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Abstract: In order to study the effect of interlayer thickness on the deformation and strength char-
acteristics of interbedded sandstone under load, uniaxial compression and conventional triaxial 
compression tests were carried out on four interbedded medium-grained sandstone samples with 
different interlayer thickness, accounting for different proportions of the total height of the sample 
(5%, 10%, 15%, and 20%). The samples were from the Shendong Mining Area and investigated 
using an RMT-150C rock mechanics test system. Then the stress–strain curve characteristics, 
strength characteristics, and failure characteristics of the interbedded medium-grained sandstone 
with different interlayer thickness were analyzed, and the applicability of Mohr–Coulomb strength 
criterion and Rocker criterion to interbedded medium-grained sandstone with different interlayer 
thickness was evaluated. The research results show that, as the thickness of the interlayer gradually 
increases, the uniaxial compressive strength of the sandstone containing the interlayer first de-
creases and then increases; as the thickness of the interlayer increases, the elastic modulus of the 
sandstone containing the interlayer gradually decreases, and the peak strain increases gradually; 
the thickness of the interlayer has little effect on the triaxial compressive strength of the sandstone 
containing the interlayer. When the thickness of the interlayer is small, the deviation of the fitted 
uniaxial compressive strength of the Rocker strength criterion is relatively small, and the applica-
bility is good; the prediction result of the uniaxial compressive strength of the Mohr–Coulomb 
strength criterion is better; for the tensile strength of the interlayer rock, the Rocker strength crite-
rion has good applicability. The existence of the interlayer hinders the development of medi-
um-grained sandstone cracks, but this effect is weakened with the increasing thickness of the in-
terlayer. The research results are helpful to further reveal the movement law of overlying rocks in 
Shendong mining area, and provide basic parameters for related research. 

Keywords: interlayer; sandstone; conventional triaxial compression; strength criterion; failure 
characteristics 
 

1. Introduction 
There are a large number of weak planes, joints, and intercalations in the coal 

measure strata of Boertai Coal Mine, Daliuta Coal Mine, and Bulianta Coal Mine in the 
Shendong Mining Area. During the scientific research project, cores of about 1000 m 
were collected and their lithology was statistically analyzed. It was found that there were 
a large number of coal measures and coal-bearing interlayers of different thickness in 
sandstone [1–4]. The existence of such interlayers has a significant impact on the failure 
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mode, motion law, and force transmission mode of the overlying strata. In order to ac-
curately and effectively understand the mechanical properties of an intercalated rock 
mass, it is of significant engineering practical value to study the mechanical properties of 
the intercalated rock mass. 

To study the influence of joints within a rock mass on the mechanical properties of 
the rock mass, many researchers have carried out much research on the deformation 
characteristics, compressive strength, and failure forms of jointed rock mass through rock 
mass test, numerical analysis, model test, and other methods [5–8]. Xiao Weimin et al. [9] 
simulated a columnar jointed rock mass and analyzed its deformation and strength 
characteristics under conventional triaxial compression, and summarized four typical 
failure types of columnar jointed rock mass under triaxial compression, and discussed its 
failure mechanism. Wang Zihua [10] studied the uniaxial compression test and numerical 
simulation of a rock mass with a single joint fissure, and analyzed the effects of joint 
plane inclination, thickness, and length on uniaxial compressive strength. Zhang Shifei et 
al. [11,12] analyzed the variation law of the macromechanical properties (strength and 
elastic modulus) of a jointed rock mass under uniaxial compression with joint inclination 
by using FLAC3D numerical simulation. They believed that with the increase of the joint 
inclination from 0° to 90°, the middle part of the prefabricated joint gradually changed 
from tensile stress concentration to compressive stress concentration, and the rock bridge 
part gradually changed from compressive stress concentration to tensile stress concen-
tration. Li Jiangteng et al. [13,14] tested and simulated the fracture characteristics of 
sandstone under cyclic loading. They concluded that the radial displacement defor-
mation process and microcrack propagation law of the sample were related to the upper 
limit load ratio. Li Hongzhe et al. [15] showed through triaxial compression tests and 
analysis that the failure form and deformation characteristics of marble samples with 
natural through-going joints under different confining pressures mainly depend on the 
angle between the joint plane and the maximum principal stress, and that the influence of 
confining pressure was not obvious. Deng Huafeng and Wang Peixin [16–18] studied the 
deformation and failure characteristics of sandstone with different joint dip angles on the 
basis of triaxial compression tests. They found that the joint inclination angle and con-
fining pressure had a great influence on the failure mechanism of sandstone, and that 
different joint inclination angles and confining pressures resulted in different defor-
mation and failure modes of the sandstone samples, which determined the anisotropy of 
the deformation and strength parameters of intermittent jointed sandstone. Yang Shengqi 
[19] conducted monotonic and cyclic loading tests on single-jointed sandstone under 
different confining pressures, and reported that the peak strength of jointed sandstone 
samples increased with the increase of confining pressure. The evolution of the elastic 
modulus of the sample experienced three stages: obvious increase, sharp decrease, and 
stabilization after the peak. 

