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Abstract

To clarify the influence of α (rock–coal height ratio) and λ (rock–coal strength ratio) on
the mechanical properties and failure characteristics of coal–rock composite specimens,
where the weaker component varies with rock properties, four sets of coal–rock composite
specimens with λ values of 0.26, 0.35, 0.59, and 3.81 were subjected to uniaxial compression
tests under conditions of α = 1:3, 1:1, and 3:1. The results show that: There are significant
differences in the mechanical properties of coal–rock composite specimens compared to
individual coal and rock specimens. Both α and λ have significant effects on the mechanical
properties and failure modes of coal–rock composite specimens. The variation in uniaxial
compressive strength, elastic modulus, and peak strain in coal–rock composite specimens
with respect to α is significantly influenced by rock properties. These variation patterns
are not entirely identical for different rock properties. For coal–rock composite specimens
at different α values, the trends in uniaxial compressive strength, elastic modulus, and
peak strain as a function of λ are identical. Both uniaxial compressive strength and elastic
modulus exhibit a pattern of increasing rapidly at first and then more slowly with increasing
λ, and both can be quantitatively described by exponential functions. Peak strain follows a
pattern of rapid decrease, rapid increase, and gradual increase with increasing λ. However,
for any given change in λ, the magnitude of the changes in uniaxial compressive strength,
elastic modulus, and peak strain is significantly influenced by α. When λ is small or
large, the weaker component in the coal–rock composite specimen is the primary source
of failure. When λ falls within a certain range, both the strong and weak components
undergo relatively complete failure. When λ increases beyond a critical value, only the
weaker component fails, while the stronger component remains intact and does not fail. As
α increases, the degree of failure in the coal–rock composite specimen gradually decreases.

Keywords: coal–rock composite specimens; mechanical properties; failure characteristics;
rock–coal height ratio; rock–coal strength ratio; coal bursts

1. Introduction
In recent years, with the continuous increase in coal mining depth and the inten-

sification of mining activities, the frequency of coal bursts has gradually risen, and the
resulting damage has become increasingly severe. Consequently, coal bursts have emerged
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as one of the primary dynamic hazards encountered in the production of deep mines [1–10].
Extensive engineering practice and theoretical research have demonstrated that dynamic
disasters such as coal bursts are not attributable to the instability and failure of an isolated
coal seam or rock layer; rather, they result from the overall failure and instability of the
coal-roof structural system [11]. Therefore, investigating the mechanical properties and
failure characteristics of coal–rock composite specimens is of clear practical significance
and can provide a theoretical basis for the accurate prevention and control of coal bursts.

Against the backdrop of gradually depleting coal resources in central and eastern
China, the state has initiated large-scale development of the Ordos coalfield. As the mining
scope has progressively expanded, some mines have begun to experience coal bursts [12].
In particular, some mines are characterized by geological conditions featuring “weakly
cemented overlying strata + high-strength coal seams,” with significant variations in roof
lithology and thickness. Under such geological conditions, the coal-roof structural system
exhibits a pattern where, in a few cases, the roof strength exceeds that of the coal seam,
while in most cases, the roof strength is lower than that of the coal seam. This stands in
stark contrast to the conventional geological conditions, where the coal seam strength is
generally lower than that of the roof. For this geological condition, two types of coal–rock
combination specimens with distinct characteristics appear against the backdrop of roof
rock lithology variations. One type is a coal–rock combination specimen where the weaker
component does not change with the variation in rock properties, maintaining its coal
sample unchanged. The other type is a coal–rock combination specimens where the weaker
component changes with the variation in rock properties, and the weaker component is
composed of rock samples and coal samples with different properties. The former is con-
sistent with the type of coal–rock combination specimen that appears under conventional
stratigraphic conditions, while the latter is a unique type of coal–rock combination speci-
men under this geological condition. Therefore, targeting the unique types of coal–rock
combination specimens under this specific geological condition, we carried out research
on how λ and α influence the mechanical properties and failure characteristics of these
samples, with the goal of providing a theoretical foundation for the precise prevention and
control of coal bursts in such geological conditions.

