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By summarizing the generalized model of the structural plane in a rock mass under a cyclic shear load and influencing factors of
dynamic mechanical properties of the structural plane, the mechanism of structural plane damage and degradation is discussed,
and the evolution of damage to the structural plane is ascertained from cyclic shear tests by using structural planes with different
undulating angles. Based on model tests and previous studies, nonlinear constitutive equations considering the effect of structural
plane damage and degradation are presented. The effects of the initial undulating angle, amplitude of the cyclic shear load, and
cycle times on the strength of the structural plane, as well as the degeneration process of structural plane stiffness under a
cyclic shear load, are taken into consideration in the equations. The applicability of the above-mentioned constitutive
equations is analyzed with a corresponding program compiled in the FISH language in the Universal Distinct Element Code
(UDEC). The UDEC numerical simulation results are verified with ones from the model test. The achievements presented in
this paper are of great significance to theoretical study of the mechanical behaviors of rock masses under cyclic shear loads and
to project practice.

1. Introduction

A series of macroscopic and microscopic geologic defects
can form in rock masses during lengthy geological ages
[1–3]. The rock slope and the static and dynamic responses
of structural planes are all decisive factors [4, 5]. Therefore,
study of the static and dynamic responses of structural
planes is essential groundwork for investigating rock slope
fatigue, which is of great theoretical and practical signifi-
cance. Structural plane statics is of extensive concern, and
great achievements have been achieved, but thorough study
of the dynamic characteristics of structural planes is still
inadequate because of the restrictions of theoretical and
experimental conditions. Because rock samples with natural
structural surfaces are difficult to obtain and their physical
and mechanics parameters vary widely, reliable laws are
not easy to ascertain by conducting tests.

Some research on the dynamic characteristics of struc-
tural planes of rock masses has been done. Jafari et al. [6]

proposed a conceptual model of the strain–stress relation
of structural planes in rock masses under a cyclic shear load
by using mortar to simulate the structural plane. Lee et al.
[7] put forward a joint damage coefficient and an equivalent
undulation angle and proposed an elastoplastic constitutive
model in which the degradation of second-order asperities
was taken into consideration by laboratory cyclic shear tests.
Homand et al. [8] calculated joint surface roughness and
defined joint surface degradation, developing two new peak
strength criteria related to joint surface degradation.
Research on the effect of undulating angles, normal stress,
and the strength of the rock wall on structural planes of rock
masses has been conducted by Liu et al. [9]. After reviewing
tests and numerical models of rock interfaces and joints
under cyclic shear loading, Yin et al. [10] developed a new
constitutive model, in which the dilation relation causing
coupling of the normal and shear responses was considered.
Peng et al. [11] proposed an improved hierarchical model of
rock joints based on Plesha’s constitutive model, which can
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simulate the mechanism of elastic deformation, sliding,
damage, shear-off, crush, and separation of joints. Yan
et al. [12] used finite difference method to study the dynamic
response law of rock slope with structural plane. Zhou et al.
[13] and Song et al. [14] summarized the displacement
response law and stress wave propagation law of different
parts of weak surface under blasting load. Zhao et al. [15]
combined theoretical analysis with the sandstone sliding
friction test to propose a model to predict the friction coef-
ficient of sandstone joint. The results showed that the larger
the wear mass, the larger the friction coefficient in sliding,
and the larger the wear area, the smaller the friction
coefficient.

