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Abstract: The joint roughness has an influence on the
uniaxial compressive strength (UCS) and characteristic
strength of the rock, but the relationship of the influence
is yet to be obtained. In this article, the influence of the
size of the rock with rough joints on the UCS and the
influence of the size effect of roughness on the UCS are
studied by establishing 11 sets of numerical simulation
schemes, a total of 30 working conditions. The stress—
strain curve law of rocks with different roughness and
sizes is analyzed, and the relationship between UCS
and the size of rock with rough joints, joint roughness
coefficient (JRC), is respectively proposed. Mathematical
models of rock characteristic size of UCS, characteristic
strength of the rock, and JRC are established, respectively.

Keywords: roughness, uniaxial compressive strength, size
effect, mathematical model

1 Introduction

Under the influence of complex geological action, the
rock will form structural surfaces with different geometric
states, such as joints, bedding, and faults. Among them,
joints are widespread in the rock, and the joints will
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reduce the strength of the rock. Joint roughness coeffi-
cient (JRC) is a key factor affecting the mechanical prop-
erties of rocks. Rock has a size effect. Because of the
existence of joints, the size effect of the rock will be dif-
ferent. These differences may be affected by JRC.

Uniaxial compressive strength (UCS) is one of the
mechanical properties of compressive strength (CS), and
the CS has a size effect. Therefore, it is critical to under-
stand the relationship between CS and rock size during
rock engineering-related projects. For example, Masoumi
[1] analyzed those different types of rock by generally
following the trend of size effect and found that increasing
rock size will reduce rock strength. Usol’tseva and Tsoi
[2] presented the results of the experimental study of
the influence of sizes effect on the strength of samples of
hornfels, limestone, sandstone, siltstone, and ore-bearing
rocks. Huang et al. [3] provided a method to study the
relationship between rock mass mechanical parameters
and size. Some scholars, such as Long-Long et al. [4],
Wang et al. [5], and Fu [6], have conducted research on
the size effect of UCS for different types of rock through
indoor uniaxial compression tests. Some scholars have
studied the influence of different height-diameter ratios
on the mechanical properties of rock. For example, Zhang
et al. [7] used Particle Flow Code 2D (PFC2D) to study the
influence of different height-to-diameter ratios on rock
mechanical properties. Li et al. [8] studied the effect of
length and diameter ratio on rock mechanical behavior
under dynamic and static compression. The above content
mainly studies the size effect of UCS, and seldom considers
the influence of JRC on the size effect of UCS. The mathe-
matical model of UCS and JRC and size has not been
established.

The size effect of UCS is generally developed by rock
samples of different sizes, and it is mostly studied by
laboratory tests and numerical simulations. Some scho-
lars have studied the size effect of UCS through laboratory
tests. Wu et al. [9] studied the size effect of rocks in a
small size range (20—50 mm in diameter). Wang et al. [10]
studied the size effect of the strength of large-sized
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(400 mm x 400 mm x 800 mm) rock through laboratory
tests. However, the size of the rock studied in the labora-
tory is too small to be used in engineering practice. As
the size of the rock increases, the instruments for labora-
tory tests cannot meet the requirements of large-scale
rock research. Therefore, the numerical simulation has
better applicability compared with the laboratory tests.
Some scholars used numerical simulation to study the
size effect of CS. Wang and Xiao-Yia [11] based on the
rock fracture process analysis system, realistic failure
process analysis (RFPA3D), performed two different uni-
axial compression numerical simulation tests on five
groups of samples. Dongping et al. [12] simulated the
CS of different rock sizes through Universal Distinct Ele-
ment Code (UDEC) and obtained the law of CS changing
with size. Luo et al. [13] conducted numerical simulation
experiments on three different boundary conditions through
RFPA and found that the UCS decreases with the increase of
the rock size. Tian et al. [14] conducted numerical simulation
experiments of different rock sizes through RFPA2D. The
mentioned scholars earlier also conducted research on the
size effect of rock strength. Through comparative analysis, it
can be concluded that the operability of numerical simula-
tion is stronger, and the scope of application is wider. How-
ever, the study of the size effect of JRC on rock strength is
rarely involved, and the mathematical model of UCS and JRC
and rock size has not been established.

