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Experimental study on anisotropic 
unloading mechanical behavior 
of bedded sandstone
Jingcheng Fang 1, Huafeng Deng 1*, Wei Wang 2, Jianlin Li 1 & Eleyas Assefa 3

Sandstone is a kind of bedded rock mass commonly used in engineering. The deformation and 
strength of bedded sandstone impose some problems during excavation. In this study, triaxial 
unloading tests were conducted on rock specimens (considering seven different bedding angles (β)). 
The results revealed the following key points: (1) At a constant confining pressure, the elastic modulus 
was gradually increasing when the bedding angle increased. Furthermore, after initial decreasing, the 
deformation modulus was increased and had a U-shaped distribution. (2) During the unloading of the 
axial compression, the rate of axial strain variations was initially increased and then decreased while 
the bedding angle increased (it has exhibited an inverted U-shaped distribution). However, the peak 
strength, cohesion, and angle of internal friction of rock specimens showed an initial decreasing and 
then increasing trend. (3) During the loading and unloading stages, the confining pressure reduces the 
anisotropy of bedded rock masses. (4) In the triaxial unloading test, the failure of rock specimens can 
be classified into four modes. When there was a large intersection angle between the bedding plane 
and the unloading direction, failure developed at the bedding planes.

A bedded rock mass is common in engineering construction. It exhibits different deformation and strength 
characteristics at parallel, perpendicular, or oblique bedding planes. This is because bedding planes have different 
rock matrix and physical and mechanical properties. Bedded rock mass is a typical transversely isotropic body, 
and transversely isotropic body is a special case of isotropic body. The elastic properties of all directions in a plane 
of rock are the same, and this plane is called isotropic plane, but the mechanical properties perpendicular to this 
plane are different, and objects with this property are called transversely isotropic bodies. The characteristic of 
transversely isotropic body is that it has the same elasticity parallel to the isotropic plane (transversely). Due to 
the transverse isotropic nature of the laminated rock mass, the strength of the rock mass is not only related to 
the strength of the intact rock itself, but also related to the mechanical properties of the structural face. Under 
different stress conditions, the damage surface will be affected by the angle between the principal stress and the 
structural surface, and the damage surface will be along the structural surface or through the rock, thus exhibit-
ing different mechanical properties. The anisotropic nature of bedded rock mass poses a significant challenge 
in design and construction.

They have very noticeable deformation and strength anisotropy at different bedding angles. Many scholars 
investigated the anisotropic mechanical properties of bedded rock through uniaxial or triaxial compression tests. 
The uniaxial compression strength tests of rocks at different bedding angles exhibited anisotropic strength and 
elastic  properties1–5. The loading angle (The angle between the loading direction and the weak bedding plane) and 
confining pressure govern the Young’s modulus and the tensile strength of bedded  sandstone6–10. The mechanical 
behavior and energy release characteristics of layered sandstone with different azimuth bedding have obvious 
anisotropy under uniaxial  compression11. Moreover, specimens with different bedding angles and thicknesses 
exhibited anisotropic mechanical characteristics under direct shear, uniaxial and triaxial  tests12. The orientation 
of the plane of anisotropy (bedding or cleavage plane) and the direction of diametral loading plays a leading role 
in the mechanical behavior of anisotropic sedimentary  rocks13–15.

The findings of this paper play a guiding role in understanding the anisotropic mechanical properties of 
bedded rock masses. However, practicing engineers often encounter many complicated problems during rock 
mass excavation, such as high and steep slopes or underground chambers and foundation excavations. Moreo-
ver, there are fundamental variations in the mechanical properties of rock mass during loading and unloading 
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 conditions16,17. Based on stability analysis of high slope excavation on the Three Gorges permanent ship lock, 
the concept of unloading rock mechanics has been developed and gradually  acknowledged18–21. The true triaxial 
unloading test showed that the strength and failure modes of cubic rock specimens were affected by interme-
diate principal  stress22–26. However, during the triaxial test (with different loading and unloading paths), the 
deformation and damage extent of granite specimens can be described by taking the ratio of dissipated strain 
energy to the total strain  energy27. Some studies reported that the confining pressure increases the shear stress 
and the shear strength of the fracture surface during the unloading stage, which increases the possibility of slid-
ing  shear28. Based on the principle of energy, the absorbed axial strain energy (at different unloading paths) is 
mainly converted to the axial compressive energy. Besides, the impact of initial confining pressure on the strain 
energy was more significant than that of the unloading  path29.

Some scholars have also studied the anisotropic nature of unloading rock mechanics. At the same confining 
pressure, a vertical-bedding plane has higher strength than horizontal  bedding30. The triaxial unloading test on 
a bedded marble showed that the deformation on a horizontal layer is higher than the vertical one, and it was 
 anisotropic31. Anisotropic coefficients describe the softening during unloading, and a transversely isotropic rock 
constitutive model was established based on the unloading characteristics of mica-quartz  schist32. The rock salt 
underwent expansion under constant axial compression and confining  pressure33.

