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Abstract: Layered rock mass is a common rock mass structure with diverse forms and complex
mechanical properties. Three types of composite layered rock mass prepared using sandstone and
shale can be divided into sandwiched type, interbedded type and superimposed type. The total
height of the combined rock mass is 50 mm, which is a cylinder composed of sandstone and shale
with a diameter of 25 mm and different thickness. Uniaxial compression tests on sandstone, shale
and combined rock mass were performed. The results show that, with the increase in the content
of soft components, the compressive strength and elastic modulus of the combined rock mass tend
to decrease. The mechanical properties of the superimposed rock mass will be between the two
components and close to the soft component in numerical value. The mechanical properties of
sandwiched rock mass are obviously affected by the properties of the sandwiched rock. When the
content of the components is consistent, interbedded rock mass often shows higher strength and
elastic modulus. Compared with other rock mass, interbedded rock mass has more stable mechanical
properties. The stress—strain curve can be divided into the compaction stage, elastic stage, plastic
development stage and post-fracture stage. The composition content of the rock mass plays a decisive
role in the compaction stage. The failure modes are mainly shear failure and tensile failure. With the
increase in soft rock content, the failure degree of soft rock is gradually weakened, and the failure
modes show a trend from tensile failure to shear failure. The experimental results provide theorical
guidance for underground engineering construction.

Keywords: layered rock mass; combination rock; uniaxial compression experiment; mechanical
properties; failure characteristic

1. Introduction

In recent years, with the depletion of fossil energy worldwide and the rapid develop-
ment of guidance technology, more and more underground mining projects have shifted
from shallow excavation to deeper excavation. The research on the mechanical properties
of layered rock has been gradually paid attention to and intensified [1]. As early as 1967,
Wager [2] put forward the concept of layered rock mass in the study of igneous rock, which
had an important influence on geological research. Subsequently, many scholars [3-8]
have conducted a lot of studies on the properties of single-layered rock mass such as shale
and sandstone. However, in deep engineering, more and more problems of layered rock
masses, which are different from general rock mechanics, have been found. Additionally,
these rock masses often have various shapes and complex mechanical properties. It brings
challenges to underground engineering construction such as hydraulic fracturing, oil and
gas exploitation, underground excavation, and so on [9-12]. Therefore, it is of great signifi-
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cance to explore the mechanical properties of layered rock for underground engineering
construction.

In 1981, Duffault [13] introduced the term of sandwiched rock mass when classifying
rock mass. According to the research progress, the layered rock mass can be divided into
soft sandwiched rock mass, hard sandwiched rock mass, interbedded rock mass and so
on. The current studies into layered rock mainly focuses on mechanical properties and
deformation mechanism. In terms of mechanical properties, Chen et al. [14] used coal and
oil shale with high strength and low elastic modulus to prepare the sandwich type and
superposition type combination rock samples. Through uniaxial compression test, they
found that the difference in the mechanical properties of coal and oil shale affected the
stress state near the interface, resulting in the increase in coal strength and the decrease in
oil shale strength. Sun et al. [15] found that, based on mineral composition, the uniaxial
compressive strength and triaxial compression tests of shale reservoir, it was found that
the mechanical properties of the shale reservoir in parallel bedding direction are less
affected by lithology under uniaxial conditions. There is an increase in the compressive
strength of rock, with a higher confinement in triaxial tests. The change in stress state is an
important factor leading to the change in rock strength in the sample. Later, many scholars
proved that the mechanical properties of combined rock mass are closely related to the
content and strength of components. Wang et al. [16] studied the uniaxial compressive
strength of the sandwich rock mass with different strength ratios of original materials. The
relationship between the strength difference of lithological units, the percentage of soft
rock and uniaxial compressive strength in soft rock and hard rock with alternating layered
rock mass is revealed. Huang et al. [17] studied the influence of water pressure on the
mechanical properties and permeability of layered rock mass through triaxial compression
tests under different water pressures and low confining pressures. The results show that the
increase in water pressure reduces the peak strength of layered rock mass, but accelerates
the expansion of cracks and significantly enhances the peak permeability of layered rock
mass. Li et al. [18] conducted uniaxial compression tests on combination rock samples to
reveal their mechanical properties. The conclusion is that combination rocks with thick
interlayers are more likely to fail than combination rocks with thin interlayers. Li et al. [19]
prepared superimposed and sandwiched rock masses using coal and rock coal bi-material
samples. Uniaxial compression tests showed that the strength of coal determines the
overall strength of the bi-material sample. Lisanne et al. [20] studied the influence of the
difference in rock strength between adjacent rock strata on cracks. The results show that the
increase in strength difference can prevent the crack from expanding into a stronger layer.
Li et al. [21] analyzed the stress—strain curve characteristics, strength characteristics and
failure characteristics of interbedded sandstones with different sandwiched thicknesses
under uniaxial and conventional triaxial compression conditions. The research results
show that, with the increase in sandwiched thickness, the uniaxial compressive strength of
sandwiched sandstones first decreases first and then increases. In terms of deformation,
Zhang et al. [22] proposed the constitutive relation and elastic parameter calculation model
of parallel, vertical, and inclined layered rock mass by combining Hooke spring model
and coordinate transformation method. Through the analysis of sensitivity, it is concluded
that the elastic parameters of layered rock mass are controlled by the thickness, elastic
parameters and dip angle of layer and sandwich rock. Then, Wei et al. [23] derived the
calculation formula of deformation parameters of layered rock mass based on elastic theory.

