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This study provides an in-depth examination of the failure characteristics of rock
salt samples subjected to punch shear testing, emphasizing the analysis of fracture
processes and the material’s mechanical response. Given the diverse industrial
applications of rock salt, the need for more detailed studies in this field is evident.
The study employs an integrated approach combining practical experiments and
numerical simulations using PFC2D software. The results reveal that the failure
response of rock salt is governed by critical factors such as the loading rate and the
material’s inherent mechanical properties. Laboratory observations indicate that
fractures primarily initiate from structurally weak zones, with stress concentration at
contact areas being the main cause of tensile-shear failures in the samples. The
findings of this study can serve as a foundation for establishing novel quality
evaluation criteria for rock salt, underscoring the need for continued research efforts

Rock salt
Numerical modelling
PFC2D

Experimental test

to improve safety and performance in related engineering applications.

1. Introduction

Investigating the failure characteristics of rock
salt through punch shear testing is a crucial subject
within  materials science and geoscience
disciplines, emphasizing a detailed examination of
failure processes and the mechanical attributes of
this material. Due to its extensive utilization across
multiple sectors such as mining, civil
infrastructure, and chemical containment, rock salt
warrants thorough exploration. Punch shear testing
is recognized as a standard technique for assessing
material strength and failure responses, enabling
the evaluation of rock salt’s behavior under various
loading scenarios in a controlled environment [1-
4].

Recent studies have revealed that the failure
response of rock salt is influenced by several
factors, including the rate of loading, ambient
temperature, and moisture levels. For example,
research has demonstrated that an increase in
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loading rate can enhance the failure strength of
rock salt [2]. Moreover, investigations into
temperature  effects indicate that elevated
temperatures tend to cause rock salt to fail in a
more ductile manner [5]. These insights improve
our understanding of rock salt’s performance under
practical conditions and facilitate more reliable
predictions regarding its behavior in engineering
applications [6-8].

The integration of computational and
experimental approaches provides more accurate
insights. Numerical modeling can forecast failure
patterns under diverse conditions, while laboratory
experiments serve to verify these predictions [9].
For instance, a combined approach showed that
numerical simulations accurately anticipated the
failure behavior of rock salt under varying
circumstances, with experimental data supporting
these findings [10]. This synergy enhances our



Rezaei et al.

understanding of failure mechanisms and aids in
the development of refined predictive models for
rock salt behavior [11-15].

Additionally, advanced analytical methods such
as X-ray tomography and electron microscopy
contribute to a deeper understanding of the internal
microstructure and failure processes [16]. These
technologies allow for the visualization of
microscopic structural changes during testing,
offering a more comprehensive analysis of failure
phenomena [17-20]. For example, microscopic
observations have revealed that failure in rock salt
often originates at zones of inherent structural
weakness [21-23].

Ultimately, these research efforts can inform the
establishment of improved testing protocols and
evaluation standards for rock salt, promoting
greater safety and efficiency in engineering
projects involving this material [24]. Given the
significance of this field, ongoing research and the
acquisition of new experimental and computational
data are essential to achieve a more holistic
understanding of rock salt failure behaviour [25-
29]. Future studies might focus on exploring the
combined influence of multiple parameters on
failure characteristics and developing sophisticated
numerical models capable of simulating rock salt
behaviour under more realistic conditions [30-33].
Recent studies have revealed that the failure
response of rock salt is affected by several factors,
including the rate of loading, ambient temperature,
and moisture levels under uniaxial loading. In the
present research, the failure behaviour of rock salt
was investigated under punch testing. In this study,
crack propagation at the microscale was simulated
using Particle Flow Code (PFC).
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3. Sampling