In summary, a large number of researchers have fully studied the deformation, 
strength, and failure characteristics of rock during compression, based on the parameters 
such as joint inclination, joint penetration, and joint number. However, there are rela-
tively few studies on the influence of interlayer thickness on the deformation and 
strength characteristics of sandstone. Therefore, in this paper, five interbedded samples 
with interlayer thicknesses of 5, 10, 15, and 20 mm were prepared, and uniaxial and tri-
axial compression tests on the five samples were carried out by using an RMT-150C 
mechanical testing machine, manufactured by the Institute of Rock and Soil Mechanics. 
Then the influence of interlayer thickness on uniaxial and triaxial mechanical parameters 
together with failure characteristics was analyzed, and the applicability of five strength 
criteria was evaluated. This study can provide a basis for the engineering application of 
interbedded sandstone. 
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2. Characteristics of the Sandstone Samples 
The medium-grained sandstone and coal samples were collected from the Bulianta 

Coal Mine and the Burtai Coal Mine in Ordos, Inner Mongolia. The samples were pro-
cessed into standard samples with a diameter of 50 mm and a height of 100 mm accord-
ing to the requirements of the specification [20]. The uniaxial compression test samples 
were divided into six groups, of which Group A (A1~A3) consisted of complete medi-
um-grained sandstone samples, Group B (B1~B3), Group C (C1~C3), Group D (D1`D3), 
and Group E (E1~E3) were interbedded medium-grained sandstone samples with inter-
layer thickness accounting for 5%, 10%, 15%, and 20% of the total height of the sample, 
respectively. Group F (F1~F3) were coal samples. The triaxial compression samples were 
divided into four groups: Group SZA (SZA-1~SZA-5), Group SZB (SZB-1`SZB-5), Group 
SZC (SZC-1~SZC-5), and Group SZD (SZD-1~SZD-5) with five samples in each group. 
They were medium-grained sandstone samples with interlayer thickness accounting for 
5%, 10%, 15%, and 20% of the total height of the sample, respectively. The sample scheme 
design is shown in Figure 1, and the physical picture is shown in Figure 2. 

 
Figure 1. Schematic diagram of sample scheme design. 

  

(a) (b) 

  

(c) (d) 

Figure 2. Partially formed samples: (a) 5 mm; (b) 10 mm (c) 1 mm; (d) 20 mm. 
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3. Test Method 
The uniaxial and conventional triaxial compression tests of intercalated medi-

um-grained sandstone were carried out by using an RMT-150C rock mechanics test sys-
tem. Displacement control was adopted, with an axial loading rate of 0.002 mm/s and a 
confining pressure loading rate of 0.1 MPa/s. Conventional triaxial compression tests 
were carried out 20 times with the confining pressure in the range 5.0–25.0 MPa, in which 
5 MPa was used for the SZA-1, SZB-1, SZC-1, and SZD-1 samples; 10 MPa was used for 
the SZA-2, SZB-2, SZC-2, and SZD-2 samples; 15 MPa was used for the SZA-3, SZB-3, 
SZC-3, and SZD-3 samples; 20 MPa was used for the SZA-4, SZB-4, SZC-4, and SZD-4 
samples; and 25 MPa was used for the SZA-5, SZB-5, SZC-5, and SZD-5 samples. A hy-
drostatic pressure condition (σ1:σ2:σ3 = 1:1:1) was applied to the predetermined confining 
pressure value, and then the axial stress was continuously applied until the sample was 
completely destroyed. The uniaxial compression test was repeated three times, and the 
triaxial compression test was conducted five times for each group of samples. 

4. Analysis of Uniaxial Compression Test Results 
4.1. Characteristics of Stress–Strain Curves of Interbedded Sandstone with Different Interlayer 
Thickness 

