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Abstract: The joint roughness coefficient JRC of rock joints is an important parameter for measur-
ing the geometric morphology of rock joints. However, the parameter obtained from traditional
calculation methods has certain limitations in reflecting the differences in shear strength of rock
joints in different shear directions with the same orientation. Firstly, native joint surface test blocks
were cast using three-dimensional reverse reconstruction technology. Subsequently, direct shear
tests were conducted under different normal stress and shear direction conditions, followed by
numerical simulations using the finite difference software Flac3d. The JRC coefficient calculation
method proposed by Yuan was modified and extended by considering the percentage of climbing
sections and the effective contact area during the ramping process. This study indicates that the
numerical simulation results are in good agreement with the shear test results. The introduction
of the shear climbing rate SCR and the curvature coefficient of profile CCP is used to reflect the
geometric differences of the joint surfaces in different shear directions. These two parameters are
nonlinearly fitted with the experimental results, leading to a calculation formula that characterizes
the shear strength characteristics of the joint surfaces in different shear directions. This novel formula
is an extension of the JRC-JCS model.

Keywords: JRC; shear strength; three-dimensional reverse reconstruction technology; direct shear
tests; numerical simulations

1. Introduction

As engineering rock masses serve as the foundation for various geotechnical struc-
tures such as roads, mines, tunnels, and dams, their mechanical characteristics significantly
influence the overall stability of these constructions. The stability and overall strength of
engineering rock masses are primarily governed by the shear resistance of structural sur-
faces at weak points within them. There are numerous factors affecting the shear resistance
of these structural surfaces, with one of the most crucial being their surface topography.
Natural structural surfaces exhibit varying roughness, leading to distinct mechanical prop-
erties being manifested in different shear directions during the sliding process. Therefore,
researching the influence of structural surface geometry on the mechanical properties of
rocks is of paramount importance.

A substantial amount of research has been carried out by scholars regarding the
influence of rock joints geometry on shear strength. In 1966, E.D. Barton [1] investigated the
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shear mechanical behavior of regular sawtooth-shaped structural surfaces and, based on
these experiments, combined the theory of shear dilation effects with the Mohr—Coulomb
criterion to propose the bilinear shear strength model. N. Barton et al. [2,3], aiming to
quantify the morphological characteristics of rock joints, introduced the joint roughness
coefficient (JRC) based on shear tests conducted on numerous rock joints. They also
established ten standard structural profile lines for reference and developed the JRC-JCS
shear strength model. The Barton formula, due to its simplicity of calculation and wide
applicability, remains the most commonly used calculation formula for rock joints shear
strength to this day. The traditional method of determining the magnitude of JRC values is
rather subjective, and the measurement precision of the structural surface morphology data
is low, with significant human error. Consequently, subsequent researchers have delved
into further studies, focusing mainly on two aspects of JRC research: the acquisition of
native rock joints morphology, and the correlation and quantification of morphology data
with JRC. Concerning the acquisition of morphology, Develi et al. [4] developed a novel
computerized mapping system for measuring the geometric morphology of rock joints,
achieving a maximum accuracy of 1 mm. Jifeng et al. [5,6] devised a new type of contact
perforator for the mechanized measurement of rock joints. Xia Caichu et al. [7] combined
mechanized morphology measurement technology with a computer-aided testing system
to create a new intelligent morphology inspection system. With the advancement of
laser scanning technology, the method of obtaining rock joints morphology information
transitioned from physical contact to higher-precision optical scanning. Franklin et al. [8]
proposed the straightedge shading method for data acquisition by digitizing photos, while
Grasselli et al. [9] collected rock joints morphology data through the ATOS structured light
scanner. Since then, various types of optical scanners have become the primary tools for
gathering rock joints morphology information.

