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In the upper soft and lower hard composite strata, it is very difficult to sample the rock and test the mechanical properties of the
samples. )e study of the mechanical properties of similar material samples by artificial manufacture may enable an alternative
method to solve this problem. )erefore, the feasibility of artificial sample preparation and the test of mechanical properties of
rock samples in the composite strata become the key to solve the study of mechanical properties of the upper soft strata and the
lower hard composite strata. For this purpose, the artificial composite samples composed of two kinds of materials with different
strengths were prepared by using cement and kaolin as similar materials. )rough the uniaxial compression test of artificial
composite rock samples, the effects of the strength ratio of similar materials and the thickness ratio of higher strength materials on
the mechanical properties of composite specimens were analyzed. )e results of uniaxial compression test show that artificial
similar materials could be used to simulate the composite rock samples which are difficult to sample. Without considering the
structural interface effect, the greater the strength ratio of similar materials, the greater the impact on the overall strength of
composite specimens.)e change of volume proportion of high-strength materials has a significant impact on the overall strength
of composite specimens. Moreover, the numerical simulation and the experimental stress-strain curves both show a similar trend,
indicating that the deformation of the composite strata mainly occurs in the soft part. )e research results can provide reference
for the test and analysis of mechanical properties in similar complex strata with difficult sampling.

1. Introduction

With the development of underground engineering, the
upper soft and lower hard composite strata will inevitably be
encountered [1–5]. )is kind of stratum is often caused by
geological movement and different degrees of weathering.)e
upper part is the weak stratumwith higher weathering degree,
and the lower part is the hard stratum with lower weathering
degree [6]. When the underground engineering is built in this
kind of composite stratum, it will cause engineering disasters
such as uneven stress of surrounding rock collapse due to
improper construction measures or other potential risks [1].

)e research on composite strata mainly focuses on the
construction of tunnels [2, 7–10] and coal mining [11–13].
)ere are many research studies on tunnel mechanics and
tunnel excavation deformation control in the composite

stratum. Due to the influence of mechanical properties of
composite formation, the construction of large-span stations in
the upper soft and lower hard strata is often the focus of re-
search [3–6]. However, it is difficult to obtain the computa-
tional parameters of the composite formationwhen conducting
numerical calculation and analysis, which need to be obtained
through rock mechanics tests. In addition, some scholars have
discussed the construction of tunnels in the upper soft and
lower hard strata and the stress and construction deformation
of surrounding rock bymodel test [8].Moreover, shield tunnels
passing through hard and soft composite strata are similar.)e
stability analysis could be carried out through large-scalemodel
tests [7, 14], but this method is so difficult and uneconomical.
)erefore, it is the most feasible and economic research
method to obtain the mechanical properties of composite
formation through rock mechanics test.
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In the existing research, it is found that it is very difficult to
conduct composite stratigraphic sampling. )erefore, in the
mechanical test of coal mining, the study of composite coal
seam adopts the method of manual sample preparation, and
the main purpose is to make coal-rock composite specimens to
study their mechanical properties.)e lower part of the sample
is coal, representing the weak part; the upper part is the rock,
representing the top [11–13, 15]. Furthermore, the contact zone
of the composite rock mass is also studied. )rough the
compression test, it is found that the mechanical properties of
the rock mass in the contact zone are reduced, and the plastic
area of the surrounding rock of the roadway in the contact zone
increases under the condition of compression [9]. However, the
composite stratum in the coalmining area is different from that
in the general underground engineering. )erefore, the rule of
composite formation in coal mining area cannot be directly
applied to the construction of underground engineering, but
this experimental research method can be adopted. Due to the
difficulty of rock sampling in the upper soft and lower hard
composite stratum, it could be found that there is no relevant
rock sample test for the soft and hard strata in the surrounding
rock of the tunnel. It is an effective method to study the
mechanical properties of rock samples in the composite
stratum by means of artificial sampling based on the me-
chanical properties’ test method of composite stratum samples
in the coalmining area.More andmore, themethod of acoustic
emission [16] combined with the traditional uniaxial com-
pression test [17, 18] could help to obtain more data which are
beneficial for the evaluation of mechanical properties.

In this paper, the mechanical properties of the composite
rock mass in soft and hard composite strata are studied.
Cement and kaolin are used as the similar materials to make
composite specimens composed of two different strength
materials. )e influence of the strength ratio of similar ma-
terials and the thickness ratio of higher strength materials on
the mechanical properties of composite specimens is studied
by the uniaxial compression test. In addition, the experiment
results were compared by FLAC3D numerical simulation.

