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Abstract
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Predicting the mechanical behavior of rocks under loading is crucial for stability
analyses and the design of underground and mining structures. A primary
challenge lies in identifying and quantifying the influence of Geomechanical
parameters on ultimate strength and failure mechanisms. In this study, a
parametric sensitivity analysis was conducted to assess the effects of four key
parameters—Iloading rate, friction angle, cohesion, and Young's modulus—on
rock behavior under compressive loading. Numerical simulations were
performed by varying each parameter independently while keeping the others
constant. Results indicate that increasing the loading rate enhances the peak
strength. The ultimate strength is primarily governed by cohesion and the friction
angle, whereas Young's modulus affects only stiffness and the slope of the elastic
portion of the stress—strain curve, without influencing peak strength. All
specimens exhibited post-peak softening, with failure characterized by
progressive development of shear zones and fracture surfaces. Cohesion was
found to exert a more substantial influence on ultimate strength than the friction
angle.
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Introduction

The mechanical behaviour of rocks is one of the most fundamental issues in mining
engineering. A precise understanding of this behaviour is essential for the design of tunnels,
underground spaces, mine foundations, and slope stability analysis (Hoek & Brown, 1997). For
this purpose, rock mechanical tests are widely used as primary tools to evaluate and predict the
strength and deformability behaviour of rocks under various conditions (Jaeger et al., 2009).
Among the key mechanical parameters, the Uniaxial Compressive Strength (UCS) test is
crucial. This test serves as a fundamental indicator of intact rock strength and is widely used to
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determine Young's modulus and Poisson's ratio (Bieniawski & Bernede, 1979; Nguyen et al.,
2023). Moreover, UCS is broadly applied in rock mass classification, stability analysis, and
engineering design (Xie et al., 2025). The mechanical response of rocks under uniaxial
compression is governed by parameters such as Young's modulus, Poisson's ratio, cohesion,
and friction angle (Rong et al., 2020). However, determining these parameters precisely
through laboratory testing can take time and be expensive.

Despite the importance of physical laboratory tests, measuring the UCS under controlled
conditions is challenging. The inherent heterogeneity of rock, complex loading conditions, and
environmental factors can limit the accuracy and reliability of the obtained results.
Consequently, numerical simulation has been widely employed to model rock behaviour under
compressive loading (Potyondy & Cundall, 2004). In recent decades, numerical methods have
emerged as powerful tools for simulating the complex mechanical behaviour of rocks and
analysing Geomechanical problems. Techniques such as the Finite Element Method (FEM),
Finite Difference Method (FDM), and Discrete Element Method (DEM) enable accurate
modelling of the initiation, propagation, and coalescence of cracks, leading to the final failure
of rock specimens (Cundall & Strack, 1979). A key advantage of these numerical approaches
is their ability to perform sensitivity analyses, which enable a quantitative assessment of the
influence of input parameters on the overall mechanical response.

Over the past two decades, numerous studies have numerically investigated the mechanical
behaviour of rocks. Stefanizzi et al. (2009) simulated compression tests on isotropic and
homogeneous rock specimens using the FEM-based ELFE2D code. Mahabadi et al. (2014)
examined the development of the damaged zone around tunnels in clay-rich rocks using a
coupled F-DEM model. Tatone and Grasselli (2015) and Mardalizad et al. (2018) simulated
the brittle failure of geomaterials and sandstone through advanced constitutive modelling
approaches. Furthermore, Xiong et al. (2021), Xiong et al. (2019), and Kucewicz et al. (2020,
2021) investigated the transition from continuous to discontinuous behaviour of rocks using
hybrid FEM-DEM techniques in conjunction with the classical Mohr—Coulomb model.
Bahaaddini et al. (2014), Li and Wong (2012), Yang et al. (2014), Zhang and Zhu (2020), and
Zhao et al. (2015) also conducted similar studies using LS-DYNA and PFC software to
investigate the strength and mechanical behaviour of fractured and cracked rock specimens.