Regarding how to correlate and quantify morphology data with JRC, many scholars
have also conducted research in this area. Maerz et al. [10] defined the roughness profile
index Rp, quantified JRC, and related it to Rp through a regression equation, ultimately
establishing a new JRC calculation equation. Concerning the quantification of rock joints
JRC, many researchers have also conducted relevant studies. Tse et al. [11] discretized
Barton’s standard profile lines and established a functional relationship between JRC and
the root mean square of the first derivative Z, of the joint profile slope. Zhang et al. [12]
calculated JRC values by modifying Z, through amplitude. Yu et al. [13], based on Tse’s
calculation equation, sampled JRC using different intervals to investigate the effects of
spacing and derived calculation formulas for different sampling intervals. Belem et al. [14]
extended the use of Z; into three-dimensional space and proposed quantifying rock joints
morphology using the anisotropy coefficient Ka and the surface-related roughness coef-
ficient Rs. Yuan et al. [15] defined the cumulative relative roughness amplitude (CRRA)
and weighted average gradient (WAG), combining a two-dimensional profile method to
develop a novel JRC calculation formula. From the aforementioned research, it can be
observed that the roughness of rock joints significantly influences the peak shear strength.
However, the above studies often apply to rough calculations of JRC in a single shear
direction, and do not consider the effective contact during the shear process.

For this reason, this paper selects the native rock joints and prints six rock joints
counterclockwise at 30° intervals in the direction of 0-150° using 3D inverse reconstruction
technology. It carries out the direct shear test in the same orientation with different shear
directions and different normal stresses to simulate the shear damage of the rock joints of
the fracture-bearing engineered rock. Numerical simulations were performed using the
finite difference software Flac3d, and the test and simulation result data were compared
to verify the reliability of the test. The shear climbing rate (SCR) and curvature coefficient
of profile (CCP) are proposed to supplement and modify the JRC calculation method
proposed by Yuan through nonlinear surface fitting. Finally, a model is constructed to
calculate the shear strength of rock joints under different shear directions with different
surface roughness and different normal stresses.
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2. Construction of the Shear Model

To investigate the shear strength characteristics of rock joints within the test specimens,
this experiment employs the constant normal load (CNL) shear test to assess the shear
resistance of different surface morphology rock joints under varying levels of normal stress.
However, due to the limited availability of natural rock formations for experimentation,
coupled with their diverse surface irregularities and types, the approach involves selecting
native engineering rock masses containing rock joints as the subjects of study. Brittle cement
mortar specimens are cast on-site to possess similar surface morphology and mechanical
properties to the identified rock joints.

The pouring process is illustrated in Figure 1. Utilizing the EinScan-Pro handheld
high-precision scanner (Manufactured by Shining 3D, Hangzhou, China), the surface
morphology of the rock joints is scanned and recorded, transforming the scan data into
high-precision point cloud data. Through reverse engineering software such as Rhino and
Wrap, a mesh model is constructed that closely resembles the native surface morphology of
the structure. In this study, six orientations and twelve shear directions (0°, 30°, 60°, 90°,
120°, 150°, 180°, 210°, 240°, 270°, 300°, 330°) were selected for sampling (directions and
cutting dimensions depicted in Figure 1c). Furthermore, utilizing the HORI dual-nozzle
large-scale resin 3D printer, a total of six rock joints molds were fabricated.
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Figure 1. The manual specimen casting process.

Due to the intricate and non-repetitive nature of natural joint surface morphology,
this study employs replicas made of cementitious mortar as substitutes for experimen-
tal purposes, water, Portland cement, fine sand, and other materials that are used for
proper design matching. According to the proposed strength classification for rocks, ce-
ment mortar with three strengths (soft: 5~15 MPa, medium-hard: 15~30 MPa, and hard:
30~60 MPa) is planned to be poured as test specimens. These test groups are represented
by code combinations S-S, M-M, and H-H, where S represents soft rock, M represents
medium-hard rock, and H represents hard rock. After curing for 28 days, conventional
triaxial tests, Brazilian splitting tests, and uniaxial compression tests are conducted to
obtain the corresponding basic mechanical parameters of the artificial rock mass. The
basic mechanical parameters of the three strength test specimens are shown in Table 1
after testing.
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Table 1. Basic mechanical parameters of artificial rock mass.
Contents (%)
Rock Type oc (f ¢ E
Water Cement Sand (MPa) ©) (MPa) (GPa)

