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Under the engineering background of a + 144-m mining platform on an open pit slope of
Xinqiao Mining Corporation, the eigenvalue distribution function of joints was acquired
based on the massive statistics of field joints. Next, an orthogonal random joint model was
constructed using the Monte Carlo method based on the UDEC software platform.
Subsequently, the representative elementary volume (REV) size and occurrence effects
of the equivalent elasticity modulus of the orthogonal random jointed rock mass were
explored through numerical experiments with lots of discrete elements. The results
showed that the equivalent elasticity modulus of the orthogonal random jointed rock
mass was of evident size effect, and the relationship between themean equivalent elasticity
modulus Eeq and the REV size of the rock mass followed the negative power function
distribution. Before the model size reached the REV size, its Eeq was greatly discrete.
Under different joint angles, both the standard deviation σf and coefficient of variation δ of
the equivalent elasticity modulus of this model presented discrete distribution. As the
model size reached the REV size, themean equivalent elasticity modulus Eeq showed “two-
high and one-low”morphological distribution. Eeqwas small when the main joint angle was
α∈[30°, 40°], but it was large when α = 0° or 90°. δwas taken as 10%, so the REV size of the
corresponding Eeq was 10m × 20m. When the model size reaches the REV size, the
occurrence effect of its equivalent elasticity modulus was no longer significant.

Keywords: random jointed rock mass, numerical simulation, rock mass parameter, size effect, occurrence effect,
equivalent elastic modulus

INTRODUCTION

Studies and engineering practices have shown that rock mass is a kind of complex geologic body
(Sun, 1988), including slope engineering, tunneling, and deep underground chamber engineering, in
which the reliability and accuracy of the mechanical parameter values of rock masses are specifically
crucial for the engineering design, construction, and operation. The mechanical properties of rock
masses are intricate due to the massive structural planes in them (Sun and Li, 1965; Gu, 1979).
Usually constructed in jointed rock masses, rock mass engineering works are affected by the
structural planes inside the rock masses of different sizes, so the mechanical parameters of
engineering rock masses will unavoidably be characterized by heterogeneity or spatial variability.
Representative elementary volume (REV) is the core content in the studies regarding the size effect of
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mechanical properties of rock masses (Bear, 1972; Bear, 1979),
that is, the values of mechanical parameters should be determined
in such studies. In practical geotechnical design, the mechanical
parameters of REV, but not the mechanical parameters of intact
rock specimens, should be used. Hence, the key to studying the
real mechanical parameters of rock masses and the reliability
design of rock mass engineering lies in figuring out the size effect
of mechanical parameters of rock masses and determining the
REV of rock masses. At present, the REV of rock masses is
determined through the experimental method, analytical method,
and numerical experimental method.

As for the experimental method, Wang et al. (2002)
numerically estimated the REV of the coefficient of
transmissivity based on the drilling data. Aubertin et al. (2000)
studied the size effect of rock strength based on the MSDPu
strength criterion and put forward the change relation of rock
strength with the size. According to the laboratory test results,
Zhang and Qiao. (2006a), Wang and Zuo. (1998) and Wang and
Li. (2008) gave the expressions to the size effects of the
corresponding mechanical parameters of rock masses. Fan
et al. (2018) experimentally studied the crack propagation and
evolution in shales with a material testing machine considering
the bedding angle, loading rate, and specimen size. Du et al.
(2021) developed a combined testing system for the size effect of
the shear strength of structural planes in rock masses, thus
providing a basic experimental support platform for studying
key scientific problems such as the size effect of the shear strength
of structural planes.

When it comes to the analytical method, Zhou and Xiong.
(1996a) explored the relationships between the elastic parameters
of random jointed rock masses with their volumetric change and
permeability tensor, according to the principle of energy
superposition, and then determined the REV of mechanical
parameters of jointed rock masses. Zhang and Xu. (2008)
simulated the 3D fracture network of jointed rock masses
using a planar quadrangle and used this fracture network to
study the indexes determining the REV size of rock masses. Chen
S. J. et al. (2019) applied random numbers to the projective
covering method, in an effort to improve triangulation when
calculating the fractal dimensions of structural planes with the
projective covering method.