At present, although relevant scholars have performed a lot of research into the
mechanical properties of sandwiched rock mass, including interbedded rock mass superim-
posed rock mass after compression, there is a lack of comparative analysis for these complex
strata. Thus, by using sandstone and shale to make sandwiched rock mass, interbedded
rock mass and superimposed rock mass, uniaxial compression tests are carried out on
combination samples with different thicknesses as well as different layers and different
combination methods. The mechanical properties such as compressive strength, elastic
modulus and failure mode are analyzed from the aspects of combination mode, rock con-
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tent and the layer number of each specimen, and the variation law of mechanical properties
after uniaxial compression is discussed.

2. Uniaxial Compression Test of Layered Rock Mass
2.1. Test Scheme

Berisavljevic et al. [24] carried out a series of uniaxial compression tests on the com-
bination specimens of sandstone and siltstone. The experimental results show that the
inhomogeneity of sample strength seriously affects the accuracy of the experiment. This is
because the rocks collected in the field have certain limitations and it is difficult to ensure
the uniformity and integrity of the rocks. Therefore, the most common method of preparing
samples is to collect rocks with different lithological properties, cut, polish and shape
them to the desired size separately, and finally assemble them. The same cementation is
used between layers and the same thickness is applied. In this experiment, the sandstone
and shale were made into cylindrical samples with diameters of 25 mm and different
thicknesses, and the height of the combined samples was 50 mm. In order to analyze the
influence of different combination characteristics, the samples are divided into four types.
As shown in Table 1, these are single rock, superimposed rock mass, sandwiched rock mass
and interbedded rock mass. The schematic diagram of the sample design scheme is shown
in Figure 1. This study discusses that soft rock and hard rock are not the mechanical classi-
fication of engineering rock mass, but are divided into soft rock and hard rock according to
their relative strength. When the uniaxial compressive strength of hard rock is more than
one times that of soft rock, they can be divided into soft rock and hard rock.

Table 1. Uniqueness of each rock.

Category Type Characteristic
1 Single Shale and sandstone are sedimentary rocks, whose mechanical
rock mass characteristics are closely related to structural composition.
It is composed of two kinds of rock mass with different strength.
5 Superimposed The thickness of each rock mass is relatively thick,
rock mass and its mechanical properties are determined by two

kinds of components.
The sandwiched rock mass has a layered or banded soft (hard)

3 Sandwiched thin layer, and its mechanical properties such as mechanical
rock mass strength and elastic modulus are smaller (larger) than those of
surrounding rock.
The interbedded rock mass is a kind of sedimentary type in
4 Interbedded which soft rock and hard rock alternate with each other in
rock mass longitudinal direction and the thickness is small. The lithology

shows frequent vertical alternations between soft and hard.

