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1 Introduction

Currently, many underground structures are built in rock

masses with bedded structures, such as coal mine roadways

(Ning et al. 2017; Tan et al. 2015a, b, 2017), chemical and

nuclear waste repositories (Yang et al. 2013) and uncon-

ventional oil drilling (Meier et al. 2015). The bedding

planes have a considerable influence on the behavior of the

rock mass, and it is considered to be critical for slope

stability (Ghazvinian et al. 2010). Hence, engineering

design and stability analysis of underground structure need

to consider the anisotropic properties of bedded rock

masses.

The mechanical parameters of bedded rock masses are

related to not only the intact rock but also the distribution

and properties of the bedding planes. Existing studies have

focused on the mechanical properties of bedded rock and

carried out conventional compression tests with various

loading angles (Niandou et al. 1997; Al-Harthi 1998;

Ghazvinian and Hadei 2012; Martı́nez and Schmitt 2013;

Gao et al. 2015; You et al. 2015) to study the deformation,

compressive strength and other anisotropic features. In

addition, some investigators considered the anisotropic

features of the tensile strength of bedded rock and con-

ducted tension tests with various loading angles (e.g.,

Butenuth et al. 1994; Chen and Hsu 2001; Tavallali and

Vervoort 2010a, b; Dan et al. 2013; Ghazvinian et al.

2013).

Based on these research findings, various anisotropic

failure criteria and constitutive models have been proposed.

A typical one was the single plane of weakness theory

proposed by Jaeger (1960). In addition, Duveau and Shao

(1998) summarized the previous anisotropic failure crite-

rions in three aspects: mathematical continuous criterion,

empirical continuous models and discontinuous weakness

plane theories, and he also put forward a modified single-

plane-weakness theory (Duveau and Shao 1998). There-

after, scholars made some extension and development

based on the existing failure criteria and constitutive

models (e.g., Tien and Kuo 2001; Hu et al. 2013; Asadi and

Bagheripour 2015; Mohammad et al. 2015).

Even though the data from compression and tensile tests

of rock with different bedding directions are substantial,

the failure mechanisms of the rock with different bedding

directions subjected to compression and tension remain

unclear. To address these problems, laboratory tests were

carried out on interbedded sandstone under various loading

angles and stress levels, and by means of scanning electron
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microscopy (SEM), the influence of bedding direction and

stress level on the failure mechanisms of the rock subjected

to compression and tension was conducted. The testing

results provide data that can be used for failure criteria and

mechanical models of interbedded sandstone.

2 Description of Interbedded Sandstone

The rock studied here is the interbedded sandstone taken

from the site of the Ji’ning III coal mine in central Shan-

dong area, China. Due to the sedimentary nature of the

geological formation, there are approximately parallel

bedding planes that cause anisotropy in the interbedded

sandstone, and the value of sandstone RQD was about

47%. The bedding planes were between 0.3 and 2 mm in

thickness, and the bedding was mainly composed of car-

bide, which was dispersed in sandstone matrix in overall

appearance. X-ray diffraction was used to identify the

mineral compositions in detail. The average volumetric

fractions of different minerals in the rock matrix are as:

47% quartz, 32% feldspars, 10% debris, 6% muscovite and

5% others (zircon and pyrite), and the minerals in bedding

planes are as: 39% clay, 32% quartz, 17% debris, 8% pyrite

and 4% siderite nodules. The bulk, dry and saturation

density are 2.623, 2.591 and 2.655 g/cm3, respectively. The

representative porosity is 6.48%, which was calculated

from the values of dry and saturation density. In the case of

interbedded sandstone, the grain size was not identified in

this study, and the average size of quartz and feldspars

grains is generally less than 200 lm based on the existing

test results (Qiao et al. 2007; Zuo et al. 2010).

3 Experimental Preparation

Two types of laboratory tests were conducted: conven-

tional compression test and indirect tension test. The cur-

rent study did not consider thermal effects, and all the tests

were carried out under the isothermal condition at room

temperature (22 ± 2 �C).

