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Abstract
Rock masses are inherently complex media, composed of intact rocks and fractures, and their mechanical behavior and 
deformation characteristics are significantly influenced by the characteristics and development of fractures. In this study, a 
discrete fracture network (DFN) model was constructed based on comprehensive field surveys and meticulous laboratory 
tests. By utilizing the finite-discrete element method (FDEM), we conducted simulated compression tests on the rock mass 
in the cavern area of the GS hydropower station. The expansion patterns and stress–strain characteristics of fractures dur-
ing compression were meticulously analyzed, allowing the rock mass failure process to be categorized into four distinct 
stages. Furthermore, the properties of the rock mass were calculated and validated against empirical formulas derived from 
established engineering rock mass classification systems. The findings revealed that the DFN model accurately captures 
the impact of fracture development on the deformation modulus of rock masses. The orientation of fractures was found to 
significantly influence the mechanical properties of the rock mass, and the patterns of fracture expansion and connectivity 
emerged as crucial factors affecting rock properties. This methodology allows for a more accurate calculation of the mechani-
cal characteristics of the rock mass, providing reliable parameters for engineering design.

Keywords Discrete fracture network (DFN) · Rock mass properties · Compression damage process · Finite-discrete 
element method (FDEM)

Introduction

Natural rock masses are typically intersected by a variety 
of discontinuities, including fractures, faults, and bedding 
planes. These discontinuities, with their distinct types, sizes, 
apertures, and fillings, exert a significant influence on the 
mechanical behavior of rock masses (Goodman 1991; Priest 
1993). They are key determinants of the rock mass's strength, 
deformation characteristics, seepage properties, and failure 
modes (Barton 1978). Traditional survey methods for rock 
mass fractures include the scanline method (La Pointe and 

Hudson 1985; Wang 2005), the window sampling method 
(Pahl 1981; Mauldon et al. 2001; Rohrbaugh et al. 2002; 
Zeeb et al. 2013; Casini et al. 2016), and virtual outcrop 
technology (Sturzenegger and Stead 2009). Field studies 
often lead to the derivation of fracture modeling parameters 
through statistical analysis and description of the geometric 
distribution and spatial relationships of rock mass fractures 
(Cardona et al. 2021; Mauldon et al. 2001; Dershowitz and 
Herda 1992; Zhang and Einstein 2000), which in turn facili-
tate the creation of a fracture system model (Baecher 1983; 
Dershowitz and Einstein 1988; Lavoine et al. 2020).The 
discrete fracture network (DFN) model has gained wide-
spread acceptance for characterizing fracture systems in 
rock masses (Baecher 1983; Andersson et al. 1984; Elmo 
and Stead 2009). This model conceptualizes the rock mass 
as a composite medium comprising discrete fractures and 
rock blocks, thereby enabling the consideration of fracture 
characteristics such as spatial distribution, connectivity, and 
permeability (Davy et al. 2013; Ivars et al. 2021).

Over the past few decades, several geomechanical classifi-
cation systems have been developed, including the rock mass 
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rating (Bieniawski 1973), rock quality designation (Deere 
1963; Sen and Kazi 1984; Priest and Hudson 1976), geological 
strength index (Hoek 1983), tunneling quality index (Barton 
et al. 1974), and the Chinese rock mass basic quality (Stand-
ards for Engineering Classification of Rock Mass GB/T50218-
2014). These systems have served as the basis for empirical 
equations proposed by scholars to estimate the deformation 
modulus of rock masses (Read et al. 1999; Barton 2002). How-
ever, the complex influence of fractures within rock masses 
on deformation parameters such as the elastic modulus and 
Poisson's ratio has not been adequately addressed in previous 
research (Wu et al. 2022). The DFN method offers a means to 
calculate the elastic modulus and Poisson's ratio of rock masses 
while accounting for the anisotropy of the rock mass and the 
spatial variability of fractures.

Although rock mass classification systems and empirical 
relationships are commonly employed in rock mechanics and 
geological engineering, they often fall short in comprehen-
sively and accurately representing the anisotropic nature of rock 
masses (Gottron and Henk 2021). The DFN modeling approach 
provides significant advantages in the study of rock mechanical 
parameters, particularly in the context of anisotropy. By incor-
porating the various cracks and faults present in real rocks, the 
DFN modeling method enables a more realistic simulation of 
actual rock masses, which is essential for accurately capturing 
their anisotropic behavior. Moreover, it facilitates the derivation 
of precise deformation modulus values for rocks.

In this study, we quantify the distribution characteristics, 
geometry, and spatial relationships of fractures in a rock 
mass through detailed adit logging surveys. Subsequently, a 
discrete fracture network model is established to investigate 
the mechanical properties and parameters of the rock mass 
across different orientations using compression tests. To ver-
ify the accuracy of our findings, we compare the calculated 
parameters with those obtained using traditional rock mass 
classification methods. Our analysis uniquely incorporates 
the spatial variability of primary fracture networks, provid-
ing a precise elucidation of the destruction mechanism and 
mechanical behavior during rock mass failure.

