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Abstract:
In this study, uniaxial and biaxial compression tests were simulated to assess the impact of
sample scale, both dimensions and shape, along with the rate and nature of loading on the
strength behavior and deformability of a limestone rock specimen. For this end, the finite
difference method (FDM) using FLAC code was employed. The compression test simulations
utilized an innovative technique based on the model's equilibrium principle during loading,
mimicking static loading conditions in reality. This approach facilitated systematic control of
axial and lateral loads on the model, effectively preventing abrupt, violent failure. A series of
two-dimensional (2D) models was subjected to varying loading conditions to appraise the
stress-strain behavior of the computational models. Numerical results show that changes in the
model's shape and dimensions affected the compressive strength of rock models. Here, an
increment in the width-to-length ratio of the model led to enhanced compressive strength.
Similarly, an increase in the loading rate also increased the uniaxial compressive strength of the
model. Also, the rock model's compressive strength was further increased by applying and
augmenting lateral pressure in the biaxial compression test. Hence, rocks under pressure
demonstrate scale-dependent behaviors, exhibiting varying strengths under different loading
conditions.
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1. Introduction

Assessing the mechanical behavior of rocks and
and failure
necessitates understanding strength parameters, such as the

determining the

mechanism

numerical-analytical methods, offer a variety of solutions
for determining the compressive strength of rocks [3].

criterion Direct methods, such as field tests, can prove to be costly

and time-consuming due to operational challenges.

uniaxial and biaxial compressive strength of rock masses.
These parameters are integral to the design and stability
analysis of various surface and subsurface structures,
including rock slopes of surface mine faces, trenches,
dams, roads, and excavations of underground mines,
tunnels, shafts, and caves. Furthermore, these parameters
are crucial in deciding the different stages of mining unit
operations, namely drilling, blasting, digging, and cutting,
and all types of support systems for surface and
underground structures in civil and mining engineering [1,
2].

Given the heterogeneity and anisotropy of rocks, the
strength and deformability parameters of each rock type
must be measured precisely, considering the initial and
boundary conditions of the area. Presently, direct methods,
such as in-site and laboratory tests, and indirect tests, such
as employing theoretical-experimental relationships and
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Furthermore, laboratory techniques are limited by their
ability to apply only some natural conditions of the area.
Nevertheless, standard laboratory  procedures for
measuring compressive strength have been provided by
entities such as the American Society for Testing and
Materials (ASTM) and the International Society of Rock
Mechanics (ISRM) [4]. While these techniques are
relatively straightforward, they tend to be both time-
consuming and expensive, requiring meticulous
preparation of rock specimens. For carbonate rocks like
limestone, this process often poses a challenge [5].

When initiating engineering projects, the strength
parameters of rocks can be determined quickly and at a
low cost using indirect tests such as point load index [6-
12], Schmidt hammer [13-19], sound speed [20-23], cyclic
loading [24], and even small-scale experiments [25].
Laboratory studies, for instance, have shown that the
uniaxial compressive strength of limestone directly
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correlates with the rock's density [26], while it inversely
correlates with environmental humidity [27-29]. However,
the precision of these methods tends to be insufficient in
practical scenarios, frequently necessitating the use of
alternative approaches.

To establish the strength parameters of rocks, researchers
have proposed experimental and theoretical criteria based
on data gathered and experiences drawn from various
projects. These include the Mohr-Coulumb [30],
Baniawski [31], Johnston [32], Ramamurthy et al. [33],
and Hoek and Brown [34] strength criteria. A significant
drawback of these relationships is their specificity to
certain areas, aligning with the conditions of the
experimental criterion. Consequently, their applicability is
not universal.

Over the past decades, the advent of advanced computing
equipment has led to the development of several analytical
methods based on operations research. These include
techniques like the adaptive neuro-fuzzy inference system
(ANFIS), artificial neural network (ANN), Monte-Carlo
simulation, meta-heuristic and evolutionary algorithms,
and linear and non-linear regression. These methods have
been used to determine the rock strength parameters [35-
39]. Despite their high flexibility, reduced calculation time,
and ability to use both quantitative and qualitative criteria
simultaneously, these methods are often associated with
high uncertainty due to their random basis.