2. Materials and Methods

2.1.Experimental Scheme. In this experiment, themechanical
properties of composite strata under different soft-hard layer
ratios are discussed. Taking the thickness of the soft and hard
layers as the variable, it could be divided into five types: soft
rock : hard rock—1 : 0, 1 : 3, 1 :1, 3 :1, and 0 :1, that is,
according to the volume proportion of high-strength mate-
rials, 0%, 25%, 50%, 75%, and 100% sample preparation. It is
difficult to make natural and complete composite stratum
samples. )is time, artificial physical simulation samples are
used instead of natural rock samples. )e simulation samples
are homogeneous and could be regarded as isotropic objects.

2.2. Sample Preparation. In order to reflect the strength
difference of similar materials and the convenience of ex-
perimental operation, 32.5 mesh cement and 4000 mesh pure
white kaolin were selected as raw materials to prepare spec-
imens. )e strength difference is reflected by changing the

ratio of rawmaterials. 90% cement and 10% kaolin are regarded
as hard rock samples. Cement and kaolin each accounting for
50% can be regarded as soft rock samples. )e difference be-
tween the soft and hard parts of the artificial samples is not
defined by absolute strength as the traditional sample. It is
considered that the uniaxial compressive strength of the hard
rock is more than 1 time of that of the soft rock, so the soft rock
and hard rock could be distinguished. )e composition and
proportion of the soft rock and hard rock are shown in Table 1.

)e composite sample is made by the direct pouring
method, and the soft-hard interface is naturally coupled.
Based on the production of a single test piece, different soft
and hard materials are combined together. Two kinds of
strength materials are in horizontal contact (the contact
angle is 0°). As shown in Figure 1, S represents the lower
strength material, which is used to represent the weak rock
stratum; H represents the higher strength material, which is
used to represent the hard rock stratum, and the coupling
mode between the two materials is natural cementation.

)e dimension of specimens is 50mm× 100mm, 15
specimens in total (6 for single test piece and 9 for composite
test piece). )e samples were poured for 7 days before
demoulding. )e samples were cured for 28 days and then
the double-end faces were polished. Finally, the samples
were measured and numbered.

2.3. Testing System and Process. )e testing system shown in
Figure 2 includes a loading module and an acoustic emission
(AE) module, and Figure 3 shows the photographs of the
instruments. )e test method is uniaxial compression plus
acoustic emission test system.

)e loading system is YAW4306 microcomputer-con-
trolled electrohydraulic servo pressure machine, with a
maximum load of 3,000 kN. )e resolution of the testing
force indication (FS) is 1/300,000 with ±1% relative error.
)e system could not only control the applied force or the
displacement of the specimen but also carry out uniaxial
compression, stretching, cyclic loading, and creep experi-
ments. )e experiment is controlled by displacement. )e
displacement range is 5.0mm, the displacement rate is
0.002mm/s, and the displacement limit is 3.20mm.

)e AE probe is symmetrically arranged and fixed on the
sample, as shown in Figure 3(a), and then the sample is placed
on the loading system. )e axial displacement is adjusted by
loading the gasket, and the horizontal displacement is ad-
justed by using the horizontal probe sensor. After the ad-
justment is qualified, the sample size information is input, and
the AE parameters are calibrated and preloaded. After pre-
loading, the AE test is carried out. After debugging, click the
single axis operation button and acoustic emission data save
button to carry out the experiment.

3. Results and Discussion

3.1. Reliability Verification of Similar Material Sample.
Considering the limited amount of test data, it is necessary to
verify the validity of the test results. Figure 4 shows the results
of uniaxial compression test with a thickness ratio of 1 :1 for
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composite rock samples. It could be seen from Figure 4 that
the strength and elastic modulus of the hard rock are the
highest, followed by soft and hard composite layers, and fi-
nally the soft rock. )e higher the strength is, the more
obvious the brittleness is. In addition, the results of uniaxial
compression also show that the composite formation made in
this study meets the requirements. )e greater the strength
difference between the soft rock and hard rock in the actual
project, the higher the difficulty of project construction. In
order to get closer to the real composite stratum, the strength

difference between the soft rock and hard rock selected in the
study should be at least twice.)e strength of the hard rock in
the physical simulation sample is more than 2 times that of the
soft rock, which meets the requirements.

3.2. Effect of ,ickness Ratio on Mechanical Properties of
Specimens. )e thickness ratio of high-strength materials in
two kinds of composite materials is 25%, 50%, and 75%, re-
spectively. Considering the thickness ratio of two kinds of single

Table 1: Composition of the soft rock and hard rock.