Soft (S) 20 40 40 14.82 36.3 4.12 3.12
Medium-hard (M) 18.8 47.2 34 25.70 37.2 6.26 4.53
Hard (H) 16.7 50 33.3 35.21 38.5 9.3 5.56

o.—Compressive strength of the material. ¢—Internal friction angle of the rock mass. c—Cohesion. E—Elastic
modulus of the material.

3. Indoor Test and Numerical Simulation
3.1. Direct Shear Test

This experiment entails casting three different strength combinations of test specimens
in each direction, with three repetitions for each combination to carry out tests under
three levels of normal stress. Ultimately, a total of 108 samples are cast across twelve
shear directions to facilitate the testing process. The shear test was carried out on the
poured samples using the anchorage performance tester for anchored structural surfaces
(Figure 2). Normal stresses of 1.0 MPa, 2.0 MPa, and 3.0 MPa were respectively applied
to each identical rock joint before performing the shear test. An electronic dial indicator
was used to measure the shear and normal displacements of the sample. The shear force
loading was carried out stepwise at a displacement rate of 0.02 mm/step and stopped
when the shear displacement reached 6 mm. The horizontal shear stress corresponding
to each displacement was recorded throughout the test, and the shear stress versus shear
displacement curve was plotted to analyze the characteristics of each stage. The basic
friction angle @y, of the rock joints under different combinations was determined through
direct shear tests on flat rock joints. It should be noted that this friction angle differs
from the internal friction angle of the rock mass, as it specifically refers to the friction
angle of the rock joints within the rock mass. Analysis of the data presented in Table 2
reveals a positive correlation between the friction angle of the rock joints and the uniaxial
compressive strength of the rock. This finding serves as evidence for the necessity of
considering uniaxial compressive strength as a variable in studying shear strength.

iy

Figure 2. Installation of anchorage performance tester and accessories for anchored structural plane.

3.2. Numerical Simulation

The scanned point cloud files were post-processed using Rhino modeling software
to establish a sheared rock block grid model. The finite difference software (Flac3d) was
used to perform numerical simulations of engineering rock mass shearing. The shearing
simulation constraints are shown in Figure 3. The blue part represents the constraint end,
and the red arrows represent the location where normal stress and shear rate are applied.
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Table 2. Selection of simulation parameters of the rock joints in 0°direction.

Specimen S-S M-M H-H
Normal stress
(MPa) ! ? ’ ' ? ’ 1 i ’
Normalstiffness g | 61.17 100.62 4241 83.05 123.03 53.79 105.26 141.40
(GPa-m™1)
Shear stiffness 3.20 6.12 8.42 4.20 8.61 11.66 4.82 10.33 16.02
(GPa-m™1)
@p ) 30.4 32.48 34.35

Figure 3. Boundary conditions for joint shear simulation.

In the natural state, in order to more realistically simulate the shearing of the rock
blocks, and considering the integrity and weathering degree of the rock blocks, the numeri-
cal model of the rock blocks adopts the Hoek-Brown model, and the relevant parameters
of the rock mass are selected by Table 1. A simulated interface is established between the
upper and lower rock blocks, the relevant parameters of the simulated interface are selected
by Table 2, wherein the normal stiffness and shear stiffness of the interface are obtained
through rock mechanics experiments.

This paper uses the method proposed by Bandis et al. [16] to calculate the normal
stiffness kn, and conducts compression tests on specimens with and without rock joints to
plot the compression curves. The displacement difference of the compression curves and
the corresponding normal stress under the two conditions are used to obtain the closed
deformation diagram. The variables include the compression displacement of specimens
without structural planes (Vs), the compression displacement of specimens with structural
planes (V;), maximum closure (V), and the normal stiffness of the structural planes (ky;)
under a certain normal stress oj. The calculation schematic is shown in Figure 4.