The roughness of the joint affects the UCS of the rock.
Some scholars have studied the influence of JRC on the
UCS of rock through laboratory uniaxial compression
experiments. Asadizadeha et al. [15] studied the effect
of JRC on the UCS of non-persistent joint blocks. Wang
et al. [16] and Basker and Madhavan [17] have obtained
through laboratory uniaxial compression experiments
that the JRC will affect the UCS of the rock. Some scholars
have also studied the influence of JRC on the CS of
rock through laboratory triaxial compression experiments.
Sheng-Qi et al. [18] obtained through the triaxial compres-
sion experiment that as the JRC increases, the triaxial
compression strength also increases. Aminpure and Moo-
mivand [19] studied the influence of continuous roughness
on rock strength under triaxial compression stress. Some
scholars have studied the effect of JRC on CS through
numerical simulation experiments. Cao et al. [20] studied
the strength and failure behavior of jointed rock specimens
under uniaxial loading. Numerical simulation can make
up for the shortcomings of laboratory experiments. The
feasibility of numerical simulation is proved by comparing
the results of laboratory tests and numerical simulation
experiments. Chaohui [21] conducted uniaxial compres-
sion tests to study the deformation characteristics and
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crack evolution laws of jointed rock masses with different
JRC through laboratory tests and numerical simulations.
Whether using laboratory uniaxial compression tests or
numerical simulations, it is more conducive to engineering
practice to study the influence of JRC on rock strength and
deformation. The previous content is mainly to study the
influence of JRC on the CS of rock. However, the influence
of rock size on the CS of rough jointed rock is hardly
involved, and the relationship between CS of rock and
JRC and size has not been obtained.

A large number of studies have found that when the
volume of the rock increases to a certain value, the
mechanics parameters and strength of the rock no longer
change with the increase in volume, that is, the charac-
teristic size. Some scholars used numerical simulations to
determine the characteristic size of the UCS of rock. Liang
et al. [22] used numerical simulations to determine the
representative elemental volume (REV) size as 14 m x 14 m.
Laghaei et al. [23] used numerical simulations to deter-
mine the REV of rock mass deformation in 3D. Some
scholars obtained the characteristic size of the UCS of
rock by analyzing the block angle. Xia et al. [24] analyzed
the REV of rock from a massive perspective. Qingfa et al.
[25] revealed the relationship between rock mass geo-
metry and mechanical size effect from the perspective
of rock mass spatial structure and determined the geo-
metric characteristic size of fractured rock mass. Deter-
mining the size of the REV is the key to studying the real
mechanical parameters of the rock. Scholars also studied
the characteristic size of rocks by compression tests.
Wang et al. [26] conducted uniaxial compression tests
on granite, and finally estimated that the size of REV of
the rock mass was 9m x 9 m. Sun et al. [27] studied the
size effect of elastic modulus in different directions of the
layered jointed rock mass to determine its typical unit
size. Ma et al. [28] obtained through three-axis numerical
simulation that the mechanical strength parameters of
rock masses change with the size. When the size reaches
or exceeds 4 m x 4 m x 8 m, it tends to be stable. However,
these documents use compression tests to determine the
characteristic size, and the mathematical model of CS and
characteristic size of UCS has not been established.

The strength under the characteristic size can be
called the characteristic strength. Huang and Li [29] com-
pared the fitting function of the characteristic strength
curve obtained by the numerical simulation and the
laboratory test and got the conclusion that the results
of the numerical simulation and the laboratory test are
similar. As there are few research on characteristic strength,
further research on characteristic strength is needed.
Obtaining the size effect of rock strength and the law
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of JRC on rock strength are of great help to engineering
applications.

This article mainly studies the influence of (i) the size
of the rock with rough joints on the UCS and (ii) the JRC
on the size effect of the UCS by using RFPA and numerical
simulations. The size effect relationship of UCS is obtained
by analyzing the stress—strain curve of rock failure. The
relationship between (i) UCS and the size of the rock with
rough joints, (ii) UCS and JRC, (iii) the characteristic size of
UCS and JRC, and (iv) rock characteristic strength and JRC
is studied by establishing mathematical models.

2 Establishment of numerical
model

The software used in this simulation is RFPA, which is a
numerical calculation method for simulating inhomoge-
neous materials developed based on finite-element theory
and statistical damage theory. This method accounts for
the non-uniformity and randomness of materials and com-
bines the statistical distribution assumptions of material
properties into the finite-element method. It is assumed
that the mechanical properties of discretized meso-primi-
tives obey a certain statistical distribution law, thereby
establishing the relationship between the meso-medium
and macro-medium mechanical properties. The method
is described by the Weibull statistical distribution func-
tion, whose formula is

where a is the basic mechanical parameter of the material
medium (e.g., elastic modulus, strength, Poisson’s ratio,
weight), ag is the average value of a, m is the property
parameter of the distribution function, whose physical

m
o

p(a) = ey

Table 1: Combination of JRC and rock size
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meaning reflects the uniformity of the material medium,
and ¢(a) is the statistical distribution density of the mate-
rial elementary mechanical property.