The subterranean salt mines of Garmsar, located
in Semnan Province, Iran, are recognized as among
the largest and most ancient salt reserves in the
Middle East. These mines hold significant
economic and industrial value due to the presence
of salt domes featuring distinctive
geomorphological formations and the high quality
of the rock salt. Extraction of rock salt from these
deposits is performed using several methods,
including tunnel mining (see Figure la) and the
room-and-pillar approach (see Figure 1b). These
methods are widely employed because they reduce
environmental impact and improve safety during
operations. Additionally, the presence of diverse
minerals in these mines makes them a valuable
resource for various industries. From a
geomechanical  perspective, the  Garmsar
subterranean mines require detailed evaluations to
predict the mechanical response of rock salt under
different conditions. Due to its specific
properties—including low elastic modulus and
high cohesion—rock salt deforms readily under
both dynamic and static loads. These properties are
essential considerations in the design and
development of tunnels and underground mines.
Numerical modelling techniques, such as the finite
element method, assist engineers in analysing
tunnel stability and identifying potential
weaknesses. Furthermore, predicting collapses and
analysing loadings caused by the weight of
overlying rocks and lateral pressures are among the
primary challenges in extracting rock salt from
these mines.

(b)
Figure 1. Extraction methods in the underground mines of Garmsar: a) use of access tunnels; b) support using
rock pillars.
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The samples used for this study were obtained
from the underground salt mines of Garmsar. These
samples were collected using a laboratory core
drilling machine with a standard diameter of 54
mm from the intact rock (Figure 2).

4. Experimental tests

After the samples were carefully extracted
using the core drilling machine, it is important to
note that all samples have lengths of 130 mm, 160
mm, and 240 mm, with a diameter of 54 mm (Table
1). These length values were selected according to
the ISRM suggested method. These samples are
then subjected to a punch shear test (Figure 3).

For this test, the samples are positioned
vertically on two identical plates (Figure 4a) that
flank the model from the left and right sides.

(2)
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Furthermore, an additional plate is positioned atop
the model to ensure that the testing conditions are
fully satisfied.

Figu 2. Standard core sampling from an intact
salt block.

(©)

Figure 3. Cores used in the punch cutting test: a) 240 mm, b) 160 mm, ¢) 130 mm

()
Figure 4. a) Arrangement of the sample on the two lower plates; b) Placement of the third plate on the sample; c)
Arrangement of the sample in the uniaxial testing machine.

This procedure is clearly demonstrated in
Figure 4b. After preparation, the models are
positioned within the uniaxial testing machine in a
consistent manner, as shown in Figure 4c. These
steps are performed to guarantee the precision and
reliability of the test, enabling us to acquire
dependable data from the punch shear experiment.
By employing this approach, a more accurate
evaluation of the mechanical behavior of the
samples under various conditions can be achieved.

(©)

Once the sample is fully installed in the testing
apparatus, the grips of the uniaxial testing machine
begin the loading process with meticulous control.
The loading speed is carefully set at 0.005 mm/s,
and this slow, continuous force is applied to the
upper plate, which is in direct contact with the
sample’s top surface. This is within the range of
static loading conditions according to the ISRM
suggested method.



Rezaei et al.

This gradual loading is precisely regulated to
ensure that the stress is evenly distributed
throughout the sample as it experiences punch
shear conditions (see Figure 5).

This controlled loading method is absolutely
critical for preventing data contamination and
avoiding unintended damage to the sample's
structure. The device's precise mechanism enables
measurement of the sample's deformation and
resistance to applied loads with the highest possible
accuracy. To ensure test validity, all parameters
including loading speed, deformation amount, and
sample resistance are recorded and monitored in
real-time. This level of experimental precision
allows researchers to thoroughly examine the
material's mechanical behavior under realistically
simulated conditions and obtain reliable data for
subsequent analysis.

To gain a better understanding of the tensile and
compressive resistance of the samples, they were
subjected to Brazilian and uniaxial tests (Figure 6).
These tests allow us to examine the mechanical
behavior of the samples under various loading
conditions. The Brazilian test is specifically
designed to measure the tensile strength of
materials under indirect conditions, while the
uniaxial test provides precise information about the
compressive resistance of the samples. The

(b)

Figure 6. Compressive strength test and Brazilian test

5. Failure pattern

Figure 7 clearly illustrates the failure pattern of
laboratory cores and provides important details
regarding the behavior of these cores under loading
conditions. As can be observed, shear cracks
initiate from the edges of the upper plate that is
positioned on the model. These cracks gradually
and steadily propagate downward towards the
lower edge of the plate. This process demonstrates

Journal of Mining & Environment, Published online

findings from these experiments are summarized in
Table 1 and provide valuable insights into the
mechanical characteristics of the materials and
their behavior under various loading conditions
[28, 29].