The analytical methods adopted in the numerical experiments
mainly include the finite element method, finite difference
method, natural element method, and discrete element
method. Kulatilake. (1985) and Pouya and Ghoreychi. (2001)
simulated the structural planes in rock masses using Goodman
joint elements in the finite element model and studied the REV of
mechanical parameters of rock masses. Zhang et al. (2010), Zhou
et al. (2004), Yan et al. (2009), and Zhu et al. (2009) explored the
size effect of mechanical parameters of rock masses via FLAC3D
finite difference software. Bhasin and Hoeg. (1998) and Min and
Jing. (2003) studied the size effect of jointed rock masses through
the UDEC software model. Lu et al. (2020) and Li et al. (2019)
generated the plane network diagram of jointed rock masses
based on fractal theory and the Monte Carlo method. Taking the
center of the rock mass network diagram as the base point, the
jointed rock mass simulation specimen was selected, and the

numerical experiment of the compressive strength of jointed rock
masses was performed via discrete element software UDEC. Ning
et al. (2008) and Ni et al. (2015) introduced the Voronoi method
into 3DEC discrete element software to probe the size effect of the
deformation parameter of columnar basalt. Esmaileli et al. (2010)
and Li et al. (2021) studied the REV size of mechanical
parameters of jointed rock masses via PFC3D software. Wang
et al. (2021) determined the REV of rock masses using the
heterogeneity index (HI). Zhu et al. (2019) used FLUENT
software to perform a 2D numerical analysis of seepage
characteristics at nine differently sized crack intersections.
Wang et al. (2018) established a rough discrete fracture
network (RDFN) model and studied the mechanical properties
of this RDFNmodel under direct shear conditions based on grain
flow PFC2D. Chen Q. F. et al. (2019) built a multiscale three-
dimensional fracture network model of rock mass with 35
combinations of ductility and spacing of different structural
planes based on general block software. Using the proposed
block degree correction theory, the geometric characteristic
size rev of fractured rock mass is determined. Through the
docking of correlation parameters of the general block-3dec
model, a multiscale discrete fracture network model of the
rock mass is constructed, the calculation results of geometric
rev and mechanical Rev are compared, and the correlation
between the geometric size effect and mechanical size effect of
the rock mass is discussed.

To summarize, domestic (Chinese) and foreign scholars have
investigated the size effect of mechanical parameters of rocks or
rock masses through theoretical analysis, experimental study, and
numerical simulation. Given the complexity of jointed rock
masses, the randomness of joint distribution, experimental
limitations, and the size effect of mechanical parameters of
jointed rock masses remain to be further explored. In
particular, the discreteness of small-size experimental results is
considerably great, the number of numerical experimental times is
partially small, and the statistical results are not reliable enough,
all of which, to some extent, results in inconsistent research results
and conclusions. The precondition for numerically studying the
size effect of mechanical parameters of rockmasses is to reflect the
joint distribution laws in rock masses as truly as possible. Studies
have shown that the geometric parameters such as joint length,
joint distribution, and joint spacing are self-similarities, which can
be calculated through a small-scale fracture network so as to
derive the development characteristics of a large-scale fracture
network. Such self-similarity is actually a fractal character. Given
this, based on the statistical data of measured joints of rockmasses
on an engineering slope, a random fracture network model was
established in this study according to the Monte Carlo principle.
Next, the size effect of the equivalent elasticity modulus of
orthogonal random jointed rock masses was analyzed via
discrete element software UDEC. Subsequently, enough
numerical experiments were conducted according to different
experimental sizes so that the statistical results (such as the mean
value and standard deviation) of sample parameters could be
accurate and reliable, expecting to provide a theoretical support
for the construction and safety operation of slope rock mass
engineering.
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INVESTIGATION AND STATISTICS OF
JOINTS IN JOINTED ROCK MASSES

Engineering Background
Through decades of open-pit mining, a large-scale multi-metal
sulfide ore deposit of the Xinqiao Mining Corporation is now
about 148 m in the minimum elevation of the open pit and about
+ 320 m in the elevation of the slope crest, along with a bench
slope angle of 50°, bench width of 12 m, and bench height of 25 m.
With a + 144-m platform taken, for example, a group of
orthogonal joints were developed on the slope through the site
investigation, and it was obtained that the joint angles followed a
normal distribution (Figure 1). The geometric parameters of the
joints are listed in Table 1 he rock mass structure of the site slope
is shown in Figures 1. The mechanical parameters of rocks and
joint planes measured after field drilling are as seen in Table 2.

