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In order to study the instantaneous mechanical properties of rock mass discontinuities with different 3D morphologies during the
shear process, the Brazilian splitting method is used to prepare natural rock mass discontinuities, and the high-precision 3D
scanning test of discontinuities is carried out. The Z2 is selected as the evaluation parameter of the discontinuities. Based on
the graded cyclic shear test results of discontinuities, the influence of the morphology characteristics on the strength and
deformation characteristics is analyzed. With the increase of shear times, the 3D morphology characteristic parameters of the
structural plane decrease steadily after the graded cyclic shear. Based on the test curve, the graded cyclic shear characteristics of
rock mass discontinuities are analyzed from the shear deformation, and the shear process of the discontinuities is finely
divided by combining with the variation characteristics of shear stiffness. Combined with the 3D morphology parameters, an
empirical formula for the shear strength of discontinuities is proposed. Through verification, the effect of the new model is
better than that of the classical JRC-JCS model.

1. Introduction

The discontinuities in jointed rock mass play a dominant
role in the deformation and damage of rock mass. Due to
the existence of discontinuities, the rock mass has complex
engineering properties, which leads to anisotropy and
heterogeneity [1]. Meanwhile, it also destroys the integrity
of the rock mass and greatly reduces the material properties
of the rock mass, which is the primary factor that affects the
stability of engineering rock mass [2]. Therefore, scholars
have always been focusing on the study on the mechanical

properties and parameter selection of the discontinuities of
rock mass.

The morphological properties of the discontinuities of
rock mass have a significant impact on their mechanical
properties [3, 4]. Speaking of two-dimensional morphologi-
cal properties of discontinuities, the most famous of which is
the joint morphology characterized by joint roughness coef-
ficient (JRC) of the discontinuities proposed by Barton and
Choubey [5]. The method has now been recommended by
the International Society for Rock Mechanics and Engineer-
ing. In fact, many scholars have modified and improved the
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JRC evaluation method and also established a quantitative
empirical relationship between different statistical parame-
ters and JRC values by measurement and statistical methods
[6–9]. Since Prof. Mandelbrot proposed the theory of fractal
geometry [10], some scholars have applied it to the study of
jointed morphology. Kulatilake et al. and Zhu et al. [11, 12]
separately established an empirical relationship between
fractal dimensions and JRC indicators, so that JRC indica-
tors can be obtained by a fractal method. In recent years,
the characterization method for the 3D morphology of dis-
continuities has become a hot topic in the research of mor-
phological characteristics. Belem et al. [13] discussed the
3D roughness coefficient characterizing the morphology of
several discontinuities and studied the variation law of the
roughness coefficient in the shear process of discontinuities.
Grasselli et al. [14] studied the morphological properties of
discontinuities with 3D morphology scanning technology,
proposing to describe the 3D morphological properties of
discontinuities with new 3D morphological parameters. Xia
et al. [15] studied the description of the 3D morphology of
discontinuities in different contact states and proposed the
method of calculating morphological parameters. Rabczuk
et al. [16, 17] described a new approach for modelling dis-
crete cracks in mesh-free methods. At present, the study
on the morphological properties of discontinuities and
their characterization methods has been mature, but it still
needs to be further improved. The characterization
methods of 3D morphology of discontinuities have higher
requirements for measurement accuracy, and the charac-
terization parameters are complex, which are not condu-
cive to popularization and promotion.