Kamonphet et al. [16] performed direct shear tests to
determine the peak and residual shear strengths of fractures
in sandstone, granite, and limestone under cyclic shear load-
ing. Results indicate that the cyclic shear load can signifi-
cantly reduce the fracture shear strengths and stiffness. Liu
et al. [17] conducted prepeak cyclic shear tests and mesonu-
merical simulations to investigate the macro-
mesocumulative damage mechanism of the weak layer con-
sidering the impacts of various factors and to investigate
the regularities of the shear strength, shear deformation,
and other mechanical properties of joint rock mass with dif-
ferent roughnesses under compression-shear stress by Zhou
et al. [18]. Marble specimens were prepared with the dentate
height of 0, 1, and 3mm, respectively. Then, direct shear
tests were conducted on the marble specimens under differ-
ent normal stresses. Experiment results show that the
climbing-gnawing process of joints goes through four stages:
the compaction stage, the climbing stage, the saw-tooth cut-
ting stage, and the completely crushing stage. Wang et al.
[19–21] studied the characteristics of rock mass instability
under different conditions from the influence of freeze–thaw
on rock microstructure change and fatigue mechanical
behaviors, rock instability induced by cyclic uniaxial
increasing-amplitude decreasing-frequency (CUIADF)
loads, and the structural deterioration and associated
macro-mesofracture behaviors of granite containing crack-
like and hole-like flaws subjected to multilevel cyclic loads.
Xing et al. [22] used cement mortar of different strengths
to duplicate the artificial split joints with different morpho-
logic parameters and tested 48 split rock joints replicas by
direct shear apparatus under constant normal stress to
obtain the shear strength and stress ratio (shear strength/
normal stress) of rock joints under different test conditions.
And a modified model was proposed on the foundation of
BARTON’s shear strength criterion by introducing material
strength correction term. Liu et al. [23] conducted cyclic
shear tests on 3D rough joint surfaces under constant nor-
mal stiffness boundary conditions to reveal the effects of
the normal stiffness and the number of cyclic shearing on
the shear stress, normal deformation, normal stress, shear
stress path, surface resistance index, acoustic emission
responses, and surface wear characteristics of joint surfaces.

In this article, the mechanisms of damage and degrada-
tion of structural planes are discussed by conducting cyclic
shear tests with structural planes of different undulating
angles. Based on model tests, nonlinear constitutive equa-
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Figure 2: Sample loading process (units = mm).

Table 1: Similitude laws and constants of the model.

Physical quantity Similarity law
Affinity
constant

Material density (ρ) Cρ 1.5

Cohesive strength (C) Cc = CρCL 15

Internal friction angle (ϕ) Cϕ = 1 1

Poisson’s ratio (μ) Cu = 1 1

Uniaxial compressive strength (σ) Cσ = CρCL 15

Modulus of elasticity (E) CE = CρCL 15

Figure 1: Homemade cyclic shear apparatus for rock mass testing.

Table 2: Main physical and mechanical parameters of the
simulation materials according to similarity theory.

Physical
quantity

ρ (g/cm3) σ (MPa) E (GPa) μ C (MPa) ϕ (°)

Actual rock 2.6 42.3 23.25 0.19 9.3 40

Test sample 1.76 2.83 1.55 0.19 0.62 40

2 Geofluids



tions considering the effect of damage and degradation of
structural planes are also presented. The effects of initial
undulating angle, amplitude of the cyclic shear load, and
cycle times on the strength of the structural plane, as well
as the degeneration of structural plane stiffness under cyclic
shear loading, are furthermore taken into consideration in
the equations. The applicability of the above-mentioned
constitutive equations is analyzed with a corresponding pro-
gram compiled in the FISH language in the Universal Dis-
tinct Element Code (UDEC). The numerical simulation
results from UDEC are verified with ones from the model
test.

2. Cyclic Shear Test of the Structural Plane

2.1. Material and Test Equipment. To overcome the difficulty
in obtaining rock samples with natural structural planes in
cyclic shear tests, we use similarity theory to conduct model
tests using similar materials to ensure consistency of sam-
ples. Sandstone is widely distributed in Fujian Province
and has the characteristics of a large number of joints and
fissures, which often causes geological disasters of rock land-
slide. The sandstone samples, which are moderately weath-
ered rocks, are from the construction site at the Sanming
Shaxian Airport. The test samples are made up of sand,
cement, and gypsum in the proportions of 3 : 0.4 : 0.6. The
similitude law and similitude constant of the model are
given in Table 1. The main physical and mechanical param-
eters of actual rock samples and simulation materials
according to the similarity theory are given in Table 2.