2.1 Numerical simulation program and
model establishment

The focus of numerical simulation is the influence of
(i) the size of the rough-joint rock on the UCS and
(ii) the JRC on the size effect of the UCS. Five sets of
numerical simulation schemes with roughness values of 1.6,
2.6, 3.6, 4.6, and 5.6 were established to study the relation-
ship between UCS and rock size. Each set of simulation
schemes included six size working conditions, the sizes
were 200 mm x 200 mm, 400 mm x 400 mm, 600 mm X
600 mm, 800 mm x 800 mm, 1,000 mm x 1,000 mm, and
1,200 mm x 1,200 mm. Six numerical simulation schemes
with the rock size of 200 mm x 200 mm, 400 mm x 400 mm,
600 mm x 600 mm, 800 mm x 800 mm, 1,000 mm x
1,000 mm, and 1,200 mm x 1,200 mm were established to
study the relationship between UCS and JRC. Each set of
simulation schemes included five joint roughness working
conditions. The joint roughness is 1.6, 2.6, 3.6, 4.6, and 5.6.
The numerical simulation schemes are given in Table 1.
This numerical simulation contains two aspects of
research content. Research content 1 is the influence of
size on the UCS of rock. Research content 2 is the influ-
ence of JRC on the UCS. For research content 1, five
sets of numerical simulation programs were set with the
JRC values of 1.6, 2.6, 3.6, 4.6, and 5.6, respectively.
Uniaxial compression numerical simulation is performed
for each working condition. For research content 2,
six sets of numerical simulation programs with sizes of
200 mm x 200 mm, 400 mm x 400 mm, 600 mm x 600 mm,
800 mm x 800 mm, 1,000 mm x 1,000 mm, and 1,200 mm x
1,200 mm are set up. Each set of simulation programs

Numerical Joint Combination of JRC and rock size
simulation roughness
Program 6 Program 7 Program 8 Program 9 Program 10 Program 11
Size 200 mm Size 400 mm Size 600 mm Size 800 mm Size 1,000 mm Size 1,200 mm
Program 1 1.6 1.6 x 200 1.6 x 400 1.6 x 600 1.6 x 800 1.6 x 1,000 1.6 x 1,200
Program 2 2.6 2.6 x 200 2.6 x 400 2.6 x 600 2.6 x 800 2.6 x 1,000 2.6 x 1,200
Program 3 3.6 3.6 x 200 3.6 x 400 3.6 x 600 3.6 x 800 3.6 x 1,000 3.6 x 1,200
Program 4 4.6 4.6 x 200 4.6 x 400 4.6 x 600 4.6 x 800 4.6 x 1,000 4.6 x 1,200
Program 5 5.6 5.6 x 200 5.6 x 400 5.6 x 600 5.6 x 800 5.6 x 1,000 5.6 x 1,200
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Figure 1: The model with different roughness when the rock size is 200 mm x 200 mm: (a) (JRC = 1.6), (b) (JRC = 2.6), (c) (JRC = 3.6),

(d) JRC = 4.6), and (e) (JRC = 5.6).

contains five kinds of JRC conditions, and the JRC values are
1.6, 2.6, 3.6, 4.6, and 5.6, respectively. Uniaxial compression
numerical simulation is performed for each working condi-
tion. The specific numerical simulation programs are shown
in Table 1.

A total of 30 numerical simulation models had been
established in this article. However, due to the limitation
of the article length, reported here are a series of numer-
ical simulation models with a rock size of 200 mm x
200 mm (Figure 1) and a series of numerical simulation
models with the JRC of 1.6 (Figure 2) as examples. Through
these two examples, the process of establishing the numeri-
cal simulation model when the JRC changes and the process
of establishing the numerical simulation model when the
size of the rock changes were introduced.

2.2 Boundary conditions and rock
parameters

2.2.1 Rock mechanical parameters and joint parameters

The rock mechanics parameters were obtained through
the geological survey of the slope rock mass of Zhang’ao
Mine, which is located in Zhang’ao Village, Shengzhou
City, Zhejiang Province, China. First, the rock resilience

200mm 400mm 600mm 800mm

measurement, structural surface measurement, and rock
mass classification of the slope rock mass were performed
to solve the UCS and rock mass grade of the rock. Then,
the rock mechanics parameters, such as elastic modulus,
Poisson’s ratio, and friction angle, were solved based on
the Hoek—Brown criterion.

The elastic modulus of the rock was 8,000 MPa,
its Poisson’s ratio was 0.25, its CS was 60 MPa, its cohe-
sion was 1.2 MPa, its friction angle was 30°, and its den-
sity was 2,600 g/cm>. The elastic modulus of the joint
was 0.01 MPa, its Poisson’s ratio was 0.25, its CS was
0.01 MPa, and its friction angle was 10°, as shown in
Table 2.

2.2.2 Boundary conditions and loading methods

The simulation adopts the plane stress model and the
Mohr—-Coulomb criterion based on the rock uniaxial com-
pression deformation theory. The constraint conditions
were that the load was born not by the two sides of the
model but by its upper and lower surfaces. The displace-
ment loading on both sides of the model was O mm, and
that on its upper and lower surfaces was 0.01 mm. The
loading method and boundary control are shown in
Figure 3.