Shear strength is one of the basic mechanical properties
of discontinuities, and rich research results have now been
achieved. Among the studies on the strength properties of
discontinuities, the most representative of which is three
strength formulas of discontinuities, i.e., Patton’s formula,
Ladanyi’s formula, and Barton’s formula, and most of the
follow-up studies are carried out based on these three
formulas. Patton introduced undulating angle into Mohr-
Coulomb criterion in the 1960s and established the bilinear
shear strength criterion of discontinuities. Barton [18] estab-
lished the famous empirical formula of JRC-JCS peak shear
strength based on JRC indicators. Chen et al. [19] con-
structed the model of peak shear strength based on the
function relationship between normal stress and peak-
dilation angle of discontinuities. Park et al. [20] constructed
a shear constitutive model of discontinuities based on 3D
morphological parameters. Based on the study of the 3D
morphology of discontinuities. Xia et al. [21] carried out a
comprehensive study on the 3D peak shear strength of
discontinuities and constructed a 3D model of peak shear
strength. Ge [22] established the empirical formula for the
peak shear strength of discontinuities based on the 3D
morphological parameter BAP. Compared with the strength
properties of the discontinuities of rock mass, the study on
its deformation properties is inferior in both depth and
breadth, but the scholars at home and abroad have never
stopped studying the deformation properties of discontinu-
ities [23, 24]. Yin et al. [25] constructed a new discontinu-

ities constitutive model based on cyclic shear test and
numerical simulation and reflected the impact of the wear
of discontinuities on its frictional characteristics and dilation
characteristics in the model. Li and Du [26] explored the
shear deformation characteristics of discontinuities based
on the shear test on artificial discontinuities. Huang et al.
[27] simulated the shear test on the regularly dentate discon-
tinuities with different normal stresses and angles based on
PFC2D program and analyzed the law of shear deformation
and strength. Gui [28] established the jointed peak shear dis-
placement model based on the direct shear test on artificial
discontinuities and proposed the constitutive model of joint
shear and the shear dilatancy mode. The research results of
the mechanical properties of discontinuities are mainly in
the artificially prefabricated regular discontinuities, while
there are relatively less studies on the natural rock mass dis-
continuities. In particular, there are few studies considering
the 3D morphological properties of rock mass discontinuities.

The morphological properties of discontinuities are fun-
damental for studying the strength theory, but it is difficult
to apply the current strength model due to the complex
characterization method of 3D morphological properties of
discontinuities. In this paper, several samples of discontinu-
ities of natural rock mass are prepared through artificial
fracturing with the help of 3D morphology scanning tech-
nology, and the 3D morphological properties are evaluated.
The graded cyclic shear test of discontinuities is carried out
based on different 3D morphological properties, and the
impact of which on the strength of discontinuities is ana-
lyzed based on the test results. From the angle of changes
in shear strength, the deformation properties of discontinu-
ities in the shear process are studied, and the empirical
formula of shear strength of discontinuities considering 3D
morphological properties is established.

2. Materials and Methods

2.1. Sample Preparation. Ten natural gneiss blocks are
selected to prepare 100 × 100 × 100mm (L ×W ×H) cube
samples, and the 100 × 100mm (L ×W) discontinuities of
rock mass are obtained by the Brazil split test in the direction
parallel to that of the gneiss schistosity, and the samples of
discontinuities are numbered from p-i, as shown in Figure 1.

2.2. Scanning Test on 3D Morphology of Discontinuities. In
order to quantitatively characterize the impact of 3D
morphology of the discontinuities on the shear strength, as
shown in Figure 2, TJXW-3D rock surface morphometry is
used to determine the surface morphology of the discontinu-
ities of rock mass. Ten samples of discontinuities in total are
selected for graded cyclic shear test. After each direct shear
test, the samples shall be provided with 3D morphological
scanning for 10 s, with a scanning accuracy of ±20μm, so
as to accurately obtain 3D morphological data of the discon-
tinuities, as shown in Figure 3.

2.3. Graded Cyclic Direct Shear Test. The CSS-1950 biaxial
rheological rock tester in the Key Laboratory of Geotechnical
and Underground Engineering, as shown in Figure 4, is used

2 Geofluids



to carry out the graded cyclic shear test on the discontinu-
ities of rock mass. The maximum pressure of the tester is
500 kN in the direction of vertical axis and 300 kN in the
horizontal direction, and the control accuracy of the loading
system is 1%.

The normal load of rock mass shear test shall be deter-
mined by the uniaxial compressive strength of rock mass
samples. The average uniaxial compressive strength obtained
by the uniaxial ultimate compressive strength test on 5 cylin-
drical samples is 50.5MPa.

