential or integral
equations, solving complex problems that may be
challenging or impossible to solve with other techniques
(Jing and Hudson, 2002; Tang et al., 2020). Previous
research has demonstrated the reliability of numerical
methods in modeling rock masses (Tang et al., 2000;
Kulatilake et al., 2001; Min and Jing, 2003; Xu et al., 2013;
Seshagiri Rao, 2020; Li and Zhao, 2021). In most
numerical methods, the behavior of the rock mass is
assessed by dividing it into numerous small elements
and analyzing their behavior (Kulatilake et al., 2015; Guo
et al, 2016). The fundamental requirement for the
numerical analysis is dividing the rock mass into
elements with similar properties and characteristics
based on geological studies and rock engineering
classifications. An outstanding feature of this method is
the creation of continuous or discontinuous models
comprising structural complexities and rock blocks,
enabling more accurate analysis. The choice between
continuous and discontinuous models depends on
various factors specific to the problem, such as scale,
joint system geometry, and discontinuities and spacing.

The Discrete Element Method (DEM) is a numerical
method widely used in rock mechanics for analyzing
discontinuous media (Jing, and Stephansson, 2007;
Shimizu et al., 2010). Initially introduced by Cundall in
1974, DEM focuses on investigating the deformation of
rock blocks by treating discontinuities as boundaries
between these blocks (Cundall, 1980; Cundall and Hart,
1992). Rather than individual block failure, DEM
considers failure as the movement of blocks along
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discontinuities (Choi and Coulthard, 2020). This
approach is particularly suitable when the displacement
of discontinuities dominates over block deformation.
Due to its high accuracy, DEM has become a prevalent
method for stress-deformation analysis in various
fractured rock structures (Alshkane et al., 2017).

The Universal Distinct Element Code (UDEC) is a
powerful two-dimensional numerical program based on
the discrete element method (DEM), capable of modeling
fractured rock masses with rock blocks and fractures
(Itasca, 2004; Lawankar et al., 2024; Jaberi and Zare,
2025; Zhang et al., 2025). The model represents a
collection of discrete blocks separated by joints, allowing
the investigation of stress-strain behavior by selecting a
constitutive model for the rock mass.

To obtain realistic results regarding the properties of
rock masses, it is essential to conduct tests on rock
samples containing discontinuities. In practical
engineering applications, rock structures contain many
joints with infilling material in varying orientations. The
strength and deformation behavior of jointed rock filled
with material is unclear. Therefore, it is necessary to
investigate the mechanical behavior of filled jointed
rocks under compression conditions.

In this study, we investigate the influence of joints, a
common type of discontinuity in rock masses, on the
strength and deformability of the rock. Specifically, we
focus on two critical characteristics of joints: orientation
and infilling material, and their impact on the uniaxial
compressive strength of the rock. To achieve this, we
employ the discrete element numerical method (DEM)
using the UDEC code to simulate uniaxial compression
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tests on a limestone sample containing a single joint.
Subsequently, we conduct a sensitivity analysis to
explore how joint parameters affect the strength and
deformability of the rock model.

I1. NUMERICAL MODELING PROCEDURE

In this study, we simulate uniaxial compressive
strength tests on a jointed rock model using UDEC code.
Numerical prediction through discrete element methods
(DEM) is an effective approach for modeling. DEMs
provide explicit representations of joint system
geometry and their constitutive behaviors, as well as
those of intact rock. To achieve this, an investigation was
conducted using numerical experiments simulating
typical laboratory compression tests to determine
jointed rock models'" compressive strength and
deformation parameters. Fig. 2 illustrates the flowchart
utilized in this study for a numerical strength-
deformation analysis process in jointed rock using UDEC.
The wuniaxial compressive loading conditions are
consistent with standard laboratory tests for intact rock
samples.