1000mm 1200mm

Figure 2: The rock model of different rock sizes with a roughness of 1.6.
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Table 2: The dynamic parameters of the sectional rock
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Materials Elastic Modulus (MPa) CS (MPa) Poisson’s ratio Cohesion (MPa) Friction angle (°)
Rock 8,000 60 0.25 1.2 30
Joint 0.01 0.01 0.25 — 10

3 Numerical simulation results and
analysis

3.1 Research on the influence of rock size on
the UCS

According to the results of (i), the stress—strain relation-
ship of different rock sizes is analyzed to propose a fitting
method for the relationship between UCS and rock size
with rough joints and establish a mathematical model for
UCS and rock size with rough joint.

3.1.1 Analysis of stress—strain curves of different rock
sizes

The stress—strain curve of the rock can better reflect the
physical and mechanical properties of the rock material.
The full stress—strain curve of the rock is divided into
three stages: linear elastic stage, damage stage, and
residual stage. According to the simulation scheme for
the influence of rock size with a rough joint on UCS,
output the numerical simulation results of each working
condition. Then, the stress—strain curves of all working
conditions in each numerical simulation scheme were
drawn in the same coordinate system, and a summary
of the stress—strain curves of different rock sizes for

’ Displacement loading

Freeedge | —  Freeedge

' Displacement loading

Figure 3: The loading method and boundary control diagram.

each numerical simulation scheme was obtained, as shown
in Figure 4.

According to the stress—strain curve for each working
condition in Figure 4, the UCS of the rock in each working
condition was explored, and the UCS of the rock under all
working conditions is summarized in Table 3.

Figure 4 shows that the trend of stress—strain curves
of different sizes under the JRC are similar. Figure 4a is
taken as an example to analyze the rock failure. When the
strain is in the interval of 0-0.002, the curve approxi-
mates a linear distribution. At this stage, the rock begins
to fail along the cracks, indicating that the rock has cer-
tain plastic properties. When the strain is in the range of
0.002-0.005, the strain at the peak stress intensity will be
different due to the different rock sizes. Take the curve of
size 200 mm in Figure 4a as an example. When the strain
is in the range of 0.002-0.005, the stress—strain curve
begins to grow slowly, and the cracks continue to fail
with the increase of stress. The stress—strain curve bends
downward until the strain increases to 0.003. The rock
undergoes brittle failure, with obvious brittleness char-
acteristics, that is, it enters the failure stage. When the
strain is between 0 and 0.003, the stress will not reach
the peak strength immediately, because part of the cracks
in the rock are compacted during the failure process. As
the failure continues to increase, the stress does not
reach its peak strength until a certain level. When the
strain increases to 0.003, the stress quickly drops to the
residual strength. Due to the shear slip inside the rock,
the rock produces irreversible plastic deformation, in
which t is the residual stage. When the rock strength
drops to the residual strength, the stress—strain curve
gradually becomes flat, indicating that the rock still has
a certain degree of ductility after failure.

Analyzing the influence of size on the UCS of rock.
Figure 4 shows that there is a large vertical distance
between the stress—strain curves when the rock size
is 200 mm and 400 mm. As the rock size increases, the
vertical distance of the stress—strain curve gradually
decreases, indicating that the larger the rock size, the
smaller the dispersion. Figure 4 and Table 3 show that
the peak stress intensity of the rock with JRC of 1.6 is
reduced from 28.76 to 4.91MPa, and the reduction is
83%. The other stress—strain curves in Figure 4 also has
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Figure 4: Stress—strain curves of different size rocks under different roughness: (a) (JRC = 1.6), (b) (JRC = 2.6), (c) (JRC = 3.6), (d) (JRC = 4.6),

and (e) (JRC = 5.6).
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Table 3: Peak strength of different rock sizes
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Numerical simulation Joint roughness

Peak strength of rocks with different rock sizes (MPa)

Program 6 Program 7 Program 8 Program 9 Program 10 Program 11
Size 200 mm Size 400 mm Size 600 mm Size 800 mm Size 1,000 mm Size 1,200 mm
Program 1 1.6 28.76 13.01 9.79 7.04 5.04 4.91
Program 2 2.6 34.13 15.68 11.11 8.67 6.02 6
Program 3 3.6 39.12 21.47 14.33 10.51 8.53 6.09
Program 4 4.6 42.95 22.27 17.69 17.49 8.13 6.3
Program 5 5.6 66.05 38.2 23.55 18.39 14.26 12.69

similar laws. It shows that under the same roughness, the
peak stress intensity decreases with the increase of the
rock size.

Analyzing the influence of JRC on the UCS of rock.
Taking the rock size of 200 mm in Figure 4a as an example,
when the JRC increases from 1.6 to 5.6, the peak stress
intensity of the rock increases from 28.76 to 66.05MPa.
The increase is 129.7%. It shows that the greater the rough-
ness, the higher the peak stress intensity.