Fundamentals

DFN modeling

Statistical methods for characterizing rock mass fractures are 
essential quantitative tools used to describe and analyze the 
distribution characteristics, geometry, and spatial relation-
ships of fractures within rock masses. These methods are 
crucial for evaluating the mechanical and hydraulic proper-
ties of rock masses, simulating the failure process of rock 
masses, and optimizing design and construction in geotech-
nical engineering (Cardona et al. 2021).

A fundamental aspect of establishing a rock mass fracture 
model is the accurate description of the spatial locations of 
fractures. Typically, fractures are assumed to be randomly 
and uniformly distributed throughout the rock mass, with the 
centroid of each fracture used to characterize its spatial loca-
tion. The most commonly employed stochastic model for the 
spatial location of fractures is the Poisson distribution. The 
orientation of a fracture determines its direction of exten-
sion within the rock mass, which is primarily governed by 
the dip direction, dip angle, and rotation angle. Fractures are 
usually categorized into different groups based on collected 
fracture directions, with each subset exhibiting clustered 
distributions. Most fractures within a subset share the same 
direction, exhibiting a clear clustering tendency, while the 
remainder are scattered around this direction. This pattern of 
distribution is consistent with the Fisher distribution.

The size of a fracture characterizes its extent within the 
rock mass and is a critical parameter affecting the integ-
rity and mechanical properties of the rock mass. Typically, 
fracture size adheres to a power-law distribution, where the 
exponent of the power law is key to describing the shape of 
the fracture size distribution. Different rock types and geo-
logical conditions can lead to varying power-law exponents.

The complexity of the fracture network is primarily gov-
erned by the fracture intensity. Dershowitz and Herda (1992) 
introduced measures such as  P10,  P20,  P21,  P30, and  P32 to 
quantify fracture density in one, two, and three dimensions 
(Fig. 1). In this study, the  Pij system will be utilized to quan-
tify fracture intensity.

Simulation of rock compression using PCDC2D

The parallel continuum discontinuum code (PCDC2D) is a 
sophisticated numerical simulation tool that integrates mac-
romechanics and micromechanics through a hybrid finite-
discrete element method (FDEM). This approach combines 
the strengths of the finite element method (FEM) and the 
discrete element method (DEM), providing an effective 
means to address the complexities of solid structures with 
intricate interfaces and fracturing behaviors. In the present 
study, PCDC2D is employed to conduct rock compression 
tests, calculate rock mass parameters, and explicitly sim-
ulate the deformation and damage processes of a jointed 
rock mass. This includes the simulation of tensile and shear 
damage modes of fractures, as well as the propagation, pen-
etration, and the initiation, growth, and penetration of new 
fractures within intact rock masses.

Intrinsic cohesive zone model

The cohesive zone model (CZM) is a fracture mechanics 
model that conceptualizes fracture formation as a progres-
sive process. By utilizing the CZM, it is possible to predict 



Bulletin of Engineering Geology and the Environment          (2024) 83:402  Page 3 of 19   402 

the initiation and propagation of fractures and to obtain a 
detailed depiction of the fracture growth process in pre-
existing fractures within a rock mass (Alfano et al. 2009). 
The CZM offers significant advantages in simulating the 
direction of fracture propagation in rocks, making it a suit-
able choice for this study to simulate the generation and 
extension of fractures in a rock mass. In the CZM, the nor-
mal stress σcoℎ and shear stress τcoℎ at the fracture surface 
are determined by Eqs. (1) and (2), respectively.

In the cohesive zone model (CZM), the parameters φ and 
c denote the angle of internal friction and the cohesion of 
the rock material, respectively. The symbol  Ts represents 
the tensile strength of the rock. The normal opening,  op, 
and shear displacement,  sp, define the critical thresholds at 
which fractures transition from elastic deformation to strain 
softening, with op representing the critical normal open-
ing and  sp representing the critical shear displacement. The 
variables o and |s| denote the actual fracture opening and 
shear displacement, respectively. The function f(D) charac-
terizes the softening behavior of fractures as a function of 
their opening and shear displacement, with D representing 
the rupture factor. This factor, along with the function f(D), 
is utilized to account for both Type I (tensile) and Type II 
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(shear) rupture modes, as well as mixed-mode I-II rupture 
modes, thus providing a comprehensive model for fracture 
behavior in rocks (Mahabadi et al. 2012).

where A, B, and C are coefficients that determine the shape 
of the softening curve. These coefficients are generally 
established through laboratory tests. However, numeri-
cal calculations have revealed that the precise shape of the 
softening curve has a minimal impact on the overall calcu-
lation outcomes. Consequently, in this study, A, B, and C 
are treated as constants, with assigned values of 0.63, 1.8, 
and 6.0, respectively. The parameters  ot and  st represent the 
ultimate critical values for tensile and shear displacements, 
beyond which the fracture's behavior is characterized by 
macroscopic fracturing.