The loading device for testing was remodeled from a
rock direct shear testing instrument, as shown in Figure 1.
The remodeled instrument has made special optimization
for cyclic shear conditions, in which multiple mechanical
tests can be carried out on the interview samples of rock
mass structure, including structural plane monotonic shear
test and structural plane cyclic shear test. The sample load-
ing process is shown in Figure 2. The upper half of the sam-
ple was fixed, and a vertical load of 0.5MPa was applied, and
the lower half was pushed by the loading device to shear the

sample. Both stress and displacement of the sample were
measured in the shearing process.

2.2. Experimental Process. To reveal the effect of the struc-
tural plane on the shear strength of rock, samples with dif-
ferent undulating angles of 15°, 30°, 45°, and 60° were
made, as shown in Figure 3. The length of the boss was
1 cm, the size of the mold was 70:7 × 70:7 × 70:7mm, and
the size of the test sample was 70 × 70 × 70mm.

Four groups of experiments were conducted. The group-
ings and serial numbers are listed in Table 3. Samples were
sheared ten times in each group. Samples were retreated to
their initial position after shearing for the next loop.

2.3. Experimental Results. The characteristic stress–strain
curves of the first five cycles is shown in Figure 4. From
Figure 4, we can see that the peak shear stress decreases rap-
idly as the number of cycles increases. The shapes of the
stress–strain curves remain almost unchanged after 2 to 4
cycles of shear while the peak stresses decrease slightly.
Shearing stiffness tends to decrease gradually as the number
of cycles increases, which means that the stiffness of the
structural plane degenerates with the increase of cycle times.

The shear strength ratio Rf , a nondimensional parame-
ter, is used herein to measure the deterioration of shear
strength with cycle times and defined as

Rf =
τi
τ0

, ð1Þ

where τ0 is the peak shear stress in the first cycle and τi is the
peak shear stress in the cycle i.

The relationship between the shear strength ratio and
circulation time is shown in Figure 5. As can be seen from
Figure 5, the shear strength ratio of the sample remains
almost unchanged after five cycles of shear. The shear
strength ratios of structural planes with different undulating
angles vary from each other. The greater the undulating
angle, the more serious the deterioration of shear strength
of the structural plane becomes in the first five cycles.

Figure 6 shows how the convergent values of the shear
strength ratio change with different undulating angles. The
convergent values of the shear strength ratio RðtÞ decay with
different undulating angles in a negative exponential form as
follows:

R tð Þ =Q0 + 1 −Q0ð Þe‐cθ, ð2Þ

where Q0 and c are undetermined coefficients and θ is the
undulating angle of the structural plane.

𝜃 = 15° 𝜃 = 60°𝜃 = 45°𝜃 = 30°

Figure 3: Samples with different undulating angles.

Table 3: Groups and numbers of samples.

Group Undulating angle (°) No. of samples Serial number

1 15 5 A-15-1~A-15-5
2 30 5 B-30-1~B-30-5
3 45 5 C-45-1~C-45-5
4 60 5 D-60-1~D-60-5
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A fitting curve can be obtained after a regression fitting
of the experimental results in Figure 6. The correlation coef-
ficient of fitting is 0.97221, which means that the fitting
curve is in good correlation with experiment results. The fit-
ting result shows that Q0 = 0:03867 and c = 0:05619; that is,
the undulating angle has great influence on the shear
strength ratio. The minimum of the shear strength ratio
may reach to 0.03867, which is lower than the shear strength
derived from the internal friction angle of the rock. The rea-
son of this difference may be that the structural plane is filled
by shearing substances and sliding friction is substituted for
rolling friction during the shearing process.

2.4. Deterioration Mechanism of the Structural Plane under a
Cyclic Shear Load. It is not difficult to speculate that deteri-
oration of the structural plane under a cyclic shear load

occurs because bosses of the structural plane are extruded
and evened off; that is, there is a decrease of roughness and
undulation of the structural plane. Roughness refers to
large-scale and macroundulations of the structural plane,
while undulation refers to partial and rough extent of the
structural plane (see Figure 7).