Figure 3 shows the stress–strain curves of the complete medium-grained sandstone, 
coal, and four interbedded medium-grained sandstone samples with different interlayer 
thickness. It is indicated in this figure that the stress–strain curves of the complete medi-
um-grained sandstone and four interbedded medium-grained sandstone samples with 
different interlayer thickness can be basically divided into four stages, i.e., initial compac-
tion stage, linear elastic stage, plastic deformation failure stage, and post-peak failure stage. 
However, the stress–strain curve of the coal sample only exists in the initial compaction 
stage, linear elastic stage, and plastic deformation failure stage. This is mainly due to the 
brittleness of the coal sample. Before the coal sample is damaged, a large amount of energy 
is accumulated. It is released instantaneously during the damage. The damage degree of 
the sample is high, and the sound of the coal sample collapsing can be heard during the 
test, indicating that the impact to the coal sample is relatively strong. Furthermore, Figure 3 
also indicates that the upwelling phenomenon of the four interbedded medium-grained 
sandstone samples with different interlayer thickness is relatively complete in the initial 
compaction period, and the strength of the interbedded medium-grained sandstone is 
weakened. With the increase of the interlayer thickness, the slope of the linear elastic phase 
decreases, and the curve near the peak stress becomes steep. This means that the impact to 
the medium-grained sandstone increases with the increase of the interlayer thickness. In 
addition, there is a step-down phenomenon in the post-peak failure stage. This is mainly 
due to the gradual increase of the interlayer thickness and thus the increasing influence of 
the mechanical properties of coal on the intercalated medium-grained sandstone. 
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Figure 3. Stress–strain curves of complete sandstone, four kinds of interbedded sandstone with 
different interlayer thickness, and coal: (a) complete medium-grained sandstone; (b) medi-
um-grained sandstone with interlayer thickness of 5 mm; (c) medium-grained sandstone with in-
terlayer thickness of 10 mm; (d) medium-grained sandstone with interlayer thickness of 15 mm; (e) 
medium-grained sandstone with interlayer thickness of 25 mm; (f) coal. 

4.2. Characteristics of Uniaxial Mechanical Parameters of Interbedded Sandstone with Different 
Interlayer Thickness 

Table 1 shows the uniaxial compression test results of the interbedded sandstone 
with different interlayer thickness, where σc is the uniaxial compressive strength, εc is 
the peak strain, E is the elastic modulus, and μ is Poisson’s ratio. Figures 4–6 show the 
relationship between peak stress and interlayer thickness, the relationship between elas-
tic modulus and interlayer thickness, and the relationship between peak strain and in-
terlayer thickness. With Figures 4–6 and Table 1 combined, it can be seen that the com-
pressive strength is 45.55–50.76 MPa with an average value of 48.85 MPa for the complete 
medium-grained sandstone; 40.07–42.92 MPa with an average of 41.97 MPa for the in-
terbedded medium-grained sandstone with interlayer thickness of 5 mm that accounts 
for 5% of the total height of the sample; 40.89–42.14 MPa with an average of 41.41 MPa for 
the interbedded medium-grained sandstone with interlayer thickness of 10 mm that ac-
counts for 10% of the total height of the sample; 38.79–42.13 MPa with an average of 40.70 
MPa for the interbedded medium-grained sandstone with interlayer thickness of 15 mm 
that accounts for 15% of the total height of the sample; and 41.87–43.62 MPa with an av-
erage of 42.52 MPa for the interbedded medium-grained sandstone with interlayer 
thickness of 20 mm that accounts for 20% of the total height of the sample. Moreover, the 
peak strain is (5.63–6.26) × 10−3 with an average of 6.00 × 10−3 for the complete medi-
um-grained sandstone; (5.73–6.26) × 10−3 with an average of 6.01 × 10−3 for the interbedded 
medium-grained sandstone with interlayer thickness of 5 mm that accounts for 5% of the 
total height of the sample; (7.67–8.12) × 10−3 with an average of 7.95 × 10−3 for the inter-
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bedded medium-grained sandstone with interlayer thickness of 10 mm that accounts for 
10% of the total height of the sample; (8.41–9.03) × 10−3 with an average of 8.73 × 10−3 for 
the interbedded medium-grained sandstone with interlayer thickness of 15 mm that ac-
counts for 15% of the total height of the sample; and (8.26–10.4) × 10−3 with an average of 
9.02 × 10−3 for the interbedded medium-grained sandstone with interlayer thickness of 20 
mm that accounts for 20% of the total height of the sample. In addition, the elastic mod-
ulus is 8.9–11.68 GPa with an average value of 10.02 GPa for the complete medi-
um-grained sandstone; 8.68–9.2 GPa with an average value of 8.89 GPa for the interbed-
ded medium-grained sandstone with interlayer thickness of 5 mm that accounts for 5% of 
the total height of the sample; 6.51–6.77 GPa with an average value of 6.61 GPa for the 
interbedded medium-grained sandstone with interlayer thickness of 10 mm that ac-
counts for 10% of the total height of the sample; 5.68–5.93 GPa with an average value of 
5.79 GPa for the interbedded medium-grained sandstone with interlayer thickness of 15 
mm that accounts for 15% of the total height of the sample; and 5.35–5.83 GPa with an 
average value of 5.53 GPa for the interbedded medium-grained sandstone with interlayer 
thickness of 20 mm that accounts for 20% of the total height of the sample. There is no 
obvious law for Poisson’s ratio of interbedded medium-grained sandstone with different 
interlayer thickness, and the interlayer thickness has no significant effect on Poisson’s 
ratio for jointed sandstone. 