As the anisotropy of discontinuities is complex, the sam-
ple blocks are tested by loading the graded cyclic shear under
different normal stresses. 5 sample blocks of the discontinu-
ities of natural rock mass are selected. Each sample block of
discontinuities is subject to five direct shear tests, respec-
tively (under the normal stresses of 2.5MPa, 3.75MPa,
5MPa, 6.25MPa, and 7.5MPa), and the shear rate is
0.5MPa/min, so that the c and φ values and the morpholog-
ical changes of each discontinuities are obtained in combina-
tion with the test results.

3. 3D Morphological Evaluation of the
Discontinuities of Rock Mass

3.1. 3D Morphological Indicators of Discontinuities. Based on
a number of shear tests on the discontinuities of rock mass,
it is found that there is only partial contact between the top
and bottom of rock discontinuities in the shear process, and
such contact only appears on the slope facing the shear
direction. When determining the 3D morphological proper-
ties of discontinuities, parameters facing the shear direction
shall be used to reflect the effective shear resistance of the
discontinuities. Grasselli et al. studied the morphological
properties of discontinuities by means of 3D morphological
scanning and pointed out the geometrical relationship
between the triangular elementary apparent dip of disconti-
nuities (θ∗) and the shear direction with reference to the
concept of effective shear angle (i.e., apparent dip θ∗) [14],
as shown in Figure 5.

As shown in Figure 6, the formula of calculating the
apparent dip (θ∗) is as follows:

θ∗ = tan−1 −tan θ × cos αð Þ, ð1Þ

cos θ = n × n0
nj j × n0j j , ð2Þ

cos α = s × n1
sj j × n1j j , ð3Þ

Figure 1: Gneiss discontinuities.

Figure 2: Surface morphometer.

Figure 3: 3D morphological data of discontinuities.

Figure 4: CSS-1950 biaxial rheological rock tester.
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Figure 5: Geometrical relationship diagram of jointed elementary
apparent dip algorithm.
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where θ refers to the true dip of triangular element of the
discontinuities, α refers to the included angle of triangular
element of the discontinuities in dip direction and shear
direction, n refers to the outer normal vector of joint ele-
ment, n0 refers to the outer normal vector of shear plane,
n1 refers to the projected vector of n in shear direction,
and s refers to the vector of joint in shear direction.

Tse and Cruden [29] obtained a logarithmic regression
relationship between JRC and Z2 of joint curve from 10
Barton standard contour curves, which was the most widely
used. Yu and Vayssade [30] used a linear relationship to
describe the relationship between JRC and Z2. In 2010,
Tatone and Grasselli [31] also proposed to use the exponen-
tial relation to represent the relationship between JRC and
Z2. The above research results show that Z2 can better
describe the undulation characteristics of joint.

The relief data after Delaunay in the previous section is
calculated according to formula (1), so as to obtain the effec-
tive shear dip (θ∗) of each triangular elementary plane.

In this study, according to the effective shear dip (θ∗)
calculated of each triangular elementary plane, the formula
of calculating the root-mean-square (Z2) of slope is put
forward as follows:

Z2 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i=1 tan2θ∗ið Þ
n

r
, ð4Þ

where θ∗i refers to the effective shear dip of any triangular
element and n refers to the number of effective shear dips
on the whole joint surface.

Formula (4) is related to the effective shear dip of discon-
tinuities only. The root-mean-square (Z2) of relief slope finally
determined can be used to accurately describe the morpholog-
ical properties of the whole discontinuities, and the calculation
is fast, so that it can be used as a valid parameter for describing
the morphological properties of discontinuities.

