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Abstract. The transportation and civil construction sectors have placed higher
demands on the study of the stability and mechanical behavior of geotechnical
materials. In particular, the precise simulation of the microstructure of rock
masses is critical for engineering design and safety assessments in tunnels and
underground projects. To address the challenges of accurately reproducing the
internal compositional differences and mesoscopic structures of rock-like mate-
rials in particle flow modeling, digital image processing technology was em-
ployed to develop a refined PFC simulation model for granite standard speci-
mens, and mesoscopic parameters for parallel bond contacts were also calibrated.
The results show that digital image processing effectively extracts the boundaries
between different mineral components, such as quartz, feldspar, and mica, restor-
ing the complex internal geometric structure of granite. The mesoscopic param-
eters significantly influencing the macroscopic deformation behavior of the
model are the contact modulus and the normal-to-shear stifthess ratio. Parameters
affecting the macroscopic load-bearing capacity include the friction coefficient,
tensile strength, cohesion, and internal friction angle. Based on the final cali-
brated mesoscopic parameters, the PFC simulation model demonstrates good
agreement with the experimental results of the granite standard specimens under
uniaxial compression, indicating that the calibration method for mesoscopic pa-
rameters is both reasonable and effective.
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1 Introduction

In transportation infrastructure and civil construction projects, the design and construc-
tion of underground structures such as tunnels, underground garages, and subway sta-
tions impose stringent requirements on the study of rock mass stability. The design of
underground structures must account for complex geological conditions and the heter-
ogeneity of rock masses, which directly determine the long-term stability and safety of
these structures. Consequently, in projects involving tunnel excavation and under-
ground space development, studying the micromechanical properties of rock masses
and their influence on macroscopic behavior has become a focal point for both
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academia and the engineering industry. With the advancement of computer technology,
numerical simulation techniques [1] have been increasingly applied to the study of fail-
ure mechanisms in hard and brittle rocks, in which the discrete element method (DEM)
offers distinct advantages over other numerical simulation methods. The particle flow
code (PFC) method [2][3], based on discontinuous medium theory, models materials as
a collection of rigid particles, and by simulating the fluid-like motion of particles under
external or internal forces, PFC connects the mesoscopic mechanics of particles with
the macroscopic mechanical properties of rocks. The interactions between particles are
used to reflect the macroscopic mechanical behavior of materials, thereby providing a
mesoscopic explanation for macroscopic phenomena, which makes PFC inherently ad-
vantageous for simulating the failure behavior of heterogeneous materials. At present,
it has become a powerful tool for investigating the fundamental characteristics of rock-
like materials, their mechanical responses under various stress paths, and the develop-
ment of fractures.

However, natural rock materials are heterogeneous and discontinuous, typically
composed of various mineral constituents with significant differences in their physical
and mechanical properties [4][5] and failure characteristics under load. Moreover, rocks
often contain a multitude of random and complex mesoscopic structures, which greatly
influence their ultimate failure modes. Current approaches to simulate these composi-
tional differences and mesoscopic structures often rely on statistical analysis to generate
particle groups using regular shapes such as rectangles, circles, triangles, or ellipses
[6][7]. These methods are not only time-consuming and cumbersome, creating practical
challenges, but also fail to capture the intricate geometric shapes of actual rock interi-
ors. Furthermore, there is limited research demonstrating the extent to which these par-
ticle grouping methods accurately represent the true heterogeneity of rock materials,
making it difficult to obtain realistic mechanical properties of rock-like materials.

In recent years, with the continuous progress of digital image processing technology
[8][9], researchers began to use digital image technology to analyze the fundamental
characteristics of rock materials with different mineral compositions, and try to com-
bine it with numerical simulation technology, and some results have been achieved.
Building on this, to address the challenge of reproducing the compositional differences
and mesoscopic structures of rock materials in particle flow mesoscopic simulation
models, this study utilized digital image processing technology and the PFC?P software
to construct a particle flow numerical simulation model of granite composed of three
mineral components and calibrated the mesoscopic parameters [10][11]. The findings
of this study provide a valuable reference for the precise simulation and analysis of rock
material mesoscopic behavior in numerical models.

2 Mesoscopic Simulation Modelling Method of Granite
Based on Digital Image Processing

Digital image processing involves converting image information into digital data for
computer-based processing. Images consist of a series of pixels arranged in a rectangu-
lar grid, with each pixel representing information such as color and brightness. Based
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on differences in color and grayscale, images can be categorized into four types: RGB
color images, binary images, grayscale images, and indexed images. Grayscale images
differentiate materials based on the brightness of their components, with pixel bright-
ness represented by an integer called the grayscale value. Digital images, composed of
matrices of pixels with varying grayscale values, can be used to generate particle flow
simulation models. The specific steps for this process are as follows:

(1): Convert the colored digital image of granite into a grayscale image.