PCDC exact method of DFN model generation

The process of generating a DFN model within PCDC 
involves several steps. Initially, the geometrically defined 
fractures from the DFN model are extracted and imported 
into the software. Subsequently, using PCDC commands 
and considering these geometric fractures along with the 
model boundaries, the model mesh is constructed. This is 
followed by the identification and naming of the fracture 
groups within the model. Finally, appropriate constitutive 
relationships and corresponding mechanical parameters are 
assigned to the fractures in the model.
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Fig. 1  The  Pij system, adapted from Dershowitz and Herda (1992), is utilized for deriving input parameters in DFN modeling
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Rock mass classification schemes

The rock quality designation (RQD) scheme, introduced 
by Deere in 1963, quantifies the proportion of core sam-
ples longer than 10 cm in relation to the total core length. 
Alternative methods for assessing RQD include the use of 
empirical formulas and statistical distributions, which ana-
lyze the intervals between fractures (Sen and Kazi 1984; 
Zhang 2016; Priest and Hudson 1976). For example:

where λ represents the average number of discontinuities 
per meter.

The rock mass rating (RMR) is a geological rock mechan-
ics classification system, which was established by Bieniaw-
ski in 1973. The formula for calculating the RMR is as 
follows:

The RMR method's initial value is determined by incor-
porating five key parameters: rock strength  (R1), rock qual-
ity designation (RQD)  (R2), fracture spacing  (R3), fracture 
roughness  (R4), and groundwater conditions  (R5). Follow-
ing the establishment of the initial value, it is subsequently 
adjusted based on the score (B) that reflects the relationship 
between the fracture surface yield and the adit.

Building upon this foundation, Barton et  al. (1974, 
2002) drew upon a comprehensive suite of case studies 
pertaining to underground cavern excavation to introduce 
the Q-System, a tunneling quality index. This index is 
expressed as:

(5)RQD = 100e−0.1�(0.1� + 1).

(6)RMR =
(
R1 + R2 + R3 + R4 + R5

)
+ B.

Where  Jn represents the number of fracture groups,  Jr 
represents the fracture roughness number,  Ja represents the 
fracture alteration number,  Jw represents the fracture water 
reduction factor, and SRF represents the stress reduction 
factor.

Workflow

Figure 2 illustrates the research workflow for determin-
ing the deformation modulus of a rock mass utilizing the 
DFN model and for the classification of an engineered rock 
mass. This workflow encompasses both field survey work 
and laboratory testing. The fieldwork component involves 
detailed cataloging of fractures within the adit, including 
the documentation of fracture orientation, intensity, size, 
filler material, and shape. These data are crucial for generat-
ing the DFN model and for acquiring the evaluation indices 
necessary for the classification of the engineering rock mass 
quality. Laboratory tests are subsequently conducted on rock 
samples collected from the field. These tests include uni-
axial and triaxial compression tests to determine the rock's 
mechanical properties and direct shear tests on fracture sur-
faces to assess their shear strength characteristics.

Once the DFN model is constructed, numerical simula-
tion software is employed to calculate the rock mass proper-
ties. This is achieved by integrating the mechanical param-
eters of the rock and fracture surfaces obtained from the 
laboratory tests. Fracture propagation and penetration modes 

(7)Q =
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]
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]
×

[
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]
.

Fig. 2  Workflow for determining the mechanical properties of rock bodies using DFN modeling methods and rock mass classification
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are then analyzed using fracture mechanics principles. 
Finally, the rock mass deformation modulus is estimated 
through the application of engineering rock classification 
systems and empirical relationships. This estimation serves 
to validate the accuracy of the DFN modeling approach.

Geologic setting and data acquisition

Case study research

The primary objective of this study was to determine the 
rock mass parameters for an underground powerhouse. To 
this end, the underground powerhouse of the GS Hydro-
power Station was selected as the focal point of the research. 
The GS power station's dam site is situated in the upper 
reaches of the Lancang River within Deqin County, Yunnan 
Province. The river's course exhibits a near-flat S-shaped 
configuration, characterized by swift water flow. The under-
ground powerhouse is positioned within the rock mass on 
the river's right bank, with an axial direction of SW200° 
(S20°W). It is deeply buried, with the main structure situ-
ated in the  P1j3 member of the Lower Permian Jidonglong 
Formation (Fig. 3). The lithology of the stratum hosting the 
powerhouse predominantly consists of basaltic rock. The 
main adit, PD4, is located at an elevation of 2094 m and 
extends 700 m in length, with three branch adits traversing 
the entire research area.

The rock mass exposed within the underground power-
house is characterized by blocky basalt (Fig. 4), with a well-
developed fracture network. Apart from the F1 fault located 
in the upper reaches of the Lancang River, no major faults 
are evident in the dam site area. The small faults present are 
relatively narrow, and the connectivity and aperture of the 
fracture groups exhibit similarities, facilitating the reason-
able establishment of a DFN model. Additionally, the rock 
mass in the study area is complex fractured, and utilizing 
the DFN method to simulate the rock mass provides detailed 
information about the fracture structure and allows for full 
consideration of the role of hidden micro-fractures within 
the rock mass.