The above research shows that the smaller the rock
size, the greater the UCS of the rock, and the greater the
dispersion of the stress—strain curve. The greater the JRC
of the rock, the greater its UCS.

3.1.2 Fitting method of relationship between rock UCS
and rock size

According to the statistical data in Table 3, it can be
found that as the size of the rock continues to increase,
the UCS of the rock gradually decreases. A scatter plot of

= Stress peak strength
JRC=1.6

Stress peak strength
JRC=2.6

A Stress peak strength
— JRC=3.6

Stress peak strength
JRC=4.6

¢  Stress peak strength
JRC=5.6

754

uniaxial compressive strength/MPa

e
—&

— —H

T T T T T T
200 400 600 800 1000 1200

size/mm

Figure 5: Fitting curves of UCS and rock size with different
roughness.

UCS and rock size in each numerical simulation scheme
was drawn. The fitting curve between the UCS and the
size of the rock was drawn through the scatter diagram as
shown in Figure 5.

Figure 5 shows that as the rock size increases, the
UCS of the rock decreases. And the larger the size, the
smaller the change range, and the fitting relationship
of exponential attenuation was obtained. According to
Figure 5, the following relationships between UCS and
rock size of different JRCs are shown in Table 4.

The coefficients of determination in the fitting relationship
were R? = 0.985, R = 0.989, R = 0.995, R? = 0.908, and
R? = 0.999, and the curves fitting degree was higher.

3.1.3 Establishment of a mathematical model of rock
UCS and rock size

3.1.3.1 Mathematical model of rock UCS and different
rock sizes

The relationship between UCS and rock size under the
different conforms to the negative exponent. A mathema-
tical model of UCS and rock size was proposed. The math-
ematical model obtained was

o) =a + be'lls, )

Table 4: Fitting relationship between rock UCS and rock size

Roughness Fitting formula R?

L6 o(l) = 5.14 + 61.55e71/206.95 0.985
2.6 o(l) = 6.23 + 68.91e71/2239 0.989
3.6 o(l) = 7.93 + 70.9e7/256.2 0.995
4.6 o(l) = 8.52 + 79.45¢"1/27033 0.908
5.6 o(l) = 11.34 + 109e1/28819 0.999
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Table 5: Values of parameters a, b, ¢

Roughness
Parameter 1.6 2.6 3.6 4.6 5.6
A 5.14 6.23 7.93 8.52 11.98
B 61.55 68.91 70.9 79.45 109
C 206.95 223.9 256.12 270.33 288.19

where o(l) (MPa) is the UCS of rock of different sizes; [
(mm) is the size of the rock; a, b, and ¢ are undetermined
parameters representing rock properties.

Equation (2) gives the relationship between UCS and
the size of the rock. The formula contains the undeter-
mined parameters a, b, and c. When a, b, and c are
determined, you can obtain the relationship between
the UCS and rock size.

3.1.3.2 Solving method of parameters

The fitting relationship in Table 4 shows that the values
of the parameters a, b, and c were related to the JRC, and
the parameters under each JRC were calculated, as shown
in Table 5.

According to the data therein, the JRC was used as
the abscissa and the parameter was used as the ordinate
to draw a scatter diagram of the parameters and the JRC.
According to the scatter diagram, the relationship between
parameters a, b, and ¢ and JRC was fitted, as shown in
Figures 6-8.

m discrete point

12 - Curve fitting
| |
o /
n
< 8-
6
n
4 T T T T T
1.6 2.6 3.6 4.6 5.6

Roughness

Figure 6: Fitting curve of parameter a and joint roughness.
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Figure 7: Fitting curve of parameter b and joint roughness.

The mathematical model of the parameter and JRC
was obtained through the fitted graph. The mathematical
model of parameter a and JRC was

a = 2.54 + 1.47JRC. 3)

The mathematical model of parameter b and JRC was
b = 63.33 + 0.22eJRC/1.05, (4)
The mathematical model of parameter ¢ and JRC was

¢ = 177.77JRCO%, (5)

where a, b, and c are parameters, and JRC is the joint
roughness coefficient.

3.1.3.3 Mathematical model of UCS and the size of rock
with rough joints

The mathematical model of parameters and JRC was
brought into the mathematical model of UCS and rock

m  discrete point

300 Curve fitting
n
e
e
e
270 4 /‘/
pd
o
.//
o
///
240 yd
///
/// -
/
/
210 . /
7
T T T T T
1.6 2.6 3.6 4.6 5.6
Roughness

Figure 8: Fitting curve of parameter c and joint roughness.



DE GRUYTER

size. The mathematical model of UCS and rock size was
obtained.

o(l) = 2.54 + 1.47JRC + (63.33
+ O_zze]RC/1.05)e—l/177.77]RC°‘28’

(6)

where o(l) (MPa) is the UCS of rocks of different sizes;
I (mm) is the rock size; JRC is the joint roughness
coefficient.