Generation of Orthogonal Random Joints
The joint fracture generating program was compiled through the
FISH language inUDEC software. The uniformly distributed random
numbers of central points of joints within the interval of [0,1] were
generated using the Monte Carlo method, and then, random joint

fractures were formed. The generated fracture network model of the
slope on the + 144-m mining platform is shown in Figure 2.

NUMERICAL EXPERIMENTAL SCHEME OF
THE SIZE EFFECT OF ORTHOGONAL
RANDOM JOINTED ROCK MASSES

Reliability Analysis of Rock Parameters
Solved via UDEC Software
The shear strength parameters—cohesion c and internal frictional
angle φ—were acquired through the uniaxial and triaxial
compression tests of rocks based on the Mohr–Coulomb strength
criterion. In comparison, the reliability of the parameters obtained
through the UDEC-aided uniaxial and triaxial numerical
compression tests of rocks was verified. With an intact rock
taken as the study object, the compressive strength values under
different confining pressures were solved through triaxial numerical
compression tests; the c and φ values were acquired using the
Mohr–Coulomb strength theory and compared with the rock
strength parameters obtained through laboratory tests, and the
reliability of the solved equivalent strength parameters was verified.

FIGURE 1 | Open-pit slope of Xinqiao Mining Corporation.

TABLE 1 | Geometric parameters of joint fractures.

Joint set Joint density /strip·m−2 Joint dip /° Mean value of
the joint trace

length /m
Mean value Variance

1 0.3 63.8 3.0 12.8
2 1.0 150.3 5.0 2.0

TABLE 2 | Mechanical parameters.

Rock parameter Structural plane parameter

E/GPa μ φ/° c/MPa Jkn/GPa·m−1 Jks/GPa·m−1 Jcoh/MPa Jfric/°

43.7 0.29 42.0 4.0 20.0 20.0 1.0 30.0
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The dimensions of the numerical simulation test model were 1m
(width) * 2 m (height). The confining pressure was taken as
0–10MPa at six levels with the interval of 2MPa. The
Mohr–Coulomb model was chosen as the constitutive model,
and the rock parameters are listed in Table 2. The rock
stress–strain curves under different confining pressures acquired
through the numerical experiments are shown in Figure 3.

The numerical triaxial compression test results under different
confining pressures were drawn within the σ1-σ3 plane. According
to the Mohr–Coulomb strength failure criterion, σ1-σ3 followed a
linear relation, so the σ1-σ3 data points were fitted using straight
lines, as shown in Figure 4.

The straight slope a and intercept b showed the following
relations with the shear strength parameters c and φ:

a � 2c cosφ
1 − sinφ

, (1)

b � 1 + sinφ
1 − sinφ

. (2)

As solved through Eqs. 1,2, the internal frictional angle and
cohesion of the intact rock were φ = 35.64 and c = 4.42,
respectively, which were relatively approximate to the rock
strength parameters acquired through the laboratory tests.
Hence, it is reliable to perform the analog computation of
equivalent rock strength parameters via UDEC software.

Numerical Experimental Scheme for the
Representative Elementary Volume Size of
Mechanical Parameters of Random Jointed
Rock Masses
In order to determine the mechanical parameters representing
the real mechanical properties of jointed rock masses, the rock
structure model should accord with the physical situation as far as
possible. When the structural plane network is simulated using
the Monte Carlo method and since the random number
generated each time is different under the same structural
plane probability distribution model, the geometrical
characteristics of structural planes generated each time, such
as spatial position, trace length, and orientation, will be
slightly different and so will the rock structure model, which
is the error brought by the feature of this method. For the same
structural plane probability distribution model, the mechanical
parameters of different rock mass structure models generated by
the Monte Carlo method may differ in the REV size. Min and
Jing. (2003) generated 10 300 m × 300 m square rock mass
structure models using the discrete fracture network (DFN)
program and studied the REV size of equivalent deformation
parameters by intercepting square rock specimens with different

FIGURE 3 | Axial stress–strain curves of the intact rock under different
confining pressures.