Among analytical techniques, numerical methods offer
unique capabilities for creating both continuous and
discontinuous  models, encompassing rock and
discontinuity. These methods allow the rock to be divided
into numerous small elements, facilitating a detailed,
accurate, and rapid examination of each element's
mechanical behavior and interdependencies [40]. Past
studies have demonstrated these methods' capacity to
accurately determine the strength parameters of various
types of rock and rock mass under static and dynamic
loading conditions [41-50]. Consequently, by simulating
direct and indirect tests using these methods, the rock’s
strength behavior and deformability can be estimated
accurately, quickly, and cost-effectively, while maintaining
conditions similar to those in nature.

The most common method for studying rock mechanical
behavior involves applying axial compression to a circular
cylinder sample two to three times longer than its diameter.
When the rock's lateral surface is free from traction, this
setup is called uniaxial or unconfined compression. The
results can be represented in a stress-strain curve, with
stress (o) plotted against strain (¢) (Figure 1). Based on
this figure, behavior within the range of stress and strain
before failure is known as linearly elastic. The stress value
at point B, which indicates the transition from elastic to
ductile behavior, is referred to as the yield stress of the
rock. Also, the stress value at point C, which indicates the
transition from ductile to brittle behavior, is referred to as
the uniaxial compressive strength (UCS) of the rock. In the
ductile regime, corresponding to region BC of this figure,
the transverse strains increase in magnitude much more
rapidly than the axial strain. The failure process is ongoing

48

throughout the brittle region designated as CE. The rock
physically deteriorates during this process, decreasing its
ability to support a load. Thus, failure begins at point C.
For a rock subjected to uniaxial compression, the criteria
for failure can be defined simply as the condition under
which failure occurs [30, 51].

Stress (0)

Strain (g)

Figure 1. Complete stress-strain curve for a rock sample
under compression

In this study, the finite difference method (FDM) has been
used for numerical modeling, with a focus on examining
the influence of scale, rate, and type of loading on the
mechanical behavior of rocks under pressure. Standard
uniaxial and biaxial compression tests were simulated in
FLAC2D software, investigating the mechanical behavior
of a limestone sample through stress-strain curves. In this
context, while establishing the strength behavior of the
samples under pressure, the impact of the aforementioned
external factors on the compressive strength of the model
was determined at each stage.

2. Modeling of Compressive Strength Test

The finite difference method is a numerical method
rooted in differential equations, suitable for modeling
continuous media with non-linear behavior. In this method,
each derivative of the governing equations is directly
defined by an algebraic description in terms of model
variables (such as stress or displacement) at distinct points
of the model geometry. Initially, motion equations were
utilized to derive new velocities and displacements
resulting from the application of stresses and forces.
Subsequently, strain rates were calculated from the
velocity values, and the new stress values were obtained
from the new strain rates. Each computational cycle occurs
in one step. If the time steps of computation are
sufficiently small, the results obtained in one region over a
short time span will not impact neighboring regions. Thus,
after several steps in the analysis, environmental changes
are applied across all model elements.

FLAC, featuring fast Lagrangian analysis capability, is a
powerful software based on the finite difference numerical
method, using an explicit time-dependent approach to
solve algebraic equations [34]. The general analysis
method in this software involves dividing the model's
geometry into smaller elements with identical numerical
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characteristics, followed by solving the differential
equation associated with each element until the relative
equilibrium of the model is achieved. Owing to the
software's high flexibility in modeling and analyzing
problems, its usage has broadened to predict the strength
behavior and deformability of various materials, such as
soil or rock, under different loading conditions. Hence, this
research employed software to model compression tests on
rock using a novel technique - the equilibrium of model
points at each step. This research's novelty lies in its
extension of the mathematical platform established by
Noorian-Bidgoli et al. [45] for a DFM model to study the
stress-strain behavior of rock under pressure.

2.1. Geometry and Meshing of the Model

The two-dimensional version of the numerical code,
FLAC2D, is utilized for simulation under plane strain
conditions [52]. In this instance, a two-dimensional
geometric model of the problem is constructed, allowing
the removal of one of the strain components along the X, y,
and z axes. Given the aim of this research to model rock
compressive tests, the model's geometry is fashioned in
accordance with standard laboratory tests, that is, a
cylindrical sample under loading.

In this research, six scale types were employed to
construct the model's geometry to examine the effect of
scale (length and width of the sample) on the rock sample's
compressive strength, as per Table 1. Typically, the length
of the sample (L) in a standard rock compressive test
(ISRM standard) is considered to be between 1.50 and 2.50
times the diameter or width of the sample (D). As NX is
chosen for the rock samples in the laboratory, the base
width of the model is selected as 54 mm. Consequently,
the model's length in the first case is chosen as 1.50, 2.50,
and 3.50 times the width. In the second case, these values
are reversed. Non-standard values were chosen to conduct
a sensitivity analysis of the sample scale, as it is an
important variable in determining rock compressive
strength. These dimensional ranges are used to investigate
the effect of the sample scale on the stress-strain behavior
of rock under pressure.

