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The shear mechanical properties of the cover interface play a key role in the
stability analysis of tunnel surrounding rock structure. To further reveal the
coupling effect of overlying stress and size effect on the shear strength and
failure mode of the cover interface, this paper adopts the RFPA numerical
simulation method to carry out direct shear simulation and normalization
analysis of the cover interface under different normal stresses and interface
sizes. The results show that the shear strength of the cover interface decreases
significantly with the increase of interface size, exhibiting a negative exponential
relationship. Normal stress enhances interfacial friction, increases peak and
residual shear strength, and has an exponential relationship with the size effect
coefficient. The larger the normal stress, the faster the attenuation of size effect.
At different sizes, the end effect is significant in small samples, with cracks
densely distributed at the ends; Cracks penetrate along the interface in large
samples, and residual shear slip is more complete. Based on the normalized
shear strength curve, the universality of size effect and the coupling effect
of normal stress were revealed. The research results can provide theoretical
support and parameter basis for the analysis of shear stability of weak surfaces
in underground structures.
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1 Introduction

The cover interface refers to the contact interface between the accumulation body
and underlying bedrock, which is widely present in geological engineering such as
tunnel surrounding rock. The mechanical properties of the cover interface are directly
related to the overall stability of the engineering body, and its shear failure is
often one of the key causes of tunnel instability (Zeng et al., 2008). Understanding
the shear strength and failure evolution laws of the cover interface is of great
theoretical significance and engineering practical value for revealing the instability
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mechanism of structural planes such as joint surfaces and
formulating reasonable tunnel reinforcement measures.

In recent years, the issue of interface shear failure and its size
effect has received widespread attention from scholars. Previous
studies have shown that the shear strength of interfaces is influenced
by various factors, such as interface roughness, normal stress, and
interface structural dimensions. Chen (2019) conducted research
on the structural planes of natural three-dimensional irregular
rock masses and analyzed the influence of size effects on the peak
values and residual shear strength of structural planes. Le et al.
(2016), Li (2017), and Hu and Zhao (2024) conducted direct shear
tests on samples with serrated structural surfaces of different sizes,
exploring the influence of size effect on the shear strength of serrated
structural surfaces of different sizes. Wang et al. (2018) and Liu
and Qiao (2013) believe that the shear strength of structural planes
is influenced by size and roughness and explain the effects of size
and roughness on the shear strength of structural planes. Mao et al.
(2024) and Cemiloglu et al. (2023) predicted the strength of rocks
based on the Deep Random Forest Optimization algorithm and
Support Vector Machine, respectively. Among these factors, the
size effect is particularly significant. Xu and Ren (2007a) studied
the variation of rock shear strength parameters with joint size.
Shang and Wei (2014) conducted in-depth research on the shear
characteristics of structural planes of different sizes and established
empirical formulas for shear strength. Hu et al. (2022); Huang and
Hu (2023); Hu et al. (2024) explored the influence of roughness
and normal stress on the size effect. The above studies have
shown that size has a significant impact on the shear strength
of structural planes. However, current research mainly focuses
on homogeneous structural planes, and there is relatively little
research onheterogeneous cover interfaces. In practical engineering,
a considerable proportion of rock masses have heterogeneous cover
interfaces.Therefore, it is very important to conduct research on the
size effect of cover interfaces.

Normal stress is another important factor affecting the shear
strength of the cover interface. Increasing normal stress can
effectively improve interfacial friction and cohesion, significantly
enhancing peak shear strength and residual shear strength.
Yang et al. (2007) studied the shear strength of expansive soil and
found a negative correlation with the size of the cover interface.
Tian (2021) studied the dynamic response characteristics of the
cover interface and the overlying soil and found that the closer
the interface is to the top of the slope, the more obvious the
dynamic response characteristics of the overlying soil. Zou et al.
(2021) studied the shear strength parameters of contact surfaces
and analyzed the evolution process of landslide deposits. Wang and
Zhang (2019) studied the evolution of normal and shear stresses at
the interface of loess under cyclic loading with constant stiffness and
analyzed the effect of interface stiffness on the rate of weakening.
Lin et al. (2023) systematically investigated the influence of normal
stress on the shear strength of interfaces from different material
interfaces and found that the shear stress value of the interface
increases with the increase of normal stress. Du et al. (2023) studied
the control effect of normal stress and its variation on slope sliding,
and found that with the increase of normal pressure, the asymmetry
of the upper and lower interfaces of the shear bandweakens.Hu et al.
(2013) discovered the influence of the interface morphology of the
substrate on the overall structural stability. Under high normal stress

conditions, the shear failure mode also changes, and shear failure
becomes more continuous. In addition, there is a coupling effect
between normal stress and size effect, and the mechanism of this
coupling effect is currently unclear.