To sum up, many scholars have studied the anisotropic mechanical properties of bedded rock mass by uniaxial 
compression or triaxial compression tests and those studies have laid a good foundation for understanding the 
anisotropic mechanical properties of the bedded rock mass. However, there are still some gaps. In the process 
of engineering construction, a large number of complex rock mass excavation problems are often encountered, 
such as high and steep slope, underground cavern, foundation excavation and so on. Rock mass excavation is 
an unloading process. At present, in the research on the anisotropic unloading mechanical properties of bed-
ded rock mass, only parallel and vertical bedding are usually considered, and there is no related research on the 
influence of different bedding angles on the unloading mechanical properties of bedded rock mass. Therefore, 
further study is needed.

Sandstone is a typical sedimentary rock (that is widely available in many engineering projects). Due to the 
complex nature of the excavation, there will be transformations between the unloading direction and bed-
ding. Accordingly, the corresponding unloading mechanical characteristics are different. If it is not properly 
addressed during design and construction, it will create problems on safety issues. Therefore, this paper studied 
the anisotropic unloading mechanical properties of sandstone (with different bedding angles) through a triaxial 
unloading test.

Methods and materials
Rock sample preparation. The rock samples involved in this experimental study are taken from the Tan-
jiahe landslide in the Three Gorges Reservoir area, which is a bedding bedrock landslide, which involves a wide 
range of rock mass excavation in the process of highway construction in the reservoir area. And the rock is 
Jurassic quartz sandstone, which are pore-type calcareous cemented sericite medium-grained quartz sandstone, 
slightly weathered, with good integrity, whose grain size is about 0.3 to 0.5 mm. The standard cylindrical rock 
samples of Φ 50 mm × L100 mm (Φ is the diameter, L is the height) were processed in strict accordance with 
the specification, and then strictly screened according to the compressional wave velocity and  density34,35, and 
the results of compressional wave velocity and density of the measured rock samples are shown in Fig. 1a, and 
the typical rock samples screened are shown in Fig. 1b. Among them, the density range of rock samples is about 
2.57–2.65 g/m3, and the average value is about 2.60 g/m3; the compressional wave velocity range of rock sam-
ples is about 2234–2430 m/s, and the average value is about 2200 m/s. Except for individual rock samples with 
slightly large fluctuations in compressional wave velocity and density, most of the compressional wave velocity 
and density of rock samples are more concentrated, which indicates that the dispersion of rock samples is small, 
and the rock samples with more concentrated compressional wave velocity and density are selected for the test. 
The conceptual diagram for different bedding angles is shown in Fig. 1c.

As shown in Fig. 2a, the weak plane of bedding is obvious from the side of the sample. In order to observe 
the characteristics and differences of microstructure of matrix and bedding weak surface of layered sandstone, 
scanning electron microscope analysis was carried out. The mineral particles of sandstone matrix structure are 
closely arranged, pores and fractures are few, while micro pores and fissures of bedding weak surface are obvi-
ously developed, as shown in Fig. 2b,c.

Experimental instruments. The experimental program involved five steps. Namely: rock drilling, cutting, 
grinding, screening, and testing. Specific instruments are illustrated in Fig. 3.

50 mm rock cores were extracted by using the Z1Z-CF02-205 drilling device (Fig. 3b). Several cylindrical 
rock specimens (with a 100 mm height) were prepared using a cutting machine (Fig. 3c). Cylindrical samples 
were polished using SCM-200 double-face grinder (Fig. 3d) to meet the standard precision requirements. So 
that the variation in the height and diameter of the rock sample was not greater than 0.3 mm, the roughness at 
the top and bottom of the specimen was not greater than 0.05 mm, and the deviation between the end face and 
the axis was less than 0.25°. The KON-NM-4B non-metallic ultrasonic testing analyzer (Fig. 3e) was used to 
screen noticeable discreteness among polished rock samples based on their compressional wave velocity. The 
RMT-150C rock mechanics test system (Fig. 3f) was installed with displacement and force sensors, which can 
measure axial deformation, circumferential deformation, and load in real-time; meanwhile, the equipment has 
good dynamic and static characteristics and system stiffness, which can track the instantaneous damage of rocks 
and make satisfactory stress–strain curves for a variety of rocks, and the test equipment can keep the test load 
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(a) Compressional wave velocity and density distribution of rock samples                   (b) Typical rock sample

(c) Core extraction at different bedding angles
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Figure 1.  Compressional wave velocity and density distribution of rock samples.

(a)   �= 0     (b) Matrix microstructure image        (c) Microstructural image of weak bedding plane

Figure 2.  Weak bedding plane and microstructural images.
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stable for a long time to ensure the normal behavior of the test. Hence, mechanical tests were conducted on the 
selected samples using this device.

Experimental design. The stress path is shown in Fig. 4. The triaxial compressive strength of rock speci-
mens was determined at different confining pressures (5, 10, 15, and 20 MPa). In due course, the confining pres-
sure was unloaded while the axial compression was kept constant. Initially, the confining pressure was set to the 
corresponding hydrostatic pressure, and then the axial compression was increased to 80% of the compressive 
strength at a rate of 0.5 MPa/s. Finally, the axial stress was kept constant, and the confining pressure was gradu-
ally reduced until failure (at a rate of 0.02 MPa/s).