Table 1. Dimensions of the numerical models

Model Length or L Width or D Length to width
number (cm) (cm) ratio (L/D)

1 8.10 5.40 1.50

2 13.50 5.40 2.50

3 18.90 5.40 3.50

4 5.40 8.10 0.67

5 5.40 13.50 0.40

6 5.40 18.90 0.29

Notably, all the mentioned models assume intact rock
without discontinuities. In the following stage, models are
meshed with square meshes (10%20), mirroring the shape
of the rock sample (Figure 2). Each model element
contains four nodes, meaning that the derivatives in the
problem's governing differential equation replace their
approximate values at the node.
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Figure 2. Geometry and meshing of the numerical model

2.2. Behavior and Mechanical Properties of the Model

The Mohr-Coulomb behavioral model was employed in

this research to investigate the stress-strain behavior of
rocks under compressive loading. This model is used
because it is the closest one to simulating limestone
behavior among a few material models supported by the
FLAC2D software. Additionally, the necessary data for
utilizing this model were available in this study. This
failure criterion characterizes the behavior of materials
based on the shear failure equation and ultimate tensile
strength. The availability of necessary information for
modeling informed this choice. This behavior model,
based on principal stress values, is offered in FLAC
software, effectively representing the principal stress
vector in the Mohr-Coulomb criterion. The mechanical
properties of limestone used in modeling are presented in
Table 2.

Table 2. Mechanical properties of the numerical models

Parameter Unit  Value
Density Kg/m® 2700
Modulus of elasticity ~ GPa 96
Poisson's ratio - 0.37
Cohesion MPa 9.17
Friction angle ° 25.68

2.3. Boundary and Initial Conditions of the Model

To model the compressive tests (uniaxial and biaxial)
akin to laboratory loading conditions, a compressive load
along the vertical axis (y) was applied to the model's upper
surface. This loading was uniformly and continuously
conducted during the model execution. In this context, a
lower loading rate requires more modeling time but yields
more accurate results. Therefore, a loading rate of 0.001
m/s was selected for this research to enhance the accuracy
of calculations. Furthermore, to mitigate fluctuations
caused by the model's sudden failure during loading, the
local damping ability of static loading was utilized on the
model.
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As shown in Figure 3-a, in the uniaxial rock compressive
test modeling, the model's two side walls (right and left)
are defined without loading and left free. Additionally, by
setting the boundary of the model at the model's bottom
level (floor), displacement is considered zero in both
horizontal and vertical directions. In Figure 3, y signifies
the initial axial compressive load on the model's upper
surface, while Ay denotes the loading rate at each loading
step. Consequently, y+Ay represents the sum of the initial
and increased axial load at the conclusion of each loading
step on the model.

According to Figure 3-b, in the biaxial compressive test
modeling, an additional constant compressive load in the
horizontal axial direction (x) is applied to the model's
lateral surfaces in conjunction with the axial load seen in
the uniaxial compressive test. Essentially, the model's
lateral pressures or confining pressures align with the
horizontal stresses in the ground or the hydraulic pressure
of the fluid in the laboratory, which can be factored into
the modeling. In this research, six values of lateral load
have been employed to investigate the impact of lateral
pressure on mechanical behavior and the final strength of
the rock, as per Table 3.
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Figure 3. Boundary conditions of the model in (a) Uniaxial
and (b) Biaxial compressive strength test

Table 3. Lateral loading values to model of the biaxial
compressive strength test

Loading type Lateral loading rate (m/s)
1 0.01
2 0.03
3 0.05
4 0.07
5
6

0.09
0.10

2.4. Running of the model

In FLAC, model execution and loading cycle application
can either be performed manually or automatically. The
automatic method, typically executed by defining a loop in
the model, is faster but less precise. In this case, without
inspecting the equilibrium of all the model points during
the loading time, the model is saved after each execution,
and the next step commences. As a result, it is impossible

to verify the equilibrium of all model points after each
loading step. Most research in the literature applies
automatic loading to the model, which can compromise
accuracy.