Despite these advancements, most studies have focused primarily on rock failure simulation
and model development, while quantitative analyses of the influence of input parameters and
their associated uncertainties have received relatively little attention. Incorrect modelling or
inaccurate determination of material properties can lead to unreliable predictions of rock
behaviour. Therefore, conducting a sensitivity analysis and evaluating the effect of each input
parameter are essential to enhance the reliability and robustness of numerical models
(Mahabadi et al., 2014), as the model outcomes are highly dependent on these parameters. In
fact, Geomechanical parameters of rock are often accepted as constant values, whereas rocks
are inherently discontinuous, heterogeneous, anisotropic, and non-elastic (DIANE) materials,
characterized by significant uncertainties (Jing & Stephansson, 2007). Moreover,
environmental factors such as weathering, water saturation, and thermal cycling can degrade
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rock strength and influence the stability of engineering structures (Lee et al., 2021).
Additionally, the loading rate can alter the rock behaviour from a semi-static to a dynamic
regime (Chang et al., 2006).

Therefore, a quantitative and systematic understanding of the influence of input parameters on
the compressive strength and failure mechanisms of rocks is essential. The present study aims
to address this gap by performing a numerical sensitivity analysis of the UCS test on an iron
ore rock sample. In this research, a numerical model was developed using the FDM and
calibrated using laboratory test data. Subsequently, the effects of varying parameters—
including loading rate, internal friction angle, cohesion, and Young's modulus—on the ultimate
rock strength and failure pattern were comprehensively investigated. The findings of this study
contribute to a deeper understanding of rock behaviour, providing valuable insights for risk
assessment and the optimization of engineering design and stability analysis in Geomechanical
applications.

Methods and Materials

Laboratory Uniaxial Compressive Strength Test

The uniaxial compressive strength test was performed in accordance with the guidelines of the
International Society for Rock Mechanics (ISRM) (Bieniawski & Bernede, 1979). Cylindrical
iron ore specimens with a diameter of 51 mm and a length of 127 mm were prepared from
intact rock material. Before testing, the ends of each specimen were meticulously ground and
levelled to ensure uniform load distribution during axial compression. The samples were then
subjected to uniaxial loading until failure.

During testing, both the applied axial load and the corresponding deformation were
continuously monitored and recorded. Upon completion of the experiment, the rock's
mechanical parameters were determined. To obtain the cohesion and internal friction angle of
the iron ore, additional specimens of the same lithology were tested under triaxial compression.
The mechanical and strength characteristics of the iron ore samples are presented in Table 1.

Table 1: Mechanical and Strength Properties of the Iron Ore specimen

No Parameters Value Unit

1 Uniaxial Compressive Strength 44.5 MPa

2 Density 3810 Kg/m3
3 Young's Modulus 14 GPa

4 Poisson's Ratio 0.45 -

5 Internal Friction angle 37.9 Degree
6 Cohesion 12 MPa

To further investigate the mechanical behaviour of the specimen, the stress—strain curve
obtained from the uniaxial compression test was plotted in Figure 1 below. This curve clearly
illustrates the elastic region and the peak strength point, which are in good agreement with the
values presented in Table 1.
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Figure 1: Stress-Strain curve of Uniaxial Compression Test

Numerical Modelling

In this study, the finite difference method was used to simulate the UCS test in FLAC2D. The

numerical model was developed based on the actual geometry of the laboratory specimen, as
shown in Figure 2.

Figure 2: Geometric Model of the Specimen

A cylindrical sample with a height-to-diameter ratio of 2:1 was employed for the uniaxial
compression simulation. FLAC2D was chosen for its robust capability to model nonlinear
material behaviour and capture complex failure mechanisms, making it an appropriate tool for
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analysing uniaxial compressive strength (Itasca, 2016). In the numerical model, the bottom of
the specimen was fully fixed perpendicular to the base, while a uniform downward velocity
was applied to the top surface to induce compressive loading. Throughout the simulation, key
data, including the stress—strain curve and the failure mechanisms, were extracted and
analysed.

Mechanical Parameters and Constitutive Model

The mechanical input parameters used in the numerical modelling were derived from the
laboratory test results summarized in Table 1. In the simulations, the specimen was represented
as a homogeneous, isotropic, and elastoplastic material. To characterize the rock's mechanical
response, the Mohr—Coulomb constitutive model incorporating strain-softening behavior under
axisymmetric conditions was adopted.