1-1 1-2 2 3-1 3-2 3-3
I shale
I sandstone
42 43 5-1 52

Figure 1. Schematic diagram of sample scheme.

4.1
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2.2. Test Results

The uniaxial compression test of the prepared combination rock mass was carried out
by TAW-2000 rock triaxial shear tester, and a continuous loading method was used to load
the sample to failure. The compressive strength, elastic modulus and stress—strain curves
of the samples were obtained. The average value of each group of experimental data was
used as the test result. The test data are shown in Table 2.

Table 2. Test results.

Grouping Lithology Proportion Numberof  Hierarchical Compressive Modulus of
(H:S) Layers Feature Strength/MPa Elasticity/GPa

1-1 Shale 1 200.67 34.72
1-2 Sandstone 1 37.37 9.66

2 1:1 2 HS 40.8 9.39
3-1 4:1 3 HSH 76.88 15.65
3-2 3:2 3 HSH 41.77 12.63
3-3 Shale- 2:3 3 HSH 29.04 9.14
4-1 Sandstone 1:4 3 SHS 29.64 6.02
4-2 Association 2:3 3 SHS 48.34 10.19
4-3 3:2 3 SHS 67.05 10.93
5-1 3:2 5 HSHSH 44.22 8.89
5-2 2:3 5 SHSHS 48.17 8.28

Note: H (hard) stands for shale S (soft) stands for sandstone.

3. Mechanical Properties of Layered Rock Mass
3.1. Comparative Analysis of Compressive Strength

The compressive strength characterizes the ability of rock to resist damage, so the
combined characteristics of the compressive strength of the rock mass are analyzed. It is
of great significance for understanding the fracture behavior of deep layered rock mass.
Figure 2 summarizes the compressive strength values of all rock masses. According to the
compressive strength of the single rock mass, the average uniaxial compressive strength of
sandstone is 37.37 MPa, and that of shale is 200.67 MPa. This is because the shale used in
this experiment has good compactness, while the mineral component particles of sandstone
are larger and weakly cemented, so there is a large difference in strength. The compressive
strength of shale is five times that of sandstone. The uniaxial compressive strength of the
combination is between 29 and 80 MPa, which is between the strength of sandstone and
shale. In combination rock samples, both sandstone and shale bear the stress of loading at
both ends. As the existence of high-strength shale improves the overall bearing capacity,
the compressive strength of the combination rock samples is higher than that of single
sandstone rock samples. However, due to the low compressive strength of sandstone, the
stress in the loading process first reaches the maximum bearing capacity of sandstone.
Although it does not reach the bearing capacity of shale, the combined sample has lost
its bearing capacity. Thus, the strength of the combined sample is lower than that of a
single shale sample. In addition, the compressive strength of the combined samples is more
similar to that of sandstone. This indicates that low strength rock mass plays a key role in
the overall strength of rock mass in different lithologic assemblage strata.

In summary, the compressive strength of the combined sample is between the com-
pressive strength of the combined component, which is biased towards the compressive
strength of the soft rock. The soft rock of the combination plays a decisive role in the
strength of the combination.

Figure 3 analyzes the strength characteristics of the superimposed rock mass. The
strength of 1-1 shale is 200.67 MPa, The strength of 1-2 sandstone is 37.37 MPa. Additionally,
the compressive strength of superimposed rock mass 2 is 40.8 MPa, which is 1.09 times that
of sandstone, but only 0.203 times that of shale. This shows that the strength of soft and
hard superimposed rock mass is slightly higher than that of sandstone. Compared with
the strength of shale, the strength will decrease greatly. Therefore, for the soft and hard
superimposed rock mass, the strength is greatly affected by sandstone (relatively soft rock
mass). When the content of each component is the same, its strength will be close to the
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strength of soft rock mass. Relevant scholars’ research [12] also shows that the strength of
composite rock will be between the compressive strength of two kinds of rock [14].