To date, extensive research has been conducted on coal–rock composite specimens
by scholars worldwide, yielding significant results, as shown in Table 1. Wang et al. [13]
experimentally investigated the bursting liability, failure characteristics, and charge induc-
tion behavior of coal–rock composite specimens with different α values during the failure
process. Chen et al. [14] performed uniaxial compression tests on five groups of roof-coal
pillar structures with varying α to examine their mechanical properties and progressive
failure mechanisms. Xiao et al. [15] carried out acoustic emission and charge induction mon-
itoring tests on loaded coal–rock composite specimens under different α conditions, thereby
determining the mechanical properties, the characteristics of acoustic and charge signals,
and their interrelationships. Nie et al. [16] conducted numerical simulations of uniaxial
compression tests on three coal–rock composite models with distinct α values, analyzing
their strength, failure modes, and the deformation–failure process under compressive
loading. Chen et al. [17] performed uniaxial compression tests on coal–rock composite
specimens with different rock types and α values, exploring the effects of rock type and α

on the mechanical properties and impact response of the composites. Zhao et al. [18] used
a self-developed microseismic and charge-induced signal monitoring system to analyze the
variation patterns of microseismic and charge signals during the deformation and failure
of coal–rock composite specimens with different coal–rock ratios. Li et al. [19] examined
the influence of coal seam thickness on the physical and mechanical characteristics of
coal–rock composite specimens. Fan et al. [20] conducted uniaxial compression tests on
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coal specimens and coal–rock composite specimens, analyzed their anisotropy in terms of
strength, elastic modulus, failure characteristics, and energy accumulation, and proposed
a method for determining the bursting liability of coal–rock composite specimens. Zhao
et al. [21] conducted experimental studies on the mechanical and energy characteristics
of coal–rock composite specimens with varying coal thicknesses throughout the entire
deformation–failure process under uniaxial loading. Zhao et al. [22] carried out uniaxial
compression tests on coal–rock composites with different λ values to investigate the pro-
gressive failure characteristics of layered media under varying λ conditions. Yang et al. [23]
studied the mechanical response characteristics and the evolution patterns of energy parti-
tioning in coal–rock specimens with different λ values through numerical simulations and
laboratory uniaxial compression tests. Liu et al. [24] performed uniaxial compression tests
on rock–coal–rock composite specimens with varying rock strengths, analyzing the effect
of rock strength on the mechanical behavior and failure modes of the composites. Chai
et al. [25] conducted cyclic loading tests on coal–rock composite specimens with different
roof rock types, investigating their mechanical properties and damage–failure processes.

Table 1. Literature review on mechanical properties of coal–rock composite specimens under uniax-
ial compression.

Combination
Mode Size (mm) λ α

Interface
Connection

Method

Testing
Method References

Rock–Coal–Rock 50 × 50 × 100 >1 0.67, 1.14, 2.00 Adhesive
bonding Uniaxial Wang et al. [13]

Rock–Coal φ50 × 100 >1 1:1, 3:2, 7:3, 4:1,
9:1

Adhesive
bonding Uniaxial Chen et al. [14]

Rock–Coal φ50 × 100 >1 1, 0.67, 0.42 Adhesive
bonding Uniaxial Xiao et al. [15]

Rock–Coal φ50 × 100 >1 0.5, 1.0, 1.5 Adhesive
bonding Uniaxial Nie et al. [16]

Rock–Coal φ50 × 100 >1 3:1, 2:1, 1:1, 1:2,
1:3

Adhesive
bonding Uniaxial Chen et al. [17]

Rock–Coal φ50 × 100 >1 2:3, 1:1, 3:2 Adhesive
bonding Uniaxial Zhao et al. [18]

Rock–Coal–Rock φ50 × 100 >1 1:19, 1:9, 3:17,
1:4

Adhesive
bonding Uniaxial Li et al. [19]

Rock–Coal φ50 × 100 >1 7:3, 3:2, 1:1, 2:3,
3:7

Adhesive
bonding Uniaxial Fan et al. [20]

Rock–Coal–Rock φ50 × 100 >1 8:1, 4:1, 2:1, 1:1,
3:5

Adhesive
bonding Uniaxial Zhao et al. [21]