Field data collection

For the purposes of this study, extensive data were gathered 
through continuous measurements in adit PD4, employing 
the universal survey network method. This process yielded 
a total of 805 fractures of various types, which were meticu-
lously documented. Based on this data, a typical adit dis-
play map was constructed (Fig. 5), with Figs. 5(a) and 5(b) 
illustrating the fracture mappings at depths ranging from 
300–400 m and 500–600 m, respectively.

Rock samples were meticulously collected from the 
field and transported to the laboratory for a comprehensive 
suite of rock mechanics tests, including triaxial compres-
sion, direct tensile, and shear tests (Fig. 6(b, c)). These tests 
yielded detailed mechanical parameters for the primary lith-
ologies within the study area, as presented in Table 1.

Drawing upon the field exploration of the adit rock mass, 
the outcomes of in situ fracture shear tests (Fig. 6(a)), labo-
ratory experimentation (Fig. 6(c)), and the insights provided 
by the research conducted by Zheng et al. (2024a, b), the 
mechanical parameter values for the fractures were meticu-
lously determined (Table 2).

Modeling approach

DFN modeling

The on-site adit logging data were meticulously analyzed to 
ascertain the predominant orientation, size, intensity, and other 
essential characteristics of the fractures within the rock mass 
enveloping the underground powerhouse in the study area. 
Fracture nodal poles exhibited a trend of clustering within 
specific subzones, displaying a high degree of density. To char-
acterize the spatial distribution of natural fracture orientations, 
the Fisher function was employed, leading to the generation 
of an iso-density map that adheres to probabilistic statistical 
principles (Fig. 7). The fracture poles were grouped into sev-
eral zones, and for each group, the inclination, trend, and kappa 
values of the Fisher function were determined (Table 3).

Statistical analysis of the PD4 adit logging and fracture 
length data (Fig. 5) yielded a distribution curve of fracture 
trace lengths (Fig. 8). In this figure, the horizontal axis rep-
resents fracture size, while the vertical axis denotes cumula-
tive density. It is observed that smaller fractures exhibit less 
dispersion in mean values and a denser data distribution, 
whereas larger fractures show greater dispersion in mean 
values and a wider data distribution. Overall, the fracture 
size distribution follows a power-law pattern.

Building upon the extensive field survey of the rock 
mass within the adit, a substantial dataset on fractures 
was compiled, revealing the distinctive characteristics of 
the rock mass's fracture network (Fig. 5). To establish an 
accurate DFN model reflective of the study area, it was 
necessary to estimate the fracture intensity from the adit 
sampling fracture trace data. Given that the surveyed adit 
approximates a flat, cylindrical shape, the volumetric frac-
ture intensity of the rock mass,  P32 (fracture area per unit 
of rock volume), is related to the areal fracture intensity on 
the cylindrical surface,  P21,D (fracture trace length per unit 
of sampled surface area). This relationship is expressed 
through the general conversion factor definition  (C23,D):
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(8)p21,D =
K*

∑
li

A
,

Where ∑li is the sum of the fracture traces within the log-
ging area, A represents the area of the fracture logging area, 
K is the statistical fracture trace amplification factor (acknowl-
edging the limitations inherent in field logging), and  P21,D 

Fig. 3  Geological and adit placement map at an elevation of 2110 m in the study area
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denotes the measured fracture intensity in the logging area 
(the length of fracture traces per unit of sampled surface area).

The subscript 23 indicates the conversion from a 2-D to 
a 3-D measurement dimension, while the subscript D refers 
to the columnar surface sampling domain. Drawing upon the 
findings of Wang (2005), the conversion factor  (C23,D) is sug-
gested in conjunction with the adit logging survey conducted 
in the study area:

The total length of the fracture traces within the adit's 
rock mass is denoted as ∑li = 2627.72 m, and the area of 
the logged rock mass is A = 7197.39  m2. Considering the 
field survey and the degree of fragmentation of the rock 
mass, an amplification coefficient for the fracture traces of 
K = 2.0 is adopted. Substituting this value into Eq. (8) yields 
 P21,D, which can then be used in Eq. (9) to calculate  P32. The 
calculated results are presented in Table 3.

PCDC2D model input parameters

The numerical model employs the Mohr–Coulomb constitu-
tive model, with the specific parameters adjusted in accord-
ance with the outcomes of the laboratory rock mechanics tests 
(Table 1). The final set of parameters is detailed in Table 4.

(9)P32 = C23,DP21,D,

(10)

C23,D =
3�

2
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�=
3�

2

∫
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�=
�
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∫
�=0

�=
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2

∫
�=0

sin�

2�

�
cos2� + sin2�sin2(� − �)d�d�d�

⎤⎥⎥⎥⎦
.