FIGURE 4 | Relational graph of σ1-σ3.

FIGURE 2 | Random fracture network model of the slope on the
+ 144-m platform.
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side lengths from the center of each model. Xiang (2005)
compiled a random sampling program following probability
distribution for the sake of Monte Carlo simulation, generated
8 10 m × 10 m fracture networks, and explored the REV size of
rock strength parameters by intercepting squares with different
side lengths from the center of each network. As deemed by
Kulatilake (1985), such random errors can be eliminated only by
experimenting on over ten rock specimens, so the rock mass of
each size should be studied using multiple models when
determining its mechanical parameters.

Therefore, a Monte Carlo method-based orthogonal random
joint generation program was compiled using the FISH language
of UDEC software to determine the REV size for the mechanical
parameters of orthogonal random jointed rock masses. The model
dimensions (width* height) were taken as 1 m × 2m、2m × 4m,
4 m × 8m, 6 m × 12m, 8 m × 16m, and 10m × 20m. To eliminate
the random errors of rock joints simulated through theMonte Carlo
method, a total of 11 rock joint models were generated for each
model size. Given the anisotropic characteristics of mechanical
parameters of rock masses, the main joint angle changed within
[0°, 90°] at an interval of 10°. Taking the main joint angle of 20°, for
example, the generated orthogonal random joint models with
different sizes are presented in Figure 5.

REPRESENTATIVE ELEMENTARY VOLUME
SIZE EFFECT ANALYSIS OF THE
EQUIVALENT ELASTICITY MODULUS EEQ

OF ORTHOGONAL RANDOM JOINTED
ROCK MASSES

Multiple rock joint models with the same size could reflect the
random fluctuations of mechanical properties before the rock
masses reached the REV size of their mechanical parameters,
indicating that the size effect of their mechanical properties
was not one sidedly understood as follows: the mechanical
properties of rock masses declined with the increase in the rock
size. Instead, the mechanical properties fluctuated now and

then. Only when the rock size reached the REV size would the
fluctuation range of their mechanical parameters be greatly
reduced and tend to be constant. Therefore, the rock size-
dependent change line of the coefficient of variation (CV) of
each parameter could be obtained by calculating the CV of
each equivalent mechanical parameter of multiple rock
structure models with the same size. In addition, it was
feasible to determine the REV size of each mechanical
parameter according to the acceptance level of CV.

Without loss of generality, the elasticitymoduli solved through the
numerical experiments on differentmodels under the same confining
pressure were taken to analyze the rock size effect of orthogonal
random joint models. Eeq, σf, and δ of orthogonal random joint
masses acquired through the numerical experiments under σ3 =
4MPa are listed in Table 3. On this basis, the relationship between
the equivalent elasticity modulus of orthogonal random jointed rock
masses and the model size could be analyzed.

Relationship Between the Mean Equivalent
Elasticity Modulus Eeq of Orthogonal
Random Jointed Rock Masses and the
Model Size
The relational graph between Eeq of orthogonal random joint
models and the model size was drawn, as shown in Figure 6.

1) Regardless of the occurrence of the main model joint, Eeq of
the random joint model was gradually reduced with the
increase in the model size.

2) Under a small model size, the reduced amplitude of Eeq was
large. As the model size was enlarged, the reduced amplitude
of Eeq was gradually reduced. When the model size exceeded
8 m × 16 m, Eeq approached a stable value.

Relationship Between the Mean Equivalent
Elasticity Modulus Eeq of Orthogonal
Random Jointed Rock Masses and Main
Joint Angle α
The relational graph between Eeq of orthogonal random joint
models and the main joint angle was drawn, as shown in Figure 7.

1) Under different main joint angles α and a small model size, Eeq
was discrete, with inapparent relational characteristic with the
main joint angle α.