Rock–Coal–Rock φ50 × 100 1, 2, 3, 4, 5 2:1 Adhesive
bonding Uniaxial Zhao et al. [22]

Rock–Coal φ50 × 100 0.72, 1.01, 1.97,
3.06, 3.91 1:1 Natural

superposition Uniaxial Yang et al. [23]

Rock–Coal–Rock φ50 × 100 4.64, 6.94, 7.86,
9.98, 11.34 3:2 Natural

superposition Uniaxial Liu et al. [24]

Rock–Coal–Rock φ50 × 100 1.31, 1.76, 2.18,
3.99, 5.98 3:1 Adhesive

bonding Uniaxial Chai et al. [25]

In summary, previous studies have extensively addressed the effects of λ and α on
the mechanical properties and failure characteristics of coal–rock composite specimens,
with fruitful outcomes. However, when studying the influence of λ, the focus is primarily
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on coal–rock composite specimens where the weaker component does not change with
the variation in rock properties, maintaining its coal sample unchanged. When studying
the influence of α, the focus is primarily on coal–rock composite specimens with weaker
components being coal samples. There are few reports focusing on coal–rock composite
specimens where the weaker component varies with rock properties. In light of this, this
study focuses on coal–rock composite specimens where the weaker component varies with
rock properties. Four sets of coal–rock composite specimens with λ values of 0.26 (the
weaker component is the rock sample), 0.35 (the weaker component is the rock sample),
0.59 (the weaker component is the rock sample), and 3.81 (the weaker component is the coal
sample) were subjected to uniaxial compression tests under conditions of α = 1:3, 1:1, and
3:1. First, compare the mechanical properties of coal–rock composite specimens with those
of individual coal and rock specimens. Second, analyze the similarities and differences in
the effects of λ on the mechanical properties of coal–rock composite specimens at different
α values, as well as the patterns of these effects at each α value. Analyze the similarities
and differences in the effects of α on the mechanical properties of coal–rock composite
specimens at different λ values, as well as the patterns of these effects at each λ value.
Finally, the study examines the effects of λ and α on the failure characteristics of coal–rock
composite specimens, with the aim of providing a theoretical foundation for the precise
prevention and control of coal bursts under these geological conditions.

2. Materials and Methods
2.1. Specimen Preparation

Ideally, when conducting research on coal–rock composite specimens, specimens with
a natural interface should be obtained directly from the field according to the experimental
requirements, in order to minimize the influence of factors such as the interface characteris-
tics. However, due to the complex underground conditions in coal mines and operational
constraints, as well as the high demands placed on sampling equipment and procedures, it
is difficult to directly obtain coal–rock composite specimens that meet the experimental
requirements on site. Therefore, coal specimens were collected on site as large blocks, and
rock specimens were collected on site as cores.

To meet the objectives of this study, the coal and rock samples used in the experiments
were collected from the Hongqinghe Coal Mine in the Ordos Mining Area, China. A total of
5 drill cores and 30 large coal samples were retrieved. The rock samples consisted of weakly
cemented coarse sandstone, weakly cemented medium sandstone, weakly cemented fine
sandstone, and siltstone. In accordance with the experimental protocol and the require-
ments of “Methods for test, monitoring and prevention of rock burst-Part 3: Classification
and laboratory test method on bursting liability of coal–rock combinations sample,” coal
and rock samples were processed into cylindrical specimens with a diameter of 50 mm
and heights of 25 mm, 50 mm, 75 mm, and 100 mm, respectively. The top and bottom
surfaces were ground flat using a grinding machine to ensure that the surface flatness error
at both ends was within 0.02 mm. For each rock type, four samples were prepared in each
of the following sizes: φ50 × 25 mm, φ50 × 50 mm, φ50 × 75 mm, and φ50 × 100 mm.
For coal samples, 16 samples were prepared in each of the following sizes: φ50 × 25 mm,
φ50 × 50 mm, and φ50 × 75 mm, and four samples were prepared in the φ50 × 100 mm
size. Then, in accordance with “Methods for test, monitoring and prevention of rock
burst-Part 3:Classification and laboratory test method on bursting liability of coal–rock
combinations sample,” the coal samples were bonded with epoxy resin AB adhesive [26,27]
to rock samples of four different lithologies to form standard specimens (φ50 × 100 mm)
with α ratios of 1:3, 1:1, and 3:1, as shown in Figure 1. To minimize the influence of the
adhesive layer thickness at the interface, first apply the adhesive evenly to the bonding
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surfaces of the coal or rock samples. Then, align the bonding surfaces of the coal and rock
samples, press the combined sample firmly in a vertical direction to squeeze out any excess
adhesive along the edges, and wipe it clean to ensure that only a thin layer of adhesive
remains at the coal–rock interface. Place the bonded coal–rock composite sample in a
laboratory at a room temperature of 23 ◦C and let it stand for 24 h, then wrap it in plastic
wrap for storage.