To begin, we create a model geometry that resembles
a cylindrical rock sample typically used in laboratory
testing. The two-dimensional model takes the form of a
rectangular shape with dimensions of 0.109 meters in
length and 0.054 meters in width. Each model consists of
an intact rock specimen with a single joint positioned at
the center, varying in orientation and infilling materials.

Assigning mechanical
properties of rock and
joints to the model

Creating model geometry
(For rock and joints)

Axial loading at a
constant rate to the upper
surface of model

Determining the
initial and boundary
conditions of model

Model
reached to
equilibrium?

Repeat loading until
equilibrium is
reached

Fig. 2. Flowchart for a numerical strength-deformation
analysis process in a jointed rock using UDEC

To examine the influence of joint orientation on
uniaxial compressive strength, we utilize four models
with orientation angles of 0°, 45° 60° and 90°.
Additionally, to explore the impact of joint infilling
material, we employ three types of infilling materials
(F1, F2, and F3) with distinct mechanical properties
(Table 1) for each model. Thus, 12 models (four joint
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orientation angles combined with three infilling material
types) are developed for this research.

Table 1. Material properties of joint infilling material

Property Infilling material type
F1 F2 F3
Uniaxial compressive strength 392 0.62 290
(MPa)
Friction angle (°) 32.10 | 34.34 | 36.34
Cohesion (MPa) 0.106 | 0.278 | 0.17

The mechanical properties of the intact rock in our
study are similar to those used by Mokhtarian et al
(2020) for a specific limestone type. The relevant
mechanical properties of limestone and the joint are
provided in Table 2. We adopt the Mohr-Coulomb
behavior model to assign material properties to the
jointed rock model, as the necessary parameters are
readily available.

Table 2. Material properties of intact rock and joint

Mechanical properties Value
Density 2700 Kg/m3
Young's modulus 96 GPa
Intact rock | Poisson’s ratio 0.37
Friction angle 25.67°
Cohesion 9.17 MPa
Joint Joint normal stiffness (Kn) 1000 GPa/m
Joint shear stiffness (Ks) 1000 GPa/m

Upon assigning the mechanical properties to the
jointed rock model, the software automatically
generates the mesh for the model. The meshing process
for the four orientation angles is illustrated in Fig. 3.

(d) (© (b) (@)
Fig. 3. Geometry and meshing of the jointed rock model with
joint’s orientation of (a) 0°, (b) 30°, (c) 45°, and (d) 90°

Next, we proceed to simulate the uniaxial
compression test by applying a uniform and continuous
load (y) to the upper surface of the model (Fig. 4). The
calculation involves adding the increment in vertical
forces (Ay) to the sum of forces applied from previous
time steps (y + Ay). Typically, a lower loading rate
requires more time but yields higher calculation
accuracy. In this research, we assume an axial loading
rate of 0.05 MPa per second.
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Fig. 4. Boundary conditions of the model in uniaxial
compressive strength test

Before running the model with applied boundary
conditions, efforts are made to replicate laboratory
conditions for loading. As depicted in Fig. 4, the
displacement at the lower level of the model is assumed
to be zero in both the x and y directions. By fixing the
displacement of the two side walls of the model along the
y-axis, we allow movement of these boundaries only
along the x-axis.

Observation points on the model are commonly
utilized to monitor and analyze changes in displacement,
stress, strain, etc., during the simulation stages. For this
research, we employ nine observation points. These
points consist of four corner points (two upper and two
lower); one at the center of the upper surface, one at the
center of the lower surface, one at the model's center,
and two at the beginning and end of the joint. Among
these points, the location of the two points on the model
joint differs depending on the joint's orientation. Fig. 5
illustrates the defined locations for recording
observation points in each model. These points serve to
verify the model's equilibrium during loading.

o &
2 A L4

(d) (© (b) @)

Fig. 5. Schematic of the location of 9 observation points on
the jointed rock model with joint’s orientation of (a) 0°, (b)
30°, (c) 45°,and (d) 90°

The discrete element method relies on explicit
solutions, making the time step crucial in each model
run. When the automatic mode is selected during model
execution, the overall equilibrium of the model is
typically the criterion for determining the end of
problem-solving. In this research, an innovative method
has been employed to ensure that every point in the
model reaches equilibrium at each implementation step.
This method has been previously used and validated in
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the author's earlier research (Noorian-Bidgoli et al.,
2013). While this method is more time-consuming than
conventional approaches involving loop definition, it
yields accurate results.