2) After the model size was enlarged to 4 m × 8 m, Eeq presented
a “two-high and one-low”morphological distribution with the
change in the main joint angle α. Eeq was small under α∈[30°,
40°] and large when α = 0° or 90°. Moreover, it reached the
maximum value under α= 90°.

Relationship Between the Standard
Deviation σf of the Equivalent Elasticity
Modulus and Main Joint Angle α
For two or more groups of data with the same mean value, the
dispersion degree of each group of data is different. For the mean

FIGURE 5 | Orthogonal random joint models with different sizes.
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value of the equivalent elastic modulus Eeq of the aforementioned
jointed rock mass, the standard deviation can be used to reflect
the difference of each group of data under the conditions of
different sizes and joint dip angles.

The relational graph between σf of orthogonal random joint
models and main joint angle α was drawn, as shown in Figure 8.

1) Under different main joint angles α and a small model size, σf
of the equivalent elasticity modulus was discretely distributed
without any obvious law. It shows that when the model size is
small, the equivalent elastic modulus Eeq of each group of the
jointed rock mass is greatly dispersed.

2) As the model size was enlarged, σf was gradually reduced. It
shows that when the model size increases, the elastic modulus
of any group of the randomly jointed rock mass can reflect the
real value of the jointed rock mass under the strip of this size.

3) When the model size was enlarged to 8 m × 16 m, the standard
deviation of the equivalent elastic modulus of different main
joint dip models is very small, and the standard deviation is
also very small. It shows that when the model size increases to
a certain value, the difference in the elastic modulus of the
jointed rock mass in the same group is very small. This size
can be used as a reference for the selection of the equivalent
elastic modulus REV scale of the jointed rock mass model.

Relationship Between the Sample
Coefficient of Variation δ and Main Joint
Angle α
The sample coefficient of variation (δ) is the ratio of the standard
deviation σf to Eeq, where δ is not restricted by the sample mean or
standard deviation. The relational graph between δ of the equivalent
elasticity modulus of orthogonal random joint models and the main
joint angle α was drawn as shown in Figure 9.

TABLE 3 | Mean elasticity moduli under different model sizes and joint angles (σ3 = 4 MPa).

Dip angle
of the
main
joint

Model size: width × height

1 m × 2 m 2 m × 4 m 4 m × 8 m

Eeq σf δ Eeq σf δ Eeq σf Δ

0° 21.94 2.9016 0.1322 24.17 3.4147 0.1413 15.63 1.5959 0.1021
10° 22.82 5.6643 0.2482 23.96 5.0319 0.2100 16.15 2.1142 0.1310
20° 23.20 7.9011 0.3406 23.68 5.4089 0.2284 15.56 1.5318 0.0984
30° 23.35 7.0954 0.3039 20.34 4.1526 0.2042 14.45 1.9226 0.1331
40° 20.59 5.0165 0.2437 24.32 8.2700 0.3400 14.39 2.4793 0.1724
50° 20.93 6.5514 0.3130 18.75 3.3627 0.1793 15.85 2.2014 0.1389
60° 23.68 8.3934 0.3544 20.15 8.2430 0.4091 15.38 2.8334 0.1843
70° 21.23 5.2156 0.2457 20.07 6.0051 0.2992 15.98 4.0129 0.2511
80° 24.74 11.7196 0.4738 20.50 7.5295 0.3672 16.28 3.3301 0.2045
90° 22.67 8.0490 0.3551 21.26 7.2158 0.3393 16.98 3.9278 0.2313

Dip angle
of the
main
joint

Model size: width × height

6 m × 12 m 8 m × 16 m 10 × 20 m

Eeq σf δ Eeq σf δ Eeq σf Δ

0° 16.45 1.1952 0.0727 10.67 0.9278 0.0869 9.16 0.7644 0.0835
10° 15.31 2.5405 0.1659 10.51 0.6671 0.0635 9.16 0.6948 0.0759
20° 14.30 1.9752 0.1381 10.07 0.9918 0.0985 9.39 1.0468 0.1115
30° 13.35 2.5477 0.1909 9.80 0.9185 0.0937 9.28 0.8940 0.0963
40° 14.50 3.7325 0.2574 9.67 0.7585 0.0785 9.32 1.0347 0.1110
50° 15.78 2.9207 0.1851 11.12 1.3684 0.1231 9.53 0.9385 0.0985
60° 15.52 3.7370 0.2408 11.82 1.2502 0.1058 10.16 0.8106 0.0798
70° 16.51 2.7138 0.1644 11.86 1.5343 0.1293 12.12 1.2332 0.1018
80° 16.68 2.6062 0.1562 13.43 1.2142 0.0904 12.81 1.7867 0.1395
90° 17.46 3.4983 0.2004 13.69 1.0677 0.0780 13.01 1.0782 0.0829