 

Figure 1. Preparation of coal–rock composite specimens.
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To compare the effects of changes in rock properties on the mechanical properties of
coal–rock composite specimens where the weaker component changes with the variation in
rock properties, and those where the weaker component does not change with the variation
in rock properties, maintaining its coal sample unchanged, under an α ratio of 1:1, a set
of tests with λ = 1.20 was added. This set of tests was included primarily for comparative
analysis and does not affect the research objectives of this paper. Due to limitations on
the number of samples collected from the same batch, no additional tests were conducted
under α ratios of 1:3 and 3:1.

2.2. Test Equipment and Scheme

The tests were conducted using a WDW-300E microcomputer-controlled electronic
universal testing machine (Shidai Shijin (Shandong) Scientific Instrument Co., Ltd., Jinan,
China). A load monitoring system, a microseismic monitoring system, and an acoustic
emission monitoring system were employed to monitor signals in real time throughout
the loading process, as shown in Figure 2. The data collected by each monitoring system
will be analyzed in a separate paper; therefore, the relevant parameters of the monitoring
systems and the initial parameter settings are not detailed herein.

 

Figure 2. Test system: (a) testing machine; (b) monitoring system; (c) loading of the λ = 0.26 specimen;
(d) loading of the λ = 0.35 specimen; (e) loading of the λ = 0.59 specimen; (f) loading of the
λ = 3.81 specimen.

First, uniaxial compression tests were conducted on individual coal and rock spec-
imens at a loading rate of 0.02 mm/s to determine their mechanical properties; the test
results are presented in Table 2. Then, uniaxial compression tests were conducted on
coal–rock composite specimens under various working conditions at a loading rate of
0.02 mm/s. Each test condition was repeated four times to minimize the impact of data
discretization on the experimental results. The specific experimental scheme is shown in
Table 3. In this study, the secant modulus at 40% to 60% of the peak stress is used as the
elastic modulus for analysis [28–30]. Strain is calculated using the displacement monitoring
system built into the testing machine.

https://doi.org/10.3390/app16125939

https://doi.org/10.3390/app16125939


Appl. Sci. 2026, 16, 5939 7 of 42

Table 2. Test results of mechanical properties of coal and rock specimens (average values).

No. Specimen
Uniaxial

Compressive
Strength (MPa)

Modulus of
Elasticity (GPa)

Peak Strain
(%) λ β

1 coal specimen 30.73 1.45 2.99 - -

2 weakly cemented
coarse sandstone 8.11 0.87 1.83 0.26 0.60

3 weakly cemented
medium sandstone 10.87 1.65 1.31 0.35 1.14

4 weakly cemented
medium sand-stone 18.18 2.43 1.44 0.59 1.68

5 fine sandstone
(supplement) 36.90 4.08 1.47 1.20 2.81

6 siltstone 116.95 20.84 0.84 3.81 14.37
Note: β is the ratio of the elastic moduli of rock to coal.

Table 3. Experimental scheme.