Findings
Model Validation

In the numerical simulation, the mechanical parameters of the selected models were calibrated
to achieve results consistent with the experimental data. To validate the numerical model, the
numerically obtained stress—strain curve was compared with the experimental stress—strain
curve. Initially, the mechanical input parameters in the simulation yielded higher compressive
strengths than those observed experimentally. To improve the agreement, the values of Young's
modulus, Poisson's ratio, and cohesion were gradually reduced. After this calibration process,
the numerical stress—strain curve showed good agreement with the experimental curve. As
illustrated in Figure 3, although slight discrepancies were observed during the initial loading
phase, a satisfactory match was achieved in the peak-strength region. However, certain
modelling assumptions—such as the homogeneous representation of the rock, the neglect of
micro-discontinuities, and the exclusion of moisture effects—represent the main limitations of
the present numerical analysis. The numerical and experimental stress—strain curves are
presented in Figure 3.
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Figure -3 Stress—strain curves from experimental and numerical analyses
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After calibrating the numerical model, the rock's mechanical parameters were adjusted to
match the experimental data. Table 2 presents the final mechanical parameters used in the
numerical model. As shown, the values of Young's modulus, Poisson's ratio, and cohesion were
reduced to align the numerical stress—strain behaviour with the experimental curve, while
density and internal friction angle remained unchanged. This consistency confirms the
numerical model's validity in accurately reproducing the rock's mechanical behaviour.

Table 2: Geomechanical Parameters after Calibration

No. Parameters Value Unit

1 Uniaxial Compressive Strength 44.5 MPa

2 Density 3810 Kg/m?3
3 Young's Modulus 11.5 GPa

4 Poisson's Ratio 0.34 -

5 Internal Friction angle 37.9 Degree
6 Cohesion 10.7 MPa

Effect of Loading Rate

To achieve a more precise understanding of the specimen behaviour in the UCS test, the effect
of loading rate was investigated. For this purpose, four loading rates of 5x107°, 1x107%, 5x107°,
and 1x107® m/s were considered, and the resulting stress—strain curves were compared with the
experimental results. The corresponding loading curves are shown in Figure 4.
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Figure -4 Numerical stress—strain curves at different loading rates compared with the experimental curve

In the elastic phase of the curve, no significant difference was observed between the numerical
and experimental results, indicating that the loading rate has only a minor effect on the initial
stiffness or Young's modulus. However, as the stress approached the peak strength, noticeable
differences began to appear. Higher loading rates increased peak strength and altered the post-
failure behaviour of the specimens. The results demonstrate that the loading rate plays a crucial
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role in the rock sample's actual behaviour. As shown in Figure 4, decreasing the loading rate
resulted in closer agreement between the numerical and experimental stress—strain curves. This
finding indicates that when loading is applied gradually at a lower rate, the stress distribution
becomes more uniform, and the numerical response better reflects the material's real
mechanical behaviour.

Although reducing the loading rate yields more accurate results, it significantly increases the
computation time and makes the model execution more demanding. Based on this study's
findings, a loading rate below 1x10~° m/s is considered optimal, as it ensures both accurate
results and acceptable computational efficiency. In general, the selection of the loading rate in
numerical analyses should be based on a balance between result accuracy and computational
cost. This outcome can serve as a practical guideline for similar numerical studies and
highlights the importance of properly managing loading rate in mechanical rock simulations.

Parametric Sensitivity Analysis

In this section, a sensitivity analysis was performed to investigate the influence of key
parameters on the model's response. In this stage, each parameter was varied individually
within a defined range, while the others were kept constant. The analysis focused on three
fundamental parameters: internal friction angle (¢), cohesion (c), and Young's modulus (E), to
examine their effects on the UCS behaviour. This approach provides a deeper understanding
of the mechanisms governing the rock model's mechanical response. The following subsections
present the influence of each parameter separately.