Study of shear wear of structural planes has been most
challenging; thus, digital images and scanning electron
microscope are used to conduct the research. To observe
the change of the roughness of the structural plane under a
cyclic shear load, a test sample was taken out after shearing
was done at each time, and the structural plane was scanned
to get the digital images of structural plane. An electron
microscope was used to observe the change of undulation
of the structural plane, which is tiny and difficult to observe
by the naked eye in general.
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Figure 4: Displacement–stress curve of structural planes with different undulating angles under cyclic shear loading.
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Structural planes with an undulating angle of 60° under a
cyclic shear load are of great discreteness, and sometimes,
the damage occurs in the rock mass but not in the structural
plane. Hence, the mechanism of injury to the structural
planes with undulating angles of 15°, 30°, and 45° was
therefore considered. The wear conditions of structural
planes with an undulating angle of 45° under a cyclic
shear load are shown in Figure 8, which shows clearly that
the deterioration of the structural plane under a cyclic
shear load occurs because bosses of the structural plane
are evened off.

For the structural plane with an undulating angle of 15°,
most pointed ends of the bosses were pared away, and the
structural plane was flattened. Clast filling in the structural
plane increases inconspicuously with the increase of cycle
times.

For the structural plane with an undulating angle of 30°,
the pointed ends of the bosses were seriously damaged but
their shapes were not fundamentally destroyed under the
first shear. Boss shapes were obviously damaged, and the
structural plane was filled by mast clast under the second
shear. The amount of clast increases significantly after the
third shear.

The situation for the structural plane with an undulating
angle of 45° was similar to that with an undulating angle of
30°. The bosses of structural plane were completely
destroyed after the third shear.

The bosses of structural planes with different undulating
angles under a cyclic shear load were extruded and evened
off gradually, and a powdery substance engendered by the
boss damage entered into the gap between structural planes.
With the increase of undulating angle, the amount of pow-
dery substance also increased gradually. The increase of
powdery substance results in the change of the structural
plane from sliding friction to rolling friction in the shearing
process. This is also the reason why the convergence value of
the shear strength ratio decreases with the increase of undu-
lating angle. That is, the larger the undulating angle is, the
more amounts of the powdery substance enter into struc-
tural plane, and the structural plane changes more easily
from sliding friction to rolling friction. Because the mechan-
ical properties of both sides of the structural plane with dif-
ferent undulating angles are similar, the final convergence
values of the shear strength are approximate. As the initial
shear strength of the structural plane with a large undulating
angle is greater, the shear strength ratio is reduced more.

The roughness of the structural plane with an undulating
angle of 45° during cyclic shearing was observed by electron
microscope at a magnification of 85x (see Figure 9). As can
be seen, the particles are interbedded on the surface, and
the surface is undulating and irregular before shearing. As
the number of cycles increases, the protruding parts of the
surface are smoothed gradually, and the extent of grinding
increases. This indicates that the roughness of the structural
plane decreases with cyclic shear and that the surface is pro-
gressively flattened. This is also an important reason for
deterioration of the structural plane.
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Figure 5: Relationship between shear strength ratio and shear
times.
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3. Constitutive Relation for the Structural
Plane under a Cyclic Shear

The constitutive relation for the structural plane under a
cyclic shear is now inferred based on analysis of the experi-
mental data and research results. An elastic–perfectly plastic
constitutive model is employed, and a modified Mohr–Cou-
lomb criterion formula considering the cyclic shear is taken
as the yield function. The derivation is as follows.

An incremental constitutive equation is adopted, and
relative displacement is assumed to consist of elastic defor-
mation and plastic deformation. The following coordinate
system is set up as shown in Figure 10.

dεf g = dεef g + dεpf g, ð3Þ

For the elastic part, the stress tensor can be expressed as
follows:

dσf g = D½ � dεef g, ð4Þ

where the stiffness matrix [D] can be represented as

D½ � =
knn kns

0 kss tð Þ

" #
: ð5Þ

Because only the tangential displacement is considered
to affect the normal displacement, we get ksn = 0. Because
the degradation of tangential stiffness of the structural plane
is the main factor affecting slope stability, only degradation
of tangential stiffness is considered while the normal stiffness
and dilatancy rigidity are assumed to remain unchanged.