The characteristic size is a parameter that characterizes the
shear size effect of structural planes, representing the interface
size at which the rock strength reaches stability. Xu and Ren
(2007b) simulated the influence of filled joints on shear strength,
providing data support for the definition and parameter values of
representative elementary volume (REV). Liu et al. (2009) found
that there is a power function relationship between shear strength
parameters and specimen size. Wang et al. (2019) determined the
method for selecting rock mechanics parameters to characterize
units through numerical experiments. Du et al. (2009) calculated
the mechanical parameters of the slope rock mass based on the REV
size. Rojo et al. (2024); Rojo et al. (2025) revealed the stable trend
of shear strength with changes in particle shape parameters through
simulation studies and proposed a new statistical data-based REV
evaluation method. At present, there is relatively little research on
the characteristic dimensions of shear strength at the cover interface,
and even less consideration is given to the influence of normal
stress on it.

Compared to traditional laboratory direct shear tests, Rock
Failure Process Analysis (RFPA) numerical simulation software is
based on finite element stress analysis and elastic damage theory,
fully considering the heterogeneity of rockmaterials and the random
distribution characteristics of internal defects. It can accurately
simulate the entire process of crack initiation, propagation, and
macroscopic failure, providing efficient and reliable numerical
methods for studying the shear failure mechanism of rocks under
complex loads.

This article uses numerical simulationmethods to systematically
study the size effect law of the cover interface shear under
different normal stresses, quantitatively characterizes the functional
relationship between size effect and interface shear strength, and
elucidates its inherent correlation mechanism. The article also
analyzed the influence of size on the failure mode of the cover
interface, analyzed the size effect lawof the shear strength fluctuation
coefficient, and obtained the relationship between the characteristic
size of shear strength and normal stress.

2 Simulation plans

To systematically reveal the coupled influence mechanism
of normal stress and size effect on the shear strength and
failure mode of the cover interface, this paper conducted a two-
dimensional direct shear simulation study on the overburden-
foundation interface-bedrock combination based on the RFPA.
The article constructs a shear strength prediction model based
on size effect, proposes a method for solving the characteristic
size, and quantifies the regulatory effect of normal stress on
the stability of shear response. To investigate the size effect of
the cover interface on its shear behavior, this paper constructs
six two-dimensional numerical models with different sizes. The
interface lengths are 20 cm, 40 cm, 60 cm, 80 cm, 100 cm, and
120 cm, as shown in Figure 1a. The model consists of three parts:
the upper part is the cover layer, the middle part is the cover
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FIGURE 1
Schematic diagram of numerical model of cover interface. (a) Models different sizes. (b) Shear diagram.

interface, and the lower part is the bedrock layer, as shown
in Figure 1b.

The physical and mechanical parameters of each material are
set as follows: the cohesion of the covering layer is 7.188 MPa, the
internal friction angle is 45.479°, the elastic modulus is 12.26 GPa,
Poisson’s ratio is 0.223, the bulk density is 2,126.04 kg/m3, and
the shear strength is 7.696 MPa. The cohesion of the bedrock
is 14.473 MPa, the internal friction angle is 51.69°, the elastic
modulus is 16.52 GPa, Poisson’s ratio is 0.211, the bulk density
is 2,283.99 kg/m3, and the shear strength is 15.106 MPa. In the
model, the cover interface is set as a horizontal contact zone
with significantly weakened mechanical properties, simulating
the structural planes in actual rock masses. Its parameters
include roughness of 13.4, cohesion of 0.001 MPa, internal
friction angle of 30°, elastic modulus of 1 GPa, Poisson’s ratio
of 0.35, the bulk density of 2,121 kg/m3, and shear strength
of 0.29 MPa.