Effect of Friction Angle

The internal friction angle is one of the primary parameters in shear failure criteria, such as the
Mohr—Coulomb model, and it defines the material’s resistance to sliding along internal planes.
To evaluate the influence of this parameter, UCS were simulated with friction angles ranging
from 33° to 37.9°, while keeping all other parameters constant. The results of these simulations
are presented as axial stress—strain curves in Figure 5.
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Figure -5 Axial stress—strain curves from numerical simulations with different internal friction angles
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As shown in the figure, all curves exhibit similar behaviour: an initial linear-elastic region, a
plastic deformation stage, and a peak strength. Beyond this point, the specimens exhibit strain-
softening behaviour, characterized by a gradual reduction in strength after failure initiation.

The results clearly indicate a direct relationship between the internal friction angle and the
uniaxial compressive strength. With a decrease in the friction angle from 37.9° to 33°, the peak
strength value decreases significantly. This is also physically expected, since a larger internal
friction angle implies greater interparticle interlocking and greater resistance to shear failure.
In fact, this parameter directly affects and widens the material's failure envelope. The initial
slope of all curves in the elastic region completely overlaps, confirming that the internal friction
angle does not influence the elastic stiffness of the rock. Young's modulus is an intrinsic
parameter related to the material's elastic behaviour, whereas the internal friction angle governs
its plastic behaviour and failure. However, the general post-failure pattern across all models
shows that strain softening, the onset of yielding, and the entry into the plastic region shift with
changes in ¢. Models with higher friction angles can sustain larger plastic strains before
reaching the peak point and enter the softening region at higher stress levels. Figure 6 illustrates
the failure mechanisms of samples for different values of the internal friction angle. The results
consistently show a shear failure mechanism initiating from the upper corner of the specimen
and propagating inward. Comparative analysis of the samples reveals that as the friction angle
decreases from 37.9° to 33°, although the overall failure pattern remains similar, the damaged
zone becomes significantly broader and more dispersed. At higher values of ¢, failure is
concentrated along a narrow shear band, indicating brittle behaviour in the samples, whereas
at lower values, the damage is distributed over a larger volume of the specimen, reflecting a
reduction in the degree of brittleness of the rock.

(@ ®) © (@ (& ®

Figure 6: Plastic shear strain contours illustrate the failure mechanism of the specimen in the UCS test for
different values of internal friction angle: (a) 37.9°, (b) 37°, (c) 36°, (d) 35°, (e) 34°, and (f) 33°.
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The initiation of failure from the corners of the specimen is likely due to stress concentration
at the points of contact between the specimen and the loading plates, or to end effects resulting
from friction between the specimen and the plates. This friction induces a localized
confinement at both ends of the specimen, increasing the strength of those regions.
Consequently, failure tends to initiate from zones of high stress concentration located outside
these strengthened areas — namely, from the specimen corners.

Effect of Cohesion

Cohesion plays a fundamental role in the shear strength, stability, and load-bearing capacity of
intact rock. This parameter represents the material's intrinsic resistance to sliding. To quantify
the influence of cohesion on the mechanical behaviour of the model, a series of uniaxial
compression simulations was conducted with varying cohesion values ranging from 6 to 10.7
MPa. In this analysis, all other input parameters were kept constant. The obtained results are
illustrated in Figure 7.

The results clearly demonstrate a linear and direct relationship between cohesion and uniaxial
compressive strength. As cohesion decreases from 10.7 MPa to 6 MPa, the peak strength of the
specimen drops from approximately 44.5 MPato 25 MPa. Similar to the analysis of the internal
friction angle, it is observed here that the initial slopes of all curves in the elastic region are
identical. This complete overlap indicates that cohesion, as a strength parameter, does not affect
the material's elastic stiffness or Young's modulus. Another noteworthy point is that, as
cohesion increases, the axial strain at peak strength also increases. In other words, materials
with higher cohesion are not only stronger but can also undergo greater plastic deformation
before complete failure, indicating a slight increase in ductility prior to reaching the peak point.
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Figure 7: Stress—strain curves obtained from numerical simulations for different cohesion values
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The plastic shear strain contours presented in Figure 8 illustrate the failure mechanisms of
specimens in uniaxial compression tests for different cohesion values. As shown, when
cohesion decreases from 10.7 MPa to 6 MPa, both the intensity of strain concentration and the
failure pattern change, resulting in broader, deeper failure zones within the specimen. At higher
cohesion values (Figures a and b), failure is mainly localized near the loading surfaces, and the
failure paths remain limited.
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Figure -8 Plastic shear strain contours illustrating the failure mechanism of the specimen in the UCS test for
different cohesion values: (a) 10.7 MPa, (b) 10 MPa, (c) 9 MPa, (d) 8 MPa, (e) 7 MPa, and (f) 6 MPa.