3.1 Specimen Preparation

The fragile rock samples were first wrapped with multiple

plastic membranes so as to retain their original state.

Afterward the rock specimens were processed according to

the testing procedures, and only the specimens without any

visual damage were selected for the experimental research.

For the convenience of describing the loading angle, a

coordinate system was defined (see Fig. 1). The loading

angle was defined by the angle h between the bedding

plane and the axial stress r1, which varied from 0� to 90�.
For conventional compression tests, a total of 45

cylindrical specimens (50 mm in diameter and 100 mm in

height) were prepared. For indirect tension tests, cylinder

specimens with respective diameter and height of 50 and

25 mm were used, and a total of 9 specimens were pre-

pared. The specimen numbers used in the compression and

tension tests are shown in Table 1. In comparison with the

average size of the quartz and feldspar grains, the size of

specimens used was considered as adequate for mechanical

testing. Only three bedding angles could be prepared for

testing since the interbedded sandstone is very fragile and

specimen preparation was difficult. The selected specimens
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Fig. 1 Definition of loading direction h. a Compression tests,

b tension test

Table 1 Specimen numbers of compression and tension tests

Testing plan Confining pressure (MPa) Loading angle (�) Total number of specimens Remarks

Conventional compression tests 0, 5, 10, 20, 30 0, 30, 90 45 3 Specimens per test

Indirect tension tests 0, 45, 90 9 3 Specimens per test
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were placed into an incubator so that all specimens were

under the condition of identical relative humidity.

3.2 Testing Apparatus and Testing Program

Triaxial and uniaxial compression tests were performed

using the MTS 815.03 machine at the Wuhan Institute of

Rock and Soil Mechanics (Ren et al. 2016) with a loading

rate of 0.001 mm/s (see also Table 1).

Brazilian tests (Zhou et al. 2005; Kazerani et al. 2011;

Khanlari et al. 2014; Tan et al. 2015a, b) were performed

using the RMT-150c machine (Zhou et al. 2015) with a

loading velocity of 0.02 kN/s (see also Table 1).

4 Conventional Compression Tests

In the compression tests, three specimens were tested for

each loading angle and confining pressure, and the average

values were used.

4.1 Main Results

In each test, axial and lateral strains were measured as a

function of deviatoric stress. Typical stress–strain curves

and volumetric strain–axial strain curves under various

loading angles and confining pressures are shown in Figs. 2

and 3, respectively. Generally, the mechanical
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Fig. 2 Typical stress–strain curves during compression tests under

different confining pressures (0, 5, 10, 20 and 30 MPa) and for three

loading angles (0�, 30� and 90�). a Stress–strain curves during

compression tests with h = 0�. b Stress–strain curves during com-

pression tests with h = 30�. c Stress–strain curves during compres-

sion tests with h = 90�

(a) 

(b)  

(c)  

-1.2

-0.8

-0.4

0

0.4

0.8

0 0.2 0.4 0.6 0.8 1

v/%

1/%

5MPa

10MPa

0MPa

20MPa

30MPa

-0.4

-0.2

0

0.2

0.4

0.6

0 0.3 0.6 0.9 1.2

0MPa

5MPa

10MPa

30MPa

20MPa

v/%

1/%

-0.8

-0.4

0.0

0.4

0.8

0.0 0.3 0.6 0.9 1.2

1/%

v/%
5MPa

10MPa

20MPa
30MPa

0MPa

Fig. 3 Typical volumetric strain–axial strain curves during compres-

sion tests under different confining pressures (0, 5, 10, 20 and

30 MPa) and for three loading angles (0�, 30� and 90�). a Volumetric

strain–axial strain curves during compression tests with h = 0�.
b Volumetric strain–axial strain curves during compression tests with

h = 30�. c Volumetric strain–axial strain curves during compression

tests with h = 90�
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characteristics of the interbedded sandstone were signifi-

cantly impacted by the loading angle and confining pres-

sure, and the obtained results are similar to those obtained

by Niandou et al. (1997), Tien et al. (2006), You (2009).