Cement (%) Kaolin (%) Water (%)
Soft rock 60 1 30
Hard rock 33 33 34
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Figure 1: Sketch of the poured model of the composite specimen: (a) soft, (b) 25% hard, (c) 50% hard, (d) 75% hard, and (e) hard.
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Figure 2: Sketch map of the testing system.

Advances in Materials Science and Engineering 3



rock samples, i.e., 0% and 100%, three tests were carried out in
each group, and the average value of the test results was taken.

As shown from Figures 5–7, without considering the
structural interface effect, the strength and modulus of
elasticity of composite specimens increase with the increase
of volume proportion of higher strength materials; Poisson’s
ratio of composite specimens increases at first, then de-
creases with the increase of volume proportion of higher
strength materials, then increases, and then decreases,
showing an M-type change. It could be seen that when the
strength ratio of similar materials is fixed, the change of
thickness ratio of higher strength materials has a significant
effect on the strength of composite specimens.

In Figure 5, when the thickness is small, the strength of the
composite specimen increases approximately, exponentially,
and linearly. However, when the thickness exceeds 80%, the
slope of the curve becomes smaller, so the strength growth
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Figure 4: Axial stress-strain curves of uniaxial compression.
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Figure 3: Physical experiment system diagram: (a) loading module and (b) acoustic emission (AE) module.
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Figure 5: )e influence of the thickness ratio of higher strength
materials on the strength of specimens.
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Figure 6: Effect of volume fraction of high-strength materials on
the elastic modulus of specimens.
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rate of the composite sample becomes correspondingly
smaller. )erefore, when the thickness is small, the contri-
bution of the hard part to the strength of the composite
sample is relatively large, but when the thickness is small, the
contribution of the hardness to the strength of the composite
sample is decreasing.

In Figure 6, it can be found that the law of elastic
modulus changing with thickness ratio is different from the
law of strength changing with thickness ratio of the com-
posite sample. When the thickness ratio exceeds 80%, the
slope of the curve becomes larger, and the elastic growth rate
of the composite sample also increases correspondingly.
)erefore, when the soft part accounts for a large propor-
tion, the elastic modulus increases with the thickness ratio.
When the hard part accounts for a large proportion, the
elastic modulus increases rapidly.

Poisson’s ratio reflects the mutual influence of material
deformations in different directions. )e pattern of Poisson’s
ratio changing with the thickness ratio is reflected in Figure 7.
When the absolute proportion of a material is large, that is,
when all samples are hard or all samples are soft, Poisson’s
ratio is smaller. As the proportion of the hard part increases,
so does Poisson’s ratio. However, when the proportion of soft
and hard in the composite sample is half, that is, when the
thickness ratio is 50%, it is relatively small. )is is related to
the deformation and failure of the sample along the middle
part of the sample. So, Poisson’s ratio changes with the
thickness ratio, and the curve shows an M-type change.

3.3. ,e Acoustic Emission Characteristics of Composite
Specimens. In the process of uniaxial compression of the
composite specimens, the acoustic emission phenomenon
was monitored through eight channels in the upper and lower
groups. Group H sensor was placed at the end of the higher
strength material, and group S sensor was placed at the end of
the lower strength material. Figure 8 shows the AE count and
vertical stress distribution of different specimens at the same
time. It could be seen from Figure 8 that the acoustic emission

response of the specimen from the initial loading to the final
failure is obvious, which corresponds to the change of stress-
strain curve of the specimen under uniaxial loading.

As shown in Figure 8(a), when the soft rock is in the
majority, the acoustic emission count of group S is signifi-
cantly higher than that of group H; similarly, in Figure 8(b),
when the soft rock and hard rock account for half of each
other, the AE events of group S are significantly reduced,
while those of group H are increased gradually; moreover, in
Figure 8(c), when the hard rock is in the majority, the AE
events of group S hardly occur, while the AE count of groupH
is more.)erefore, it could be seen that the AE count changes
with composite specimens under uniaxial compression and
the failure position and shape of specimens. With the increase
of the hard rock content, the number of AE counts at the end
of higher strength materials decreases, while that at the end of
lower strength materials increases.

In addition, the mutation point of the AE count
appeared slightly earlier than the stress mutation point of the
sample. )is phenomenon is mainly due to the loading
specimen in the process of the internal pressure increasing
continuously, and the energy accumulation and release
reached a peak. )e AE count firstly reached the peak, and
internal damage speeded up after this peak. After that, the
stress of the specimen reached a peak value of stress, but the
AE counts would count down accordingly. As the sample
undergoes internal damage, it is unable to stimulate more
acoustic emission counts.