200.67 combinatorial type
[Jsingle rock mass

[T superimposed rock mass
soft sandwiched rock mass
150 | XXy hard sandwiched rock mass
Einterbedded rock mass

200
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100
76.88
67.05
50 | 5737 408 4177 4834 N\ 44.22 48.17
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1-1 132 33 4142 43 51 52
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Figure 2. Comparative analysis of the compressive strength of the combination.
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Figure 3. Strength characteristics of superimposed rock mass.

Figure 4a shows the soft sandwiched rock mass with different component content.
The sandwich height of the samples from groups 3-1, 3-2 and 3-3 increased successively,
and the compressive strength of samples with sandstone content of 20%, 40% and 60%
were 76.88 MPa, 41.77 MPa and 29.04 MPa, respectively. It can be observed that the
strength of combination was continuously weakened with the increase in the content of
sandwiched sandstone. Figure 4b shows hard interbedded rock mass with a different
component content. The interlayer height of samples in groups 4-1, 4-2 and 4-3 successively
increased, the shale content was 20%, 40% and 60%, respectively, and the compressive
strength was 29.64 MPa, 48.34 MPa and 67.05 MPa, respectively. It can be observed that
the strength of combination body increases with the increase in shale content. This also
indicates that, for the interbedded rock mass, the strength of the rock mass mainly depends
on the lithology and content of the rock strata. When the sandwich is sandstone (soft rock
mass), the strength of the assemblage increases with the decrease in the sandwiched rock
mass content. When the sandwich is shale (hard rock), the strength of the combination
decreases with the decrease in sandwich content.
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Figure 4. Influence of interlayer thickness on the strength of interlayer rock mass.

In summary, the effect of the sandwich on the overall strength of the rock mass is as
follows, when the strength of the sandwich is lower than that of surrounding rock, the
overall strength of the rock layer decreases with the increase in the thickness of sandwich.
When the strength of the sandwich is higher than that of surrounding rock, the overall
strength of the rock stratum increases with the increase in sandwiched thickness.

Figure 5 analyzes the effect of rock position on strength. The shale content of samples
3-2 and 4-3 is 60%, and the compressive strength is 41.77 MPa and 67.05 MPa, respectively.
When the soft rock layer is in the sandwich, the strength of the sample will be low. In
Figure 5b, the shale content of samples 3-3 and 4-2 is 40%, and the compressive strength is
29.04 MPa and 48.31 MPa, respectively. When the hard rock layer is in the sandwich, the
strength of the sample will be higher.
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Figure 5. Influence of rock position on the strength of the sandwich rock mass.

In conclusion, when the content of each component of the sample is unchanged, the
influence of the sandwich on the strength is the strongest. When the sandwich is a weak
rock layer, the sample shows smaller strength. When the sandwich is a hard rock layer, the
sample shows greater strength.

Figure 6 compares and analyzes the influence law of the number of rock layers on the
strength of the superimposed rock mass and interbedded rock mass. The strength of the
superimposed rock mass is 40.8 MPa, and that of the interbedded rock mass is 44.22 MPa
and 48.17 MPa. From the perspective of the component content, taking shale as an example,
the shale content of superimposed rock mass is 50%, and that of interbedded rock mass is
60% and 40%, respectively, between the superimposed rock mass. From the perspective
of the component content alone, the strength of the superimposed rock mass is between
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the two groups of interbedded rock mass, but the strength of interbedded rock mass is
higher than that of superimposed rock mass. This indicates that the number of layers has
an important effect on the strength. When the composition content of the combination is
similar, the overall strength will increase with the increase in the number of layers.

x®
(=]

I interbedded rock mass
1 shale M sandstone
48.17
44.22

10 “ Il superimposed rock mass
0

DN 3
oS o
T T
(S5
N. b

N W s W
S © o o

Compressive strength /MPa
S

S

2 5-1 5-2
Group number

Figure 6. The influence of the number of layers on the strength of rock mass.