Results
Anisotropic stress–strain curve. The triaxial unloading stress–strain curves of the rock specimens with 
different bedding angles are presented in Fig. 5.

The following points can be noticed from Fig. 5:

Generally, the stress–strain curves of rock specimens are similar at different bedding angles. In comparison, 
at the same initial confining pressure, as the bedding angle increased, the stress–strain curve became steeper 
(compaction phase), and the slope of the elastic phase gradually increased.
During unloading of the confining pressure, the rock specimen reached a plastic state while the deviatoric 
stress increased. Relatively, the amount of plastic deformation was small at β = 0° or 90°. During the unload-
ing phase, the plastic deformation of the rock specimens was gradually increased when β increased from 0° 
to 60° and β decreased from 90° to 60°. The peak strength was initially decreasing and then increasing while 
β increased.
There was a significant difference in the stress–strain curve at the post-peak stage of rock specimens with 
different bedding angles. The axial strain increased slightly while the peak strength dropped to the residual 
strength (when β = 0° or 90°), and the brittle failure characteristics were noticeable during the unloading 

a Original rocks b Z1Z-CF02-205 
Engineering drilling rig c 355 profile cutting machine

d SCM-200 
double-face grinder

e KON-NM-4B non-metallic 
ultrasonic detection analyzer

f RMT-150C Rock 
Mechanics Test system

Figure 3.  Experimental equipment and experimental flow chart.
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stage. However, the brittleness characteristics were reduced while β increased from 0° to 60° or decreased 
from 90° to 60°.

Anisotropic deformation characteristics. When the confining pressure was constant and the axial 
pressure was increased, anisotropic deformation characteristics were observed at different bedding angles. A 
similar phenomenon occurred while the axial pressure was constant and the confining pressure was unloaded 
(Fig. 6). Therefore, it is necessary to analyze the deformation characteristics of these two phases separately.

Deformation characteristics during the loading phase. The relationships among elastic modulus, deformation 
modulus, and confining pressure and β at the loading stage of sandstone are shown in Figs. 7 and 8. The elastic 
modulus takes the slope of the straight-line segment of the stress–strain curve, and the deformation modulus 
takes the Secant modulus corresponding to the compressive strength of 50%.

From Figs. 7 and 8, it can be seen that the bedding angle and confining pressure have a noticeable impact on 
the elastic modulus of bedded sandstone. The detailed descriptions are as follows.

The confining pressure has a compacting effect on the pores and fissures in a bedding plane and an inhibiting 
effect on micro-crack propagations. Therefore, the elastic modulus was increasing while the confining pressure 
increased. This has a good agreement with the previous  studies30–32.

There was a gradual increase in the elastic modulus of rock specimens while the bedding angle increased (It 
illustrated a similar trend with Fig. 3). The elastic modulus increased rapidly when β < 60° and increased slightly 
when β > 60°. The reason for this is that the rock specimen is composed of the matrix and the bedding plane. In 
contrast, the stiffness of the rock matrix was higher than that of the bedding plane. At β = 0°, the loading direction 
was perpendicular to the bedding plane, and the matrix and bedding plane were in series. The axial stiffness of 
the rock specimen is mainly governed by the bedding plane. Under the same axial stress increment, the com-
pressive strain was relatively high, which resulted in a lower elastic modulus. However, when β = 90°, the reverse 
has occurred; because the loading direction was parallel to the bedding plane, the matrix and the bedding plane 
were parallel. The axial stiffness was governed by the rock matrix, and the responsible axial stress was relatively 
small, which yielded a higher elastic modulus. When the bedding angle increased from 0° to 90°, and the angle 
between the loading direction and the bedding plane changed from 90° to 0°, there was a gradual decrease in 
the axial strain under the same axial stress increment, which yielded a gradual increase in the elastic modulus.

The deformation modulus has a minimum and maximum value at β = 60° and β = 0° or 90°, respectively. 
Hence, the resulting graph was U-shaped. There are two reasons for this phenomenon. On the one hand, initially, 
the compressive strength was declined. Then, it was increasing while the bedding angle increased. Besides, 50% 
of the corresponding compressive strength was consistent. On the other hand, there was a short compressive 
section of the stress–strain curve at higher bedding angles (Fig. 5). In the meantime, the strain corresponding 
to 50% compressive strength decreased gradually. Under these two conditions, the deformation modulus was 
not consistent with the change in the elastic modulus.

Deformation characteristics during the unloading stage. The rate of axial strain variations was introduced to 
analyze the unloading condition of confining pressure on the axial strain increment ( �ε̇1)36. It is defined as the 
ratio of the axial strain increment to the confining pressure decrement that occurs between the initial point of 
unloading (the confining pressure) and the failure point:

(1)�ε̇1 =
�ε1

�σ3
.

Figure 4.  Stress path.