The article also designs five different normal loads under
various working conditions to investigate the shear impact of

TABLE 1 Simulation scheme table.

Normal
stress

0.5 MPa 1 MPa 2 MPa 3 MPa 4 MPa

l = 20 cm 20 × 0.5 20 × 1 20 × 2 20 × 3 20 × 4

l = 40 cm 40 × 0.5 40 × 1 40 × 2 40 × 3 40 × 4

l = 60 cm 60 × 0.5 60 × 1 60 × 2 60 × 3 60 × 4

l = 80 cm 80 × 0.5 80 × 1 80 × 2 80 × 3 80 × 4

l = 100 cm 100 × 0.5 100 × 1 100 × 2 100 × 3 100 × 4

l = 120 cm 120 × 0.5 120 × 1 120 × 2 120 × 3 120 × 4

different normal forces on the cover interface. The load values
are 0.5 MPa, 1.0 MPa, 2.0 MPa, 3.0 MPa, and 4.0 MPa, as shown
in Table 1.
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FIGURE 2
Stress strain curves of rocks at different sizes. (a) 0.5 MPa. (b) 1 MPa. (c) 2MPa. (d) 3 MPa. (e) 4MPa.

The simulation software utilized in this study is RFPA.
Based on the finite element method and incorporating statistical
damage mechanics theory, this software can simulate the initiation,
propagation, and ultimate penetration of cracks in rocks under
heterogeneous conditions. It is particularly suitable for studying
weak plane shear failure behavior. In terms of boundary conditions,
the model is fixed at the bottom, with free boundaries on both the
left and right sides, and a constant normal stress applied at the top.
Horizontal shear displacement is applied to both sides of the model,
with a shear loading step length of 0.001 m, to simulate the process
under quasi-direct shear conditions.

3 Analysis of simulation results

3.1 Stress strain curve of different interface
sizes

Using RFPA software to simulate the shear mechanics test of the
cover interface, the stress-strain curves of the cover interface under
different sizes were obtained, as shown in Figure 2, and the shear
strength were calculated as shown in Table 2.

According to the rock mechanics parameters, the shear strength
of the upper and lower parts of the model is 7.696 MPa and
15.106 MPa, respectively, and the shear strength of the cover
interface is 0.29 MPa. The model is a typical non-uniform strength
model. Analyzing Figure 2a, when the normal stress is 0.5 MPa,
the maximum shear stress is consistently low and does not reach

TABLE 2 Shear strength of different sizes of cover interface (unit: MPa).

Normal
stress

0.5 MPa 1 MPa 2 MPa 3 MPa 4 MPa

l = 20 cm 0.6572 1.1558 2.124 3.0089 3.7403

l = 40 cm 0.3397 0.6922 1.1367 1.522 1.9094

l = 60 cm 0.2429 0.4305 0.7459 1.0261 1.2309

l = 80 cm 0.1917 0.3404 0.555 0.757 0.9657

l = 100 cm 0.1631 0.2526 0.4558 0.621 0.772

l = 120 cm 0.1397 0.2298 0.3525 0.5229 0.6354

1 MPa; The maximum peak shear stress was observed in the 20 cm
sample, which was 0.6572 MPa. As the sample size increased, the
peak shear stress decreased. At 120 cm, the peak stress decreased
to 0.1397 MPa, showing a significant size effect phenomenon.
Figure 2b shows that when normal stress is 1 MPa, the size effect
law is still evident, and the maximum shear stress still occurs on the
20 cm specimen, which is 1.1558 MPa. Compared with the normal
stress of 0.5 MPa, the increase is 75.88%; The peak shear stress of
the 120 cm sample is the weakest, at 0.2298 MPa, but compared to
the peak stress at 0.5 MPa, it still has an increase of 64.5%. Figure 2c
shows that when the normal stress is 2 MPa, the peak shear stress
of the 20 cm specimen rapidly increases, reaching 2.124 MPa, while
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FIGURE 3
Shear strength curve of the cover interface.