Figure 7 analyzes the strength characteristics of sandwiched rock mass and interbed-
ded rock mass with the same component content. The strength of samples 3-2 and 5-1
are 41.77 MPa and 44.22 MPa, respectively. The strength of samples 4-2 and 5-2 are
48.34 MPa and 48.17 MPa, respectively. The intensity is very similar. This indicates that the
level of component content has an important effect on the rock mass of interbedded and
sandwiched rock mass. The strength is similar when the component content is the same
and the surrounding rock type is the same.

90 90
< go| 5] B8 M sandwiched rock mass | - “ Il sandwiched rock mass
‘E - [ interbedded rock mass E [ interbedded rock mass
< 70 ? shale [ sandstone 701 - W shale [ sandstone
EX ; EL e
§ 5} -2 5-1 8 50l 48.34 48.17
7 41.77 44.22 7
0 40 L40F
g 30 é 30
.20 £20
S 10 S 1o}

0 0 =

3 5-1 4-2 52
Group number Group number
(a) High shale content (b) High sandstone content

Figure 7. Comparison between sandwich type and interbedded type with the same content.

In conclusion, the composition content has an important effect on the rock mass. The
greater the proportion of hard rock, the easier it is for the combination to show greater
strength. In addition, the strength of the superimposed rock mass is greatly affected by
the type of components. The strength value of the superimposed rock mass is between the
strength of each component, which is slightly higher than that of the weak component, but
significantly lower than that of the hard component. The strength of the sandwiched rock
mass is closely related to the thickness of the sandwich and the strength of the sandwich
and surrounding rock. Interbedded rock mass has the largest number of layers, the strength
of interbedded rock mass is similar to that of sandwiched rock mass when the composition
content is the same or similar and the type of surrounding rock is the same. When the
composition content is similar, the strength of interbedded rock mass is slightly higher
than that of superimposed rock mass. It is similar to the current research results [14]. The

strength of composite rock mass will be between the strength of two kinds of rock and close
to low strength [19].
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3.2. Comparative Analysis of Elastic Modulus

Elastic modulus is the ratio of stress to strain change value of the object in the elastic
deformation stage, that is, the stress required for the unit elastic deformation of the material
under the action of external force. The elastic modulus characterizes the ability of the object
to resist elastic deformation. Therefore, it is of great significance to clarify the influence of
combination characteristics on the elastic modulus for understanding the deformation law
of rock in deep combined strata.

To compare the elastic modulus, Figure 8 is drawn according to the order of the elastic
modulus and the component content and layered characteristics of the sample. The values
of the elastic modulus was closely related to the component content. The higher the shale
content is, the lower the sandstone content is, and the higher the elastic modulus of the rock
mass is. In addition, the number of layers and the location of the rock layer also affect the
elastic modulus. When the component content is the same, the elastic modulus of the hard
sandwich is smaller than that of the soft sandwich. The elastic modulus of the interbedded
rock mass with the same component content is smaller than that of the sandwich rock mass.

3B w3472 —A— sandwiched rock mass
—@— interbedded rock mass
30k —M—single rock mass
g —4— superimposed rock mass
2 5r
G the strata are from top to bottom
3 ~
% L HSH shale, sandstone, shale
G 2 (4:1) ~
7 shale content:sandstone content
=2 15.65
S 15
(=}
12.63 9.66
10 - .\.“‘92 8.28
10.19 939 0.8 GAOZ
5 -
1 1 1 1 1 1 1 1 1 1 1

H HSH HSH SHS SHS S HS HSH HSHSH SHSHS SHS
(4:1) (3:2) (3:2) (2:3) (1:1) (2:3) (3:2) (2:3) (1:4)
Assembly name

Figure 8. Analysis diagram of elastic modulus.

Figure 9 shows the stress diagram of superimposed, sandwiched and interbedded
rock masses. Assuming that the stress between layers is equal, according to Hooke’s law,
the shape variable of the assemblage can be expressed by Equation (1), and that of each
rock layer can be expressed by Equation (2).