6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13988  | https://doi.org/10.1038/s41598-023-41073-w

www.nature.com/scientificreports/

The rate of axial strain variations is the increment of the axial strain caused by the unit unloading of confining 
pressure. This variable reflects the effect of confining pressure unloading and rock deformation response on the 
axial deformation and state of stress, respectively. Unloading has a considerable impact on the deformation of 
rock at a higher rate of axial strain variations. During the unloading phase, anisotropic deformation character-
istics of the bedded rock mass can be properly measured.

As can be seen from Fig. 9, the impact of the bedding angle and the confining pressure on the deformation 
of bedded sandstone at the unloading stage was considerable.

Initially, the rate of axial strain variations was increasing while the bedding angle increased. Later on, it had 
a decreasing trend. At β = 0° or 90°, the rate of the axial strain variations was low. However, it has reached a peak 

(a) 5 MPa

(b) 10 MPa

(c) 15 MPa

Figure 5.  Stress–strain cures at different initial confining pressures.
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(d) 20 MPa

Figure 5.  (continued)

Figure 6.  Typical stress–strain curve.

0 15 30 45 60 75 90
24

26

28

30

32

34

36

38

suludo
mcitsalE

aP
G

Figure 7.  Relationship between elastic modulus and β during loading.
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value at β , approximately 60°. Between β = 0° and 75°, the axial strain roughly exhibited an inverted U-shaped 
curve.

When the initial confining pressure was 5, 10, 15, or 20 MPa (at different bedding angles), the discrepancy 
between the minimum and maximum rates of the axial strain variations was 147%, 120%, 109%, and 72%, 
respectively. The impact of bedding angle on the rate of axial strain variations was decreasing while the confin-
ing pressure increased.

The anisotropy of rock specimens was noticeable during the unloading of the confining pressure, and it was 
mainly related to the deformation-failure characteristics of the rock specimens. The plastic deformation was low 
at the unloading phase (Fig. 7), and brittleness has decreased at β = 0° or 90°. Similarly, the rate of axial strain 
variations was low. When β increased from 0° to 60° or decreased from 90° to 60°, the plastic deformation of the 
rock specimen was gradually decreasing. Besides, the axial strain reached a peak value at β approximately 60°. 
At the same time, the confining pressure inhibited the impact of the bedding plane. As a result, when the initial 
confining pressure was high (at different bedding angles), the discrepancy in the rate of axial strain variations 
had a gradual decrease.

Anisotropic strength of bedded sandstones. Peak strength. The relationships between the peak 
strength and the bedding angle are presented in Fig. 10. The compressive strength of the rock specimens was 
low when β approximately 60° was. It reached a peak value at 0° and 90° and exhibited anisotropic characteris-
tics. When the initial confining pressure values were 5, 10, 15, and 20 MPa, the difference between compressive 
strengths with different bedding angles were 31%, 27%, 22%, and 19%, respectively. In comparison, the impact of 
bedding angle on the compressive strength of rock specimens was gradually decreasing while the initial confin-
ing pressure increased.
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Figure 8.  Relationship between the deformation modulus and β during loading.
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Figure 9.  The relationship between the rate of axial strain variations and bedding angles at different initial 
confining pressures.
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Shear strength parameters. The strength of the rock specimens was evaluated based on the Mohr–Coulomb 
strength criterion. The cohesion and the angle of internal friction of the rock specimens at different bedding 
angles are shown in Fig. 11.

As shown in Fig. 11, there are obvious anisotropy of cohesion and internal friction angle at different bedding 
angles, and the graph was approximately U-shaped (0°–90°). The cohesion and the angle of internal friction of 
the rock specimens were relatively high at β = 0° and 90°, and the cohesion and angle of internal friction of the 
rock specimens reached a small value at β = 60°. The discrepancy between cohesion and angle of internal friction 
at different bedding angles was 20% and 7%, respectively.

Discussion
Anisotropic mechanical properties. The concept of an “anisotropic coefficient” was proposed by  Singh37, 
to determine anisotropic rock strength quantitatively. It is the ratio between the maximum and minimum com-
pressive strengths at bedding angle = 0° or 90°.

The mean anisotropy coefficient ( RC ) is defined as follows:

where σc(max) is the maximum compressive strength at β = 0° or 90° and σc(min) is the minimum compressive 
strength at β = 0°–90°. A similar approach was used to calculate the anisotropic coefficients of the elastic modulus 
(RE), deformation modulus (REa) and compressive strength (RC) at the unloading failure of the rock specimens, 
as illustrated in Table 1.

The following points can be pointed out from Table 1.
The anisotropy parameters of the elastic modulus, deformation modulus, and compressive strength were 

mainly between 1.1 and 2.0. This range of anisotropy is regarded as  low31.
The anisotropy coefficient of the rock specimens was also sensitive to the change in the confining pressure. As 

the initial confining pressure increased, the anisotropy coefficient showed a decreasing trend. When the initial 
confining pressure was 5 MPa, the anisotropy coefficients of the elastic modulus, deformation modulus, and 
compressive strength were 1.31, 1.51, and 1.31, respectively. Similarly, when the initial confining pressure was 

(2)RC =
σc(max)

σc(min)

,

Figure 10.  Relationship between peak strength and β during unloading.
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20 MPa, the values decreased to 1.22, 1.31 and 1.19. The main reason for this is that the confining pressure has 
a compaction effect on the bedding plane and restrains the shear deformation and failure of the bedding planes. 
Hence, the anisotropy coefficients were reduced.