Typically, in numerical modeling with loop definition,
the model is automatically saved, and the next step is
executed after each run. However, the method used in
this research follows a different approach. After each
loading during a specific cycle and model run, the history
of unbalanced forces is examined at all observation
points. If the unbalanced forces have reached zero or are
close to zero over time, the model is manually saved, and
the next cycle begins. If the model has not yet reached
equilibrium, it requires further cycles. This execution
process is repeated systematically until the rock model
reaches its ultimate strength. Fig. 6 illustrates the
complete history of unbalanced forces for the first ten
steps in the single-joint model with a 45° orientation
angle and infilling material type F1.

(e~00=2)
z.40

| 1
l l\ l\ | '1 !' L\ \ l \

\
©.c0 A T . U o SO . N .

=2.00
(e-003)>

Maximum unbalanced force (N)

Time (s)
Fig. 6. Variations of unbalanced forces concerning time during
the uniaxial compressive strength test

Table 3 presents the number of steps performed in
each model. It is evident that the number of model
execution steps increases as the joint's orientation angle
increases. Furthermore, the model with infilling material
type F2 requires more execution steps compared to
other models.

TABLE 3. NUMBER OF EXECUTED STEPS IN EACH JOINTED MODEL

e . Infilling material type
Joint’s rientation () 1 2 3
0 6258300 6993000 6119700
45 11002300 | 11554750 | 7885070
60 12225550 | 12998250 | 10078300
90 13227160 | 13259970 | 12888450

In the DEM, due to the physical presence of damping
in nature and the depreciation of energy, as well as the
numerical stability of calculations, damping should be
used somehow to minimize the kinetic energy of this
dynamic system. Therefore, in this modeling, local
damping has been used to minimize the fluctuations
caused by model failure.
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The uniaxial compressive strength (UCS) obtained
from modeling was compared to the UCS measured
during experimental tests (Mokhtarian et al., 2020) to
validate the numerical models. This comparison was
conducted for jointed rock samples with infilling
material type F1 and joint orientation angles of 0°, 45°,
60°, and 90° (Fig. 7). This process quantitatively
measures how closely the model's predictions agree
with experimental observations. However, this figure
clearly shows that the results agree with each other. The
UCS values confirm that the simulation process was
conducted correctly.

«ss i+« Numerical A

B

0

=——4— Experimental

2
=}

—
L

USC (MPa)

—_
o

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Joint angle (°)

Fig. 7. Comparison of experimental and numerical UCS
values for rock samples containing infilling material type F1
and with joint orientation angles of 0°, 45°, 60°, and 90°

I1I. RESULTS AND DISCUSSION

In the DEM, the application of an external force to the
surface unit (stress) creates irregularities that are
propagated through successive contacts between the
blocks. Each rock block is influenced by force exerted by
its adjacent block, following Newton's second law,
resulting in strain within the model. This research
focuses on obtaining axial stress-axial strain curves after
each model implementation.

Fig. 8 displays the stress-strain curve for the case
where the joint orientation angle is zero degrees. The
graph reveals that the uniaxial compressive strength of
the model remains similar across the three types of joint
infilling material. This suggests that when the loading
direction is perpendicular to the joint orientation, the
type of infilling material has minimal impact on the
uniaxial compressive strength of the jointed rock model.