−1

To simulate the rupture process of materials, the paral-
lel continuum discontinuum code (PCDC) establishes frac-
ture cells between adjacent cells of the finite element mesh. 
These fracture cells are governed by the cohesive zone 
model (CZM), which is known for its capability to accu-
rately predict the deformation and damage behavior of rock 
masses (refer to Sect. "Rock mass classification schemes" 
for details). Numerical experiments have indicated that the 
penalty stiffness parameters  (Popen,  Ptan,  Poverlap) should be set 
to values ranging from 10 to 100 times the Young's modulus 
of elasticity of the finite element cell, as suggested by Wang 
et al. (2018), Yao et al. (2022), Zhou et al. (2021, 2015). The 
precise parameter values are provided in Table 5.

Deformation modulus estimation methods based 
on rock mass classification

Empirical equations have been extensively developed 
through prior rock engineering research. This study aims 
to estimate the deformation modulus of a rock mass using 
various rock mass classification systems, including the rock 
mass rating (RMR), Q-System, and rock quality designa-
tion (RQD). The objective is to compare these estimates 
with those obtained using the discrete fracture network 
(DFN) method to verify the accuracy of the DFN approach. 
Table 6 outlines the empirical relationships between the 
different rock mass classification systems and the defor-
mation modulus of the rock mass. The estimation of the 
deformation modulus involves compiling and organizing 
parameters from various systems while integrating field 
data and test outcomes.

Fig. 4  PD4 rock mass in adit: 
(a) 5 m inside the adit, and (b) 
300 m inside the adit
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Results

Validation of DFN model

A comprehensive survey was conducted within the under-
ground powerhouse area of the GS Power Station, utilizing 
an adit to gather raw data on fracture parameters. From this 

data, key modeling parameters such as the dip direction, dip 
angle, and intensity  (P32) for each fracture group in the study 
area were determined (Table 3). A model was developed to 
characterize the power law parameters of fracture length. 
Subsequently, DFN.lab (Lavoine et al. 2020) was employed 
to perform discrete fracture network fitting for the fractured 
rock masses in the study area.

Fig. 5  PD4 adit rock mass logging maps. (a) Rock wall display for adit depths of 300–400 m, and (b) Rock wall display for adit depths of 500–
600 m
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Under consistent rock structure conditions, the size 
of the rock mass significantly influences its mechanical 
parameters. Current research suggests that the Represent-
ative Elementary Volume (REV) could extend up to 5–10 
times the fracture spacing (González-Fernández et al. 
2024; Schultz 1996). The DFN model employed in this 
study has dimensions of 40 m × 40 m × 40 m (Fig. 9), with 
a fracture spacing of less than 1.2 m, thereby ensuring 
that the mechanical parameters of the rock mass remain 

consistent across different volumes. To assess the model's 
validity, a comparison was made between the cumula-
tive density distribution curves of the generated model 
and the fracture lengths from the input power law param-
eters. The comparison revealed a significant discrepancy 
between the extremes and a close alignment in the middle 
(Fig. 10). Overall, the DFN model provided a reliable 
simulation of the rock mass in the study area.

Determination of rock mass parameters 
and extension and penetration of fractures based 
on numerical modeling

Advancements in rock mass behavior research under stress 
and fracture conditions have been made through various 
studies (Zhang and Zhou 2020; Zhang et al. 2024, 2023; 
Zhou et al. 2019). In this study, a consistent model size 
was used to eliminate the influence of size effects, enhanc-
ing the comparability of experimental results. By alter-
ing the loading direction, the stress–strain behavior of the 

Fig. 6  Experimental tests, (a) 
field fracture shear test, (b) 
laboratory rock triaxial test, (c) 
laboratory rock shear test

Table 1  Physical and mechanical properties of rocks

Density (kg/m3) Compressive strength 
(MPa)

Tensile strength (MPa) Elastic modulus  (Em) 
(GPa)

Deformation modulus
(E0) (GPa)

Poisson's ratio (v)

Basalt 2700 130 7.5 50 36 0.24

Table 2  Mechanical parameters of the fracture surface

Type of 
fracture 
surface

Peak intensity Residual intensity

Friction 
(φ') (°)

Cohesive(C') 
(MPa)

Friction (φ) 
(°)

Cohesive (C) 
(MPa)

Rigid 
fracture 
surfaces 
(joints)

30 0.50 30 0.30
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rock mass was observed in different orientations, provid-
ing insights into the anisotropic performance and damage 
process of the rock mass.