The data analysis above indicates that the uniaxial compressive strength of the in-
terbedded sandstone with different interlayer thickness decreases first with the gradual 
increase of the interlayer thickness. It reaches its minimum value when the interlayer 
thickness accounts for 15% of the total height of the sample, and then increases with the 
gradual increase of the interlayer thickness. The elastic modulus decreases with the in-
crease of the interlayer thickness, showing a negative correlation, while the peak strain 
increases with the increase of the interlayer thickness, showing a positive correlation. 
Therefore, when the difference between the compressive strength of the interlayer and 
the compressive strength of the sandstone is small, the interlayer thickness has little effect 
on the uniaxial compressive strength of interbedded sandstone. However, due to the 
large difference in the elastic modulus and peak strain between the interlayer and the 
sandstone, the interlayer thickness has a great impact on the peak strain and elastic 
modulus. For the interbedded sandstone with interlayer thickness accounting for 20% of 
the total height of the sample, the elastic modulus is decreased by 44.8% and the peak 
strain is increased by 50.3% compared with that of the complete medium-grained sand-
stone. Therefore, when the structure and movement law of the roof rock mass are ana-
lyzed, not only the compressive strength of the interlayer, but also the elastic modulus 
and peak strain characteristics of the interlayer should be given attention, because these 
characteristics will also affect the structure and failure of the rock mass. 

Table 1. Mechanical parameters of uniaxial compression. 

Lithology 
Interlayer 
Thickness/

mm 
Number H/mm D/mm σc/MPa εc/10−3 E/GPa μ 

Medium-grain
ed sandstone 

0  A1 98.30 49.50 50.24 5.63 11.68 0.192 
0  A2 96.20 49.70 45.55 6.26 8.90 0.251 
0 A3 99.20 50.10 50.76 6.10 9.49 0.262 
5  B1 98.10 49.90 40.89 6.03 8.68 0.312 
5  B2 98.10 49.70 40.47 6.26 8.78 0.266 
5  B3 97.90 49.80 46.60 5.73 9.84 0.194 

10  C1 98.80 49.90 40.89 8.12 6.55 0.264 
10  C2 98.70 50.10 41.21 8.06 6.51 0.305 
10  C3 98.60 49.70 42.14 7.67 6.77 0.309 
15  D1 100.70 49.70 42.13 9.03 5.76 0.311 
15  D2 100.50 49.80 38.79 8.74 5.68 0.303 
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15  D3 99.30 49.70 41.17 8.41 5.93 0.220 
20  E1 100.70 49.70 41.87 8.39 5.35 0.216 
20  E2 100.50 49.80 43.62 8.26 5.83 0.208 
20  E3 99.30 49.70 42.07 10.40 5.40 0.298 

Coal 
-- F1 99.20 49.90 45.99 23.31 2.13 0.146 
-- F2 101.00 49.70 40.84 20.76 2.12 0.358 
-- F3 99.30 49.80 45.38 22.79 2.15 0.341 
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5. Analysis of Triaxial Compression Test Results 
5.1. Deformation Characteristics 

Figure 7 shows the stress–strain curves of the interbedded medium-grained sand-
stone with different interlayer thickness from the triaxial compression test. It can be seen 
from Figure 7 that the triaxial compressive stress–strain curves of the interbedded sand-
stone with different interlayer thickness all have four stages: compaction stage, linear 
elastic stage, yield stage, and failure stage. The stress–strain curves are concave in the in-
itial compaction stage, and almost straight lines in the linear elastic stage. When the in-
terlayer thickness is the same, with the increase of confining pressure, the pre-peak elas-
tic stage and the yield stage are obviously prolonged, the peak strain increases, obvi-
ously, the peak strength point moves backward, the residual strength after failure also 
increases, obviously, and the peak strength of the sample increases. When the confining 
pressure is the same, with the increase of interlayer thickness, the initial compaction stage 
is prolonged, the pre-peak elastic stage and the yield stage are significantly prolonged, 
and the peak strain point obviously moves backward. However, in the linear elastic 
stage, with the increase of interlayer thickness, the peak strength decreases and the slope 
of the stress–strain curve decreases. This indicates that the interlayer thickness has a di-
rect effect on the elastic modulus of the interbedded medium-grained sandstone. 