Here, we mainly focus on the variation rules of interbedded

sandstone deformation, failure features and volumetric

compression with the change in loading angles and con-

fining pressures.

(1) Through comparison of all testing results, the stress–

strain curves from various loading angles (Fig. 2)

were apparently different, which meant that the

interbedded sandstone had apparent anisotropic

mechanical behaviors. In addition, under the identi-

cal stress state (r1–r3, r3), the axial strain at h = 30�
was apparently larger than that at h = 0� and

h = 90�. This indicated that the shear deformation

characteristics of bedding planes played an impor-

tant role in the deformation of the interbedded

sandstone.

(2) The mechanical response of interbedded sandstone

exhibited an apparent correlation with the confining

pressure. Under a low confining pressure, the

specimen was marked by sharp peak stress due to

the existing of bedding plane leading to opening

(mainly caused by tension failure and sometimes

combined shear failure) (h = 0�, 90�) or sliding

failure (h = 30�) of specimen. Under higher confin-

ing pressures, the sharp peak stress state was less

pronounced at h = 0� and h = 90�, while the

specimen at h = 30� still exhibit a clear peak stress.

The failure of specimens at h = 0� and h = 90� was
generally associated with the onset of shear or

compaction bands (Olsson 1995; Hu et al. 2010;

Zhou et al. 2016), and the failure of specimens at

h = 30� was dominated by the sliding of bedding

plane.

(3) Figure 3a–c indicates that there was a clear transi-

tion from volumetric compressibility to dilatancy for

almost all confining pressures and loading angles

considered. This transition occurred much earlier

under a low confining pressure compared with a high

confining pressure. At h = 0� and h = 90�, the

specimens were first compressed, and then they

turned to shear inflation at the inflection point of

volumetric strain, but the test at h = 30� exhibited a

brittle shear inflation at the inflection point of

volumetric strain. This was because the volumetric

strain resulted in bedding plane transverse extension

or compression corresponding to h = 0� and

h = 90�, but at the condition of h = 30�, the

specimen exhibited a rapid sliding failure along the

bedding plane when the peak value was reached.

4.2 Modulus, Compressive Strength

and Compressive Strain at Peak Stress

For further analysis, the Young’s modulus, peak com-

pressive strength and its corresponding axial strain under

various experimental conditions were calculated. The cor-

relation between the corresponding parameters of different

loading angles and confining pressures is shown in Fig. 4.

The vertical error bars denote the standard error and indi-

cate the range of the parameters over which the data were

averaged.

As shown in Fig. 4a, the Young’s modulus (E1) at

h = 0� was greater than that corresponding to h = 90�
(E2). This was because the bedding plane at h = 90� closed
under the application of axial stress and resulted in a large

axial strain, but at h = 0�, the axial loading was mainly

borne by the matrix and therefore, the axial strain was

relatively small (Zhao et al. 2017). At h = 30�, the spec-

imens exhibited a sliding failure along bedding planes, and

the corresponding axial strain was apparently larger than

the former two; therefore, its Young’s modulus was the

lowest. The Young’s modulus under the three loading

angles increased with increasing confining pressure and

gradually tended to a fixed value at high confining pressure.

The tests on the other types of bedding rock also resulted in

similar testing results (Ramamurthy 1993; Nasseri et al.

2003; Zhang et al. 2011).

Figure 4b indicates that the compressive strength of

interbedded sandstone is also anisotropic. At loading

angles of h = 0� and h = 90�, the compressive strength of

sandstone did not differ considerably, and the compressive

strength anisotropy (defined as k1 ¼ r1 � r3ð Þ0
�

r1 � r3ð Þ90) between the two principle structural axes was

small. At h = 30�, its compressive strength was clearly

lower than the former two due to different failure modes.