λ = 0.26 λ = 0.35 λ = 0.59 λ = 1.20 λ = 3.81

α = 1:3
√ √ √

-
√

α = 1:1
√ √ √ √ √

α = 3:1
√ √ √

-
√

3. Mechanical Model of Coal–Rock Composite Specimens
3.1. Theoretical Relationship Between the Elastic Modulus of Coal–Rock Composite Specimens and
That of Individual Coal and Rock Samples

To compare the experimental results of the modulus of elasticity with theoretical
calculations, the relationship between the modulus of elasticity of coal–rock composite spec-
imens and that of individual coal and rock specimens was theoretically derived. Figure 3
illustrates the load-bearing deformation diagram of a coal–rock composite specimen with
α = 1:1. The composite specimen consists of a coal specimen and a rock specimen connected
in series. The elastic moduli of the composite specimen, the coal specimen, and the rock
specimen are denoted by E, Ec and Er, respectively. The heights of the composite specimen,
the coal specimen, and the rock specimen are denoted by H, Hc and Hr, respectively. The
relationship among these three parameters is given by H = Hc + Hr. Assuming that all parts
of the coal–rock composite specimen are homogeneous, continuous, and isotropic, and that
they behave as ideal elastic models under axial stress, with the stress–strain relationship
conforming to Hooke’s law, the axial strains of the coal–rock composite specimen, the coal
specimen, and the rock specimen under axial stress σ are respectively:

ε = σ
E

εc =
σc
Ec

εr =
σr
Er

(1)

In the equation: ε, εc and εr represent the axial strains of the coal–rock composite
specimen, the coal specimen, and the rock specimen, respectively; σ, σc and σr represent
the axial stresses of the coal–rock composite specimen, the coal specimen, and the rock
specimen, respectively.
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Figure 3. Schematic diagram of load-deformation behavior for a coal–rock composite specimen with
α = 1:1.

Under axial stress σ, the deformations produced in the coal–rock composite specimen,
the coal specimen, and the rock specimen are, respectively:

∆H = εH
∆Hc = εc Hc

∆Hr = εr Hr

(2)

In the equation, ∆H, ∆Hc and ∆Hr represent the axial deformations of the coal–rock
composite specimen, the coal specimen, and the rock specimen, respectively.

For a coal–rock composite specimen subjected to axial stress σ, the following relation-
ship holds between ∆H, ∆Hc and ∆Hr:

∆H = ∆Hc + ∆Hr (3)

Based on Equations (1)–(3), the following expression is obtained:

σ

E
H =

σc

Ec
Hc +

σr

Er
Hr (4)

During the loading process, after the deformation of the coal–rock composite specimen
stabilizes, the axial stress satisfies the following relationship:

σ = σc = σr (5)

Substituting Equation (5) into Equation (4) and rearranging yields:

E =
EcEr H

EcHr + Er Hc
(6)

Substituting α = Hr/Hc and H = Hc + Hr into Equation (6) and rearranging gives the
theoretical relationship between the elastic modulus of the coal–rock composite specimen
and those of the coal and rock specimens:

E =
(1 + α)EcEr

αEc + Er
(7)

The theoretical relationship between the elastic modulus of coal–rock composite
specimens and those of coal and rock specimens is shown in Equation (7). As can be seen
from Equation (7), the elastic modulus of coal–rock composite specimens is correlated with
the elastic moduli of the coal and rock specimens and with the α value. Furthermore, when
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α is 1:1, the elastic modulus of the coal–rock composite specimens is related solely to the
elastic moduli of the coal and rock specimens.

3.2. Theoretical Ranking of Elastic Moduli for Coal–Rock Composite Samples and Individual Coal
and Rock Samples

The following theoretical derivation analyzes the relationship between the modulus of
elasticity of coal–rock composite specimens and those of individual coal and rock specimens.
By comparing E with Ec and E with Er, and substituting Equation (7) into the relationship,
the following expression is obtained after simplification.{Ec

E = αEc+Er
(1+α)Er

Er
E = αEc+Er

(1+α)Ec

(8)

Substituting β = Er/Ec into Equation (8) and simplifying yields the following expression.Ec
E =

1+ α
β

1+α
Er
E = β+α

1+α

(9)

According to Equation (9), for any α, the magnitude relationship among E, Ec and Er

satisfies the following: {
Ec < E < Er (β > 1)
Ec > E > Er (β < 1)

(10)

The above analysis indicates that, for any value of α, the elastic modulus of the coal–
rock composite specimens lies between the elastic moduli of the coal and rock specimens.