The rock sample is medium-grained sandstone with a coal interlayer. Both medi-
um-grained sandstone and coal interlayer are high porosity rocks. There are a large 
number of anisotropic microcracks in the sample, and a large number of pores between 
the sample particles. In the process of triaxial compression, the compaction stage includes 
the slip of microcracks and the closure of interparticle voids. Under the same confining 
pressure, because the coal interlayer is softer than the medium-grained sandstone, the 
coal interlayer between the medium-grained sandstone first begins to deform in the 
compaction stage. Owing to the difference in interlayer thickness, the slip characteristics 
of the microcracks in the samples are different, and the closure characteristics of the pores 
between the particles are also different. Therefore, the interlayer thickness has a major 
influence on the length of the compaction stage. With the increase of interlayer thickness, 
the compression stage is prolonged gradually, and the strain of the sample increases 
gradually in the compression stage. In addition, the deformation in the elastic stage 
mainly comes from the elastic deformation of the mineral particle skeleton of the coal 
interlayer and medium-grained sandstone during triaxial compression. The magnitude 
and duration of the strain in the elastic stage are positively correlated with the interlayer 
thickness and confining pressure. At the same confining pressure, with the increase of 
interlayer thickness, the yield stage is obviously prolonged, the strain in the yield stage 
increases, and the peak strain point moves backward. It can also be seen from Figure 7 
that the deformation resistance of the sample increases with the increase of confining 
pressure. 
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Figure 7. Stress–strain curves of interbedded sandstone with different interlayer thickness under 
triaxial compression: (a) 5 mm; (b) 10 mm; (c) 15 mm; (d) 20 mm. 

5.2. Strength Characteristics 
Table 2 shows the triaxial compression test results of the interbedded medi-

um-grained sandstone with different interlayer thickness, where σ1, σ3, and σR are the 
peak strength, confining pressure, and residual strength (the stress value at the turning 
point where the post-peak stress decreases rapidly and tends to decrease slowly), re-
spectively, and εc is the peak strain. It can be seen from Table 2 that the effects of inter-
layer thickness on the triaxial compressive strength of interbedded sandstone are similar 
at the confining pressure of 5, 10, 15, 20, and 25 MPa. When the interlayer thickness is the 
same, the triaxial compressive strength increases with the increase of confining pressure, 
but the increasing range is different. When the interlayer thickness accounts for 5% of the 
total height of the sample, the triaxial compressive strength at the confining pressure of 5, 
10, 15, 20, and 25 MPa is 67.69, 82.43, 101.33, 110.36, and 122.51 MPa, respectively. Com-
pared with the compressive strength at the confining pressure of 5 MPa, the triaxial 
compressive strength at the confining pressure of 10, 15, 20, and 25 MPa is increased by 
21.78%, 49.70%, 63.04%, and 80.99%, respectively. When the interlayer thickness accounts 
for 10% of the total height of the sample, the triaxial compressive strength at the confin-
ing pressure of 5, 10, 15, 20, and 25 MPa is 64.43, 89.40, 92.44, 113.70, and 127.68 MPa, 
respectively. Compared with the compressive strength at the confining pressure of 5 
MPa, the triaxial compressive strength at the confining pressure of 10, 15, 20, and 25 MPa 
is increased by 38.76%, 43.47%, 76.47%, and 98.17%, respectively. When the interlayer 
thickness accounts for 15% of the total height of the sample, the triaxial compressive 
strength at the confining pressure of 5, 10, 15, 20, and 25 MPa is 72.65, 80.82, 102.42, 
115.69, and 123.38 MPa, respectively. Compared with the compressive strength at the 
confining pressure of 5 MPa, the triaxial compressive strength at the confining pressure 
of 10, 15, 20, and 25 MPa is increased by 11.25%, 40.98%, 59.24%, and 69.83%, respec-
tively. When the interlayer thickness accounts for 20% of the total height of the sample, 
the triaxial compressive strength at the confining pressure of 5, 10, 15, 20, and 25 MPa is 
60.52, 91.75, 103.79, 115.56, and 127.55 MPa, respectively. Compared with the compres-
sive strength at the confining pressure of 5 MPa, the triaxial compressive strength at the 
confining pressure of 10, 15, 20, and 25 MPa is increased by 51.60%, 71.50%, 90.95%, and 
110.76%, respectively. The analysis above shows that at the same interlayer thickness, the 
triaxial compressive strength of the sample increases with the increase of the confining 
pressure. At the same confining pressure, the triaxial compressive strength of the inter-
bedded sandstone with different interlayer thickness does not exhibit obvious law. This 
indicates that the existence of the interlayer has little effect on the triaxial compressive 
strength of the medium-grained sandstone when the mechanical properties of the inter-
layer and the sample are similar. 
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Table 2. Mechanical parameters of interbedded sandstone with different interlayer thickness under 
triaxial compression. 