For the value of the shear stiffness kg, the method proposed by Vallier et al. [17] was
used to calibrate the tangential stiffness by taking the slope of a point on the elastic section
of the shear stress versus the shear displacement curve, before reaching the peak shear
strength Tp. The calculation is schematically shown in Figure 5.
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Figure 4. Schematic diagram of normal stiffness calculation: (a) normal stress vs deformation relations
of intact and fractured specimens; (b) maximum closure V, calculation chart.

-

Shear stress (MPa)

Shear displacement (mm)

Figure 5. Schematic diagram of shear stiffness calculation.

Since the rock joints go through the rock blocks without any filling, the cohesive force,
overall tensile strength, and shear expansion angle of the rock joints are set to 0. The final
simulated shear rate is adjusted to 1 x 107® m/step, and the relevant parameters of the
rock joints are listed in Table 2.

3.3. Analysis of Test and Simulation Results

Figure 6 shows the stress cloud map during the shearing process of the specimen,
where positive values represent tensile stress and negative values represent compressive
stress. Specifically, the shearing process can be divided into four stages. Stage 1 is the
gap bonding stage, during which local areas between the rock joints start to generate
compressive stress and gradually spread. Stage 2 is the linear elastic stage of shearing,
as can be observed from the figure, where the rock joints undergo elastic deformation
and there are a few cracks uniformly present. Stage 3 is the stage of non-uniform crack
development, where the contact between some rock joints is no longer complete, resulting
in stress concentration at some contact points, and the accelerated expansion of cracks
until the mutual penetration and failure of the rock mass. Stage 4 is the residual shearing
stage, where new fracture surfaces generate sliding friction due to the relative movement
of rock blocks and normal stresses from above. At the same time, slight interlocking occurs
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between residual edges of different fracture surfaces, leading to stress concentration (see
the magnified image in the bottom right corner of Figure 6).

1MPa 2MPa 3MPa

4.0000

0.0000

stage1 -5.0000

~1.0000

-1.5000

2.0000
stage2
stage3
stage4

Figure 6. Shear stress variation diagram under different conditions.

The rock joints exhibited the ultimate failure condition after undergoing four stages,
as shown in Figure 7. The red region in Figure 7a represents the plastic shear zone, where
severe shear deformation occurred in the raised area of the rock joints. This confirms that it
is a localized region of shear stress concentration, which primarily bears the shear resistance
of the rock joints. Furthermore, Figure 7b also reveals the wear and failure condition of
the raised area during indoor testing, with the upper region exhibiting more prominent
damage. This is attributed to it being the shear end region, where a lack of constraint results
in weaker shear resistance. Consequently, it is the first to fail and experiences the most
severe damage during the shearing process. This phenomenon aligns with the characteristic
shear failure of interconnected rock joints.

AT

(@) (b)

Figure 7. Shear failure condition: (a) shearing damage process, (b) shear-damaged surface.
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The stress—displacement comparison curve for the 0° direction S-S combination in
Figure 8a demonstrates that the direct shear test and simulation results follow the same
pattern. As the normal stress applied to the rock joints increases, the peak shear strength
also increases, along with the residual shear strength and tangential stiffness of the rock
joints, which are positively correlated with the normal stress. Figure 8b—d presents the
peak shear strength comparison graphs for S-S, M-M, and H-H combinations. From
these graphs, it is evident that the peak shear strength varies significantly for different
shear directions of the rock joints. However, in the traditional JRC determination method,
the standard profile line used for different shear directions with the same orientation is
identical, leading to identical JRC values. Nevertheless, based on the experimental results
shown in Figure 8b—d, it can be observed that under unchanged conditions, although the
same JRC value is selected for rock joints with the same orientation during calculations,
there are visible differences in the peak shear strength. Therefore, further research and
exploration are needed to quantitatively determine JRC.
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Figure 8. Peak shear strength comparison chart: (a) The stress—displacement comparison curve,
(b—d) comparison of peak shear strength for different shear directions in S-S, M-M, and H-H combination.