To accurately simulate the deformation and damage 
process of the rock mass, as well as its anisotropy, and to 
observe fracture growth, extension, and penetration phenom-
ena, the middle section of the generated DFN model (Fig. 9) 
was used as the geometric boundary and fracture geometry. 
Based on the rock parameters established in Tables 4 and 
5, the internal cohesive zone model, and the PCDC proce-
dure, a DFN test model with dimensions of 40 m × 40 m was 
constructed (Fig. 11). Displacement walls were applied to 
the upper and lower parts of the model to conduct a series 

of uniaxial compression tests. For the boundary conditions 
under uniaxial compression tests, the axial displacement 
load was consistently applied parallel to the coordinate axes 
(up and north axes) on the model surface. When loading 
vertically (Fig. 11(a)), the displacement load was parallel to 

Fig. 7  Fisher distribution iso-density plot of fracture poles

Table 3  Geometric properties of the fractures in PD4

Serial 
number

Dip direction (°) Dip (°) Fisher K P21,D P32

1 228.31 54.50 65.8429 0.114 0.147
2 210.44 28.05 48.3848 0.159 0.205
3 346.14 29.89 136.867 0.045 0.059
4 349.75 63.96 463.147 0.023 0.029
5 138.58 19.59 15.1909 0.513 0.662

Fig. 8  Density distribution of fracture lengths in adit PD4
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the up direction, with the horizontal direction (north) unre-
stricted; conversely, when loading horizontally (Fig. 11(b)), 
the displacement load was parallel to the north direction, 
with the horizontal direction (up) unrestricted.

The stress–strain curves for both vertical and horizontal 
compression tests were obtained (Fig. 12). As illustrated in 
Fig. 12, the anisotropy of the rock mass is evident, with 
the stress value being significantly lower for the vertical 
model (with the up axis upward) compared to the horizontal 
model (with the north axis upward) after the vertical model 
reaches its peak strength. However, the overall trend of the 
stress–strain curves is consistent between the two models, 
which is corroborated by the fracture development during 
the deformation process (Figs. 13(a–c)). Figures 13(d–f) 
depict the fracture extension process for the vertical model. 
Based on the stress–strain curves and the fracture develop-
ment, the compression damage to the rock mass was catego-
rized into the following four stages:

1) Fracture Compaction Stage: The internal fractures 
within the rock mass generate local friction, correspond-
ing to the portion of the stress–strain curve prior to the 
first turning point. The strain change is minimal, and the 
stress increases rapidly. The rock mass as a whole is in 
the elastic deformation stage, with no apparent damage 
to the rock mass and no new fractures being produced.

2) Transition from Elastic to Plastic Deformation and 
Microplastic Fracture Stabilization: During this stage, 
the axial stress initially decreases with increasing com-

pression before exhibiting a tendency to increase as the 
rock mass deforms further, eventually reaching a peak 
value. Figures 13(a) and (d) illustrate the deformation 
of the rock mass for the horizontal and vertical models, 
respectively, at this stage of fracture development. At the 
ends of the pre-existing fractures, microfractures nucle-
ate and develop into tension and shear fractures. While 
the number of nascent fractures is relatively low, the 
primary direction of fracture propagation is still influ-
enced by the growing fractures, with sprouts emerging 
from the ends of one set of pre-existing fractures and 
extending towards another set at the intersection.

3) Unstable Fracture Propagation Stage: Following the 
peak in axial stress, under vertical compression, tensile 

Table 4  Mohr–Coulomb elastic–plastic constitutive model input 
parameters

Parameters Density Young's 
modulus

Poisson 
ratio

Penalty Damp 
factor

Symbol ρ (kg/m3) Em (Pa) v P Df

Value 2700 5e10 0.24 5e10 1.0

Table 5  Input parameters for the internal cohesive zone model of fracture units

Parameters Friction Cohesion Tensile strength Type I fracture energy Type II frac-
ture energy

Penalty overlay Penalty normal Penalty shear

Symbol φ (°) C (Pa) Ts (Pa) Gf1 (N/m) Gf2 (N/m) Poverlap (Pa) Popen (Pa) Ptan (Pa)
Value 30 10e6 1.5e6 500 5000 2.5e14 2.5e13 2.5e13

Table 6  Various empirical 
relationships for determining 
the deformation modulus of a 
rock mass

Publication Classification System Equation

Zhang and Einstein 2004 RQD Em

Ei

= 10
0.0186RQD−1.91

Galera et al. 2007 RMR Em = Eie
(RMR−100)

36

Ajalloeian and Mohammadi 2013 Q-System Em = −0.016Q2 + 1.581Q + 0.961

Fig. 9  Effective DFN computational model generated
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and shear fractures within the rock mass undergo sig-
nificant expansion (Figs. 13(b) and (e)). In the vicinity 
of the fractures formed in the previous stage, the rock 
mass continues to rupture, with nuclei expanding to the 
periphery. The form of destruction differs from that of 
intact rock, typically manifesting as the emergence of 

secondary fractures and rapid expansion. The stress–
strain curves exhibit step-like undulations.

4) Post-Rupture Stage: The stress decreases sharply with 
increasing strain, and the fractures propagate to form 
the primary crack, leading to the overall instability of 
the rock specimen. For the same specimen, the loading 

Fig. 10  DFN model fracture 
length distribution

Fig. 11  Schematic diagram of the uniaxial simulation using PCDC2D: (a) vertical compression, and (b) horizontal compression
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direction results in distinct forms of damage (Figs. 13(c, 
f)). In the vertical loading model, the primary rupture 
occurs at 45° (relative to 0° in the vertical direction), 
and the rock mass is fragmented into small and medium-
sized clasts by a 135° fracture. In contrast, in the hori-
zontal loading model, the primary rupture is at –45°, 
with the anisotropy of the rock mass being pronounced 
(Fig. 14).