FIGURE 6 | Relationship between the equivalent elasticity modulus and
model size.
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1) The sample δ was greater than 10% under a small model size.
A great difference was manifested between the models with
different main joint angles in δ.

2) The sample δwas significantly reduced with the increase in the
model size. After the model size was enlarged to 8 m × 16 m,
the sample δ was about 10%. Under this circumstance, the
occurrence effect of the equivalent elasticity modulus of the
model was no longer significant. It can be inferred from this
that there is a certain size value. When the size of the jointed
rock mass model exceeds this value, the value of the variation
coefficient of the sample equivalent elastic modulus will be less

than a given value (e.g., 10%), which can be used as the scale of
the equivalent elastic modulus REV of the jointed rock mass.

REV Scale of the Equivalent ElasticModulus
Eeq of Orthogonal Random Jointed Rock
Mass Under Given Variation Conditions
The δ values of the equivalent elasticity modulus obtained
through experimenting on the models with different sizes and
main joint attitudes were drawn into a scatter diagram
(Figure 10). Next, they were fitted using a power function to
obtain the following relationship between δ of the equivalent
elasticity modulus and model size:

FIGURE 7 | Relationship between the equivalent elasticity modulus and main joint angle α.

FIGURE 8 | Relationship between the standard deviation σf of the
equivalent elasticity modulus and main joint angle α; relationship between
sample δ and main joint angle α.

FIGURE 9 | Relationship Between Sample δ and Main Joint Angle α.
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δ(Eeq) � 0.4574 · L−0.504. (3)
The model size required under the given δ could be estimated

according to Eq. 3, thus providing a reference for selecting the
minimum model size needed in the numerical model tests.

Eeq � 31.652 · L−0.347. (4)
The equivalent elasticity moduli obtained by experimenting on

the models with different sizes and main joint attitudes were
drawn into a scatter diagram (Figure 11) and then fitted with a
power function to acquire the relationship between the equivalent
elasticity modulus and model size as follows:

Based on Eq. 3, the model size required under the given δ was
acquired. The equivalent elasticity modulus under the corresponding
model size could be solved through Eq. 4 so as to provide a reference for
selecting the elasticitymodulus value in the numerical model calculation.

CONCLUSION

Under the engineering background of the + 144-m mining platform
on an open pit slope of the Xinqiao Mining Corporation, an
orthogonal random joint model was constructed using the Monte
Carlo method based on the UDEC software platform, followed by a
lot of numerical discrete element experiments. In full consideration of
the randomdistribution characteristic of orthogonal joints in the rock
mass, the REV size effect characteristics of the equivalent elasticity
modulus of orthogonal random jointed rock masses under the given
confining pressure were acquired as follows:

1) As the model size is enlarged, Eeq of the random joint model is
gradually reduced.

2) Under a small model size, Eeq is discrete, with inapparent
relational characteristics with the main joint angle α. After the
model size is enlarged to 4 m × 8m, Eeq presents a “two-high and
one-low” morphological distribution. It is small under
α∈[30°,40°] and large when α = 0° or 90°.

3) When the model size is small, both σf and δ are discretely
distributed. As the model size is enlarged to 8 m × 16m, the
models with different main joint angles differ little in σf and δ.

4) If δ is taken as 10%, the REV size of the corresponding Eeq is 10m
× 20m. When the model reaches the REV size, the occurrence
effect of its equivalent elasticity modulus is no longer significant.

5) The model size needed under the given δ can be solved
according to the fitting formulas of δ, model size L, and
Eeq, thus providing a reference for selecting a reasonable
equivalent elasticity modulus value in the simulation analysis.
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