For this research, a model has been developed using Fish
programming via an innovative technique to enhance
calculation accuracy. In this method, the model is
manually run in each loading cycle, and the history of
unbalanced forces at the observation points is scrutinized
to ensure the model reaches equilibrium at the end of each
execution step. In this context, if the model has not
achieved equilibrium, the loading cycle is extended.
Concurrently, the condition of the unbalanced forces of the
observation points is regularly checked until the model
achieves equilibrium. Therefore, in this method, the
current loading cycle is saved when the model reaches
equilibrium. The model is then reloaded at the beginning
of the next loading cycle. This process continues until the
modeled rock sample fails.

In the code, the history command enables recording
various parameter changes during model execution at pre-
defined points (observation points). Hence, changes such
as displacement, stress, strain, and so on, at the observation
points are recorded at variable time intervals. For this
research, nine observation points have been defined for
each model, with the location of these points remaining
fixed across all models. These points include four points at
the four corners of the model (two upper and two lower
corners), two points at the center of the model's upper and
lower surfaces, two points in the centers of the lateral
surfaces, and one point at the model's center of gravity.

Figure 4 schematically presents the location of the
aforementioned observation points on one of the models.
The model's equilibrium is monitored and controlled using
these points during loading. For instance, the changes in
unbalanced forces over time during the execution of one of
the models in the initial ten loading steps of the uniaxial
compressive strength test are depicted in Figure 5. This
figure indicates that the quantity of unbalanced forces
reaches zero or near zero at each loading, signifying the
model's equilibrium at the completed steps, ten steps in
this figure.

8
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Figure 4. Schematic of the location of 9 observation points on
the model

3. Results and Discussion
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Simulations were conducted under uniaxial and biaxial
loading conditions until the peak strength of the tested
model was achieved. After each modeling, axial stress
versus axial strain curves (stress-strain curves) were
plotted to assess the mechanical behavior of the rock
models.

2.500

2.000

1.600

1.000

0.500 ‘

Figure 5. Variations of unbalanced forces with respect to time
during the uniaxial compressive strength test

3.1. Effect of Sample Scale

As previously explained, to examine the effect of sample

sizes (changes in length and width) on the mechanical
behavior of rock models under pressure, six models were
constructed according to Table 1, with uniaxial
compression tests performed on all of them. Ultimately,
results were derived in the form of stress-strain curves
(Figure 6). The number of execution cycles until the final
solution for each model for samples with D/L ratios of
1.50, 2.50, and 3.50 was 51569, 55695, and 56646,
respectively. For samples with L/D ratios of 1.50, 2.50,
and 3.50, these figures were 41569, 47659, and 52428,
respectively.
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Figure 6. The effect of sample scale on the mechanical
behavior of the rock model

As observable in Figure 6, the value of peak uniaxial
compressive strength (marked points under each sample)
decreases with the increase in length (L) and the length-to-
width ratio (L/D) of the model. On the other hand, the rock
sample's strength increases as the width-to-length ratio
increases. The reasons for these trends differ from those
observed in cases purely related to size. When a model is
subjected to uniaxial compression, loading end platens,
preferably the same diameter as the model, are employed.
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Due to an unavoidable mismatch in the elastic properties
of the rock and the platens, a complex zone of triaxial
compression forms at the ends of the rock model as the
platen restricts the rock's expansion. Therefore, this end
effect is not significant for a slender model but can
dominate the stress field in a squat model.

This outcome can also be attributed to the reduced
likelihood of failure due to bending with shorter sample
lengths, enabling the model to reach its ultimate strength
over more cycles. Furthermore, this figure shows that with
the increase of width (D) and the model’s width-to-length
ratio (D/L), the peak uniaxial compressive strength value
escalates. The reasoning behind this observation could be
that an increased model width reduces the amount of force
per unit area (pressure), delaying sample fractures and
thereby boosting strength.

Moreover, comparing the deformation behavior of the
models reveals that when the model's length surpasses its
width (models No. 1, 2, and 3), the fracture behavior
mimics that of brittle rocks. Conversely, ductile fracture
behavior is observed when the model's width is larger than
its length (models no. 4, 5, and 6). Therefore, the ductility
increases as the ratio of width to length of the rock sample
increases. Prior experimental results have exhibited similar
behaviors [53], indicating that reducing the sample's
diameter-to-length ratio shifts the rock's mechanical
behavior under pressure from ductile to brittle.

3.2. Effect of Loading Rate

This section presents the results of uniaxial compressive
test modeling on a standard sample with a length-to-width
ratio (L/D) of 2.50, aiming to investigate the effect of the
loading rate. Three loading rate values of 0.001, 0.003, and
0.005 have been employed under the same conditions
illustrated in Figure 3-a.