(©) (@)

a specific pattern in the failure of the cores, which
can aid us in gaining a better understanding of the
failure mechanisms involved.

In fact, these shear cracks act as indicators of
the internal stresses that arise due to loading. As
these cracks progress, significant changes in the
structure of the core will occur, which can
ultimately lead to its final failure. Ultimately, these
shear cracks result in a punch shear failure in the
sample.
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The cause of crack formation in the model is
due to the concentration of shear force at the point
of contact between the upper plate and the sample.
This force concentration generates high stresses in
the contact area, which can lead to the formation of
cracks. In fact, when a force is applied to a specific
arca of the material, the distribution of stresses
does not occur uniformly, resulting in certain
regions being subjected to greater pressure. This
additional pressure can initiate primary cracks that
gradually propagate with continued loading.

Furthermore, the presence of internal cracks in
the structure of rock salt also acts as weak points
and can accelerate the punch shear process. These
cracks serve as stress concentration points, thereby
increasing the likelihood of failure in these areas.

6. Numerical models
6.1. PFC model

PFC, known as Particle Flow Code, is advanced
and specialized software designed specifically for
geotechnical simulations. This software enables
engineers and researchers to model the behavior of
various materials commonly encountered in
mining engineering and soil mechanics projects. In
these fields, a precise understanding of how
materials react under different stresses and
conditions is of paramount importance, and PFC
serves as an efficient tool in this regard.

One notable feature of this software is its ability
to analyze the behavior of discontinuous materials,
which is particularly relevant for many geological
and granular substances. PFC employs the discrete
element method (DEM) for simulating this
behavior, a numerical technique that facilitates the
simulation of interactions between individual
particles or elements. This method allows us to
obtain a detailed and realistic representation of
material responses in scenarios involving
fracturing, yielding, and large deformations.

Furthermore, PFC is highly versatile in its
applications, as it can perform simulations in both
two-dimensional and three-dimensional
environments. This capability allows engineers and
researchers to select the most appropriate level of
detail based on their specific modeling needs and
computational resources. Overall, PFC is a

(b)
Figure 7. Failure pattern of models a) 240 mm, b) 160 mm, c) 130 mm

valuable tool for analyzing and understanding
material behavior wunder various conditions,
contributing to the improvement of design and
execution processes in engineering projects.

The term fat-jointed material (FJM) describes
the assembly of particles connected by FJs. The
boundary separating the faceted grains lies within
elements that may be either bonded or unbonded.
In this framework, the FJ is located at the interface
between grains. Furthermore, the forces and
moments, initially set to zero, are updated based on
the force-displacement relationship governing the
relative motion between the bond and the surface.
Both direct and incremental methods are used to
update the normal and shear forces. The bonded
element exhibits linear elastic behavior until its
strength surpasses a predefined threshold. This
model allows us to simulate the behavior of
particles under various conditions and provides a
better understanding of the interactions between
grains and their effects on the overall properties of
materials. Maximum normal and shear stresses of
element (omax(e), tmax(e) ) are calculated by
subsequent formulas:

—-n
@ _ “Fo

Gmax - A(e)
—S
e _ Fe
max A(e)
A® is element area, while " and 3° denote
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the normal and shear forces, respectively, acting on
the component [30-34].
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Figure 8. Flat-joint model [33]

6.2. PFC2D model preparation and calibration
for salt rock

PFC2D assembly test models were constructed
following the standard procedure detailed [32],

130 mm 130 mm
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including particle generation, packing, isotropic
stress initialization, floater removal, and bond
installation. Given the small sample size, the
influence of gravity and its associated stress
gradient on macroscopic behavior was negligible.
A validated PFC particle assembly was generated
using micro-characteristics (Table 1).
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Figure 9. Schematic of the Numerical Modeling