Furthermore, Fig. 9 presents the stress-strain curve
for a joint orientation angle of 45 degrees. In this case,
models with infilling materials F1 and F3 exhibit the
lowest and highest uniaxial compressive strength,
respectively. Referring to Table 1, which lists the
mechanical properties of the infilling materials, it is
evident that the uniaxial compressive strength of the
jointed rock model is proportional to the friction angles
of the infilling material. Specifically, infilling materials F1
and F3 possess the lowest and highest friction angles,
respectively. Consequently, it can be concluded that the
friction angles of the infilling material play a significant
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role in determining the uniaxial compressive strength of
the jointed rock model at this orientation angle.
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Fig. 8. Axial stress versus axial strain curves for jointed rock
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Fig. 9. Axial stress versus axial strain curves for jointed rock

model with varying infilling materials and joint orientation

angle equal to 45 degrees

Similarly, Fig. 10 illustrates the stress-strain curve for
a joint orientation angle of 60 degrees. In this scenario,
models with infilling materials F1 and F2 exhibit the
lowest and highest uniaxial compressive strength,
respectively. Again, referring to Table 1, the uniaxial
compressive strength of the jointed rock model is
proportional to the cohesion of the infilling material.
Notably, infilling materials F1 and F2 possess the lowest
and highest cohesion, respectively. Thus, it can be
concluded that the cohesion of the infilling material
significantly influences the uniaxial compressive
strength of the jointed rock model at this orientation
angle.

Fig. 11 presents the stress-strain curve for the case
where the joint orientation angle is 90 degrees. As
depicted in the graph, models with infilling materials F3
and F1 exhibit the lowest and highest uniaxial
compressive strength, respectively. Referring to Table 1,
which lists the mechanical properties of the infilling
materials, it becomes evident that the wuniaxial
compressive strength of the jointed rock model is
proportional to the uniaxial compressive strength of the
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joint infilling material. Notably, infilling material F1
possesses the highest uniaxial compressive strength.
Therefore, it can be concluded that, at this orientation
angle, the uniaxial compressive strength of the joint
infilling material significantly affects the uniaxial
compressive strength of the jointed rock model.
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Fig. 10. Axial stress versus axial strain curves for jointed rock
model with varying infilling materials and joint orientation
angle equal to 60 degrees
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Fig. 11. Axial stress versus axial strain curves for jointed rock
model with varying infilling materials and joint orientation

angle equal to 90 degrees

Furthermore, comparing these results with those
obtained for a joint orientation angle of 45 degrees (Fig.
9) reveals a reversal of outcomes due to a 45-degree
increase in joint orientation in the counterclockwise
direction. This emphasizes the importance of
considering anisotropy when determining the
compressive strength of jointed rock. The findings
indicate that anisotropy can more substantially impact
the compressive strength of jointed rock than the type of
joint-infilling material.

Fig. 12 compares the stress-strain curves for all 12
models investigated in this research. A significant
finding from this figure is that irrespective of the joint
orientation, the deformation behavior of all the studied
models exhibits nonlinear ductile characteristics. This
suggests that the presence of discontinuities can
transform the deformation behavior of jointed rock from
brittle to ductile. Moreover, in addition to the mechanical

Vol 2, No. 2 / Summer 2024

o

properties of the joint's infilling materials, anisotropy
plays a crucial role in estimating the uniaxial
compressive strength of the jointed rock. As the loading
direction aligns more closely with the joint orientation,
the wuniaxial compressive strength of the model
increases. Specifically, the highest uniaxial compressive
strengths of the jointed model are observed when the
loading direction is perpendicular and parallel to the
joint orientation, respectively. Notably, as the joint
orientation increases counterclockwise from 0° to 90°,
the yield point representing the model's transition from
elastic to plastic behavior also increases. This suggests a
direct relationship between the uniaxial compressive
strength and the yield point of the model. Higher yield
strength corresponds to higher uniaxial compressive
strength. Furthermore, comparing the results reveals
that an increase in joint orientation counterclockwise
(from 0° to 90°) leads to an increase in Young's modulus,
which is reflected in the slope of the stress-strain curve
in the elastic region.
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Table 4 shows the uniaxial compressive strength
(UCS) obtained from modeling jointed rock samples that
contain three types of infilling materials (F1, F2, and F3)
at joint orientation angles of 0°, 45°, 60°, and 90°. As
shown in this table, the composition of infill materials
significantly impacts the unconfined compressive
strength (UCS) along the joint's orientation. The uniaxial
compressive strength of jointed rock models depends on
the strength of the filler material. The jointed rock
models that use infill materials with higher strength (F1)
exhibit a greater UCS at all joint orientation angles. The
UCS decreased as the orientation angles increased from
0 to 60 degrees, with the minimum axial strength
occurring at 60 degrees. The maximum UCS values of
jointed rock models were obtained at joint orientation
angles 90° for all infilling materials.
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Table 4. the uniaxial compressive strength values (MPa) of
jointed rock models