Fh

A= 1)
Py

My = @

where h represents the height of rock strata, F represents the pressure of the rock mass, E
represents the elastic modulus and A represents the upper and lower area of the rock mass.

o (o3
I lithology 1 lithology 1 h lithology 1
[ lithology 2 hI 1 I lithology 2 1 lithology 2
h, I lithology 3 h, lithology 3
lithology 4
I h2 h3 I lithology 5

(o2
(a) Two lithologic
combinations

(o

(b) Three lithologic
combinations

Figure 9. Stress analysis diagram of layered rock mass.
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The total deformation is the sum of the deformation of the rock layer, as shown in
Equation (3). Thus, the elastic modulus of the combination can be expressed by Equation (4).

Al =Yk 3)
1 1(h  hy
e=ilE " E) @
For Figure 9b,c, the elastic modulus of the combination can be expressed by
Equations (5) and (6) as
1 1(hy  hy 3
=Bt B E ©

= =+ttt

6
Ey E» E3 Ei Es (©)

1 1(h  hy h3s hy hs
E h

The elastic model of the combination is only related to the elastic modulus of each
component and the height of the rock layer. For the combination containing only two
materials, the elastic modulus can be expressed by Equation (7).

1 o B
E R B 7
The percentage of the height of the material with a surface elastic modulus of E; to
the total height of the combination. The percentage of the height of the material whose
modulus of elasticity is E; in the total height of the combination. Substitute 8 =1 — « into
Equation (8) to obtain:
E_ E1E;
- a(Ep — E1) + Ep

If E; > Eq, the larger o (the higher the total height of the material whose elastic modulus
is E1), the lower the elastic modulus of the combination. If E; < Ej, the larger « (the higher
the total height of the material whose elastic modulus is E1), the higher the elastic modulus
of the combination will be. Therefore, for the elastic modulus of a combination containing
only two materials, when the component with a large elastic modulus accounts for a large
number, the elastic modulus of the combination will be larger. On the contrary, when the
component with a small elastic modulus accounts for a large number, the elastic modulus
of the combination will be smaller.

Figure 10 shows the comparison of the elastic modulus between the sandwiched rock
mass and interbedded rock mass with the same component content. When the component
content is the same, the elastic modulus of the rock mass should be the same or remain
similar. However, it can be seen from Figure 10 that the elastic modulus of the interbedded
rock mass in the two groups of samples is significantly lower than that of the sandwiched
rock mass. The reason is that there are structural planes between the upper and lower
layers on the stratified interface. In contrast to the intact rock mass without stratification,
the contact mode between two walls under the structural plane is several points or a local
structural plane. Although the layered interface was treated before the experiment, the
structural plane effect was broken to a certain extent, and the upper and lower structural
planes were still in incomplete contact, which would lead to the decline of the mechanical
properties of similar materials. The more layers there are, the more severely the mechanical
properties of similar materials will decline. The discontinuity between layers will increase,
which will increase the deformation of rock mass, so the elastic modulus will decrease.

®)
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Figure 10. Influence of the number of layers on the elastic modulus.

In conclusion, the elastic modulus of the combination is mainly affected by the content
of components and the number of layers. The greater the content of hard components,
the lesser the deformation and the greater the elastic modulus of rock mass. When the
component content is the same, the increase in the number of layers will form more
structural planes and generate larger shape variables, and the elastic modulus will decrease.
Previous study has suggested that the elastic modulus of the combination will be close
to that of the rock with a high content [16]. This study draws more detailed conclusions
through formula derivation and experimental data.