(2): Extract the grayscale gradient of each pixel in the grayscale image. Using the
characteristic that the gradient at the edges of pixels is slightly greater than within the
interior, identify the boundaries between different materials.

(3): Perform binary image processing on the identified boundaries by setting the pix-
els outside the boundary to 1 and the remaining pixels to 0.

(4): After generating the boundary for two materials, repeat the binary image pro-
cessing steps to generate boundaries for additional materials until all materials are dis-
tinguishable.

In this study, the surface image of granite blocks from the Kashgar region in Xinjiang
were selected for digital image processing, and the real-color digital image of the gran-
ite is shown in Figure 1(a). The image dimensions were 50 mm x 100 mm, and de-
noising was applied prior to model generation to improve clarity. The primary mineral
components of the granite block include quartz, mica, and feldspar, with distinct dif-
ferences in color among the minerals evident in the image.

Fig. 1. Cylindrical standard specimens of granite

Through digital image processing, the boundaries between different mineral compo-
nents of granite block can be extracted (Figure 1(b)). After establishing uniformly dis-
tributed circular particles with radius ranging from 0.2 mm to 0.35 mm and density of
2600 kg/m? (Figure 1(c)), the extracted boundaries are then imported into the particles,
and particles of different components are grouped according to the boundaries. This
process results in the PFC simulation model of the granite standard specimen shown in
Figure 1(d). In Figure 1(d), the colors transition from dark to light, representing mica,
feldspar, and quartz, respectively. The model contains a total of 17,424 particles, in-
cluding 11,160 quartz particles, 1,621 feldspar particles, and 4,643 mica particles, and
the parallel bond contact model, which is suitable for simulating the mechanical prop-
erties of rock-like materials, is used for the interactions between particles.
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3 Parameter Calibration in PFC

The predictive accuracy of particle flow code (PFC) simulations fundamentally relies
on appropriate selection of contact parameters at the microscale. These particle-scale
interactions collectively govern the emergent macroscopic behavior of modeled rock
materials. Current calibration challenges arise from three inherent complexities: (1) the
coupled nature of multiple micro-parameters, (2) absence of direct analytical relation-
ships between particle-scale properties and bulk mechanical responses, and (3) require-
ment for empirical parameter optimization through computational-experimental com-
parisons. To address these challenges, this study implements a systematic parameteri-
zation strategy combining quantitative analysis with controlled variable testing. Initial
reference values from Table 1 serve as baseline inputs for the parallel bond model,
which simulates interparticle cementation through six key parameters: contact modu-
lus, stiffness anisotropy ratio (normal-to-shear), frictional resistance, bond tensile
strength, cohesive strength, and internal friction characteristics. Through sequential
modification of individual parameters while maintaining others constant, we establish
parametric sensitivity correlations by comparing numerical simulation outputs with la-
boratory-derived granite properties under uniaxial compression. This methodology en-
ables precise identification of how specific microscale interactions influence macro-
scopic phenomena including stress-strain behavior, peak strength development, and
fracture propagation patterns.

Table 1. Initial mesoscopic parameters of the parallel bond model

Mesoscopic parameter Initial value Range of values
Contact modulus/GPa 45 10 30 45 60 80
Normal-tojshear stiffness 275 | ) 275 325 375
ratio kn/ks
Coefficient of friction 0.5 0.1 0.3 0.5 1 1.5
Tensile strength/MPa 9 1 5 9 19 29
Cohesion /MPa 43 23 33 43 53 63
Internal friction angle/° 30 10 20 30 40 50

3.1 Influence of Contact Modulus on Macroscopic Mechanical
Properties

According to previous studies, the overall elastic modulus of the PFC simulation model
is most strongly correlated with the contact modulus of the particles. Figure 2 presents
the stress-strain curves for PFC simulation models with varying contact modulus.
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Fig. 2. Stress-strain curves corresponding to different contact modulus

The analysis reveals that increasing the contact modulus leads to a noticeable steep-
ening of the elastic phase slope in the stress-strain relationship, accompanied by a con-
sistent reduction in strain at peak strength. This trend suggests that higher contact mod-
uli substantially enhance the model's effective elastic modulus while diminishing its
capacity to undergo deformation. Although a marginal decrease in peak strength (ap-
proximately 90 MPa) is recorded at 10 GPa contact modulus, subsequent modulus val-
ues demonstrate stable peak strengths clustering around this threshold. Consequently,
the contact modulus parameter exhibits minimal influence on the model's ultimate load-
bearing characteristics.