To provide indicative values of the failure parameters, we

aimed to represent the failure stresses of interbedded

sandstone using the Mohr–Coulomb criterion based on the

obtained data. The failure parameters of the matrix were

determined from failure stresses with h = 90� or (and)

h = 0�, while the parameters of the bedding plane were

determined based on failure stresses with h = 30� (Duveau
and Shao 1998). The following values of cohesion and

frictional angle were obtained: cm = 25.1 MPa and

um = 47� for the matrix and cb = 14.0 MPa and ub = 32�
for the bedding plane. It could be easily seen that the

failure parameters of the matrix were significantly greater

than those of the bedding plane.

Compared with Fig. 4b, the experimental values of

compressive strength in the triaxial tests are shown in

Fig. 4c as a function of the loading angle. It can be noticed

that the compressive strength of the sandstone depended on
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the loading angle h. For all confining pressures, the com-

pressive strength first decreased and then increased with

increasing loading angle from h = 0� to 90�. There were

two maximum strength values at h = 0� and h = 90�, and
minimum strength was found at h = 30�.

Figure 4d represents the statistical values of the axial

strain corresponding to the peak stress values at various

loading angles. First, under all confining conditions, the

axial strain at the loading angle of h = 90� was slightly

larger than that at h = 0�. This was because the bedding

plane at h = 90� gradually closed under the vertical axial

loading, but the deformation of the bedding plane parallel

to axial loading at h = 0� had little impact on axial

deformation. The axial strain at h = 30� was the lowest

before failure because the rock with such a loading angle

failed under a lower compressive strength. Besides, under

various loading angles, axial strain increased with

increasing confining pressure. This was because the

increase in confining pressure improved the bearing

capacity of specimens; therefore, the axial strain increased

correspondingly when it reached the peak compressive

strength value.

There were certain discrepancies among various testing

results. This kind of discrepancies was primarily caused

by the initial nonuniformity and random bedding occur-

rence. However, the testing results also revealed the

bedding plane of sandstone played a determinant role in

its deformation and compressive strength. Even though

there were discrepancies for the testing results in a certain

range, it did not generally overshadow the transverse

anisotropy features of compressive strength and

deformation.

4.3 Verification of Modified Single-Plane-Weakness

Theory

Following the previous description of the impact of the

bedding plane on the compression mechanisms, we used

the presented data to check the validity of one of the widely

used failure criterion, i.e., the single-plane-weakness the-

ory, which was proposed by Jaeger (1960). In this theory,

the anisotropic material is seen as an isotropic body con-

taining one set of weakness planes. The failure of the rock

matrix and weakness planes are both described by the

Mohr–Coulomb criterion: s ¼ cm þ r tanum for the rock

matrix and sh ¼ cb þ rh tanub for weakness planes, where

sh and rh are the shear and normal stress, respectively,

applied to the weakness plane at the orientation h. The
failure parameters of the matrix are different from those of

the weakness planes: cm and um are the respective cohesion

and frictional angles of the matrix, and cb and ub are the

respective cohesion and frictional angles of the weakness

planes.

Using the failure criterion and parameters obtained

above, the compressive strength in the triaxial tests was

calculated. Taking the results of the confining pressures 5

and 20 MPa as an example, a comparison with the test data

and the predictions based on the failure criterion is pre-

sented in Fig. 5. The calculation results showed a good

agreement with the test results, indicating that the failure
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criterion could well describe the failure behavior of the

stratified rocks.

5 Indirect Tensile Tests

Three specimens were tested for each loading angle in the

tension test (Brazilian Test), and the average values were

calculated. Figure 6 shows the variation in the tensile

strength of the interbedded sandstone with the change in

loading angles. The tensile strength of interbedded sandstone

was also significantly impacted by the structural anisotropy

of the rock. Generally, the tensile strength of the rock spec-

imen increased with increasing loading angles, which was

mainly determined by the bearing capacity of the bedded

sandstone. At h = 0�, the specimen exhibited bedding plane

activation, and the fractures spread along the bedding plane

(Tavallali and Vervoort 2010a, b). When the angle increased

to h = 45�, the fractures cut through the bedding plane, and
finally the fractures normal to the isotropic bedding plane

became dominant (h = 90�). As the cohesion of the bedding
plane was significantly lower than that of the matrix, the

tensile strength increased with increasing loading angles,

and this is the base of the following further discussion.