With the gradual reduction in cohesion (Figures c-f), the failure paths evolve into a combined
shear—tensile pattern and penetrate deeper into the specimen. This indicates that decreasing
cohesive strength leads to the dominance of more extensive shear mechanisms and, ultimately,
a reduction in the specimen's load-bearing capacity. Therefore, variations in cohesion play a
key role in determining the type and extent of failure propagation and directly influence the
mechanical behaviour of the specimen under uniaxial compressive loading.

Effect of Young's modulus

Young's modulus, as a measure of material stiffness, characterizes the rock's deformation
behavior within the elastic range. To assess the model's sensitivity to this parameter, a series
of numerical simulations was conducted using Young's modulus values ranging from 7 to 11.5
GPa, while keeping all other parameters constant. The results of this analysis are illustrated in
Figure 9.
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Figure 9: Axial stress—strain curves obtained from numerical simulations for different values of Young's
modulus

The most evident effect of Young's modulus is observed in the slope of the linear elastic portion
of the stress—strain graphs. As expected, there is a direct relationship between the value of E
and the slope of the curve. The model with the highest Young's modulus (E = 11.5 GPa)
exhibits the steepest slope, indicating the highest material stiffness. As E decreases, the curves'
slopes decrease systematically, and at the lowest value (E = 7 GPa), the slope is the gentlest.
This clearly demonstrates that Young's modulus governs the model's deformation behaviour
prior to yielding. The results confirm that Young's modulus, as an elastic parameter, has a
negligible effect on the material's ultimate UCS. As shown in Figure 9, all curves reach their
peak strength at nearly the same level (approximately 44 MPa). This finding is significant
because it indicates that the material strength in this model is accurately controlled by the
failure criterion parameters (cohesion and internal friction angle), whereas the elastic stiffness
does not determine the failure level.

On the other hand, the strain corresponding to the peak stress shifts with changes in Young's
modulus. Softer materials with lower E values require greater strain and deformation to reach
their ultimate load-bearing capacity. This trend is clearly visible in the curves: the peak point
shifts from an approximate strain of 0.0039 for E = 11.5 GPa to about 0.0050 for E = 7 GPa.
The plastic shear strain contours shown in Figure 10 illustrate how the failure mechanism of
the specimen under uniaxial compression varies with different Young's modulus values. As E
decreases from 11.5 GPa (Figure 10a) to 7 GPa (Figure 10f), the distribution of shear strain
changes, with the failure zones becoming broader and more profound. At higher Young's
modulus values, stress concentration and failure remain localized and limited, indicating higher
stiffness and brittleness of the material.
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Figure -10 Plastic shear strain contours illustrating the failure mechanism of the specimen in the uniaxial
compression test for different values of Young's modulus: (a) 11.5 GPa, (b) 11 GPa, (c) 10 GPa, (d) 9 GPa, () 8
GPa, and (f) 7 GPa.

However, with the decrease in Young's modulus, the specimen becomes more ductile, and
failure—rather than being concentrated in a specific region—spreads diffusely and
continuously along the loading surface and within the specimen. This change indicates that the
reduction in elastic stiffness leads to increased plastic deformation and the development of
more extensive failure paths. Therefore, Young's modulus plays a decisive role in controlling
the mechanical behaviour and failure pattern of the specimens, directly influencing both the
load-bearing capacity and the formation of discontinuities. Figure 11 illustrates the effect of
variations in cohesion and internal friction angle on UCS. As observed, both parameters exhibit
a direct and positive correlation with the ultimate strength of the specimen. Graph (a) shows
that as cohesion increases from 6 MPa to 11 MPa, the UCS rises from 25 MPa to approximately
45 MPa. Similarly, Graph (b) indicates that increasing the internal friction angle from 33° to
38° raises the uniaxial compressive strength from about 39.5 MPa to 44.5 MPa.
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Figure 11: Comparison of the effects of cohesion and internal friction angle on uniaxial compressive strength
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A comparison of the two graphs reveals a significant difference in the degree of sensitivity of
UCS to each parameter. The slope of the cohesion variation curve is considerably steeper than
that of the internal friction angle curve. More specifically, the numerical results indicate that
for every 1 MPa increase in cohesion, the ultimate strength of the specimen increases by
approximately 4 MPa, whereas a 1° increase in the internal friction angle results in only about
a 1 MPa increase in ultimate strength.