Figure 10 illustrates the models created in the
PFC2D software. The dimensions constructed in
the software space are divided into three sections:

1. Diameter (width) of 55 mm and lengths of 130
mm, 160 mm, and 240 mm (Fig. 10 a-c).

2. Diameter (width) of 75 mm and lengths of 130
mm and 240 mm (Fig. 10 d-f).

3. Diameter (width) of 100 mm and lengths of 130
mm and 240 mm (Fig. 10 g-i).

Figure 9 shows a schematic of the numerical
modelling and their dimensions. These parameters
have been chosen for Testing of the cores.

Macro mechanical properties of rock such
as Brazilian tensile strength was calibrated by
adjusting the micro parameters reported in
Table 1. By changing the micro parameters in
a try and error manner, macro mechanical
properties will be calibrated.

Table 1. Proper micro-properties

Particle micro properties

Flat-joint micro properties

55,75

diameter (mm) 100 Gap ratio 0.5
height (mm) 130,160240  Elasticity modulus (GPa) 20
Normal to shear stiffness ratio (Kn/ks) 1.9 Friction angle (°) 0.5
Density (kg/m®) 2900 Tensile strength (MPa) 21
particle diameter (minimum) (mm) 0.5 Tensile strength (standard deviation) (MPa) 2.1
particle diameter (maximum) (mm) 1.1 Cohesion (MPa) 30
Elasticity modulus (GPa) 20 Cohesion (standard deviation) (MPa) 3

Ratio of standard stiffness to shear stiffness (Kn/ks) 1.9 Elements 2

6.3. Failure pattern

Figure 11 depicts the fracture patterns observed
in the samples subjected to punch testing. In all

models, the fracture pattern clearly demonstrates
shear failure. Specifically, tensile and shear cracks
originate at the interface between the segment and
the salt sample, propagating parallel to the loading
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axis and eventually linking with opposing cracks.
Notably, the quantity of shear cracks exceeds that
of tensile cracks.

Examining Figure 12, which depicts the chain
of contact forces prior to load application, it
becomes evident that tensile stress is highly
concentrated at the interfaces between the plates
and the model. This localized tensile stress is
identified as the primary cause of tensile crack

(b)

(@

® (h)
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initiation. In the illustration, black lines indicate
areas of compressive stress concentration, while
red lines highlight regions under tensile stress. The
use of these distinct colors effectively illustrates
how different stress types at contact points
influence crack development. This evaluation
provides valuable insights into failure processes
and crack propagation within numerical
simulations.

(©)

Figure 10. Numerical Models

(b)

(@)

(® (h)

Figure 11. Failure pattern numerical model
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Figure 12. Contact force chain numerical model

6.4. Rose diagram

Figure 13 presents the crack propagation
patterns observed in the punch test models. Most
cracks form at angles of 0 degrees and 180 degrees
relative to the loading direction. This trend
becomes more evident as the thickness of the
sample decreases. Conversely, when the sample
thickness  increases, cracks oriented at
approximately 20 degrees and 160 degrees start to
appear. Essentially, thinner samples bring the top
and bottom surfaces closer, intensifying stress
interactions between these surfaces and resulting in
cracks aligned at 0 and 180 degrees. In contrast,
thicker samples reduce this surface interaction,
allowing cracks to develop in a wider range of
orientations within the material.

6.5. The effect of sample height and sample
length on shear strength and shear stiffness

Figure 14 shows how the height of the sample
affects the shear strength of rock salt, presenting

both numerical simulations and experimental
findings. As the sample height increases, the shear
strength decreases, which is explained by the
growth of defects such as dislocations and weak
intergranular bonds along the shear plane. The
numerical data closely matches the experimental
observations.

In Figure 15, the relationship between sample
length and the shear strength of rock salt is
illustrated, with results given for different sample
heights. For a fixed sample height, the shear
strength declines as the sample length becomes
longer.