4. Establishment of Shear Mechanics Model

In early studies on the shear strength of rock joints, many scholars quantified the
basic mechanical parameters of rock joints and established a mathematical relationship
between them and the peak shear strength to explore the rock shear mechanism. N. Barton
established the JRC-JCS shear model by analyzing a large number of rock joints shear test
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results. This model can represent rock joints shear performance with low normal stress and
minor undulations properties. Its expression is:

Tp = 0y tan {q)b +]RClg<]((;nsﬂ €))
where Ty, is the peak shear strength of rock joints, o, is the normal stress; ¢}, is the basic fric-
tion angle, JRC is the joint roughness coefficient, and JCS is the joint wall
compressive strength.

It can be seen from Equation (1) that the peak shear strength is related to many factors.
The normal stress oy, can be derived from the total stress of the upper layer on the rock
joints. The basic friction angle ¢}, can be obtained from direct shear experiments. Regarding
the JCS, it can be equivalent to the uniaxial compressive strength of the rock when the
degree of rock weathering is low. As for the JRC, in actual engineering, the known profile
is often decomposed into lines. Compared with the 10 standard profile lines drawn by
Barton, this method is highly subjective and may lead to significant errors in the results.
Therefore, it is necessary to establish a correct method of quantitative analysis.

Quantification of Structural Surface Geometry

Reference Yuan et al. [15] proposed a method to dissect the rock joints through a
two-dimensional profile line (Figure 9). The cumulative relative undulation amplitude
CRRA is defined to characterize the climbing effect of shear strength considering the scale
effect, while using the weighted average gradient WAG to characterize the rock joints
friction effect, and finally, nonlinearly fitting the two metrics to derive the quantification
method of JRC.

n . —
Lz —zily 1+ |35
WAG = =L - )
n . —
X [xip1 — xi|m
i=1
1 n
CRRA = ZZ|Zi+1 - zj] 3)
i=1
JRCyyan = p1eRRAXWAG 4 1) X CRRA + p3 x WAG (4)

where z;,1 — z; is the height difference between two adjacent sampling points, x;,1 — x; is the
sampling interval, n is the number of intervals, L is the length of the shear profile line, and
P1, P2, p3 are the corresponding empirical coefficients under different sampling intervals.

B .-1_._'_;\. il )
Z] 23 z: Zi+1
P
- - -~ -~ x
J‘1 ’\.‘ '\: "\i+1

Figure 9. Schematic diagram of 2D section line index calculation.
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According to the recommendation (the sampling interval should be shorter than
L/120), this paper uses L/140 as the sampling interval and extracts 11 section lines at
equal intervals on the shear section in the Y-axis direction to divide the rock joints into
10 equal-width regions, as shown in Figure 10a,b. The average CRRA and WAG values are
obtained using the above Equations (2) and (3) and the following Equations (5) and (6):

n
WAG.ye = %Z WAG; (5)
t=1
1 n
CRRA e = - ) CRRA; (6)
t=1

Shearing climbing direction

(a)

\ 4

(b)

Figure 10. Schematic diagram of the rock joint 3D printing area: (a) profile line selection; (b) rock
joint morphology information.

Bring the required dimensionless index into Equation (4), and refer to the empirical
coefficient table under the corresponding sampling interval in Yuan et al. [15] to obtain
the values of py, p2, and p3 (shown in Table 3). Finally, the calculated values of JRC in the
directions of 0°/180°, 30°210°, 60°/240°, 90° /270°, 120° /300°, and 150° /330°are 7.820,
7.230, 6.420, 7.668, 8.552, and 8.145, respectively.

Table 3. Experience coefficient corresponding to interval L/140.

Sampling Numbers P1 P2 P3
140 —1.2668 106.0937 —41.6964

Data source: Yuan et al. [15].