For the plastic part, the plastic strain increment can be
expressed as the following equation according to Ref. [24]:

dεpf g =
0,

λ
∂G
∂σ

� �
,

8><
>:

F σ,Hð Þ < 0,
F σ,Hð Þ = 0,

ð6Þ

where F is the yield function, H is the hardening function, G
is the potential function, and λ is a nonnegative constant.

(a) Before shear (b) After first shear

(c) After second shear (d) After third shear

Figure 8: Wear conditions of structural planes with an undulating angle of 45° under a cyclic shear load.
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If the plastic work is taken as the hardening function, the
total differential of the yield function becomes zero. That is,

∂F
∂σ

� �T

dσf g + ∂F
∂WP dW

P = 0, ð7Þ

dWP = σf gT dεP
� �

, ð8Þ

From Equations (3), (4), and (6), the following formula
is obtained:

dσf g = D½ � dεf g − λ
∂G
∂σ

� �� �
: ð9Þ

Substituting Equations (6) and (9) into Equation (7)
then gives

∂F
∂σ

� �T

D½ � dεf g − λ
∂G
∂σ

� �
+ λ

∂F
∂WP σf gT ∂G

∂σ

� �� �
= 0:

ð10Þ

The nonnegative constant λ can be solved for by using
Equations (6) in Equation (10) or

λ = ∂F/∂σf gT D½ �
∂F/∂σf gT D½ � ∂G/∂σf g − ∂F/∂WP σf gT ∂G/∂σf g

dεf g:

ð11Þ

(a) Before shear (b) After first shear

(c) After second shear (d) After third shear

Figure 9: Change of roughness of structural planes.
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Figure 11: Generalized model of the structural plane under a cyclic
shear load (units = mm).
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Figure 10: Coordinate system of the structural plane.
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Substituting Equation (11) into Equation (9) gives the
elastoplastic stress–strain relationship of the structural
plane:

dσf g = D½ � ∂G/∂σf g ∂F/∂σf gT D½ �
∂F/∂σf gT D½ � ∂G/∂σf g − ∂F/∂WP σf gT ∂G/∂σf g

 !
dεf g:

ð12Þ

Here, the modified Mohr–Coulomb criterion formula
considering the deterioration of the structural plane cyclic
shear is taken as the yield function, so

F = σ1j j + σ2D tð Þ tan φ −D tð ÞC, ð13Þ

G = σ1j j, ð14Þ
where DðtÞ is defined as the deterioration factor of the struc-
tural plane, which is used to characterize the dynamic atten-
uation of the shear strength of the structural plane with
cyclic shear times.

The constitutive relation for the structural plane under a
cyclic shear can be solved to get expressions for DðtÞ in
Equation (12) and kssðtÞ in Equation (5).

The deterioration factor of the structural plane DðtÞ and
degradation factor of the tangential stiffness of the structural
plane kssðtÞ can be obtained by the following formulas.

(1) DðtÞ
Ni et al. [25] considered that vibration wear and relative

speed have a relatively independent impact on the structural
plane, and the equation for the coefficient of vibration dete-
rioration can be expressed as follows:

D tð Þ = γ tð Þη tð Þ, ð15Þ

where γðtÞ is the influence coefficient of relative speed while
ηðtÞ is the influence coefficient of vibration wear.

ηðtÞ is determined by the following equation according
to test data:

η tð Þ = δ tð Þ + 1 − δ tð Þð Þe−an, ð16Þ

where δðtÞ is the convergence of influence coefficient of
vibration wear, a is a coefficient to be confirmed, and n is
cyclic shear times.

δðtÞ is related to the amplitude of cyclic shear as

δ tð Þ = R tð Þ + 1 − R tð Þð Þe−bJ tð Þ, ð17Þ

where RðtÞ is the convergence value and JðtÞ is the ampli-
tude of cyclic shear.