the stress-strain curve for sizes 60 cm and above becomes smoother;
Overall, after the increase of normal stress, the shear strength of
the cover interface has been enhanced, but it is still lower than the
strength of the cover layer and bedrock. Figure 2d shows that when
the normal stress is 3 MPa, the peak shear stress further increases,
and the peak shear stress of the 20 cm specimen reaches 3.0089 MPa.
The difference in peak shear stress for sizes 60 cm and above
decreases, indicating that the size effect is weakening. Figure 2e
shows that when the normal stress is 4 MPa, the shear strength
significantly increases with the normal stress, with the 20 cm sample
showing the most significant increase, reaching 3.7403 MPa, but
still lower than the 7.696 MPa of the cover layer, indicating that the
cover layer will not be damaged and the overall shear deformation
is controlled by the base cover interface; The difference in peak
shear stress between different sizes has further narrowed, indicating
that under high normal stress, the interface “reinforcement” effect is
significant, presenting a “residual strength” mode.

From this, the greater the normal stress, the more significant
the increase in interfacial shear strength; The larger the model size,
the lower the peak shear stress, showing a significant size effect.
However, under high normal stress, this size effect phenomenonwill
weaken. In this series of shear tests, the upper and lower rockmasses
were basically not damaged, and the cover interface controlled the
overall shear deformation.

3.2 Relationship between shear strength
and size of cover interface

3.2.1 Proposal for the relationship
Table 2 shows that as the size of the cover interface increases, the

shear strength of the cover interface gradually decreases. Therefore,
we can plot the relationship curve between shear strength and the
size of the cover interface as shown in Figure 3.

Figure 3 shows that when the size of the cover interface is
less than 40 cm, the shear strength increases significantly with the
increase of normal stress. When the size of the cover interface
is greater than 60 cm, the shear strength tends to “saturate”.
The fitting curve rapidly decreases in the small-sized area and
gradually flattens in the large-sized area, reflecting the typical
weakening law of size effect. From the curve, the shear strength
of the cover interface is negatively correlated with the size of the
cover interface.

To obtain this relationship, the curve in Figure 3 was fitted to
obtain the relationship between the shear strength and size of the
cover interface, as shown in Formulas 1–5. The fitting coefficient R2

ranges from 0.997 to 0.999, indicating that the exponential model
can well describe the variation of the shear strength of the cover
interface with size.

When the normal stress is 1 MPa, the fitting formula is:

τ(l) = 0.108+ 0.89 · e(
−l

33.733
),R2 = 0.997 (1)

When the normal stress is 2 MPa, the fitting formula is:

τ(l) = 0.196+ 1.884 · e(
−l

29.726
),R2 = 0.999 (2)

When the normal stress is 3 MPa, the fitting formula is:

τ(l) = 0.356+ 3.819 · e(
‐l

25.816
),R2 = 0.998 (3)

When the normal stress is 4 MPa, the fitting formula is:

τ(l) = 0.537+ 5.82 · e(
‐l

23.225
),R2 = 0.998 (4)

When the normal stress is 5 MPa, the fitting formula is:

τ(l) = 0.662+ 7.252 · e(
‐l

21.825
),R2 = 0.998 (5)

Based on the curves in Formulas 1–5, we propose the following
relationship:

τ(l) = h+ de(
−l
g
) (6)

In the formula: τ (L) is the shear strength of the cover interface
with a size of l, unit: MPa; l is the size of the cover interface, unit:
cm; h is the residual shear strength, d is the strength increment,
which increases with the increase of normal stress, and g is the size
effect attenuation coefficient, which decreases with the increase of
normal stress.

3.2.2 Parameter solution
Since parameters d, g, and h are all related to normal stress,

we attempted to establish their relationship through normal
stress. Based on Formulas 1–5, we extracted their values, and
plotted their fitting curves with normal stress, as shown in
Figure 4.