We compared the results of previous  research7 with this paper, in order to more intuitively highlight the 
anisotropic characteristics of bedded sandstone under triaxial unloading. The main results of  research7 were 
shown in Table 2.

From Table 2, the following points can be pointed out.
The anisotropy parameters of the elastic modulus, deformation modulus, and compressive strength were 

mainly between 1.1 and 2.0. The conclusion is consistent with Table 1.
Generally speaking, the anisotropy coefficients of elastic modulus, deformation modulus and compressive 

strength of layered sandstone show similar regularities. The anisotropy of mechanical parameters of bedded sand-
stone decreases gradually with the increase of confining pressure. The anisotropy coefficients of elastic modulus, 
deformation modulus and compressive strength were 1.36, 1.37 and 1.21, respectively when the initial confining 
pressure was 5 MPa. When the initial confining pressure was 10 MPa, the anisotropy coefficients of elastic modu-
lus, deformation modulus and compressive strength were decreased to 1.24, 1.31 and 1.17, respectively. Then the 
decreasing trend of anisotropy gradually slowed down, which generally belongs to low  anisotropy37. When the 

noisehoC
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Figure 11.  Relationship between cohesion, angle of internal friction, and bedding angle.

Table 1.  Anisotropy parameters of bedded sandstone (triaxial unloading).

Initial confining pressure (MPa)

Anisotropy 
coefficients

RE REa RC

5 1.31 1.51 1.31

10 1.27 1.41 1.27

15 1.24 1.36 1.22

20 1.22 1.31 1.19
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confining pressure increased gradually, the influence of weak bedding plane on the anisotropy of compressive 
strength of rock samples decreased gradually, mainly because the confining pressure had a good compaction 
effect on the weak bedding plane. At the same time, it had a good lateral restraint effect on the shear deformation 
of weak bedding plane, and the anisotropy of elastic modulus, deformation modulus and compressive strength 
of bedded rock mass was weakened after the easy cracking of weak bedding plane was well restrained.

Through the comparison of Tables 1 and 2, it was found that the anisotropy coefficients of deformation modu-
lus and compressive strength of bedded sandstone under triaxial unloading were larger than those under triaxial 
compression. Thus, it can be seen that the anisotropy of bedded sandstone is more obvious under the action of 
triaxial unloading. Based on this, the influence of bedding angle on the mechanical strength and deformation 
characteristics of rock mass cannot be ignored, which needs to be paid more attention in practical projects such 
as bedded rock slope excavation, tunnel design and deformation stability analysis.

Anisotropic failure characteristics. The fractured of rock specimens at different bedding angles are 
shown in Fig. 12. The bedding angles are 0°, 15°, 30°, 45°, 60°, 75°, and 90° (from left to right).

The following points can be pointed out from Fig. 12:

When β = 0°, 15°, and 30°, the rupture plane intersected the rock matrix and the bedding plane, and the dam-
age was generally a shear failure, and there were partial shear cracks near the two ends of the rock specimen. 
Moreover, there was consistency between the direction of the surface rupture and the bedding plane. This 
shows the bedding plane triggered the formation of surface rupture.
When β = 45°, the rock specimen developed shear cracks along the bedding plane during unloading. The 
meandering crack propagates to the tips of rock specimens under the influence of friction.
When β = 60° and 75°, the rupture surface of the rock specimen was generally in the direction of the bedding 
plane and was a typical shear-slip failure. Because of the unloading, there were some near-axial tension cracks 
on both sides of the shear fracture surface.

Axial tension cracks developed at the middle of the rock specimen along the bedding plane during unloading 
(when β = 90°). The friction was responsible for the formation of large-angle shear cracks.

The anisotropy deformation and strength parameters were closely related to the failure morphology of rock 
specimens. Moreover, the variation in the rock morphology governed the rock deformation and strength.

After comprehensive analysis, the rock damage patterns were divided into four, as shown in Table 3.
When 0° ≤ β ≤ 30°, there was a large angle between the major principal stress and the bedding plane. The 

failure mode was mainly governed by the stress state. Hence, a diagonal shear failure was observed across the 
matrix and bedding plane. The strength of the rock specimen was governed by the matrix and bedding plane. 
Accordingly, the corresponding strength was high.

When 30° < β < 60°, the angle between minor principal stress and the bedding plane gradually increased.
During unloading, the impact of bedding on the failure mode of the rock specimen has increased. The failure 

met the matrix and bedding plane. The strength of the rock specimen was governed by the matrix and the bed-
ding plane. Hence, the corresponding strength was low.

When 60° ≤ β ≤ 75°, as calculated based on the Mohr–Coulomb strength criterion, the bedding and angle of 
shear failure angle were close to each other (45° + ϕ/2 = 67°), and hence the rock specimens were subjected to 
shear-slip failure along the bedding plane. Since the minor principal stress intersected a large bedding angle, the 
impact of unloading was noticeable, and axial tension cracks were developed on both sides of the shear fracture. 
The strength of the rock specimen was mainly governed by the bedding plane. Accordingly, the corresponding 
strength was low.