The initial fluctuation angle has a significant impact on
RðtÞ and can be represented as

R tð Þ =Q0 + 1 −Q0ð Þe‐cθ: ð18Þ
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Figure 13: Discrete element simulation results.
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Figure 12: Fitting curves of structural plane parameters with an
undulating angle of 30°.

Table 5: Physical and mechanical parameters of the structural
plane.

Normal
stiffness
Kn
(MPa)

Shear
stiffness

Ks
(MPa)

Internal
friction
angle φ

(°)

Q0 R tð Þ a b c

2 × 104 545 42.6 0.039 0.117 0.324 0.150 0.056

Table 4: Physical and mechanical parameters of the rock mass.

Material density
ρ(g/cm3)

Bulk modulus
K (MPa)

Shear modulus
G (MPa)

2.6 4:3 × 104 2:6 × 104
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The influence of the shear rate on the mechanical prop-
erties of the structural plane is not yet fully accounted for.
Wang et al. [26] deem that the dynamic friction factor of
the structural plane changes randomly with the shear rate,
while Wang and Zhang [27] consider the dynamic friction
factor of structural plane to be an even function whose value
decreases when the absolute value of relative velocity
increases progressively. Therefore, the influence of the shear
rate on the dynamic friction factor is not taken into consid-
eration, which means that degradation of the structural
plane is only in relation to vibration wear. Therefore, γðtÞ
= 1. Accordingly, the expression for DðtÞ can be obtained
by substituting Equations (16)–(18) into Equation (15).

(2) kssðtÞ
According to Ref. [26], the expression for degradation of

the tangential stiffness of the structural plane is

kss tð Þ = kss0 1 − Rτ tð Þ
τm tð Þ

� �
, ð19Þ

where R is a constant close to 1 and usually taken as 0.98 in
general, kss0 is the initial tangential stiffness, τðtÞ is the tan-
gential stress, and τmðtÞ is the shear strength of the struc-
tural plane and determined by Equation (13). Based on the
above deduction, the constitutive relation for the structural
plane under a cyclic shear is obtained by substituting the
expressions for DðtÞ and kssðtÞ into Equation (12).

4. Discrete Element Analysis of the Structural
Plane under a Cyclic Shear

4.1. Calculation Model. A generalized model was built to
perform a numerical simulation of structural plane proper-
ties under a cyclic shear load. The research problem was
simplified as a plane stress problem. The size of the model
was 70 × 70mm with, the central section cut by a perforated

structural plane (see Figure 11). During the numerical test,
the displacement of the lower rock block was restricted,
and a normal force was imposed on upper rock block to sim-
ulate the impact of the normal force on the structural plane.
A reciprocating motion of the upper rock block was imposed
to simulate cyclic shear.

The main steps of establishing the model are as follows.

4.1.1. Programming the Constitutive Relation of the
Structural Plane under a Cyclic Shear. The Mohr–Coulomb
criterion considering the deterioration of structural plane
under cyclic shear was taken as the yield function, and the
elastic–perfectly plastic constitutive model was then
employed. The constitutive relation for structural plane
under a cyclic shear was programmed using the FISH lan-
guage and applied in the UDEC program successfully.

4.1.2. Acquisition and Analysis of the Stress and
Displacement of the Structural Plane. Constitutive models
within the discrete element method use nodes of the struc-
tural plane; the stress and displacement of which are inho-
mogeneous. The stress and displacement measured from a
direct shear test of rock are actually average values. To
ensure the numerical simulation results comparable to
actual test results, it is essential to calculate the average stress
and displacement. A self-compiled FISH code was used in
the computing process. The basic working process was as
follows:

(1) Apply a normal load

(2) Evaluate the initial value by summing the stress and
displacement of each node of the structural plane

(3) Apply a tangential displacement

(4) Evaluate the summation of the stress and displace-
ment of each node at the structural plane once again

(5) Count the summation of the nodes for the structural
plane

(6) Sum the values of stress and displacement minus the
initial ones and divide by the sum of nodes to get the
average value

4.1.3. Physical and Mechanical Parameters of the Rock Mass
and Structural Plane. The rock mass was simplified as an
elastic model, and the physical and mechanical parameters
are listed in Table 4.