3.2. Calculation of 3D Morphological Property Indicators of
Discontinuities. The point cloud data obtained by scanning
the morphology of discontinuities is a coordinate system
based on the morphometry projection center, and the sam-
ples are placed at will during scanning, so the coordinates
shall be transformed before calculating the morphological
parameters in order to get the triangular metadata under
the standardized coordinate system. Later, the MATLAB
program is used to transform the coordinates for the trian-
gular point cloud data, so as to get the triangular elementary
data of discontinuities under the global coordinate system,
as shown in Figure 6. Also, formula (4) is used to calculate
the root-mean-square (Z2) of slope, a 3D morphological
parameter of discontinuities. In this paper, the Z2 of discon-
tinuities is used to characterize the 3D morphological prop-
erties of discontinuities, and the results are shown in Table 1.
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Figure 6: Initial 3D Morphology of Discontinuities. (a) p-1. (b) p-2. (c) p-3. (d) p-4. (e) p-5.
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According to the changes in 3D morphological property
parameters obtained, as shown in Figure 7, the morphologi-
cal properties and variation trend of discontinuities can be
evaluated, so as to better analyze the variation characteristics
of discontinuities in the shear test. The curve in Figure 7
shows a steady decreasing trend, indicating that graded
cyclic direct shear conditions, slight cutting, and slip occur
to the discontinuities, which slowly reduces the roughness
of the discontinuities. However, some data in the curve fluc-
tuate, indicating that obvious shear phenomenon may have
occurred during the shear process, which significantly chan-
ged the shape of the discontinuities, leading to sudden
increase or decrease of Z2. Finally, the three-dimensional
morphology parameters of the discontinuities show a
decreasing trend, which reflects that the morphology of the
discontinuities tends to be smooth and stable in the multi-
stage shear process.

4. Study of Shear Deformation Properties of
Different 3D Morphological Discontinuities

4.1. Shear Deformation Properties of Different 3D
Morphological Discontinuities. As discontinuities are
complex, the deformation properties are determined by the
characteristics of the surface morphology and materials,
and Ladanyi and Archambault [32] divided the shear defor-
mation of discontinuities into two parts, i.e., cut deformation
and frictional deformation. In the discontinuities with same
3D morphological properties, the greater the normal stress
is, the higher the peak strength is, and the more obvious
the peak is.

As shown in Figure 8 (p-i-zj-l), due to the effect of stress
concentration, when the shear stress exceeds the maximum
stress that “convex” can bear, it will cause wear and damage
to the surface of discontinuities. When the “convex” is cut
off largely, the shear stress will be released largely with an
obvious stress drop. Later, the discontinuities will start to
have yield failure and generate a large relative displacement
to enter the stage of macroslip, and the shear stress is largely
provided by frictional force.

As shown in Figure 8 (p-i-zj-2~5), the morphological
properties of stress-displacement curve (MPamm) have sig-
nificantly changed as compared with first shear. The curve
shows a period of significant linear increase in early loading
but is missing in the original peak stage and goes directly
into the yield stage, so that the shear stress has no obvious
change with the increase of shear displacement. It is because
the obvious “convex” on the surface of discontinuities has

been cut off during first shear, the discontinuities tend to
show “smooth” relief. As the number of shears increases,
the whole discontinuities become smoother, the cut phenom-
enon gradually disappears, and the shear force of the disconti-
nuities is mainly provided by frictional force. Therefore, after
the first shear, it is difficult to observe any stress drop in the
stress-strain curve as the number of shears increases, and
the curve tends to be smoother, which also proves that only
the existence of “convex” on the surface of discontinuities
makes the discontinuities have a peak during first shear.

4.2. Shear Stiffness Properties of Discontinuities in the Shear
Process. From the changes in the shear stiffness of disconti-
nuities in the shear process, the shear process of discontinu-
ities can be described in detail. According to formula (5), the
shear stiffness of the discontinuities in the shear process can
be calculated. The sample p-1 is used to draw the stress-
stiffness-deformation curve, as shown in Figure 9.

ks = Δτ
ΔD

: ð5Þ

In Figure 9, the shear stiffness shows certain fluctuations.
Shear stiffness increases as shear deformation increases at
the very beginning, and this stage corresponds to the com-
paction section (OA section) in the shear curve. Afterwards,
shear stiffness sharply increases with deformation, and this
stage corresponds to AB section in the shear curve; when
shear stress reaches the stress τB, the shear stiffness hits the
peak, and it later starts to drop, and this stage corresponds
to BC section in the shear curve, that is, the sample starts
to soften after hardening to the greatest extent; AC section
tends to be approximately linear, and this stage is what we
called the phase of linear elasticity.