When 75° < β ≤ 90°, the major principal stress intersected a small bedding angle, and the impact of the bed-
ding plane on the rock fracture pattern gradually diminished. Tension cracks were developed at the middle of 
the rock specimens, along the bedding plane during unloading. Due to the impact of friction on the rock speci-
men, a small angle was developed between the rupture and the bedding planes (on both ends), and composite 
shear failure was observed. The strength of the rock was governed by the rock matrix and the bedding plane. As 
a result, the corresponding strength was high.

In order to verify the rationality of the unloading failure mode of bedded sandstone proposed in this paper, 
the typical reservoir bank slopes in the Three Gorges reservoir area were selected for on-the-spot investigation, 

Table 2.  Anisotropy parameters of bedded sandstone (triaxial compression).

Initial confining pressure (MPa)

Anisotropy 
coefficients

RE REa RC

5 1.36 1.37 1.21

10 1.24 1.31 1.17

15 1.22 1.26 1.19

20 1.25 1.25 1.16
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(a) Initial confining pressure: 5 MPa

(b) Initial confining pressure: 10 MPa

(c) Initial confining pressure: 15 MPa

(d) Initial confining pressure: 20 MPa
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Figure 12.  Typical cracked rock specimens.
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and the investigation results were compared with the failure mode proposed in this paper. The results were 
shown in Table 4.

According to Table 4, it can be seen that the results of field investigation are highly consistent with the unload-
ing failure mode of bedded sandstone proposed in this paper, and the bedding angle is the key factor leading to 
different failure patterns of reservoir bank slope. Similarly, we found that the unloading failure mode proposed 
in this paper can be well verified in Refs.38–41. Therefore, in the engineering slope, tunnel design and deformation 
stability analysis related to bedded rock mass, the influence of bedding angle on the mechanical properties and 
failure mode of rock mass cannot be ignored.

Conclusions
The anisotropy of the bedded sandstone was noticeable. The elastic moduli of the rock specimens increased 
when the bedding angle increased. The deformation modulus, peak strength, cohesion, and angle of internal 
friction of the rock specimens exhibited a U-shaped trend. Initially, the shape was shrinking and then enlarging 
while the bedding angle increased. The rate of axial strain variations was increased and then decreased when the 
bedding angle increased during the unloading of the confining pressure. Most importantly, it has approximately 
an inverted U-shaped curve.

The confining pressure had a considerable weakening impact on the anisotropic mechanical properties of the 
bedded rock mass (during triaxial loading and unloading stages).

During triaxial unloading, the failure mode of the rock specimens was closely related to the bedding angle 
(which can be classified into four), and the anisotropy of the failure mode governed strength and deformation.

The bedding plane is a weak plane of the bedded sandstone. The anisotropy of unloading deformation, 
strength, and failure mode occurred due to weak cementation (sedimentary structure and bedding plane). When 
there was a large angle between the bedding plane and the unloading direction, shear failure was observed along 
the weak bedding plane.

Table 3.  Unloading failure mode of bedded sandstone. The dotted line in the figure shows the bedding plane, 
and the solid line shows the crack.

Item Bedding angle Failure model Failure pattern Compressive strength

1 0° ≤ β ≤ 30°

 

Through the matrix and bedding plane, skew shear damage Higher

2 30° < β < 60°

 

Partial failure along the bedding plane/composite oblique shear failure passing through the matrix and bed-
ding plane Lower

3 60° ≤ β ≤ 75°

 

Shear-slip damage along the bedding plane, secondary tensile damage near the axis Low

4 75° < β ≤ 90°

 

Partially along the bedding plane, local through the bedding plane, matrix composite tensile-shear damage High
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Received: 8 August 2022; Accepted: 21 August 2023

References
 1. Huang, M., Hong, C., Ma, C., Luo, Z. & Du, S. Characterization of rock joint surface anisotropy considering the contribution ratios 

of undulations in different directions. Sci. Rep. 10, 1–10 (2020).
 2. Xia, Y. et al. Study on model structure and mechanical anisotropy of columnar jointed rock mass based on three-dimensional 

printing method. Int. J. Geomech. 20, 04020208 (2020).
 3. Ma, J., Guan, J., Gui, Y. & Huang, L. Anisotropic bounding surface plasticity model for porous media. Int. J. Geomech. 21, 04021033 

(2021).

Table 4.  Comparison results of engineering cases.