Lithology Number 
Interlayer 
Thickness/

mm 
H/mm D/mm σ3/MPa σ1/MPa σR/MPa εc/10−3 

Medium-gr
ained 

sandstone 

SZA-1 5 99.20 50.10 5 67.69 31.83 8.88 
SZA-2 5 98.58 49.80 10 82.43 41.39 11.38 
SZA-3 5 99.96 50.20 15 101.33 56.21 14.10 
SZA-4 5 98.80 49.70 20 110.36 71.01 16.44 
SZA-5 5 99.10 50.40 25 122.51 87.01 16.61 
SZB-1 10 99.50 49.60 5 64.63 25.22 13.24 
SZB-2 10 99.42 50.30 10 89.40 62.15 14.11 
SZB-3 10 98.86 50.70 15 92.44 68.89 20.55 
SZB-4 10 98.82 49.70 20 113.70 80.32 20.02 
SZB-5 10 99.62 49.80 25 127.68 102.96 20.64 
SZC-1 15 100.10 49.80 5 72.65 53.87 14.33 
SZC-2 15 98.62 49.90 10 80.82 56.42 17.11 
SZC-3 15 99.22 49.80 15 102.42 83.35 21.20 
SZC-4 15 99.76 49.70 20 115.69 84.48 21.40 
SZC-5 15 99.96 49.70 25 123.38 118.13 28.67 
SZD-1 20 100.70 50.20 5 60.52 45.08 17.54 
SZD-2 20 100.86 49.70 10 91.75 46.73 19.41 
SZD-3 20 101.00 49.70 15 103.79 96.14 25.73 
SZD-4 20 100.40 50.10 20 115.56 110.64 26.61 
SZD-5 20 100.96 49.70 25 127.55 99.88 29.96 

Rock strength theory is used to study the strength criteria in various stress states and 
characterize the relationship between the stress state of the rock in the ultimate stress 
state (failure condition) and the rock strength parameters. As an indispensable calcula-
tion basis for geotechnical engineering design, rock strength theory has always been 
important in geotechnical engineering [21]. Researchers have established many strength 
criteria and theories from different perspectives. The conventional triaxial strength crite-
ria of rock are mainly studied in geotechnical engineering design. 

The Mohr–Coulomb strength criterion is widely used in the design of rock mass 
engineering and the analysis of geological structure [22], which is one of the classical 
strength theories in rock mechanics. 

The Rocker strength criterion was proposed by B. J. Carter et al. [23], which directly 
includes tensile strength. 

In this paper, the two conventional triaxial strength criteria, i.e., Mohr–Coulomb and 
Rocker strength criterion are selected to explore the applicability of strength criteria to 
four interbedded medium-grained sandstone samples with different interlayer thickness. 
Since the tensile strength of intercalated medium-grained sandstone is much lower than 
the compressive strength, the use of tensile strength in fitting has no significant impact on 
the fitting results. Therefore, the tensile strength test was not carried out for this report. 
The mathematical expressions of the strength criteria and other relevant data after pa-
rameter determination follow: 
1. Mohr–Coulomb strength criterion 

tan1 c 3σ σ ϕσ= +  

where 
σ1: peak strength; 
σc: uniaxial compressive strength; 
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φ: internal friction angle; 
σ3: confining pressure. 
(1) When the interlayer thickness accounts for 5% of the total height of the sample: 

55.59 2.751 3σ σ= +  (1)

According to the Mohr–Coulomb strength criterion, the predicted value of the uni-
axial compressive strength of the interbedded medium-grained sandstone with interlayer 
thickness of 5 mm is 55.59 MPa, and the correlation fitting coefficient is 0.98608. 

(2) When the interlayer thickness accounts for 10% of the total height of the sam-
ple: 

1 352.45 3.00σ σ= +  (2)

According to the Mohr–Coulomb strength criterion, the predicted value of the uni-
axial compressive strength of the interbedded medium-grained sandstone with interlayer 
thickness of 10 mm is 52.45 MPa, and the correlation fitting coefficient is 0.96465. 

(3) When the interlayer thickness accounts for 15% of the total height of the sam-
ple: 

1 358.09 2.73σ σ= +  (3)

According to the Mohr–Coulomb strength criterion, the predicted uniaxial com-
pressive strength of the interbedded medium-grained sandstone with interlayer thick-
ness of 15 mm is 58.09 MPa, and the correlation fitting coefficient is 0.97335. 

(4) When the interlayer thickness accounts for 20% of the total height of the sam-
ple: 

1 352.47 3.16σ σ= +  (4)

According to the Mohr–Coulomb strength criterion, the predicted value of the uniax-
ial compressive strength of the interbedded medium-grained sandstone with interlayer 
thickness of 20 mm is 52.47 MPa, and the correlation fitting coefficient is 0.94331 (Table 3). 

Table 3. Fitting parameters of Mohr–Coulomb strength criterion. 