3.2  Influence of kn/ks on Macroscopic Mechanical Properties

Within the computational framework of the parallel bond contact model, the contact
modulus is governed by both normal and shear stiffness parameters. Altering the ratio
of normal to shear stiffness significantly impacts the macroscopic stress-strain response
of the material. As illustrated in Figure 3, PFC simulations reveal distinct stress-strain
relationships under varying normal-to-shear stiffness ratios, demonstrating the critical
role of this parameter in modeling mechanical behavior.
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Fig. 3. Stress-strain curves corresponding to different kn/ks
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As illustrated in Figure 3, the elastic phase slope of the stress-strain curve diminishes
progressively with higher stiffness ratios, demonstrating a corresponding reduction in
the macroscopic elastic modulus. Notably, the strain at peak strength exhibits an initial
positive correlation with the stiffness ratio. However, a notable reversal occurs beyond
a critical threshold of 3.75, suggesting that while the normal-to-shear stiffness ratio can
amplify macroscopic deformation capacity within a limited range (below 3.25), exces-
sive values may compromise this behavior. Further analysis reveals no statistically sig-
nificant correlation between the overall peak strength and stiffness ratio variations, as
the measured values oscillate consistently between 90 and 100 MPa. This observation
confirms that the normal-to-shear stiffness ratio exerts minimal influence on the mac-
roscopic load-bearing capacity of the system.

3.3 Influence of Coefficient of Friction on Macroscopic Mechanical
Properties

The coefficient of friction is a mesoscopic parameter directly assigned to particles. Fig-
ure 4 records the stress-strain curves of PFC simulation models with varying friction
coefficients.
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Fig. 4. Stress-strain curves corresponding to different coefficient of friction

It can be observed that the elastic stages of the stress-strain curves corresponding to
different friction coefficients nearly overlap, indicating that this parameter has no sig-
nificant effect on macroscopic deformation behavior. However, the overall peak
strength increases with the friction coefficient, rising from 93.2 MPa at a friction coef-
ficient of 0.1 to 106.1 MPa at a friction coefficient of 1.5, with an increase of approxi-
mately 13.84%. This is because higher friction coefficients result in rougher contact
surfaces between particles, leading to greater frictional resistance during relative dis-
placement. Consequently, the overall model, composed of particle assemblies, demon-
strates a stronger ability to resist external loads. Additionally, as the friction coefficient
increases, the post-peak phase of the curves becomes more gradual, showing a transi-
tion from brittle failure to ductile failure behavior.
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3.4 Influence of Tensile Strength on Macroscopic Mechanical
Properties

Tensile strength is a mesoscopic parameter in the parallel bond model associated with
the normal force at contacts. Figure 5 illustrates the stress-strain curves of PFC simula-
tion models with varying tensile strengths.
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Fig. 5. Stress-strain curves corresponding to different tensile strength

From figure 5, as tensile strength increases from 1 MPa to 29 MPa, the model's over-
all peak strength rises from 73.2 MPa to 119.2 MPa, an increase of over 62.84%, which
indicates that macroscopic load-bearing capacity is highly sensitive to changes in ten-
sile strength. Furthermore, with the increase in tensile strength, the slope of the elastic
stage of the stress-strain curves increases slightly, suggesting a marginal rise in the
elastic modulus of the model. This implies that increasing tensile strength can slightly

reduce macroscopic deformation capacity, although the effect is not particularly signif-
icant.

3.5 Influence of Cohesion on Macroscopic Mechanical Properties

Cohesion is a mesoscopic parameter in the parallel bond model associated with the
tangential force at contacts. Figure 6 presents the stress-strain curves of PFC simulation
models with varying cohesion values.
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Fig. 6. Stress-strain curves corresponding to different cohesion

The figure demonstrates that as cohesion increases from 23 MPa to 63 MPa, the
overall peak strength of the model rises from 63.3 MPa to 123.6 MPa, an increase of
over 95.26%, which indicates that macroscopic load-bearing capacity is highly sensi-
tive to changes in cohesion. Additionally, the shapes of the stress-strain curves for dif-
ferent cohesion values are essentially identical. The elastic segments of the curves al-
most overlap, and the post-peak slopes remain nearly constant, suggesting that this mi-
croscale parameter has virtually no influence on the macroscopic deformation behavior.

3.6  Influence of Internal Friction Angle on Macroscopic Mechanical
Properties

Internal friction angles is another mesoscopic parameter in the parallel bond model as-
sociated with the tangential force at contacts. Figure 7 illustrates the stress-strain curves
of PFC simulation models with varying internal friction angles.
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Fig. 7. Stress-strain curves corresponding to different internal friction angle

As the internal friction angle increases from 10° to 50°, the overall peak strength of
the model rises from 78.1 MPa to 113.7 MPa, an increase of over 45.58%, which indi-
cates that the internal friction angle is also a sensitive factor affecting macroscopic load-
bearing capacity. The elastic segments of the stress-strain curves for different internal
friction angles are nearly identical. However, the slopes of the post-peak segments grad-
ually decrease as the internal friction angle increases, indicating a transition in the over-
all failure mode from brittle failure to ductile failure. This is because, after the peak
strength is reached and fractures begin to interconnect, the load-bearing and defor-
mation capabilities of the model are primarily determined by the frictional forces be-
tween particles. Therefore, models with larger internal friction angles exhibit relatively
higher post-peak load-bearing and deformation capabilities.
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3.7  Results of Mesoscopic Parameter Calibration and Validation