4. Failure Characteristics of Layered Rock Mass
4.1. Analysis of Stress—Strain Curve

The uniaxial compression stress—strain curve of the combination can be roughly di-
vided into four stages, similarly to a previous study [21]. As shown in Figure 11 OA stage,
the compaction stage, there are micro-cracks in the rock mass itself. With the increase in
stress, these micro-cracks gradually close, and the rock will be compacted to form early
nonlinear deformation, and the stress—strain curve is concave. The AB stage, elastic de-
formation stage the stress—strain curve of this stage shows an approximately linear shape,
which can be approximated as elastic deformation. In the BC stage, the plastic deforma-
tion stage from the elastic stage after the test block began to enter the plastic stage, the
development of micro-fracture undergoes a qualitative change, the fracture continues to
develop, the micro-cracks in the specimen under the action of pressure gradually formed a
semi-through joint in the test block, the specimen has a volume compression into a volume
expansion and the axial strain increases sharply. After the C point, the post-fracture stage,
after the bearing capacity of the test block reaches the peak strength, its internal structure
is seriously damaged. The crack penetrates the entire test block to form a macroscopic
fracture surface. The bearing capacity decreases sharply with the deformation of the test
block; however, it does not drop to zero, indicating that the test block after failure still has a
certain bearing capacity.

According to the composition content of the rock sample, the number of strata and
the combination way, the stress—strain curve of the assemblage will also show different
characteristics. The stress—strain curve was plotted in Figure 12 for comparative analysis.
The maximum strain value of sandstone is 0.62, and that of shale is 0.83, which is related
to the material of the sample itself and its own micro-cracks. Similarly to the conclusion
drawn above, the maximum strain value of the combination body is basically between the
two. Figure 12a shows the comparison between the superimposed rock mass and sandstone
or shale. It can be seen that the stress—strain curve of the superimposed rock mass has the
same trend as that of sandstone, indicating that the mechanical properties of the assemblage
are mainly affected by sandstone and shale. Figure 12b shows the soft sandwiched rock
mass with different component contents. As can be seen from the curve, the peak strain of



Appl. Sci. 2023,13, 7537

110f15

the HSH (4:1) sample with the lowest sandstone content is above 0.7, while the other two
groups of samples have a relatively high interlayer content and the maximum strain value
is approximately 0.4. This indicates that, when the thickness of the soft sandwiched rock
mass is small, the rock mass is more likely to have a greater strain value. Figure 12c shows
the hard sandwiched rock mass with a different content. The SHS (1:4) sample shows an
obvious stress drop phenomenon, while the other two groups of samples with a higher
sandwiched content have smooth curves. This indicates that the mechanical properties of
the combination are more unstable when the content difference of components is relatively
large. The compaction stages of the curves in Figure 12d are almost identical. This indicates
that the component content of the sandwiched rock mass and superimposed rock mass
plays a decisive role in the mechanical properties of the samples at the initial loading stage.

OA section is the compaction stage
S0r ion is the elastic deformati
AB section is the elastic de ormation stage post-rupture
r BC section is the plastic deformation stage stage
40 L Post-rupture stage after point C
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Figure 11. Analysis of combination stress—strain curve.
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Figure 12. Comparative analysis of stress—strain curves.



Appl. Sci. 2023,13, 7537

12 0f 15

4.2. Damage Pattern of Rock Sample

Figure 13 shows the fracture characteristics of the soft sandwiched rock mass with
different component contents. When the content of the interlayer is 20%, as shown in
Figure 13a, the sandstone layer in the sample falls off, and the shale part cracks along
the direction of the sandstone falling off. Under the vertical load, the sandstone part first
expands and a part of the rock mass falls off, forming a highly concentrated area of stress
at the interface between the soft and hard layers. Finally, the axial fracture failure occurs in
the shale part. When the interlayer content is 40%, as shown in Figure 13b, shear failure
occurs in sandstone, and two approximately parallel oblique fractures appear, with volume
dilatation, but not as obvious as the former. When the content of the interlayer is 60%, as
shown in Figure 13c, shear failure occurs in the sandstone part. Due to the high proportion
of sandstone, the failure characteristics are similar to that of sandstone.

rock mass
shedding

parallel
fracture
split crack

(a) Interlayer (b) Interlayer (c) Interlayer
content : 20 % content : 40 % content : 60%

Figure 13. Failure characteristics of weak interlayer.

Therefore, the failure mode of the rock mass containing a soft sandwich is related to
the content of rock strata. With the increase in the content of sandstone, the failure degree
of sandstone gradually weakens, and the failure mode presents the trend of splitting failure
to shear failure.