Figures 4a–c shows that parameter d increases linearly with
normal stress, indicating that an increase in normal stress will have
a linear enhancement effect on the contribution of the “incremental
term” in our proposed exponential model; The parameter g shows
a negative exponential decay relationship with normal stress,
indicating that the larger the normal stress, the faster the size
effect law decays; The parameter h increases linearly with normal
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FIGURE 4
Fitting curve: (a) Parameter d, (b) Parameter g, (c) Parameter h, (d) Three-dimensional surface.

stress, indicating that an increase in normal stress will enhance
the residual shear strength. The relationship between parameters
d, g, and h and normal stress is obtained through curve fitting
as follows:

d = 0.778+ 1.84σn, (7)

g = 23.165+ 33.39 · e(
−l

0.509
), (8)

h = 0.039+ 0.159σn, (9)

3.2.3 Size effect model of shear strength of cover
interface

Based on Equations 6–9, we constructed the following size effect
model for the shear strength of the cover interface and plotted
a three-dimensional surface graph of normal stress-interface size-
shear strength in MATLAB, as shown in Figure 4d.

τ(l) = (0.039+ 0.159σn) + (0.778+ 1.84σn) · e
( −1

23.165+33.39e
( −σn0.509 )
)

(10)

In the formula: τ (L) is the shear strength of the cover interface
with a size of l, unit: MPa; σn is the normal stress, unit: MPa; l is the
size of the cover interface, unit: cm.

Equation 10 exhibits high fitting accuracy (R2 > 0.997) within
the size range of 20–120 cm and the normal stress interval of
0.5–4 MPa, making it suitable for interface analysis where weak
plane-dominated shear failure occurs. The applicable prerequisites
include: (1) the interface strength is significantly lower than that
of the surrounding rock mass; (2) the loading condition is two-
dimensional direct shear; (3) the interface roughness and material
parameters are basically consistent with the settings of this study.
If used in other working conditions or formation conditions, the
model coefficients should be revised based on actual measured
parameters.

The 3D surface in Figure 4d fully demonstrates the
comprehensive influence of normal stress and interface size on
the shear strength of the cover interface. It can be used to solve the
shear strength of the cover interface under any size and normal stress
conditions within the model range, providing an empirical method
for analyzing the shear strength and size of the cover interface
in engineering practice. It can be widely applied to on-site rocks
containing base cover interfaces.
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FIGURE 5
Shear failure process diagram of cover interfaces. (a) Shear failure process diagram of 20 cm cover interfaces under normal stress of 1 MPa. (b) Shear
failure process diagram of 60 cm cover interfaces under normal stress of 1 MPa.

3.3 Size effect analysis of shear failure at
the cover interface

3.3.1 Analysis of destruction process
To analyze the failure law during the shear process of the

base cover interface, acoustic emission images of 20 cm and 60 cm
models with different shear steps were selected under normal stress
of 1 MPa, as shown in Figure 5, where a1, a2, a3, a4 and b1, b2,
b3, b4 represent step sizes of 3, 10, 20, 30 and 40, 50, 60, 70,
respectively.

Figures 5a show the formation and development of cracks at
the interface size of 20 cm and 60 cm, respectively, under a normal
stress of 1 MPa. When the size of the cover interface is 20 cm, local
white small cracks appear at the front end of the cover interface,
accompanied by a small amount of acoustic emission (Figure 5a1);
As the shear continues, local small cracks continue to develop along
the interface shear direction and continue to develop towards the
right end. At this point, a certain degree of shear failure occurs on
the left side of the cover interface (Figure 5a2); In themiddle stage of
shearing, the crack approaches the interface and is fully penetrated,
with secondary cracks in some areas, causing a certain degree ofwear
at the contact area between the upper and lower blocks of the cover
interface, and showing an “end effect” on the right side (Figure 5a3);
In the later stage of shearing, the crack fully penetrated and the
interface was basically completely destroyed, resulting in complete
shear slip (Figure 5a4).

When the size of the cover interface is 60 cm, small cracks also
appear first on the left side of the base cover interface, but the
crack length is less than that of the 20 cm model (Figure 5b1); As
the shear continues, local small cracks continue to develop along
the boundary towards the right end, accompanied by secondary
cracks (Figure 5b2); In the middle stage of shearing, the crack
approaches the interface full penetration, and the secondary crack
further expands (Figure 5b3); In the later stage of shearing, the
cracks fully penetrated, and the final failuremode was similar to that
of the 20 cm model, showing a shear failure mode that penetrated
along the cover interface, but the number and length of secondary
cracks were more than those of the 20 cm model (Figure 5b4).