Based on the aforementioned Barton formula, the values of oy, JCS, and ¢y, are
substituted into the equation to obtain the inverse calculation of JRC. The outliers in the
corresponding shear direction are eliminated, and the remaining values are summed and
averaged to obtain the final calculation result. Table 4 presents the JRC values calculated
using these two methods. Additionally, the ratio « between the inverse calculation value
and Yuan’s calculation formula is included in the third row. From the table, it can be
observed that there are certain differences in the JRC values of the rock joints under
different shear directions.
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Table 4. Comparison chart of JRC values for different shear directions.

Shear Direction/°

0° 30° 60° 90°  120°  150°  180°  210°  240°  270°  300°  330°
Inverse 8168 7576 6703 7974 8953 8626 8392 7.883 7.079 8312 9.088 8526
calculation
Yuan 7820 7230 6420 7.668 8552 8145 7.820 7230 6420 7.668 8552  8.145
« 1.0445 1.0479 1.0441 1.0399 1.0469 1.0591 1.0731 1.0903 1.1026 1.0840 1.0626 1.0468

Based on the analysis in Section 3.3, the morphology features and contact conditions
of rock joints are analyzed from both macroscopic and microscopic perspectives. From a
macroscopic viewpoint, the profile lines exhibit both climbing and non-climbing sections.
In the discretization process, a climbing section is defined as when z;,1 > z;, while a
non-climbing section is defined as when z;.1 < z;; non-climbing sections of through-type
rock joints do not contribute significantly to shear strength. This paper proposes using
the ratio between the length of the discretized climbing sections and the total length of
the profile lines (L) as the shear climbing rate (SCR) to reflect their contribution. From a
microscopic perspective, there are certain morphological differences between straight and
smooth sampled sections and real rock joints profiles. Pikens and Gurland [18] defined
the curvature index Ps to quantitatively characterize the bending of rock joints. This
paper converts its surface equivalent value into two-dimensional space and defines it as
the curvature coefficient of profile (CCP), which represents the ratio between the actual
length of a profile line segment and its corresponding sampled section length. The specific
calculation steps can be seen in Figure 11 and Equations (7)—(9).

n n
Ly=) Liy+) Li )
i=1 i=1
1 n
Pi=1

CCP:1<£: Li |y L”) ©)
n\i=1 Li+ = Li-
where L, is the total length of the profile lines, L;; is the microsegment length of the i-th
profile line after discretization, L;. is the length of the i-th discretized climbing section, and
L;_ is the length of the i-th discretized non-climbing section.

Figure 11. Schematic diagram of profile line discretization.

The relationship among &, SCR, and CCP, as indicated by Equation (10), was discov-
ered through computational analysis. A nonlinear surface fitting was then performed to
explore the interconnection between these three variables. The resultant fit is depicted in
Figure 12, showcasing a favorable fitting outcome. The coefficient of determination R?
equals 0.9773, while the correlation coefficients b, ¢, and d are found to be 0.67, —1.53, and
3.07, the relationship between the newly proposed JRC calculation formula and the Yuan
formula can be seen in Equation (11), respectively:

& =b x In(SCR) + ¢ x CCP +d (10)
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]RCNew =ua X ]RCYuan (11)

B o =bxIn(SCR)+cxCCP+d,R*=0.9773

1.08

O 1.06

1.04

Figure 12. Multivariate nonlinear fitting.

5. Comparison and Validation of Formulas

Zhao et al. [19] incorporated Barton’s proposed ten criteria for profile line morphology
into Matlab, enabling the computation of the root mean square of the first derivative of the
contour lines, denoted as Z,. By applying a fitting procedure, an empirical calculation formula
for JRC was obtained. The computation method is presented in Equations (12) and (13):

o1& Wi v
Zy = fi; BT (12)
JRCzpa0 = 32+ 33.631g(Z5) (13)

where y is the height of the shear profile line, Ax is the sampling interval, and L is the
projected length of the contour lines along the X-axis.