o . Infilling material type
Joint’s rientation () 1 2 3
0 25 21.6 15.9
45 6 1.19 3.9
60 3.5 0.68 3
90 26.3 22.1 24.1

The results indicate that the combination of infill
materials and orientation angles significantly influences
the UCS of jointed rock. These findings emphasize the
need to consider the combined effects of joint properties
to minimize uncertainty in the strength and deformation
parameters of jointed rock, which is very important in
rock engineering applications.

V. CONCLUSION

This study aimed to systematically investigate the
influence of infilling materials and joint orientation on
the compressive strength and deformation behavior of
jointed rock. Utilizing the discrete element method
(DEM), 2D numerical experiments were conducted on 12
geometric models of limestone rock samples with single
joints. An innovative aspect of this research was
implementing the unbalanced force monitoring
technique, which allowed for simulating a quasi-static
state of equilibrium similar to a standard servo-
controlled test. The key findings of this study can be
summarized as follows:

1. The joint orientation significantly impacts the
strength and deformation behavior of jointed rock. The
uniaxial compressive strength decreased as the
orientation angles increased from 0 to 60 degrees, with
the minimum axial strength occurring at 60 degrees. The
maximum UCS values of jointed rock models were
obtained at joint orientation angles 90° for all infilling
materials. Therefore, anisotropy plays a crucial role in
determining the strength and deformability of jointed
rock, highlighting the importance of considering this
factor in practical applications.

2. Analysis of the stress-strain curves revealed that
the uniaxial compressive strength (UCS), Young's
modulus, and yield strength of the jointed rock vary
considerably with the joint's orientation.

3. When the axial loading direction aligns more
closely with the joint orientation, the uniaxial
compressive strength increases. The highest UCS values
for jointed rock occur at a joint orientation angles 90° for
all infilling materials. Therefore, the maximum UCS of
the jointed model was observed when the axial loading
direction was parallel to the joint orientation.

4. The type of infilling material plays a significant role
in determining the uniaxial compressive strength (UCS)
of jointed rock. The strength of the filler material directly
affects the UCS of jointed rock models. Models that utilize
infill materials with higher strength (F1) demonstrate
greater UCS across all joint orientation angles.
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5. The friction angle, cohesion, and UCS of the joint's
infilling materials were influential factors in determining
the uniaxial compressive strength of the jointed rock at
different joint orientations. Hence, the mechanical
properties of the joint's infilling materials significantly
affect the uniaxial compressive strength of the jointed
rock.

6. The deformation behavior of the jointed rock was
consistently nonlinear and ductile, regardless of the joint
orientation and infilling materials.

In further research, the authors plan to expand their
investigation to include the effects of discontinuity
characteristics on the strength and deformation
behavior of rock with multiple joints. However, it is
essential to incorporate additional infill materials and
test them under various loading conditions to gain a
more comprehensive understanding of the strength and
deformation behavior of jointed rock masses. Moreover,
the joint surface's roughness should be considered, as it
significantly affects strength and deformation behavior.
Future research could focus on these factors by
examining the impacts of surface roughness and
different compositions of infill materials. This approach
would enhance our understanding of how jointed rocks
behave in real-world conditions.
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