Based on the influence of mesoscopic parameters on the macroscopic mechanical prop-
erties of the model, the calibration process first modifies the parameters that signifi-
cantly affect the macroscopic properties. The numerical results are then compared with
the physical model test results. Once the model’s macroscopic properties fall within the
appropriate range, the next parameter is adjusted. Since the granite block modeled in
this study consists of three mineral components—quartz, feldspar, and mica—different
mesoscopic parameters are assigned to each mineral component. To simplify the cali-
bration process, the mineral components are distinguished primarily by mesoscopic pa-
rameters related to parallel bond contact between particles, while parameters such as
contact modulus, stiffness ratio, and coefficient of friction are set to the same values.
The final calibrated mesoscopic parameters for the three mineral components are shown
in Table 2. Based on Table 2, the PFC simulation model and the granite standard spec-
imen's experimental results under the uniaxial compression stress path are shown in
Table 3.

Table 2. Mesoscopic parameters of the three mineral components

Contact Normal-to- Coeffi- Tensile Cohesion Internal
Materials modulus shear stiffness cient of strength (MPa) friction
(GPa) ratio kn/ks friction (MPa) Angle (°)
Quartz 19 1.9 1 80 95 70
Feldspar 19 1.9 1 65 75 60
Mica 19 1.9 1 45 55 50

Table 3. Comparison of the uniaxial compression test results between the PFC simulation
model and the granite standard specimen

Name of test Peak strength (MPa)  Elastic modulus (GPa)  Poisson's ratio
Gramtp standard 107.4 18.7 0.17
specimen test
PFC simulation 104.9 16.5 0.18

model test

It can be seen that the peak strength of the PFC simulation model differs from the

granite standard specimen by 2.33%, the elastic modulus differs by 11.76%, and the

Poisson's ratio differs by 5.88%. Overall, the results of the uniaxial compression test of

the PFC simulation model are in good agreement with those of the granite standard

specimen, indicating that the calibration method for this set of mesoscopic parameters
is reasonable and effective.

4 Conclusion

In this study, digital image processing technology was used to develop a refined PFC
simulation model for the granite standard specimen. By comparing the PFC model with
the experimental results of the granite standard specimen under uniaxial compression
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stress, the mesoscopic parameters of the parallel bond contact model were calibrated.
The following conclusions were drawn:

1.Digital image processing can extract the boundaries between different mineral
components, such as quartz, feldspar, and mica. By using these extracted boundaries
for particle grouping, the complex geometric structure of granite can be accurately re-
stored.

2.The mesoscopic parameters that have a significant impact on the model's macro-
scopic deformation ability are the contact modulus and normal-to-shear stiffness ratio.
Increasing the contact modulus significantly enhances the model's macroscopic elastic
modulus, but the effect on the bearing capacity is minimal. Increasing the normal-to-
shear stiffness ratio can improve macroscopic deformation ability within a certain
range, but the value should not exceed 3.25.

3.The macroscopic bearing capacity of the model is governed by four key
mesoscopic parameters: friction coefficient, tensile strength, cohesion, and internal
friction angle. Experimental data reveal distinct enhancement patterns for each param-
eter. Specifically, increasing the friction coefficient from 0.1 to 1.5 enhances the bear-
ing capacity by approximately 13.84%, with values rising from 93.2 MPa to 106.1 MPa.
A more pronounced effect is observed in tensile strength, where elevating this parame-
ter from 1 MPa to 29 MPa results in a substantial 62.84% improvement, boosting ca-
pacity from 73.2 MPa to 119.2 MPa. Cohesion demonstrates the most significant influ-
ence, as raising it from 23 MPa to 63 MPa nearly doubles the bearing capacity (95.26%
increase), escalating from 63.3 MPa to 123.6 MPa. Similarly, expanding the internal
friction angle from 10° to 50° yields a 45.58% enhancement, with capacity values pro-
gressing from 78.1 MPa to 113.7 MPa. These quantitative relationships collectively
demonstrate the critical role of mesoscale material properties in determining structural
performance at the macroscopic level.

4.Based on the final calibrated mesoscopic parameters, the PFC simulation model's
peak strength differs from the granite standard specimen by 2.33%, elastic modulus by
11.76%, and Poisson’s ratio by 5.88%. The uniaxial compression test results of both
are in good agreement, indicating that the calibration of this set of mesoscopic param-
eters is reasonable and effective.
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