This finding indicates that, within the range of parameters examined for this type of rock,
cohesion is the dominant parameter controlling uniaxial compressive strength, rather than the
internal friction angle. This has important implications for stability analysis and design, as it
demonstrates that uncertainty in cohesion measurements can lead to much larger errors in
estimating rock strength.

Discussion

The parametric sensitivity analysis conducted in this study was not only a necessary step for
validating the numerical model but also an effective means of distinguishing between the
parameters governing rock strength and deformability. The results indicate that the developed
numerical model exhibits realistic physical behaviour. The strong dependence of UCS on the
parameters of cohesion (c) and internal friction angle (¢) is entirely consistent with the
framework of conventional rock mechanics failure criteria—particularly the Mohr—Coulomb
failure criterion. This criterion, which underlies many stability analyses, defines shear strength
as a linear function of normal stress, with ¢ and ¢ representing the intercept and slope of the
failure envelope, respectively (Brady & Brown, 2006). Our results clearly demonstrated that
reducing either parameter reduces the overall model strength, confirming that the failure
behaviour is governed by both frictional and cohesive mechanisms within the rock structure.
This finding underscores the critical importance of accurately determining these two
parameters in laboratory studies, since—as noted by many researchers—uncertainty in c or ¢
can directly lead to significant uncertainty in predicting the stability of rock structures such as
tunnels and slopes (Hoek & Diederichs, 2006).

In contrast, the results of the Young's modulus sensitivity analysis showed that although this
parameter primarily controls stiffness and pre-failure deformation behaviour, it has only a
limited influence on the ultimate strength. This separation of roles is one of the fundamental
characteristics of elastoplastic constitutive models, in which elastic behaviour is defined by (E,
v), while plastic behaviour is controlled by (c, ¢)—a set of independent parameters(Potts et al.,
2001). This observation is critical from an engineering perspective: it underscores that, for
analyses in which deformation and displacement are the primary design criteria, the accurate
determination of Young's modulus is essential. However, in ultimate limit-state analyses
focusing on failure and collapse, the strength parameters (c and ¢) play a dominant role.

Conclusion

In this study, four key parameters—internal friction angle, cohesion, Young's modulus, and
loading rate—were investigated to assess their influence on the mechanical behaviour of rock
specimens under uniaxial compressive loading. The results reveal that these parameters exert
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different effects on the mechanical response of the specimens. Ultimate strength is directly
controlled by the internal friction angle, cohesion, and loading rate, so that an increase in any
of these parameters leads to a significant increase in peak strength. Analysis of the stress—strain
curves showed that all models, after reaching their peak strength, entered a strain-softening
stage, exhibiting a gradual decrease in stress. The corresponding failure mechanism involved
the progressive development of shear zones and the formation of a distinct failure plane within
the model. This trend indicates that, while the ultimate strength depends on the strength
parameters, the post-peak failure pattern is also governed by the degree of interlocking between
particles and the internal bonding within the rock.

In contrast, Young's modulus only affected the distribution and magnitude of strain before the
peak, without decisively influencing the final failure mechanism. Furthermore, the comparison
between the internal friction angle and cohesion showed that cohesion has a more substantial
influence on the ultimate strength of the rock specimen. For future work, it is recommended
that digital imaging and microscopic analysis techniques be used in conjunction with numerical
modelling to evaluate microcrack development and the evolution of failure surfaces in greater
detail. Additionally, extending the parametric sensitivity analysis using alternative failure
criteria is suggested to validate the robustness of the findings further further.
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