Lithology 
Interlayer 
Thickness 

σc 

Estimate 
tanϕ  R2 σc Average Deviation 

Cohesion/
MPa 

Medium-gr
ained 

sandstone 

5 mm 55.59 2.75 0.98608 41.97 32.45% 16.67 
10 mm 52.45 3.00 0.96465 41.41 26.66% 15.14 
15 mm 58.09 2.73 0.97335 40.70 42.73% 17.58 
20 mm 52.47 3.16 0.94331 42.52 23.40% 14.76 

2. Rocker strength criterion 

3
1 1

b

c T
σσ σ  = + 

 
 

where 
σ1: the peak strength; 
σc: the uniaxial compressive strength; 
σ3: confining pressure; 
T: uniaxial tensile strength of rock;

 b: exponent. 
(1) When the interlayer thickness accounts for 5% of the total height of the sample: 
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0.504
3

1 43.73 1
3.71
σσ  = + 

   
(5)

According to the Rocker strength criterion, the predicted value of the uniaxial com-
pressive strength of the interbedded medium-grained sandstone with interlayer thick-
ness of 5 mm is 43.72 MPa, and the correlation fitting coefficient is 0.99389. 

(2) When the interlayer thickness accounts for 10% of the total height of the sample: 

0.688
3

1 48.53 1
10.42

σσ  = + 
   

(6)

According to the Rocker strength criterion, the predicted value of the uniaxial com-
pressive strength of the interbedded medium-grained sandstone with interlayer thick-
ness of 10 mm is 48.53 MPa, and the correlation fitting coefficient is 0.96544. 

(3) When the interlayer thickness accounts for 15% of the total height of the sample: 

0.688
3

1 54.09 1
10.42

σσ  = + 
   

(7)

According to the Rocker strength criterion, the predicted value of the uniaxial com-
pressive strength of the interbedded medium-grained sandstone with interlayer thick-
ness of 15 mm is 54.09 MPa, and the correlation fitting coefficient is 0.97522. 

(4) When the interlayer thickness accounts for 20% of the total height of the sample: 

0.429
3

1 1.53 1
8.10
σσ  = + 

   
(8)

According to the Rocker strength criterion, the predicted value of the uniaxial com-
pressive strength of the interbedded medium-grained sandstone with interlayer thick-
ness of 20 mm is 1.53 MPa, and the correlation fitting coefficient is 0.98369 (Table 4). 

Table 4. Fitting parameters of Rocker strength criterion. 

Lithology Interlayer 
Thickness 

σc Estimate R2 σc Average Deviation 

Medium-grai
ned 

sandstone 

5 mm 43.73 0.99389 41.97 4.19% 
10 mm 48.53 0.96544 41.41 17.19% 
15 mm 54.09 0.97522 40.70 32.90% 
20 mm 1.53 0.98369 42.52 96.40% 

These fitting results indicate that for the interbedded medium-grained sandstone 
with different interlayer thickness, the predicted results for the compressive strength of 
the interbedded medium-grained sandstone with different interlayer thickness by the 
Mohr–Coulomb strength criterion are higher than the corresponding uniaxial compres-
sion test values. Furthermore, the fitting correlation coefficient is the smallest among the 
two strength criteria. For the interlayer thickness of 5%, 10%, 15%, and 20% of the total 
height of the specimen, it can be seen from Table 3 that the fitting deviations of the uni-
axial compressive strength predicted by the Mohr–Coulomb strength criterion and the 
experimental values are 32.45%, 26.66%, 42.73%, respectively, and 23.40%; it can be seen 
from Table 4 that the fitting deviations of the uniaxial compressive strength predicted by 
the Rocker strength criterion and the experimental values are 4.19%, 17.19%, 32.90%, and 
96.40%, respectively. 

Figure 8 is the fitting curve of the strength criterion for medium-grained sandstone 
with interlayers of different thicknesses. It can be seen from Figure 8 that both strength 
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criteria pass most of the experimental data in areas other than tensile stress. The Mohr–
Coulomb criterion is used to fit the experimental data of the interlayer medium-grained 
sandstone. The data are not linear, so the Mohr–Coulomb strength criterion cannot be 
used to explain the relationship between σ3 and σ1. The fitting deviation of the Rocker 
strength criterion increases significantly with the increase of interlayer thickness. When 
the interlayer thickness is not greater than 10 mm, the fitting deviation of the Rocker 
strength criterion is relatively small. When the interlayer thickness is 20 mm, the fitting 
deviation of the Rocker strength criterion is more than 90%, and its fitting effect is greatly 
affected by the thickness of the interlayer. The Rocker strength criterion is suitable for 
rocks with no interlayer or with a small interlayer thickness. The tensile strength of the 
medium-grained sandstone with the coal-bearing interlayer is much smaller than that of 
the complete medium-grained sandstone, almost close to 0 MPa. From Fig. 8, it can be 
found that the fitting of the Mohr-Coulomb criterion to the tensile strength obviously 
deviates from the reality, and the Rocker strength criterion shows a greater advantage. 