Figure 14 shows the failure characteristics of the hard sandwiched rock mass with
different component contents. When the sandwich content is 60%, as shown in Figure 14a,
splitting failure occurs in the sandstone part, and longitudinal fractures of the sample are
concentrated in the sandstone, without obvious phenomena on the shale surface. When
the sandwich content is 40%, as shown in Figure 14b, the sandstone is also split failure,
with three vertical fractures at the lower end and one vertical fracture at the upper end
penetrating through the shale. When the sandwich content is 20%, as shown in Figure 14c,
a large area of volume shedding occurs in the lower surrounding rock.

Therefore, the failure characteristics of hard sandwiched rock mass are related to the
component content. When the content of the sandwiched rock is high or low enough,
the failure of the rock mass mainly occurs in the surrounding rock. When the content of
sandwiched rock is similar to that of surrounding rock, the failure of both the sandwiched
rock mass and surrounding rock mass will occur.

Figure 15 shows the failure characteristics of the interbedded rock mass. As shown
in Figure 15a, the top sandstone part has a vertical crack, but without crossing the shale
section, there is no obvious phenomenon. The rest of Figure 15b shows a sample surface
without apparent damage. It can be seen that the strength of the soft and hard interbedded
rock mass is similar to that of other rock mass under the condition of constant lithology and
proportion. However, the damage degree shown after compression will be significantly
weakened. It is difficult to produce cracks.
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Figure 14. Failure characteristics of the hard interlayer.
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Figure 15. Failure characteristics of interbedded rock mass.

5. Conclusions

Through uniaxial compression experiments on different types of rock masses, the
compressive strength, elastic modulus and failure characteristics of the samples were
obtained. The influence of component content, number of layers and rock position on the
combined rock mass was analyzed. The conclusions are as follows:

(1) The mechanical properties of the superimposed rock mass, such as strength and
elastic modulus, are between the sandstone and shale. The strength and elastic modulus
of superimposed rock mass decrease greatly compared with the shale, but increase little
compared with sandstone. Sandwiched rock mass can be divided into soft sandwiched
rock mass and hard sandwiched rock mass. The overall strength of the soft sandwiched
rock mass decreases with the increase in sandwich thickness, while the overall strength of
hard sandwiched rock mass increases with the increase in rock thickness. Compared with
the former, the mechanical properties of the interbedded rock mass tend to be more stable;
the strength and elastic modulus of the interbedded rock mass only change a little after
changing the composition content and formation location. Compared with the sandwiched
rock mass, the strength of the interbedded rock mass is similar to that of the sandwiched
rock mass, but the elastic modulus of the interbedded rock mass decreases with the increase
in the number of layers.

(2) The stress—strain curve of the combination can be divided into the compaction
stage, elastic stage, plastic stage and post-peak bearing stage. The component content of
rock mass plays a decisive role in the compaction stage. When the component content is
unchanged, the interbedded rock mass will produce a larger strain value.
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(3) The failure modes of the combination are mainly shear failure and splitting failure.
The failure mode of the rock mass with the soft sandwich is related to the content of the
rock layer. With the increase in the sandwich content, the failure degree of sandstone is
gradually weakened, and the failure mode shows the trend of splitting failure to shear
failure. For hard sandwich rock mass, when the sandwich content is high or low enough,
the failure of the rock mass mainly occurs in the surrounding rock. When the content of the
sandwich is similar to that of the surrounding rock, both the sandwich and surrounding
rock will appear. The properties of soft and hard interbedded rock mass are more stable
and the damage degree is less.

(4) Layered rock mass is the most common type of rock mass in practical engineering.
The research results of this paper can provide a reference for the complex layered rock
mass problems encountered in oil and gas exploitation and underground excavation. The
cementation between the layered rock samples prepared in this experiment is the same.
In fact, the cementation between the rock layers also affects the strength of the rock mass.
Therefore, the cementation between rock layers can be further studied as a variable.
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