Item Bedding angle Failure model Failure pattern Engineering case Literature support

1 0° ≤ β ≤ 30°

 

Through the matrix and bedding plane, skew shear 
damage

 

Yin et al.38

2 30° < β < 60°

 

Partial failure along the bedding plane/composite 
oblique shear failure passing through the matrix and 
bedding plane

 

Zhao et al.39

3 60° ≤ β ≤ 75°

 

Shear-slip damage along the bedding plane, secondary 
tensile damage near the axis

 

Xu et al.40

4 75° < β ≤ 90°

 

Partially along the bedding plane, local through the 
bedding plane, matrix composite tensile-shear damage

 

Zhu et al.41



15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13988  | https://doi.org/10.1038/s41598-023-41073-w

www.nature.com/scientificreports/

 4. Wang, Y., Yi, Y. F., Li, C. H. & Han, J. Q. Anisotropic fracture and energy characteristics of a Tibet marble exposed to multi-level 
constant-amplitude (MLCA) cyclic loads: A lab-scale testing. Eng. Fract. Mech. 244, 107550 (2021).

 5. Hu, S. C. et al. Impact of bedding planes on mechanical properties of sandstone. Rock Mech. Rock Eng. 50, 2243–2251 (2017).
 6. Francis, T. J. G. Generation of seismic anisotropy in the upper mantle along the mid-oceanic ridges. Nature 221, 162–165 (1969).
 7. Deng, H. F., Wang, W., Li, J. L., Zhang, Y. C. & Zhang, X. J. Experimental study on anisotropic characteristics of bedded sandstone. 

Chin. J. Rock Mech. Eng. 37, 112–120 (2018).
 8. Chu, C. Q., Wu, S. C., Zhang, S. H., Guo, P. & Zhang, M. Mechanical behavior anisotropy and fracture characteristics of bedded 

sandstone. J. Central South Univ. (Sci. Technol.) 51, 2232–2246 (2020).
 9. Wang, D. J., Tang, H., Shen, P., Su, X. & Huang, L. Co-effects of bedding planes and parallel flaws on fracture evolution in anisotropic 

rocks. Eng. Geol. 264, 105382 (2020).
 10. Yu, J., Yao, W., Duan, K., Liu, X. & Zhu, Y. Experimental study and discrete element method modeling of compression and perme-

ability behaviors of weakly anisotropic sandstones. Int. J. Rock Mech. Mining Sci. 134, 104437 (2020).
 11. Wasantha, P. L. P., Ranjith, P. G. & Shao, S. S. Energy monitoring and analysis during deformation of bedded-sandstone: Use of 

acoustic emission. Ultrasonics 54, 217–226 (2014).
 12. Pan, W. T. et al. Layered soft rock simulation based on uniaxial and triaxial test and direct shear test. Rock Soil Mech. 43, 1–17 

(2022).
 13. Mclamore, R. & Gray, K. E. The mechanical behavior of anisotropic sedimentary rocks. Trans. Am. Soc. Mech. Eng. 89, 62–73 

(1967).
 14. Chen, C. S., Pan, E. & Amadei, B. Determination of deformability and tensile strength of anisotropic rock using Brazilian tests. 

Int. J. Rock Mech. Min. Sci. 35, 43–61 (1998).
 15. Wang, Z., Zeng, Q., Wan, L., Lu, Z. & Zhou, J. Investigation of fragment separation during a circular saw blade cutting rock based 

on ANSYS/LS-DYNA. Sci. Rep. 12, 1–18 (2022).
 16. Zhou, X. P. Study on the Unloading Constitutive Theory of Fractured Rock Mass and Its Application (Chongqing University, 2000).
 17. Li, H. Z., Xia, C. C., Yan, Z. J., Jiang, K. & Yang, L. D. Study on unloading mechanical properties of marble at Jinping hydropower 

station under high stress conditions. Chin. J. Rock Mech. Eng. 26, 2104–2109 (2007).
 18. Ha, Q. L. Loading rock mechanics and unloading rock mechanics. Chin. J. Geotech. Eng. 20, 114 (1998).
 19. Li, J. L. & Meng, Q. Y. Anisotropy study of unloading rock. Chin. J. Rock Mech. Eng. 20, 338–434 (2001).
 20. Li, J. L. & Wang, L. H. Study on unloading nonlinear mechanical properties of jointed rock mass. Chin. J. Rock Mech. Eng. 26, 

1968–1975 (2007).
 21. Li, J. L., Wang, L. H. & Sun, X. S. Experimental study on the mechanical properties of unloading anisotropy of jointed rock mass. 

Chin. J. Rock Mech. Eng. 33, 892–900 (2014).
 22. Li, X., Du, K. & Li, D. True triaxial strength and failure modes of cubic rock specimens with unloading the minor principal stress. 

Rock Mech. Rock Eng. 48, 2185–2196 (2015).
 23. Wu, N. et al. Stress-dependent anisotropy index of strength and deformability of jointed rock mass: Insights from a numerical 

study. Bull. Eng. Geol. Environ. 78, 5905–5917 (2019).
 24. Ding, Y. N., Li, D. Q., Zarei, C., Yi, B. L. & Liu, Y. Probabilistically quantifying the effect of geotechnical anisotropy on landslide 

susceptibility. Bull. Eng. Geol. Environ. 80, 6615–6627 (2021).
 25. Kulatilake, P. H. et al. Non-stationarity, heterogeneity, scale effects, and anisotropy investigations on natural rock joint roughness 

using the variogram method. Bull. Eng. Geol. Environ. 80, 6121–6143 (2021).
 26. Maazallahi, V. & Majdi, A. Directional rock mass rating (DRMR) for anisotropic rock mass characterization. Bull. Eng. Geol. 