The obtained mathematical models of UCS and dif-
ferent rock sizes can be extended to practical projects in
similar situations. The mathematical models provide a
method to quantitatively analyze rock size and rock
strength to better guide engineering practice.

3.2 Research on the influence of joint
roughness on the UCS of rock

According to the results of (ii), the stress—strain relation-
ship of different JRCs was analyzed to propose a fitting
method for the relationship between UCS and JRC and
establish the mathematical model of the size effect of
UCS and JRC.

3.2.1 Analysis of stress—strain curve with different joint
roughness

According to the simulation scheme (programé6-11) for the
influence of JRC on the size effect of UCS and output the
numerical simulation results of each working condition.
Then, the stress—strain curves of all working conditions in
each numerical simulation scheme were drawn in the
same coordinate system, and a summary diagram of the
stress—strain curves of different JRC for each numerical
simulation scheme was obtained, as shown in Figure 9.

According to the stress—strain curve for each working
condition in the numerical simulation scheme, the UCS of
the rock in each working condition was explored. The
UCS of the rock under all working conditions is summar-
ized in Table 6.

Figure 9 shows the stress—strain curves of different
JRC under different sizes. The curve for the rock size of
600 mm in Figure 9c is selected as an example to analyze
the failure characteristics of the rock in the uniaxial
compression numerical simulation. When the strain is
0-0.0025, the rock stress—strain curve is linearly distrib-
uted, and this is the linear compression stage. When the
strain is between 0.0025 and 0.0035, the stress—strain
curve develops from linear elasticity to the yield failure

Size effect of roughness on rock UCS and characteristic strength — 621

stage, and the peak stress intensity of the rock drops
sharply to the residual stress intensity. At this time, the
rock is a brittle failure, showing brittle characteristics.
After the strain is 0.004, the stress—strain curve tends
to be flat, and the rock is in the residual strength defor-
mation stage.

Take Figure 9c as an example to analyze the influ-
ence of JRC changes on the UCS of rock. Table 6 shows
that when the JRC is 1.6, the rock stress peak strength
is 9.79 MPa. When the JRC increases to 5.6, the peak
stress intensity of the rock is 23.55 MPa. The growth rate of
rock stress peak strength is 140.6%. It shows that under the
same size, the greater the JRC, the greater the rock stress peak
strength. Figure 6¢ also shows that the residual strength is
reduced stepwise. However, the residual strength of the rock
with a JRC of 5.6 is significantly greater than that of the rock
with a JRC of 4.6. It shows that the greater the JRC, the greater
the residual strength of the rock.

Combining Figure 9 and Table 6 to analyze the influ-
ence of size on UCS. Take the rock size with a JRC of 5.6 in
Figure 9 as an example. It can be clearly seen that the
peak stress strength of rock with the size of 200 mm is
significantly higher than that of a rock with the size of
400 mm. And the peak stress strength shows a decreasing
trend with the increase of rock size. Table 6 also shows
that the peak stress strength of the rock with the size of
200 mm is 66.05 MPa, and the peak stress strength of the
rock with a size of 1,200 mm is 12.69 MPa. The decrease
rate of rock stress peak strength is 80%. It shows that
under the same JRC, the larger the rock size, the lower
the peak stress strength of the rock.

The above analysis shows that when the JRC is the
same, the larger the size of the rock, the smaller its UCS.
When the rock size is the same, the UCS of the rock
increases with the increase of JRC.

3.2.2 Fitting method of relationship between UCS and
roughness

Table 6 shows that with the continuous increase of JRC,
the UCS of the rock gradually increases. A scatter plot of
UCS and JRC of rock was drawn. According to the scatter
plot, the fitting curve between the UCS and JRC was
drawn, as shown in Figure 10.

Figure 10 shows that with the increase of JRC, the
UCS of the rock gradually increases under the same
rock size, showing a power function. Rock with different
JRCs has the same changing law. The relationship between
UCS and JRC of rocks of different sizes is obtained, as
shown in Table 7.
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Figure 9: Stress strain curves of different roughness in different sizes: (a) size 200 mm x 200 mm, (b) size 400 mm x 400 mm, (c) size
600 mm x 600 mm, (d) size 800 mm x 800 mm, (e) size 1,000 mm x 1,000 mm, and (f) size 1,200 mm x 1,200 mm.
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Table 6: Peak strength of different rock sizes
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Numerical simulation Size (mm) Peak strength of different sizes of rock (MPa)

Program 1 Program 2 Program 3 Program 4 Program 5

JRC = 1.6 JRC = 2.6 JRC = 3.6 JRC = 4.6 JRC =5.6
Program 6 200 28.76 34.13 39.12 43.2 66.05
Program 7 400 13.01 15.68 21.47 22.27 38.2
Program 8 600 9.79 11.11 14.33 17.69 23.55
Program 9 800 7.04 8.67 10.51 17.49 18.39
Program 10 1,000 5.04 6.02 8.53 8.13 14.26
Program 11 1,200 4.91 6 6.09 6.3 12.69

3.2.3 Establishment of a mathematical model of UCS
and JRC

3.2.3.1 Mathematical model of UCS and JRC

According to the relationship of UCS and rock with dif-
ferent JRC. The types of functions that the relationship
formulas conform to were analyzed, and the following

mathematical model for UCS and JRC is proposed as
o(JRC) = dJRC/, @)

where o(JRC) (MPa) is the UCS of the rock; JRC is the JRC,
and d and f are the parameters.