When shear stiffness drops to a certain extent, the shear
deformation curve tends to have obvious yield characteris-
tics. At this time, the shear stiffness of discontinuities drops
rapidly, and this stage corresponds to CD section in the
shear curve, which is the yield stage, as shown in the shear
stiffness curve after point N given in Figure 9. When the
shear deformation hits the peak, the deformation value
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Figure 7: Root-mean-square values of discontinuities.

Table 1: Root-mean-square values of discontinuities.

Sample
No.

Initial
First
shear

Second
shear

Third
shear

Fourth
shear

Fifth
shear

p-1 0.252 0.262 0.225 0.220 0.215 0.211

p-2 0.280 0.290 0.278 0.275 0.262 0.260

p-3 0.273 0.257 0.234 0.238 0.201 0.198

p-4 0.238 0.234 0.224 0.214 0.208 0.205

p-5 0.279 0.266 0.240 0.233 0.223 0.213
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corresponding to point D, the shear stress is maximum,
while the shear stiffness is close to zero. When the stress
exceeds point D, the shear deformation curve starts to drop,
the shear stiffness is negative, and this stage corresponds to
the postpeaking phase (DE section), during which the shear
stiffness also becomes close to zero from negative.

5. Study of Shear Strength Properties of
Different 3D Morphological Discontinuities

5.1. Characteristics of Shear Strength Changes in
Discontinuities. As this group of tests is cyclic shear tests

on the same sample of discontinuities under different nor-
mal pressures, the data processing method may be different.
Based on a number of direct shear tests on samples of artifi-
cial JRC discontinuities, Wang et al. [33, 34] proposed that
the shear strength of discontinuities can be divided into
two parts, i.e., the strength component related to the cut
and friction.

τ = SJRC + Sf : ð6Þ

As it can be seen from formula (6), in the shear pro-
cess, the shear strength of discontinuities can be divided
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Figure 8: Direct shear stress-displacement curve (MPamm) of discontinuities with 3D morphological properties under different normal
forces. (a) p-1. (b) p-2. (c) p-3. (d) p-4. (e) p-5.
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into two parts, i.e., cut related to JRC and friction between
discontinuities. Therefore, it is considered in this paper
that this is also the case with the discontinuities of natural
rock mass, so that the peak shear strength of discontinu-
ities of natural rock mass can be deemed as being com-
posed of cut and friction approximately.

Figure 10 gives the diagram of strength components of
discontinuities of natural rock mass in the shear process.
In order to restore the impact of the cut of discontinuities,
the peak strength of first shear is subtracted by the residual
strength to get the shear stress generated by the cut of discon-
tinuities, which shall later be added to the corresponding
friction stress again after the follow-up shears, so as to approx-
imately restore the corresponding peak shear strength of each
shear of discontinuities.

τi = τc + τf i, ð7Þ

where i = 2, 3, 4, 5, which refers to the ith test.
Therefore, according to the above theory and combined

with test results, the peak strength of each shear of disconti-
nuities is restored approximately, as shown in Table 2.

After certain correction, each block of the discontinuities
has a good linear correlation with the peak shear strength
under different normal forces, so as to finally determine
the basic mechanical parameters of the discontinuities, as
shown in Table 3 and Figure 11.