  
(a) (b) 

  
(c) (d) 

Figure 8. Fitting curves of different strength criteria for medium-grained sandstone with different 
interlayer thickness: (a) 5 mm; (b) 10 mm; (c) 15 mm; (d) 20 mm. 
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5.3. Failure Characteristics 
Figure 9 shows the failure mode of the sample after the triaxial compression test of 

the interbedded medium-grained sandstone samples with different interlayer thickness. 
The failure characteristics of the samples with different interlayer thickness and different 
confining pressures. When the confining pressure is in the range 5.0–25.0 MPa, shear 
expansion failure appears in the samples, the fracture surface is complex, and the shear 
slip failure process is also accompanied by tensile cracks, with the characteristics of local 
tensile failure. The medium-grained sandstone with interlayer is mainly fractured by 
tension, which can form through cracks. 

Figure 9 indicates that the thickness of the coal interlayer in the interbedded sample 
also has a significant effect on some failure characteristics of coal. When the interlayer 
thickness accounts for 5% of the total height of the sample, there are few cracks, mainly 
vertical cracks, in the coal mass. However, when the interlayer thickness increases to 10% 
of the total height of the sample, the number of cracks in the coal mass increases, and 
cracks in different directions appear, mainly horizontal and vertical cracks. When the 
interlayer thickness increases to 15% of the total height of the sample, there are not only 
vertical cracks and horizontal cracks, but also crushing areas in the coal. When the inter-
layer thickness increases to 20% of the total height of the sample, a large number of 
cracks appear in the coal. Compared with the first three samples, the number of cracks in 
different directions is significantly increased, and the area of the fracture zone is also in-
creased. In addition, when the interlayer thickness is small, the influence of the confining 
pressure on the failure mode of the interlayer is not obvious. However, as the interlayer 
thickness increases, the confining pressure also has an obvious influence on the failure 
characteristics of the interlayer. When the confining pressure is low, there are few cracks 
in the interlayer, and most are vertical cracks. With the increase of the confining pressure, 
cracks in different directions appear in the interlayer, the number of cracks increases 
significantly, and the area of the fracture zone is also increased. 

Figure 9 shows that the triaxial compression failure angle of the sample is fluctuant 
and discrete. Because there are joints, cracks, and other defects in the sample, which 
control the failure direction of the sample, the failure angle of the sample has certain 
randomness. Although the test results are discrete, the actual fracture angles of the in-
terbedded samples are all approximately 45 + φ/2. Although the interlayer thickness has 
a certain effect on the internal friction angle and cohesion of the sample, no obvious law 
is found. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 9. Failure modes of interbedded medium-grained sandstone with different interlayer 
thickness: (a) 5 mm; (b) 10 mm; (c) 15 mm; (d) 20 mm. 

6. Conclusions 
(1) When the difference between the compressive strength of the interlayer and the 

compressive strength of the sandstone is small, the uniaxial compressive strength of 
the interbedded medium-grained sandstone first decreases and then increases with 
the gradual increase of the interlayer thickness. In addition, the elastic modulus is 
negatively correlated with the interlayer thickness, while the peak strain is posi-
tively correlated with the interlayer thickness. The interlayer thickness has little ef-
fect on the triaxial compressive strength of the intercalated medium-grained sand-
stone. 

(2) The deviation of the fitted uniaxial compressive strength of the Rocker strength cri-
terion when the thickness of the interlayer is small is relatively small, and the pre-
diction result of the Mohr–Coulomb strength criterion for the uniaxial compressive 
strength of medium-grained sandstones with different interlayer thicknesses is rel-
atively good. For the prediction of the tensile strength of rocks with interlayers, the 
Rocker strength criterion shows superiority. 

(3) The development of cracks in medium-grained sandstone is hindered due to the 
existence of the interlayer, but this effect is weakened with the gradual increase of 
the interlayer thickness. The confining pressure and interlayer thickness also have 
significant effects on some failure characteristics of the interlayer. With the increase 
of confining pressure and interlayer thickness, the cracks in the interlayer gradually 
increase. They develop from vertical cracks to cracks in different directions, and the 
area of the fracture zone also increases gradually. 
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List of Symbols 
σc uniaxial compressive strength 
εc peak strain 
E elastic modulus 
μ Poisson’s ratio 
σ1 peak strength 
σ3 confining pressure 
σR residual strength 
φ internal friction angle 
R2 correlation fit coefficient 
T uniaxial tensile strength of rock 
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