3.2.3.2 Solving method of parameters

By fitting the relationship formula, the relationship between
UCS and JRC was obtained. Table 7 shows that the values of

Stress peak strength
1=200

A Stress peak strength
— 1=400

Stress peak strength
1=600

=
(=}
1

£ 60

S @ Stress peak strength
< — =800

a 50 4 «  Stress peak strength
=) —— 1=1000

g m  Stress peak strength
2 40 4 [ 1=1200

g 40 A
7

w0

£ 30 4

g

(o]

33

TE 20 4

o

R

=

= 104

Roughness

Figure 10: Fitting curves of UCS and roughness with different rock
sizes.

the parameters d and f were related to the rock size, and the
parameters of each rock size were calculated and are sum-
marized, as shown in Table 8.

According to the data therein. A scatter diagram of
the parameters and the rock size was drawn, with the
rock size taken as the abscissa and the parameter taken
as the ordinate. According to the scatter diagram, the
relationship between the parameters d and f and the
rock size was fitted, as shown in Figures 11 and 12.

According to the fitting curves in Figures 11 and 12,
the relationships between the parameters d and f and the
rock size are as follows:

d =12.84 - 0.01l, (8)
9

where d and f are parameters, and I [mm] is the rock size.

f=0.54 + 5571,

3.2.3.3 Mathematical model for the size effect of UCS
and JRC

The mathematical model of parameters and rock size was
brought into the mathematical model of UCS and JRC.
The mathematical model formulas of UCS and JRC were
obtained:

o(JRC) = (12.84 — 0.011)JRCO-34+5:571 (10)

Table 7: Fitting relationship between rock UCS and roughness

Size [ (mm) Fitting formula
200 o(J) = 11.93)RCO71
400 o(J) = 8.8JRCO75
600 o(J) = 6.58JRC-81
800 o(J) = 4.85)RCO?3
1,000 o()) = 3.67)RC1
1,200 o(J) = 1.25JRC>44
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Table 8: Values of parameters d and f

Size (mm)
Parameters 200 400 600 800 1,000 1,200
d 11.93 8.8 6.58 4.85 3.67 2.44
f 0.71 0.75 0.81 0.93 111 1.25
m  discrete point
15 4 Curve fitting
| |
~
10 4 .
\I\\\\
= \\\\\\\
LIS
\\\
5 .
\\1\
\\\\\ [ ]
0 T T T T T T
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size/mm

Figure 11: Fitting curve of parameter d and rock size.

m  discrete point
Curve fitting

0.8 e u

T T
200 400 600 800 1000 1200

size/mm

Figure 12: Fitting curve of parameter f and rock size.

where o(JRC) (MPa) is the UCS of the rock; JRC is the JRC;
[ (mm) is the rock size.

The obtained mathematical model of UCS and JRC of
the rock can be extended to the field rock with different
JRC. It provides a quantitative analysis method for UCS
and JRC, and better guide engineering application.

DE GRUYTER

3.3 Establishment of mathematical models
of uniaxial compressive characteristic
size, characteristic strength, and JRC

In rock mechanics, characteristic strength is usually used
to characterize the size effect of rock strength. The influ-
ence of JRC on the characteristic size of UCS and the
characteristic strength of rock was studied by numerical
simulation. A mathematical model of rock uniaxial com-
pression characteristic size of UCS and JRC was established.
A mathematical model of rock uniaxial compressive char-
acteristic strength and JRC was established.

3.3.1 Establishment of a mathematical model of uniaxial
compressive characteristic size and joint
roughness

The rock size parameters have already reflected the het-
erogeneity of the meso-size. Due to the influence of meso-
uniformity, the obtained mechanical parameters of the
rock will have a certain degree of dispersion. Every non-
uniform material has an obvious characteristic size. The
literature [30] gave a detailed answer to this question
based on physical mechanics experiments and meso-para-
meter statistical distribution theory. According to the
research ideas of the literature [30], the absolute value
of the slope of the curve is obtained by deriving the two
sides of equation (2):

(=l/c)
i = |22 (1)
c
|kl <7 (12)
1> [ln(ﬁ) - In r]c, (13)
c

where r is the acceptable absolute value of the slope,
which can be exceedingly small, if the approval curve
is close to the level and meets the engineering require-

ments. [ > [ln(g) - In r]c can be considered as the

characteristic size.
Table 9 shows that with the increase of JRC, the char-
acteristic size of the rock also increases. This law qualitatively