Environ. 80, 4471–4499 (2021).
 27. Li, D., Sun, Z., Xie, T., Li, X. & Ranjith, P. G. Energy evolution characteristics of hard rock during triaxial failure with different 

loading and unloading paths. Eng. Geol. 228, 270–281 (2017).
 28. Liu, Q. et al. Effect of confining pressure unloading on strength reduction of soft coal in borehole stability analysis. Environ. Earth 

Sci. 76, 1–11 (2017).
 29. Zhao, G. Y., Bing, D. A. I., Dong, L. J. & Chen, Y. A. N. G. Energy conversion of rocks in process of unloading confining pressure 

under different unloading paths. Trans. Nonferrous Metals Soc. China 25, 1626–1632 (2015).
 30. Wang, L. H., Chen, X. & Dang, L. Experimental study on the failure of sandstone with significant sedimentary weak surface loading 

and unloading. Eng. Mech. 30, 181–187 (2013).
 31. Pei, J. L., Liu, J. F. & Xu, J. Experimental study of mechanical properties of layered marble under unloading condition. Chin. J. Rock 

Mech. Eng. 28, 2496–2502 (2009).
 32. Liu, Z. Y., Xiao, M. J., Zhuo, L., Xie, H. Q. & He, J. D. Mechanical properties and unloading constitutive features of quartz mica 

schist. Chin. J. Geotech. Eng. 38, 85–91 (2016).
 33. Chen, J., Jiang, D., Ren, S. & Yang, C. Comparison of the characteristics of rock salt exposed to loading and unloading of confining 

pressures. Acta Geotech. 11, 221–230 (2016).
 34. The National Standards Compilation Group of People’s Republic of China. GB/T 50266-2013 Standard for Tests Method of Engineer-

ing Rock Masses (China Planning Press, 2013).
 35. Deng, H. F., Li, J. L., Deng, C. J., Wang, L. H. & Lu, T. Analysis of sampling in rock mechanics test and compressive strength predic-

tion methods. Rock Soil Mech. 32, 3399–3403 (2011).
 36. Qiu, S. L., Feng, X. T., Zhang, C. Q., Zhou, H. & Sun, F. Experimental research on mechanical properties of deep-buried marble 

under different unloading rates of confining pressures. Chin. J. Rock Mech. Eng. 29, 1807–1817 (2010).
 37. Singh, J., Ramamurthy, T. & Rao, G. V. Strength anisotropies in rocks. Indian Geotech. J. 19, 147–166 (1989).
 38. Yin, Y., Sun, P., Zhang, M. & Li, B. Mechanism on apparent dip sliding of oblique inclined bedding rockslide at Jiweishan, Chong-

qing, China. Landslides 8, 49–65 (2011).
 39. Zhao, L., Li, D., Tan, H., Cheng, X. & Zuo, S. Characteristics of failure area and failure mechanism of a bedding rockslide in Libo 

County, Guizhou, China. Landslides 16, 1367–1374 (2019).
 40. Xu, D. P., Feng, X. T., Chen, D. F., Zhang, C. Q. & Fan, Q. X. Constitutive representation and damage degree index for the layered 

rock mass excavation response in underground openings. Tunn. Undergr. Space Technol. 64, 133–145 (2017).
 41. Zhu, C., He, M., Karakus, M., Cui, X. & Tao, Z. Investigating toppling failure mechanism of anti-dip layered slope due to excavation 

by physical modelling. Rock Mech. Rock Eng. 53, 5029–5050 (2020).

Acknowledgements
This work was supported by the National Nature Science Foundation of China (Grant Nos. U2034203, 
U22A20600 and 51979218); Innovative Group Project of Natural Science Foundation of Hubei Province (Grant 
No. 2020CFA049), and Research Fund for Excellent Dissertation of China Three Gorges University (Grant No. 
2020BSPY007). The authors would like to thank LetPub (www. letpub. com) for providing linguistic assistance 
during the preparation of this manuscript.

http://www.letpub.com


16

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13988  | https://doi.org/10.1038/s41598-023-41073-w

www.nature.com/scientificreports/

Author contributions
J.F. wrote the main manuscript text, W.W. prepared main figures, H.D. and J.L. guided and revised the ideas 
and framework of the full text, E.A. polished and refined the language of the full text. All authors reviewed the 
manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental study on anisotropic unloading mechanical behavior of bedded sandstone
	Methods and materials
	Rock sample preparation. 
	Experimental instruments. 
	Experimental design. 

	Results
	Anisotropic stress–strain curve. 
	Anisotropic deformation characteristics. 
	Deformation characteristics during the loading phase. 
	Deformation characteristics during the unloading stage. 

	Anisotropic strength of bedded sandstones. 
	Peak strength. 
	Shear strength parameters. 


	Discussion
	Anisotropic mechanical properties. 
	Anisotropic failure characteristics. 

	Conclusions
	References
	Acknowledgements