Figure 16 highlights the effect of sample height
on the shear stiffness of rock salt, including both
numerical and experimental results. An increase in
sample height leads to a reduction in shear
stiffness, attributed to the increased presence of
weaknesses along the shear path. The numerical
outcomes show good agreement with the
experimental measurements.
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Figure 13. Rose diagrams of numerical models
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Figure 16. Effect of specimen height on shear
stiffness: numerical and experimental results.

Figures 17a-c present the stress-strain
relationship plotted against cumulative fracture
count for models with diameters of 55 mm, 75 mm,
and 100 mm. These illustrations reveal three
distinct behavioral phases: the elastic deformation
regime, the plastic deformation region, and the
ultimate rupture point.

Prior to reaching the elastic threshold in the
simulation, the specimens exhibit no measurable
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cracking activity. As loading intensifies, fracture
initiation events begin accumulating.

During elastic deformation, the models
demonstrate consistent linear elastic behavior
accompanied by a steady increase in microfracture
occurrences. Transitioning beyond this phase, the
stress-strain response becomes nonlinear, with
progressively accelerating fracture propagation
until reaching maximum load capacity, at which
point crack coalescence dominates.

Noteworthy fluctuations occur before peak
stress conditions, attributable to interactions
between primary fracture networks. Following this
apex, microfracture frequency diminishes relative
to expanding crack populations. The specimens
exhibit abrupt stress deterioration upon reaching
their load-bearing limits, with pronounced post-
peak stress declines indicating comprehensive
macroscale failure throughout the modeled
structures.

Empirical observations suggest an inverse
correlation between the magnitude of stress
reduction and microfracture density, supporting the
theoretical premise that sustained loading
conditions generate discrete stress drops, each
corresponding to fracture cluster formation events.
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displacement

——Total cracks
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Shear displacement (mm)
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Figure 17. Stress-strain curve along the total crack number for model height of a) 55 mm, b) 75Smm, and c¢) 100
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7. Discussion

Rock salt, as a creeping rock, has a significant
impact on the stability of underground spaces.
Studying the shear behavior of rock salt can
provide an ideal understanding of failure modes
and reveal its shear strength. To investigate the
effect of scale on the fracture behavior of rock salt,
samples of different dimensions were prepared and
subjected to punch shear tests.

The shear strength of rock salt is a function of
its fracture pattern. In general, three types of
fracture were observed. The first type of fracture is
the fracture along the cleavage planes in the salt
sample. In this case, the fracture strength of the salt
sample and its hardness are minimal. Even the
displacement corresponding to the fracture stress is
minimum. That 1is, by applying a small
displacement to the surfaces of the flaking, the
stress is quickly distributed across the flaking
surface and causes failure along these surfaces. The
low shear strength in this condition also stems from
the same issue. The second type of failure is
flexural failure in the center of the salt sample. In
this condition, the resistance of the rock salt is
slightly higher than in the previous case. In this
condition, the tensile stress in the center of the
sample reaches a critical level, causing tensile
failure in the central part. In this case, the crack
growth is unstable. In other words, when a tensile
crack is created, without applying more stress, the
crack grows in a splitting manner and causes the
sample to fail. The third type of failure is shear
failure at the point of load application. In this
condition, the strength of the sample is higher than
in the previous cases and the crack growth is stable.
That is, with the formation of shear cracks, its
growth stops. When the stress level increases, the
shear crack grows again. Accordingly, the shear
stiffness of the salt sample and the shear
displacement corresponding to the fracture stress
are higher than the values obtained in other
fractures.

8. Conclusions

This research utilizes a combined methodology,
incorporating both laboratory experiments and
numerical modeling with PFC2D software, to
explore the shear response of rock salt during
punch testing. The results reveal that:

e The failure behavior of rock salt is influenced
by key parameters, including the loading rate
and the material's intrinsic mechanical
properties.

11
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e Fractures primarily initiate from structurally
weak zones, with stress concentration at contact
areas being the main cause of tensile-shear
failures in the samples.

e The shear strength was decreased by increasing
the model scale.

e Shear stiffness was decreased by increasing the
model scale.

e Experimental results were in a good accordance
with numerical outputs.
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