4. Numerical Calculation

In order to analyze the mechanical characteristics of composite
strata with different thickness ratios of soft and hard layers,
FLAC3Dnumerical softwarewas used to analyze themechanical
behavior of composite strata based on the strain softeningmodel
ofMohr–Coulomb shear failure criterion.As shown inTable 2, it
is used to simulate the mechanical parameters of the soft rock
and hard rock.)e parameters in Table 2 are taken according to
the abovementioned uniaxial compression test results and
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Figure 7: Effect of thickness ratio of high-strength materials on Poisson’s ratio of specimens.
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previous literature results. Both uniaxial and triaxial compres-
sion tests adopt strain-controlled loadingmode,with a strain rate
of 0.02%/m, and a uniformly distributed load is applied vertically
down the Z-axis on the top of the model.

)e comparison of numerical simulation results and
physical model test results of uniaxial compression me-
chanical test is shown in Table 3. It could be seen from the
table that the uniaxial compressive strength and peak strain
of the soft rock and hard rock are close to the

aforementioned test results, which confirms the reliability of
the simulation results and lays a foundation for the later
triaxial compression simulation analysis.

)e axial stress-strain curve and the maximum principal
stress nephogram of FLAC3D numerical simulation are
shown in Figures 9 and 10, respectively. Figure 9 shows the
axial stress-strain curves of uniaxial compression with dif-
ferent thickness ratios. It could be seen from the figure that
the mechanical properties of the composite stratum are
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Figure 8: AE counts and vertical stress distributions. )ickness ratio: (a) 25%, (b) 50%, and (c) 75%.

Table 2: Rock mass parameters of composite strata.

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesive force
(MPa)

Friction angle
(°)

Tensile strength
(MPa)

Dilation angles
(°)

Soft rock 1.15 1.00 4 20 1.00 10
Hard
rock 6.45 2.78 7 26 2.00 10
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Table 3: Comparison of the results of uniaxial compression between numerical calculation and physical simulation test.

)ickness ratio (%)
Uniaxial compressive strength (MPa) Peak strain (10−2)

Calculated value Test value Calculated value Test value
25 12.32 8.36 0.27 0.29
50 13.85 16.9 0.2 0.24
75 28.34 27.23 0.2 0.27
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Figure 9: Numerical simulation of axial stress-strain curve with different thickness ratios.

–9.2867e + 005 to –9.0000e + 005

–9.0000e + 005 to –8.0000e + 005

–8.0000e + 005 to –7.0000e + 005

–7.0000e + 005 to –6.0000e + 005

–6.0000e + 005 to –5.0000e + 005

–5.0000e + 005 to –4.0000e + 005

–4.0000e + 005 to –3.0000e + 005

–3.0000e + 005 to –2.0000e + 005

–2.0000e + 005 to –1 .0000e + 005

–1.0000e + 005 to 0.0000e + 000

0.0000e + 000 to 7.4786e + 004

So�

Hard

Figure 10: Nephogram of the maximum principal stress with a thickness ratio of 50%.

Advances in Materials Science and Engineering 7



more controlled by lithology, which is consistent with the
mechanical test results of the specimens.

From Figure 10, it shows the maximum principal stress
nephogram of representative samples. It could be seen from
Figure 10 that the deformationmainly occurs in the soft rock
part, which is also consistent with the results of the me-
chanical test. Since the maximum principal stress could be
regarded as the vector sum of the normal stress and the shear
stress, the maximum principal stress is used to describe the
actual stress on the sample, and its size determines whether
the sample has cracks and suffers from shear failure. )e
value of the soft part is about double that of the hard part,
and the failure occurs in the soft part first in the test, which is
consistent with the test. )erefore, it is feasible to use this
method to simulate similar composite rocks.

5. Conclusions

(1) When uniaxial compression occurs, the brittle tensile
failure occurs in the composite stratum, and the strength
is between the soft rock and hard rock. )e strength of
the hard rock is more than twice that of the soft rock,
which indicates that the artificial composite formation
could meet the requirements of strength difference.

(2) Uniaxial compression with different thickness ratios
reveals that the mechanical properties of composite
strata are determined by lithology, which accounts
for the majority of composite strata without con-
sidering the structural plane and other factors.

(3) )e composite specimen has obvious acoustic emission
response characteristics from the initial loading to the
final failure. With the increase of the strength ratio of
similar materials, the end acoustic emission count of
high-strength materials decreases gradually, and the
end acoustic emission count of lower strengthmaterials
increases gradually. )ere is a corresponding rela-
tionship between the change of AE count and the
failure position and shape of composite specimens.

(4) )e simulation value of FLAC3D is close to the
experimental value, which verifies the reliability of
numerical simulation and supports the conclusion of
the mechanical test. Both numerical simulation and
physical experiments show that the deformation of
composite stratum mainly occurs in the soft rock.
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