5.2. Empirical Formula of Shear Strength Considering 3D
Morphology. The peak shear strength of discontinuities has
always been a hotspot and difficult subject in the field of rock
mass mechanics in the past few decades. Most of the peak
shear strength formulas proposed so far follow the form of
the Mohr-Coulomb formula. Barton first proposed that the
shear strength of discontinuities is mainly composed of three
parts: peak dilation angle, i.e., the dip of shear path tangent
in the peak state; convex shear part, which represents the
contribution of convex shear damage to jointed strength;
and basic friction angle, which is mainly determined by
material properties [5]. Based on the direct shear test on

irregular discontinuities in the state of normal stress, Patton
considered that the irregular jointed surface morphology has
a significant impact on the peak shear strength of the joint
[35]. Therefore, Patton established a relational expression
between dilation angle and normal stress with different mor-
phological parameters, deeming that the shear strength of
the joint is jointly determined by normal stress (σn) and
internal friction angle (φb).

τp = σn tan φb + ip
� �

, ð8Þ

where τp refers to the peak shear strength, σn refers to the
normal stress, φb refers to the internal friction angle, and ip
refers to the dilation angle.

Based on the Patton model and in combination with the
model of Qian [36], the empirical formula for shear strength
of discontinuities was proposed by considering the influence
of 3D morphology:

τp = σn tan φb + arctan Z2ð Þ½ �, ð9Þ

where τp refers to peak shear strength, σn refers to normal
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stress, and φb refers to internal friction angle. When the nor-
mal stress is 0, arctan ðZ2Þ can be used to characterize the
initial dilation angle that is related to 3D morphological
properties of the joint. As for smooth flat discontinuities,
the 3D morphological parameter is 0, and the formula is
simplified into τp = σn tan ðφbÞ, which is consistent with
the classical Mohr-Coulumb criterion.

The comparison between the test result of peak shear
strength of discontinuities and the calculated result of the for-
mula (9) is shown in Figure 12, from which it can be seen that
the theoretical value of formula (9) and test result maintain
good consistency at the beginning of the cycle. As the number

of cycles increases, the deviation between test value and theo-
retical value grows, which is because the test value of peak shear
strength has been restored by certain means, but as the normal
pressure increases, the peak shear strength restored is still low,
so that the deviation grows under high normal stress.

The empirical formula of shear strength considering 3D
morphological parameters of discontinuities obtained is
simple and clear in expression, each of whose parameters
can be obtained quickly, and it can be used to rapidly evalu-
ate the morphological properties and estimate the shear
strength of discontinuities, so that it is suitable for the
discontinuities of hard rock mass.

Table 2: Peak shear strength of discontinuities (unit: MPa).

Sample No. τ1 τf1 τc τ2 τf2 τ3 τf3 τ4 τf4 τ5 τf5
p-1 2.75 1.94 0.81 3.74 2.93 4.99 4.18 5.89 5.08 6.69 5.88

p-2 3.47 1.84 1.63 4.45 2.82 5.14 3.51 5.62 3.99 6.06 4.43

p-3 2.7 2.5 0.2 3.34 3.14 4.81 4.61 5.53 5.33 6.35 6.15

p-4 3.13 2.33 0.8 3.99 3.19 5.32 4.52 5.73 4.93 6.1 5.3

p-5 3.7 3.13 0.57 4.89 4.32 6.06 5.49 7.37 6.8 8.17 7.6

Table 3: Basic mechanical parameters of discontinuities.

Sample No. 2.5 3.25 5 6.25 7 Fitted curve R2 Frictional angle φ (°) Cohesive force (c)

p-1 2.75 3.74 4.99 5.89 6.69 y = 0:8269x + 0:843 0.9913 39.61 0.843

p-2 3.47 4.45 5.14 5.62 6.06 y = 0:52x + 2:4522 0.9543 27.49 2.4522

p-3 2.7 3.34 4.81 5.53 6.35 y = 0:788x + 0:7637 0.9953 38.26 0.7637

p-4 3.13 3.99 5.32 5.73 6.1 y = 0:6412x + 1:7764 0.9643 32.68 1.7764

p-5 3.7 4.89 6.06 7.37 8.17 y = 0:9392x + 1:5298 0.9879 43.23 1.5298
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Figure 11: Relationship between different normal stresses and shear forces on discontinuities.
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5.3. Model Validation of Shear Strength considering 3D
Morphology. Barton and Choubey [5] proposed the most
commonly used JRC-JCS formula based on a large number
of direct shear tests on the discontinuities of rock mass:

τ = σn × tan JRC lg JCS
σn

� �
+ φb

� �
, ð10Þ

where φb refers to the basic internal friction angle, σn refers
to the normal stress, and JCS refers to the compressive
strength of the wall of discontinuities.