3.3. Theoretical Relative Relationship Between the Elastic Modulus of Coal–Rock Composite
Specimens and That of Individual Coal and Rock Samples

The following theoretical derivation analyzes the relative relationships among the
moduli of elasticity of the coal–rock composite specimens, the coal specimens, and the rock
specimens. By comparing the deviations between E and Ec and between E and Er, and
based on the relative magnitudes of E, Ec, and Er, we substitute Equation (7) and simplify
to obtain: {

E−Ec
Er−E = αEc

Er
(β > 1)

Ec−E
E−Er

= αEc
Er

(β < 1)
(11)

Substituting β = Er/Ec into Equation (11) and simplifying yields the following expression.{E−Ec
Er−E = α

β (β > 1)
Ec−E
E−Er

= α
β (β < 1)

(12)

According to Equation (12), it follows that the relationship between |E − Ec| and
|E − Er| satisfies the following:

|E − Ec| > |E − Er| (α > β)

|E − Ec| = |E − Er| (α = β)

|E − Ec| < |E − Er| (α < β)

(13)

The above analysis indicates that the relative magnitude of the elastic modulus of the
coal–rock composite specimen compared to those of the coal and rock specimens primarily
depends on the relationship between α and β. When α > β, the elastic modulus of the
coal–rock composite specimen is relatively closer to that of the rock specimen; when α = β,
the elastic modulus of the coal–rock composite specimen is the intermediate value between
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the elastic moduli of coal and rock specimens; when α < β, the elastic modulus of the
coal–rock composite specimen is relatively closer to that of the coal specimen.

3.4. Theoretical Relationship Between Strain in Coal–Rock Composite Specimens and Strain in
Individual Coal and Rock Samples

The following theoretical derivation examines the relationship between the strains
generated in coal–rock composite specimens and those in individual coal and rock speci-
mens during the loading process. By combining Equations (2) and (3) and simplifying, the
following expression is obtained:

ε =
εcHc + εr Hr

H
(14)

Substituting α = Hr/Hc and H = Hc + Hr into the above equation and simplifying yields
the following expression:

ε =
εc + αεr

1 + α
(15)

The theoretical relationship between the strain generated in the coal–rock composite
specimen during loading and the strains generated in the coal specimen and rock specimen
within the composite is given by Equation (15). As can be seen from Equation (15), the
strain of coal–rock composite specimens is correlated with the strain of the coal and rock
specimens and with the α value.

When α = 1:1, Equation (15) can be further simplified as follows:

ε =
εc + εr

2
(16)

From Equation (16), when α = 1:1, the strain generated in the coal–rock composite
specimen during loading is equal to half the sum of the strains generated in the coal
specimen and the rock specimen within the composite.

3.5. Theoretical Ranking of Strain for Coal–Rock Composite Samples and Individual Coal and
Rock Samples

The following theoretical derivation analyzes the magnitude relationship between
the strain generated in the coal–rock composite specimen during loading and the strains
generated in the coal and rock components of the composite. By comparing εc with ε and
εr with ε and substituting Equation (1) into the relationship, the following expression is
obtained after simplification: {

εc
ε = E

Ec
εr
ε = E

Er

(17)

Substituting Equation (7) into Equation (17) and simplifying yields the following
expression. {

εc
ε = (1+α)Er

αEc+Er
εr
ε = (1+α)Ec

αEc+Er

(18)

After substituting β = Er/Ec into Equation (18) and simplifying, the following expres-
sion is obtained. 

εc
ε = 1+α

1+ α
β

εr
ε = 1+α

β+α

(19)
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According to Equation (19), for any α, the magnitude relationship among ε, εc and εr

satisfies the following: {
εc > ε > εr (β > 1)
εc < ε < εr (β < 1)

(20)

The above analysis indicates that, for any value of α, the strains of the coal–rock
composite specimens lies between the strain of the coal and rock specimens.