According to the analysis presented, during the unstable 
rupture development stage, the axial stress reaches its peak, 
after which the fractures rapidly expand, and the rock mass 
commences plastic deformation. This behavior reflects the 
overall strength properties of the rock mass.

Consequently, the stress–strain value at this stage is uti-
lized to calculate the deformation modulus of the rock mass. 
Additionally, the Poisson's ratio of the rock mass is deter-
mined by the ratio of lateral strain to longitudinal strain.

(11)Em =
�3

�3
.

(12)vm =
−�3,x

�3,z

Equations (11) and (12) are utilized to estimate the defor-
mation modulus and Poisson's ratio of the rock mass. The 
deformation modulus for the vertical model (up) is found to 
vary between 9.98 and 17.82 GPa, while for the horizontal 
model (north), it ranges from 8.28 to 15.12 GPa. Similarly, 
the Poisson's ratio for the vertical model (up) lies between 
0.27 and 0.31, and for the horizontal model (north), it spans 
from 0.29 to 0.33.

Deformation modulus estimation results based 
on rock mass classification

In classifying the engineering geology of the rocks sur-
rounding the underground powerhouse, the rock type serves 
as the primary determinant. The stability of the surrounding 
rock is influenced by several factors, including lithology, 
fracture orientation, weathering and unloading degree, rock 
mass structure type, fracture characteristics and patterns, and 
groundwater activity. By taking these factors into account 
comprehensively, calculations were conducted to ascertain 
the RQD, RMR, and Q-System values (Table 7). Specifi-
cally, the RQD reflects the fundamental quality of the rock 
mass, with scores ranging from 75 to 85. The RMR scores 
are in the range of 53 to 64, and the Q-System scores lie 
between 25 and 35.

Fig. 12  Stress–strain curves 
of rock mass under uniaxial 
compression
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Fig. 13  Forms of fracture generation, extension, and penetration of rock mass under uniaxial compression: (a–c) under compression in the verti-
cal direction, and (d–f) under compression in the horizontal direction
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Based on the evaluation results presented in Table 7, the 
corresponding deformation moduli were calculated using 
the empirical relationships outlined in Table 6. The elas-
tic moduli obtained using the RQD evaluation method and 
empirical relationship (Zhang and Einstein 2004) range from 
15.27 to 23.44 GPa. Those derived using the RMR evalua-
tion method and empirical relationship (Galera et al. 2007) 
range from 18.18 to 23.04 GPa. Those determined using 
the Q-system evaluation method and empirical relation-
ship (Ajalloeian and Mohammadi 2013) range from 21.08 
to 30.49 GPa (Fig. 15). Overall, the simulation results for 
the study area exhibit minimal dispersion, with the defor-
mation moduli concentrated between 14 and 24 GPa. The 

computed deformation moduli of the rock mass based on the 
DFN model were found to be in good agreement with those 
obtained using the empirical relationships of other evalu-
ation methods. Notably, the deformation moduli obtained 
using the Q-system approach were higher than those 
obtained using the other methods.

Fig. 14  The final damage pattern of the rock mass and the development of fractures: (a) and (c) stress and displacement loaded in the vertical 
direction, and (b) (d) stress and displacement loaded in the horizontal direction

Table 7  Results of the adit 
survey and rock classification 
system calculations for the 
study area

RQD RMR Q-System

75–85 53–64 15–25
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Discussion

To ascertain the geometric parameters and spatial distribu-
tion of fractures within rock masses, two predominant meth-
ods have been widely employed: laser scanning and manual 
window method logging. Laser scanning offers high-preci-
sion data; however, it is costly and technically challenging 
to operate within confined cave environments, requiring the 
continuous repositioning of the scanning apparatus. More-
over, the subsequent data processing tasks, such as point 
cloud stitching and fracture identification, can be prone to 
high error rates. Conversely, manual logging, while less effi-
cient, allows for the reliable assessment and documentation 
of fracture size, orientation, and density on exposed cave 
walls. Therefore, given the considerations of cost-effective-
ness, operational complexity, and data accuracy, the manual 
window method was selected for logging to obtain accurate 
geometric parameters and spatial distribution of the fractures 
in this study.

In this study, a discrete fracture network (DFN) model 
was constructed for the underground powerhouse in the 
study area solely based on stochastic parameters, as no 
significant deterministic features such as large faults were 
identified during the survey. Accuracy is a critical metric 
for assessing the performance of DFN models, as it directly 

impacts the feasibility and efficacy of the model in practical 
applications. In this study, fracture volume density  (P32) and 
other parameters were employed as pivotal indicators for 
model generation. Nevertheless, there may be limitations 
and potential avenues for future improvement in the model's 
performance on diverse datasets.