6 Discussion

The text above mainly analyzed the macroscopic behavior

of interbedded sandstone under various testing conditions.

In fact, the macroscopic failure of the rock is closely related

to its internal microstructure (Meng et al. 2015). This sec-

tion discusses the failure mechanisms of interbedded

sandstone under various testing conditions by analyzing the

fracture modes of the bedding rock using SEM.

6.1 Conventional Compression Tests

The failure mode of interbedded sandstone under different

testing conditions is shown in Fig. 7. At h = 0� and

h = 90�, the failure of the specimen evolved from opening

under low confining pressure (r3 = 0, 5 MPa) to shear

failure under high confining pressure (r3 = 10, 20,
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30 MPa); at h = 30�, the fractures under various confining
pressures were all in the bedding plane. Furthermore, the

specimens with a typical fracture surface from uniaxial and

triaxial compression tests were selected, and the results of

the SEM image are shown in Fig. 8. The fracture surfaces

of specimens with loading angles of h = 0� and h = 90�
were similar. Under uniaxial compression condition, the

edges of the fracture were sharp, and there were few

fragments scattered in the lower position. The fracture

mode was mostly an intergranular fracture pattern that

showed obvious characteristics of tension failure. For the

triaxial test, the branches of fractures were approximately

parallel and densely spread. The height of steps was

smaller than that under tension failure, and the transgran-

ular fracture occurred on the fracture surfaces, representing

apparent shear failure. At the loading angle of h = 30�, the
rock failure exhibited clear cleavage steps on its surface

and represented an apparent shear failure property. It was

thus observed that the different failure modes were the root

cause of the difference in fracture appearance and

mechanical properties of the compression failure of the

interbedded sandstone.

6.2 Indirect Tensile Tests

Figure 9 shows the failure mode and SEM images from

the failed specimen fracture of the tensile tests under

various loading angles. A comparison of the results

revealed that when the tensile stress was normal to the

bedding plane, the fracture morphology exhibited an

intergranular fracture pattern along the bedding plane with

a small grain-cutting pattern (h = 0�). When the tensile

stress was parallel to the bedding plane (h = 90�), the

bedding plane deformation had little impact on the overall

failure, and the failure mode was primarily intergranular

fracture of the matrix. At h = 45�, the fracture mode

changed to coupled intergranular fracture and transgran-

ular fracture. It was thus observed that similar to the

Fig. 8 Scanning electron

microscopy of compression

failure of interbedded

sandstone. a h = 0�, b h = 30�
and c h = 90�
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compression tests, the different failure modes were the

root cause of the difference in the tensile mechanical

properties of the interbedded sandstone.

7 Conclusions

In this study, laboratory compression tests were carried out

on the interbedded sandstone under various confining

pressures and loading angles as well as tension tests under

various loading angles. The testing results revealed that the

mechanical properties of the interbedded sandstone were

significantly influenced by stress levels and structural ani-

sotropy. The Young’s modulus of sandstone at a loading

angle of h = 0� was greater than that at h = 90�, and both

were apparently greater than that at h = 30�. The variation
rules of sandstone compressive strength with the change on

loading angles were similar to those of the Young’s mod-

ulus, and all exhibited apparent brittle failure features. The

axial strain corresponding to the peak compressive stress at

h = 90� was greater than that at h = 0�, and the axial

strain at h = 30� was relatively small as the peak com-

pressive strength was low. The tensile strength of sand-

stone increased with increasing the loading angle. This was

because the failure of specimens evolved from bedding

plane activation to the tensile failure of the matrix. Finally,

this research investigated the root causes of the mechanical

property variation of the interbedded mechanical properties

through electron microscopy scanning of tested specimens

with typical failure.
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