3.6. Theoretical Relative Relationship Between Strain of Coal–Rock Composite Specimens and That
of Individual Coal and Rock Samples

The following theoretical derivation analyzes the relative magnitude of the strain
generated in a coal–rock composite specimen during loading compared with the strains
generated in the coal and rock specimens within the composite. Comparing the deviations
of εc, εr, and ε, and based on the relative magnitudes of ε, εc, and εr, we substitute Equation
(1) and simplify to obtain: 

εc−ε
ε−εr

= Er(E−Ec)
Ec(Er−E) (β > 1)

ε−εc
εr−ε = Er(Ec−E)

Ec(E−Er)
(β < 1)

(21)

Substituting Equation (7) into Equation (21) and simplifying yields the following
expression. {

εc−ε
ε−εr

= α (β > 1)
ε−εc
εr−ε = α (β < 1)

(22)

According to Equation (22), the relationship between |ε − εc| and |ε − εr| satisfies
the following: 

|ε − εc| > |ε − εr| (α > 1)
|ε − εc| = |ε − εr| (α = 1)
|ε − εc| < |ε − εr| (α < 1)

(23)

As can be seen from (23), the relative magnitude of the strain in a coal–rock composite
specimen compared to that in coal and rock specimens depends primarily on α. When
α > 1, the strain of the coal–rock composite specimen is relatively closer to that of the rock
specimen; when α = 1, the strain of the coal–rock composite specimen is the intermediate
value between the strain of coal and rock specimens; when α < 1, the strain of the coal–rock
composite specimen is relatively closer to that of the coal specimen. In other words, the
strain of the coal–rock composite specimen is closer to that of the component with the
larger height proportion.

4. Test Results and Analysis
The results of the uniaxial compression tests on coal–rock composite specimens are

presented in Table 4. As can be seen from Table 4, for any given value of α, the uniaxial
compressive strength, elastic modulus, and peak strain of coal–rock composite specimens
with different λ values are all different. Similarly, for any given value of λ, the uniaxial
compressive strength, elastic modulus, and peak strain of coal–rock composite specimens
with different α values are also all different. This indicates that λ and α have a significant
influence on the mechanical properties of coal–rock composite specimens.
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Table 4. Results of uniaxial compression tests on coal–rock composite specimens (average values).

α λ Uniaxial Compressive Strength (MPa) Modulus of Elasticity (GPa) Peak Strain (%)

1:3

0.26 12.00 1.13 1.73

0.35 12.46 1.28 1.67

0.59 20.68 1.58 2.25

3.81 25.55 1.74 2.51

1:1

0.26 7.74 0.89 1.48

0.35 9.29 1.08 1.43

0.59 21.07 1.87 1.87

1.20 31.91 2.34 2.17

3.81 39.00 2.57 2.34

3:1

0.26 9.65 1.10 1.49

0.35 13.25 1.62 1.42

0.59 20.59 2.12 1.68

3.81 40.06 3.53 1.82

4.1. Comparative Analysis of the Mechanical Properties of Coal–Rock Composite Specimens and
Individual Coal and Rock Specimens
4.1.1. Comparative Analysis of the Uniaxial Compressive Strength of Coal–Rock
Composite Specimens and Individual Coal and Rock Specimens

To clarify the relationship between the uniaxial compressive strengths of coal–rock
composite specimens and those of individual coal and rock specimens, the uniaxial com-
pressive strengths of the composite specimens were compared with those of the individual
specimens. Under laboratory conditions, coal, rock, and coal–rock composite specimens
are generally prepared as standard specimens in accordance with relevant standards when
testing uniaxial compressive strength. Therefore, comparing the uniaxial compressive
strength of coal–rock composite specimens with that of corresponding standard coal and
rock specimens is more practical than comparing them with coal and rock specimens
of heights corresponding to the actual α ratio. The comparison of uniaxial compressive
strengths between coal–rock composite specimens and standard individual coal and rock
specimens is shown in Figure 4.

As shown in Tables 2 and 4 and Figure 4a, when α = 1:3, the uniaxial compressive
strengths of coal–rock composite specimens with λ = 0.26, 0.35, and 0.59 fall between those
of the individual coal and rock specimens and are closer to those of the rock specimens. They
are 3.89 MPa, 1.59 MPa, and 2.50 MPa higher than those of the rock specimens, representing
increases of 47.97%, 14.63%, and 13.75%, respectively. The uniaxial compressive strength of
the coal–rock composite specimen with λ = 3.81 is lower than that of both the individual
coal and rock specimens, but closer to that of the individual coal specimen. It decreased by
5.18 MPa compared to the individual coal specimen, representing a decrease of 16.86%.