The outcomes of the DFN model underscore the detri-
mental effect of cracks on the elastoplastic properties of rock 
masses. A compression deformation test on the rock mass 
was simulated using PCDC2D, revealing that the vertical 
deformation modulus is approximately 2 GPa higher than 
the horizontal modulus. Additionally, the Poisson's ratio is 
approximately 6% lower in the vertical orientation compared 
to the horizontal. Analysis of the crack distribution revealed 
a prevalence of long and large horizontal cracks within the 
rock mass. In the vertical compression model, most of the 
cracks intersect with the compressive stress direction at a 
significant angle, leading to a larger vertical deformation 
modulus. Conversely, during horizontal compression, most 
of the cracks intersect with the axial stress direction at a 
smaller angle (Figs. 13(d–f)), resulting in a smaller hori-
zontal deformation modulus. Under compression, tension 
and shear cracks concentrate at both ends of the major pre-
existing fractures, and these fractures stagger under pressure. 
Subsequently, new cracks propagate along these pre-existing 
fracture directions until the rock mass fails completely. The 

Fig. 15  Simulation results 
obtained using rock classifica-
tion and DFN model elastic 
modulus. The first one is the 
elastic modulus of the intact 
rock, followed by the DFN 
model (vertical, horizontal), 
RQD, RMR + intact rock, and 
Q-System
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anisotropy of the rock mass is evident due to the axial stress 
and deviations of the fracture angles within the prefabricated 
fractures.

The deformation modulus of the rock mass classification 
method is determined based on the empirical relationships 
outlined in Table 6, and its discrepancy from the DFN model 
was evaluated. Notably, the Q-System empirical relation-
ship (Ajalloeian and Mohammadi 2013) yields a higher 
calculated rock mass deformation modulus compared to 
other methods. By contrast, the RMR + intact rock method 
integrates the characteristics of intact rock into the calcu-
lation of the rock mass deformation modulus, resulting in 
more concentrated values compared to those obtained using 
the DFN model. The DFN model demonstrates high accu-
racy in capturing the impacts of fractures and faults on the 
rock mass, particularly in calculating the rock stress field. 
Additionally, it is essential to account for the variations in 
rock mechanical parameters resulting from fractures. How-
ever, the deformation characteristics of the rock mass under 
various confining pressures and specific loading conditions 
necessitate further comprehensive study.

Conclusions

In this study, a discrete fracture network (DFN) rock mass 
model was developed based on an on-site adit survey. Uni-
axial compression tests were simulated using a hybrid finite-
element-discrete-element explicit dynamics numerical com-
putation method. The development of fractures during the 
compression damage process of the rock mass was analyzed, 
and the deformation modulus of the rock mass was com-
puted. These results were then compared with those obtained 
from empirical relationships of traditional engineering rock 
mass classification schemes.

The presence of numerous fractures within a rock mass 
plays a pivotal role in the stability analysis of excavations 
in slope engineering and the underground powerhouses of 
hydropower stations. Field logging of fractures within an 
adit was conducted, and a dataset was compiled. Theoreti-
cal deductions were made regarding the spatial dimen-
sions, distribution, and bulk density of the fractures. The 
mechanical properties of the intact rock mass and frac-
tured rock mass were measured in the laboratory, and 
this data was combined with statistically derived prob-
ability density functions and other pertinent information 
to construct a DFN model that accurately represents the 
study area.

The modeling results demonstrate that the geometry 
and mechanical properties of fractures within the rock 
mass were faithfully represented using the DFN model. 
The deformation modulus of the fractured rock mass was 

observed to decrease significantly by 66% compared to 
that of the intact rock, while the Poisson's ratio increased 
by 16%. Furthermore, the modulus derived from compres-
sive deformation exhibited variations of up to 15% across 
different directions, while the Poisson's ratio varied by 
6% depending on the orientation of the fractures. These 
findings underscore the significant influence of fracture 
orientation on the mechanical behavior of the rock mass.

By employing rock mass engineering classification 
schemes (RQD, RMR, and Q-System) and empirical rela-
tionships of rock mechanical properties (Zhang and Ein-
stein 2004; Galera et al. 2005; Ajalloeian and Mohammadi 
2013), in conjunction with intact rock mechanical param-
eters, the rock mass quality was assessed in the under-
ground cavern area of the GS power station. The results 
indicate that, although there are differences between the 
deformation modulus values obtained using the DFN mod-
eling method and those estimated using the empirical rela-
tionships, the former method accounts for the influence of 
the rock fracture direction on the deformation modulus, 
highlighting its advantage in addressing rock anisotropy.

The findings of this study, utilizing widely recognized 
engineering rock mass classification systems and empirical 
relationships specific to underground caverns, affirm the 
reliability and accuracy of the DFN modeling method. By 
calculating the mechanical properties of the rock mass, our 
approach provides a precise means to capture and describe 
the anisotropy inherent in rock mechanics research. This 
enhances our understanding of the mechanical behavior of 
rock masses and ensures that the resulting data is robust 
and applicable to practical engineering solutions.
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