3.3.2 Characteristics of size effect damage
To analyze the differences in shear failure modes of the cover

interface under different sizes, the final failure modes of the cover
interface shear under low normal stress (0.5 MPa) and high normal
stress (2 MPa) were selected, as shown in Figure 6.

Analyzing Figure 6a, under low normal stress (0.5 MPa), when
the model size is less than 40 cm, the number of cracks is relatively
small and mainly distributed at the edge positions on both sides
of the cover interface, while the cracks in the middle area are
relatively few. This indicates that the end of the small-sized model
is strongly restrained at the loading boundary, leading to local
stress concentration, and cracks preferentially appear near the end
(Figures 6a1, a2); When the model size exceeds 80 cm, the crack
length becomes longer and the number significantly increases, and
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FIGURE 6
Shear failure modes of different sizes of cover interfaces. (a) Shear failure modes of different sizes of cover interfaces under normal stress of 0.5 MPa.
(b) Shear failure modes of different sizes of cover interfaces under normal stress of 2 MPa.

the cracks are distributed in the overall area of the cover interface,
rather than concentrated at the ends, indicating that the influence of
end effects is weakening (Figures 6a4–a6).

Analyzing Figure 6b, under high normal stress (2 MPa), there
are some changes in the interface shear failure mode compared to
low normal stress. Firstly, high normal stress increases the interface
shear strength, and the crack has stronger penetration along the
cover interface. Especially when themodel size is greater than 80 cm,
the slip band on the cover interface ismore uniform and continuous,
and the crack will penetrate the middle of the cover interface,
reflecting a strong shear slip zone; Secondly, under high normal
stress, the end effect of the cover interface gradually weakens, and
the overall sliding surface is controlled.

3.4 Size effect of fluctuation coefficient of
shear strength at the cover interface

The fluctuation coefficient, as a dimensionless statistic, can be
used to measure the degree of fluctuation in shear strength. The
calculation formula for the fluctuation coefficient of shear strength
at the cover interface is as follows:

Ai = |
Di −Di

Di

| (11)

Among them, Ai is the fluctuation coefficient of shear strength
at the cover interface; Di is the shear strength of the cover interface
when the size is i; Di is the average shear strength of the cover
interface when the size is greater than or equal to i. The smaller the
value of Ai, the more stable the shear strength of the cover interface
tends to be.

Based on Formula 11, calculate the fluctuation coefficient of the
shear strength of the cover interface at different sizes, as shown in
Table 3, and plot its scatter plot, as shown in Figure 7a.

TABLE 3 Size effect of shear strength fluctuation coefficient.

L/cm 40 60 80 100 120

σn = 0.5 MPa 0.318 0.412 0.464 0.489 0.517

σn = 1 MPa 0.251 0.433 0.480 0.560 0.555

σn = 2 MPa 0.303 0.441 0.513 0.548 0.606

σn = 3 MPa 0.328 0.446 0.520 0.552 0.579

σn = 4 MPa 0.324 0.463 0.508 0.552 0.590

Figure 7a shows the variation of shear strength fluctuation
coefficient with the size of the cover interface. Taking normal stress
of 0.5 MPa as an example, when the size is 40 cm, the fluctuation
coefficient is 0.318. When it reaches 120 cm, the fluctuation
coefficient increases to 0.517, an increase of 62.6%; Overall, as the
size increases from40 cm to 120 cm, the fluctuation coefficient of the
cover interface increases from 0.3 to 0.6, indicating that larger cover
interfaces exhibit greater variability in shear strength; The increase
in fluctuation coefficient also reflects the increase in mechanical
instability caused by the overall changes in the macroscopic failure
surface of large-sized cover interfaces.

3.5 Relationship between characteristic
size of cover interface shear strength and
normal stress

The shear strength of the cover interface has a size effect, that
is, as the size of the cover interface increases, the shear strength of
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FIGURE 7
Relationship curves. (a) Scatter plot of fluctuation. (b) Fitting curve characteristic size.