Figure 7 depicts the results derived from the three types
of loading in the form of stress-strain curves. As evident,
the uniaxial compressive strength significantly increases
with the escalation of the loading rate on the model under
pressure. Notably, the mechanical behavior of the model
remains consistent in all three loading rate conditions, with
all models exhibiting entirely brittle stress-strain behavior.
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Figure 7. The effect of loading rate on the mechanical
behavior of the rock model

Commonly in practice, the loading rate in compression
tests is applied as the stress or strain rate of change per
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time unit on rock samples. For instance, most automatic
testing devices (servo-control) for uniaxial compressive
strength tests usually apply strain or displacement control
loading. Herein, based on the sample sizes and strain rate,
the loading rate can be selected and applied to the rock
models. The total form of the stress-strain curve is a
function of the applied strain rate. A lower strain rate leads
to a decrease in compressive strength.

Prior laboratory studies on various rock samples have
indicated that an increased loading speed augments
uniaxial compressive strength [54]. Thus, in the laboratory,
testing hard rocks at higher loading speeds is typically
preferred, while softer rocks are tested at lower loading
speeds. Consequently, adherence to laboratory standards
and the correct selection of the loading rate can play a vital
role in successfully determining the compressive strength
and mechanical behavior of rocks.

3.3. Effect of Confining Load

A biaxial compression test has been modeled to examine
the effect of lateral or confining load on the model's
mechanical behavior. The behavior of the models under six
different types of lateral loads, akin to the values in Table
3, is presented in Figure 8 in the form of stress-strain
curves. As depicted in this figure, the rise in confining
pressure enhances the compressive strength of the rock
model under biaxial pressure. This can be attributed to the
prevention of deformation or high lateral strains through
the application and increase of confining pressure,
delaying the sample's yielding and failure limit and, in
turn, escalating the strength. Additionally, this figure
implies that with the growth of confining pressure, the
model's behavior transitions from brittle to ductile, a
phenomenon also observed in previous practical studies by
Mogi [55]. The stress-strain curve initially shows a nearly
linear elastic segment, with a slope (Young’s modulus) that
is mostly unaffected by the confining stress.
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Figure 8. The effect of confining load on the mechanical
behavior of the rock model

4. Conclusions

External factors such as scale, loading rate, and confining
load significantly influence the mechanical behavior of
rocks under pressure, necessitating their consideration
when determining the strength behavior and deformability
of rocks. These elements, independent of the rock's
inherent characteristics, depend on the experimental
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conditions and can be controlled. Thus, the effects of these
factors must be correctly determined to achieve accurate
results. This research developed a systematic 2D numerical
procedure using the FLAC finite difference code to
examine the stress-strain behavior of a limestone sample
under uniaxial and biaxial compressive loading. Key
conclusions from this research can be summarized as
follows:

- An increase in the sample's width (diameter) to length
(height) ratio elevates the sample's compressive strength
under uniaxial pressure and vice versa. This size
enlargement alters the model's mechanical behavior from
brittle to ductile. This outcome underscores the importance
of sample size and shape in rock testing, as it could yield
different results due to variations in the applied load on the
surface.

- A higher loading rate on the pressure-subjected sample
enhances its uniaxial compressive strength. In this context,
the model's mechanical behavior remains consistent across
various loading rates, with all models exhibiting entirely
brittle stress-strain behavior. Consequently, the stress-
strain behavior of rocks significantly depends on the
loading rate.

- Confining load application on an axially loaded
specimen amplifies its compressive strength compared to
the unconfined state. Increased confining load and strength
enhancement shift the rock model's stress-strain behavior
from brittle to ductile. These findings hold considerable
implications for investigations into rock strength under
pressure.

Overall, it is concluded that the external factors studied in
this research influenced the results of simulated pressure
tests significantly. The modeled rock samples exhibit
robust scale-dependent stress-strain behaviors with varying
strengths under different loading conditions. Therefore,
rock tests must adhere to the guidelines of common
standards; otherwise, the results could substantially
deviate. In this context, numerical modeling emerges as a
potent tool that can accurately determine these factors'
effects on fracture behavior and types of rock strength,
obviating the need for time-consuming and costly practical
tests. Sensitivity analysis using these methods can mitigate
the risk of potential misestimation of rock strength and
deformability parameters.

Utilizing the models developed in this research allows the
exploration of the effects of internal or intrinsic factors on
rock mechanical behavior. The authors are currently
investigating this topic and anticipate future publications.
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