Table 9: Relationship between JRC and characteristic size

Roughness 1.6 2.6 3.6 4.6 5.6

Characteristic 369.01 406.90 438.31 478.81 583.14

size (mm)
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analyzes the relationship between rock characteristic size
and JRC. Taking the JRC as the abscissa and the characteris-
tic size of the rock as the ordinate, a scatter diagram of the
characteristic size of the UCS and the JRC was drawn.
According to the scatter diagram of rock characteristic size
of UCS and JRC, the fitting curve of rock characteristic size
and JRC was drawn, as shown in Figure 13.

Analyzing the form of the fitted curve, Figure 13
shows that it conforms to the relationship of the index.
The mathematical model formula of rock characteristic
size and JRC was as follows.

L = 342.26 + 15.84elRC/2.07 (14)

where L (mm) is the characteristic size of the UCS; JRC is
the joint roughness coefficient.

3.3.2 Establishment of mathematical model of rock
uniaxial compressive characteristic strength and
joint roughness

The characteristic size was obtained from the previous
hypothesis test and then substituted into equation (2)
to obtain the characteristic strength of the rock under
the characteristic size. The characteristic strength of the
rock under different JRCs can be obtained through the
analytical formula, as shown in Table 10.

Table 10 shows that as the JRC increases, the charac-
teristic strength of the rock increases. The fitting curve of
rock characteristic strength and JRC is shown in Figure 14.

Analyzing the form of the fitting curve, it is found
that it conforms to the relationship of the power function,

m  discrete point

Curve fitting
/
640 1 /
/
g
E | |
E 560
@
2
2
St
2480 n
Q
]
<
<
5} /'
400 "~
//
[
T T T T T
1.6 2.6 3.6 46 5.6

Roughness

Figure 13: Fitting curve between the characteristic size of rock and
roughness.
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Table 10: Relationship between roughness and characteristic
strength

Roughness 1.6 2.6 3.6 4.6 5.6

Characteristic
strength (MPa)

15.3 17.73 20.27 23.02 24.60

m  discrete point
curve fitting
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Figure 14: Fitting curve of characteristic strength and roughness.

and the mathematical model formula of the rock charac-
teristic strength and JRC is obtained as follows:

o(JRC) = 12.39JRC%# (15)

where ¢(JRC) (MPa) is the characteristic strength of the
rock; JRC is the joint roughness coefficient.

4 Discussion

The joint roughness of a rock has an impact on the UCS
and characteristic strength of the rock, but the mathema-
tical relationship model between them has not yet been
obtained. Through this research, a mathematical model
of UCS and JRC and a mathematical model of UCS and
rock size were established. A mathematical model of
rock characteristic size of UCS and JRC and a mathema-
tical model of rock characteristic strength and JRC were
established. The establishment of these four mathema-
tical models quantifies the relationship between UCS of
rock, rock characteristic size of UCS, rock characteristic
strength, and JRC, which have important scientific signif-
icance. For the engineering site, when the JRC and rock
size are obtained, the UCS, characteristic size of UCS,
and characteristic strength of the rock can be quickly
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obtained, which has significant engineering guiding
significance.

In this article, the method of solving UCS and JRC,
UCS and size, rock characteristic size of UCS and JRC, and
rock characteristic strength and JRC, is obtained.

However, this study still has some shortcomings.
Because this study was conducted by means of numerical
simulation, the simulation conditions were simplified.
When the model was established, there was only one
horizontal roughness joint, ignoring the effects of other
small cracks and water content that may exist in the rock.
Therefore, the factors considered are not yet complete,
and there is still an area for improvement. When extended
to the engineering site, it is only applicable to specific
rocks with a horizontal joint.

5 Conclusion

This article studied the influence of the size of rock with a
rough joint on UCS and the size effect of JRC on UCS. The
size effect of UCS was analyzed through the stress—strain
curves of rocks of different sizes and JRC. According to
these numerical simulations, the following conclusions
were obtained:

(1) The relationship between the UCS and the size of the

rock with rough joints was

o) =a + be'llc

solving for the parameters a, b and c, the specific
formula was obtained as

o(l) = 2.54 + 1.47JRC + (63.33
+ O_zze]RC/l.OB)e—l/177.77IRC°‘28
(2) The relationship between UCS and JRC was
o(JRC) = dJRCS

solving the parameters d and f, and the specific for-
mula was obtained as

o(JRC) = (12.84 — 0.011)JRCO-54+557!
(3) The characteristic size of UCS is related to JRC. Our

simulation gives the particular form:

L = 342.26 + 15.84€RC/207

(4) The characteristic strength of the rock is related to the
JRC. Our simulation gives the particular form:

o(JRC) = 12.39JRCO4
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