TABLE 4 Characteristic size values of the base cover interface.

Normal
stress/MPa

0.5 1 2 3 4

Characteristic sizes/cm 1.817 28.374 45.898 53.532 56.463

the cover interface decreases. When the size increases to a critical
size, the shear strength of the cover interface tends to stabilize, and
this critical size is the Characteristic size of the shear strength of the
cover interface.

It is difficult for us to directly determine the exact
characteristic size, but we can obtain the characteristic size value
by solving Formula 10 as follows.

τ′(l) = −d
g
e(
−l
g
) (12)

|τ′(l)| ≤ α (13)

D ≥ g lnd
g
− g lnα (14)

In the formula: α is the absolute value of the slope that meets the
engineering requirements, which is set to 0.025 in this case.

Based on Formulas 12–14, calculate the characteristic sizes
values of structural planes with normal stresses of 0.5 MPa, 1 MPa,
2 MPa, 3 MPa, and 4 MPa, as shown in Table 4, and plot their fitting
curves with normal stress, as shown in Figure 7b.

Figure 7b shows that with the increase of normal stress, the
characteristic size of the cover interface shear strength significantly
increases, showing a trend of rapid growth followed by a gradual
increase; In the low normal stress stage (0–2 MPa), characteristic
size increases significantly and rapidly; In the stage of high
normal stress (2–4 MPa), the increase in characteristic size slows
down and tends to stabilize. We fitted the following characteristic
size relationship for the shear strength of the cover interface,

as shown in Formula 15

D(σn) = 56.249‐99.307e
( −l
0.819
), (15)

In the formula, D (σn) is the characteristic size of the shear
strength of the cover interface, unit: cm.

3.6 Normalization analysis of size effect on
cover interface shear strength

The shear strength of samples of different sizes has different
orders of magnitude, and direct comparison may cause errors.
Therefore, based on the previous analysis, further normalization
data processing was carried out on the shear strength of the cover
interface of different sizes. Using the maximum normalization
method, the shear strength data of different sizes are scaled to the
range of [0,1], and the formula is:

T = T
Tmax

(16)

Among them, T is the normalized shear strength, T is
the original value, and Tmax is the maximum value under the
corresponding normal stress.

Normalize the shear strength of the cover interface at different
sizes usingEquation 16, as shown inTable 5, andplot the normalized
curve using Origin, as shown in Figure 8a.

Analyzing Figure 8a, we observed that as the size of the cover
interface increased from 20 cm to 120 cm, the normalized curves of
the cover interface shear strength under different normal stresses
showed a decreasing trend, with the T value decreasing from 1.0
to about 0.3, exhibiting a clear exponential decay characteristic; At
the same time, the overall shape of the curve is basically consistent,
indicating that the size effect law has good similarity; The effect of
normal stress variation on size effect is relatively small, especially
in small-sized segments where the normalized strength curves
almost overlap.
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TABLE 5 Normalization of size effect on shear strength.

Normal stress/MPa 20 cm 40 cm 60 cm 80 cm 100 cm 120 cm

0.5 MPa 0.176 0.178 0.197 0.199 0.211 0.22

1 MPa 0.309 0.363 0.348 0.352 0.327 0.362

2 MPa 0.568 0.595 0.606 0.575 0.59 0.555

3 MPa 0.804 0.797 0.834 0.784 0.804 0.823

4 MPa 1 1 1 1 1 1

FIGURE 8
Normalization and verification curves. (a) Normalization curve. (b) Verification curves.

TABLE 6 Shear strength data (Chen et al., 2021).

L/mm 50 75 100 125 150

σn = 3 MPa 0.72 0.49 0.48 0.44 0.29

σn = 6 MPa 1.24 0.82 0.81 0.67 0.37

4 Validation analysis

To verify the universal applicability of Formula 6, we cited
the shear strength data under different sizes and normal stresses
in Chen et al. (2021). The normal stress values were 3 MPa and
6 MPa, respectively, and the size values were 50 mm, 75 mm,
100 mm, 125 mm, and 150 mm. The specific data are shown in
Table 6, and corresponding scatter plots and fitting curves are
plotted in Figure 8b.