To validate the reliability of the formulas presented in this article, the calculated JRC
values obtained from the Yuan formula, Zhao formula, and the newly proposed formula
are substituted into the Barton formula. The final computed results are then compared
with the direct shear test (shown in Figure 13). By analyzing the distribution of the
increasing and decreasing intervals of the curve in the figure, it can be observed that all
three calculation methods yield consistent results regarding the shear characteristics of the
rock joints in different directions. Specifically, the intervals from 60° to 120° and 240° to 300°
demonstrate an increase, while the remaining intervals show a decrease. Compared to the
conventional method of calculating JRC using Z; values, the Yuan formula introduces two
parameters, CRRA and WAG, which better reflect the climbing and friction effects during
the shear process and align more closely with reality. However, it still underestimates the
experimental values and exhibits certain discrepancies. Furthermore, it fails to capture
the differences in shear directions for the same orientation. In this study, by introducing
two coefficients, SCR and CCP, to modify the Yuan formula, both of these issues have
been addressed.
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Figure 13. Comparison chart of calculation results: (a-c) Values of peak shear strength in different
shear directions under normal stress conditions of 1 MPa, 2 MPa, and 3 MPa.

To depict the disparities between the calculated values and direct shear test values
more accurately, this paper employs the formula of mean deviation (shown in Equation (13))
to describe the deviations between these three calculated values and the direct shear test
values. The Yuan formula yields a deviation of 1.7%, the Zhao formula yields 4.9%,
and the newly proposed formula in this study yields a deviation of 0.61%. Based on
the aforementioned analysis and data, it is evident that the modification of the Yuan
formula presented in this paper significantly enhances the accuracy of the peak shear
strength calculation.

Where 0gye is the average deviation, n is the number of samples, and T is the peak
shear strength test value, Tp. is the theoretically calculated value of the peak shear strength.

6. Conclusions

Using three-dimensional reverse reconstruction technology, the surface morphology
point cloud data of the rock joints are scanned and obtained. The 3D-printed molds are then
used to cast cement mortar specimens. Direct shear tests under different normal stresses and
finite difference numerical simulations are conducted to obtain the shear strength curves of
the rock joints. Finally, based on the Barton model for rock joints shear strength and the
JRC calculation formula proposed by Yuan, an analysis of the shear characteristics of the
rock joints in different shear directions is conducted, leading to the following conclusions:
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(@) The shear process of the rock joints is simulated proportionally using the finite differ-
ence software Flac3d. The simulation results are in good agreement with the indoor
direct shear test results. It can be concluded that the shear process can be roughly di-
vided into stages of gap bonding, linear elastic, non-uniform crack development, and
residual shearing. The stress distribution and failure behavior of the rock joints vary
in different stages. The protrusions on the rock joints are the main areas responsible
for shear resistance, and the contact conditions at these protrusions have a certain
influence on the shear strength of the rock joints. At the shear end, due to lack of
restraint, it is the first to fail and exhibits the most severe damage.

(b) The geometric morphology of the rock joints is quantified using a two-dimensional
profiling method, and an inverse calculation of JRC values is performed based on
experimental results. A comparison is made with Yuan’s calculation method, and
modifications and extensions are made to Yuan’s formula by introducing the shear
climbing rate (SCR) and curvature coefficient of profile (CCP). Finally, a new calcula-
tion formula for the shear strength of rock joints is established based on Barton’s for-
mula.

(¢) A method for calculating JRC values using Z, is introduced, and it is compared with
Yuan's formula and the modified formula proposed in this study. The applicability of
these three methods for calculating the shear strength of rock joints is demonstrated,
and the average deviation between the three formulas and experimental values is
calculated. The analysis results show that the three formulas can, to some extent,
reflect the variation of the shear strength of rock joints with shear direction. However,
the modified formula proposed in this study can better reflect the differences in shear
strength of the same orientation in different shear directions, and it has the smallest
average deviation from the experimental values.
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