Results of the structural plane test with an undulating
angle of 30° were used to assign the model parameters.
Parameters Q0 and c were obtained from the fitting in
Figure 6. Parameters RðtÞ and a were obtained from
Figure 12 (fitted using Equation (16)). Accordingly, the
physical and mechanical parameters of the structural plane
were assigned (see Table 5).

4.2. Validation of the Constitutive Model. The simulation
results are shown in Figure 13. It can be seen that although
an ideal elastoplastic model was adopted, the cyclic shear
constitutive model taken in this study still reflects the post
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Figure 14: Experimental and simulated results for the peak value of
shear stress.
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peak characteristics of the structural plane to some extent by
considering the deterioration of strength parameters in the
yield criterion. Yet, the simulation result at postpeak is
approximate.

A comparison between experimental and simulation
results is shown in Figure 14. According to the figure, the
structural plane strength obtained from the discrete element
method is close to that from the experiments. With the
increase in cycle times, the difference between the experi-
mental and simulation results gets smaller and smaller and,
basically, the same after five cycles. The maximum difference
at the peak shear stresses is 8%, which relatively meets the
engineering requirements.

4.3. Comparison of Various Constitutive Models. Compari-
son results of the constitutive model used in this study and
those of Refs. [10, 25] are given in Table 6. The factors affect-
ing the structural plane are more considered in this study,
and characteristics of the structural plane for the constitutive
model in Ref. [10] are much close to those of the real struc-
tural plane. However, the number of parameters of the con-
stitutive model in Ref. [10] is up to 12. The constitutive
model in Ref. [25] has fewer parameters, but it is poorly
applicable for the deformation problem as it cannot reflect
the stiffness degradation characteristics of the structural
plane.

The nonlinear dilatancy of the structural plane is
neglected in this study, which may introduce some errors
into the calculation. As the stability of the structural plane
is mainly controlled by tangential displacement, main con-
trolling factors of the structural plane are taken into consid-
eration, and appropriate simplifications are made in this
study. Therefore, parameter acquisition is relatively simple,
and the constitutive model has greater applicability. How-
ever, it should be made clear that the model is not applicable
when the nonlinear dilatancy characteristics of structural
plane need to be considered.

5. Conclusion

(1) Under a cyclic shear load, the deterioration of mac-
roscopic mechanical properties of the structural
plane arises, as verified by the reduction in the
strength parameters of the structural plane and deg-
radation of the stiffness of the structural surfaces.
Strength reduction of the structural plane is related
to the amplitude of cyclic shear, times of cyclic shear,
and undulating angles of the structural plane. The
intensity parameters generally decline exponentially
with the increase of these three factors, and a conver-
gent value exists. The convergent shear strength ratio

RðtÞ decay with different undulating angles in a neg-
ative exponential form, or RðtÞ =Q0 + ð1 −Q0Þe‐cθ

(2) Particles are interbedded on the surface. These sur-
faces are undulating and irregular before shearing.
As the number of cycles increases, protruding parts
of the surface are gradually smoothened, and the
extension of the grinding increases. This indicates
that the roughness of the structural plane decreases
with cyclic shear and the surface may be progres-
sively flattened. This is also the primary reason for
deterioration of the structural plane

(3) Based on the main controlling factors of dynamic
instability of the rock slope, the strength deteriora-
tion and stiffness degradation properties of the struc-
tural plane under cyclic shear conditions are
considered in the constitutive model of the structural
plane derived in this study. The parameter acquisi-
tion of the proposed constitutive model is relatively
simple and verified by experimental results. This
model may be more applicable

(4) The formulas and conclusions obtained from the test
are mainly based on the moderately weathered sand-
stone taken from the study area, and their applicabil-
ity needs to be further verified by subsequent
relevant tests
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