The curves of 3 MPa and 6 MPa were fitted from Figure 8b, as
shown in Formulas 17 and 18, respectively. Their fitting coefficients
were 0.93 and 0.91, both greater than 0.9, indicating a good

fitting effect.

τ(l) = 0.216+ 0.98e(
−l

70.398
) (17)

τ(l) = 3.424+ 2.44e(
−l

35.69
) (18)

The function types of Formulas 17 and 18 are consistent
with the type of Formula 6, and the laws of attenuation
coefficient, residual shear strength, and strength increment are
also consistent with Formula 6 when the normal stress increases,
which verifies the applicability of the relationship between the cover
interface and size proposed in this paper.

5 Discussion

In the existing research on the shear mechanical properties
of the cover interface, scholars have explored the evolution law
of the interface shear strength from different perspectives. But it
mostly focuses on the overall shear response, lacking systematic
exploration of the cover interface under different normal stress and
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size conditions. For example, Chen (2019), Shang and Wei (2014),
and Luo et al. (2024) studied the overall shear strength of joint
surfaces. Although Xu and Ren (2007a) analyzed the multi-scale
characteristics of shear strength parameters based on rock fractal
parameters with different fractal dimension values, they did not
address the influence of normal stress.

Compared with the above research, this article systematically
considers the shear failure process of the cover interface under
normal stress and multi-sized conditions. The results showed that
the shear strength of the cover interface decreased exponentially
with the increase of interface size, and the increase of normal stress
overall improved the shear strength. However, its impact on the size
effect showed a trend of “accelerating the size effect attenuation”. In
addition, the shear failure mode also exhibits an evolution from end
failure dominant to residual shear slip dominant. These results have
improved the previous understanding that was limited to single size
or normal stress conditions and obtained the coupling relationship
between size effects and normal stress in the process of interface
shear failure.

From the perspective of mechanical mechanisms, size effects
lead to more pronounced end effects in short size models. The
increase in normal stress not only enhances interfacial friction
but also suppresses end stress concentration effects. This rule is
of great significance in engineering practice: for different scales of
cover interface structures, it is necessary to reasonably consider
the influence of size effects to ensure the reliability of shear
strength parameters and avoid safety factor deviations caused by
extrapolation of small sample data.

This article still has certain limitations.The interface parameters
in numerical simulation are single values, and the influence of
changes in interface roughness on shear strength has not been
considered; Meanwhile, this article only analyzed the strength of a
single cover layer, and future research can further introduce a multi-
layer strength interface model to more comprehensively reflect the
complexity and diversity of natural interfaces.

6 Conclusion

This article focuses on the size effect of shear failure at the cover
interface, systematically explores the coupled influence of normal
stress and interface size on shear strength and failure mode, and
constructs a three-dimensional coupled model based on normal
stress-size-shear strength.

1. The shear strength of the cover interface gradually decreases
with the increase of the cover interface size, showing a
significant size effect phenomenon, and there is a negative
exponential relationship between them. A size effect model for
the shear strength of the base cover interface was constructed:

τ(l) = (0.039+ 0.159σn) + (0.778+ 1.84σn) · e
( −1

23.165+33.39e
( −σn0.509 )
)

2. The increase of normal stress will have a linear enhancement
effect on the contribution of the “incremental term” in the

size effect model of the shear strength, which will improve the
residual shear strength. However, it has a negative exponential
relationship with the size coefficient, and the size effect lawwill
decay faster.

3. In this series of shear simulations, the upper and lower rock
masses were not damaged, and the cover interface controlled
the overall shear deformation; Under low normal stress, small-
sized models exhibit end effects, while the influence of end
effects on large-sizedmodels is weakening; Under high normal
stress, the slip bands on the cover interface are more uniform
and continuous, and cracks will penetrate the middle of the
cover interface, forming a strong shear slip zone.

4. The large-sized cover interface exhibits greater fluctuation
in shear strength; The influence of normal stress changes
on size effects is relatively small for small-sized cover
interfaces.

5. The relationship between the characteristic size of the shear
strength of cover interface and the normal stress has been
obtained as follows:

D(σn) = 56.249‐99.307e
( −l
0.819
)
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