Based on Barton’s standard profile line, Tse and Cruden
[29] found by studying surface geometrical parameters that
the correlation between the root-mean-square (Z2) of slope
and roughness coefficient JRC of discontinuities is the best,
and the correlation coefficient is 0.986, as shown in for-
mula (12). In this paper, the root-mean-square (Z2) is
substituted into formula (11) in order to deduce the rough-
ness coefficient JRC of discontinuities, which is later
substituted into formula (10) in order to calculate the
corresponding peak shear strength. The calculation results
are shown in Figure 12.

JRC = 32:20 + 32:47 lg Z2ð Þ 29½ �: ð11Þ

In order to quantitatively evaluate the effect of two
models on the predicted peak shear strength, the mean devi-
ation formula is used to characterize the accuracy of the cal-
culation model, and the smaller the mean deviation is, the
closer the calculated value of the model is to the measured
value. The mean deviation is defined below [37–39]:

�σavg =
1
n
〠
n

i=1

τmea − τest
τmea

				
				 × 100%, ð12Þ

where �σavg refers to mean deviation, τmea refers to the test
value of jointed peak shear strength, τest refers to the calcu-
lated value of jointed peak shear strength, and n refers to
the number of joint test groups.

Based on 25 shear tests, the mean deviations of formula
(9) and JRC-JCS formula in different stages are shown in
Table 4. If analyzed from mean deviation, it can be seen that
as the number of cycles increases, the mean deviation of for-
mula (9) remains stable and is smaller than that of the clas-
sical JRC-JCS formula, which indicates that the model has
stable prediction ability, the calculated value can be well
fitted with the test value, and the model effect is superior
to the classical Barton’s formula.

6. Conclusion

In this paper, an integrated study is carried out on the
morphological properties and shear properties of the discon-
tinuities of natural rock mass, and a high-accuracy 3D
morphology scanning test on the discontinuities is con-
ducted to evaluate the 3D morphological properties of the
discontinuities of rock mass. In addition, based on the
graded cyclic shear test of discontinuities, the impact of the
morphological properties of discontinuities of natural rock
mass on the strength properties and deformation properties
of discontinuities are analyzed and concluded, and the main
conclusions are as follows:

(1) Based on the results of the 3D morphology scanning
test on the discontinuities of natural rock mass, the
root-mean-square (Z2) of slope is selected as the
parameter for evaluating morphological properties,
and it is found that the morphological parameter
shows a trend of steady decline as the number of
shears increases

(2) Based on the graded cyclic shear test curve, the
graded cyclic shear properties of the discontinuities
of rock mass are analyzed from shear deformation,
and the shear process of discontinuities is refined
in combination with the characteristics of the change
in shear stiffness

(3) Based on the graded cyclic shear test on the discon-
tinuities of natural rock mass, the strength properties
and deformation properties of discontinuities in the
process of graded cyclic shear process are analyzed,
and a method that is suitable for determining the
strength parameter of discontinuities in the graded
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Figure 12: Comparison diagram of test results and theoretical
value of the model.

Table 4: Mean deviation between calculated value and test value of
two models.

After
first
shear

After first
two shears

After
three
shears

After
four
shears

After
five

shears

Formula
(11)

22.12% 21.23% 20.81% 21.48% 21.40%

JRC-JCS 27.40% 26.24% 25.39% 27.35% 27.63%
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cyclic shear process is proposed. Also, combined
with the 3D morphological parameter, the empirical
formula of shear strength of discontinuities consid-
ering 3D morphological properties is proposed,
which is compared with the classical JRC-JCS
formula in order to validate the proposed shear
strength model.
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