As shown in Tables 2 and 4 and Figure 4b, when α = 1:1, the uniaxial compressive
strengths of coal–rock composite specimens with λ = 0.26 and 0.35 are lower than those of
individual coal and rock specimens, while the uniaxial compressive strengths of coal–rock
composite specimens with λ = 0.59, 1.20, and 3.81 fall between those of individual coal
and rock specimens. In particular, the uniaxial compressive strengths of the coal–rock
composite specimens with λ = 0.26, 0.35, and 0.59 are closer to those of the individual rock
specimens, decreasing by 0.37 MPa, decreasing by 1.58 MPa, and increasing by 2.89 MPa,
respectively, compared to the individual rock specimens. The corresponding percentage
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changes are a decrease of 4.56%, a decrease of 14.54%, and an increase of 15.90%. The
uniaxial compressive strengths of coal–rock composite specimens with λ values of 1.20
and 3.81 were closer to those of the individual coal specimens, increasing by 1.18 MPa and
8.27 MPa, respectively, compared to the individual coal specimens, representing increases
of 3.84% and 26.91%, respectively.
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Figure 4. Comparison of uniaxial compressive strengths between coal–rock composite specimens
and individual coal and rock specimens: (a) α = 1:3; (b) α = 1:1; (c) α = 3:1.

As shown in Tables 2 and 4 and Figure 4c, when α = 3:1, the uniaxial compressive
strengths of coal–rock composite specimens with λ = 0.26, 0.35, 0.59, and 3.81 all fall
between those of the individual coal and rock specimens. Among these, the strengths of
specimens with λ = 0.26, 0.35, and 0.59 are closer to those of the rock specimens, increasing
by 1.54 MPa, 2.38 MPa, and 2.41 MPa, respectively, compared to the individual rock
specimens, representing increases of 18.99%, 21.90%, and 13.26%. In contrast, the strength
of the specimen with λ = 3.81 is closer to that of the individual coal specimen, increasing by
9.33 MPa, respectively, compared to the individual coal specimens, representing increases
of 30.36%.

The above analysis shows that, for any value of α, the uniaxial compressive strength
of coal–rock composite specimens differs from that of both individual coal and rock speci-
mens. It is lower than the uniaxial compressive strength of the stronger component in the
composite specimen, and is closer to that of the weaker component. However, the pattern of
the relative magnitude between the composite specimen’s strength and that of the weaker
component is unclear, and the relative deviation from the weaker component’s uniaxial
compressive strength generally remains within 30%. It is evident that, for any value of
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α, testing the uniaxial compressive strength of individual coal or rock specimens alone
will result in a certain degree of deviation compared to that of the composite specimen;
this deviation is particularly significant when testing only the stronger component of the
composite specimen.

4.1.2. Comparative Analysis of Elastic Modulus Test Results and Theoretical Calculations

To verify the degree of agreement between the experimental elastic modulus values of
coal–rock composite specimens and the theoretical calculated values, as well as the influence
of λ and α on this agreement, the elastic moduli of the individual coal and rock specimens
from Table 2 were substituted into Equation (7) to calculate the theoretical elastic moduli of
the coal–rock composite specimens. The calculation results are presented in Table 5 (for
ease of comparison, the elastic modulus test results from Table 4 are also included in this
table). To clarify the influence of λ and α on the agreement between the experimental and
theoretical elastic modulus values, comparison plots of the experimental and theoretical
elastic moduli for coal–rock composite specimens under different λ and α conditions were
prepared based on the results in Table 5, as shown in Figures 5 and 6, respectively.

Table 5. Comparison of experimental and theoretical elastic modulus values.

α λ
Experimental

Value/GPa
Theoretical
Value/GPa Deviation/GPa Relative

Deviation/%

1:3

0.26 1.13 1.24 −0.11 8.87

0.35 1.28 1.50 −0.22 14.67

0.59 1.58 1.61 −0.03 1.86

3.81 1.74 1.89 −0.15 7.94

1:1

0.26 0.89 1.09 −0.20 18.35

0.35 1.08 1.54 −0.46 29.87

0.59 1.87 1.82 0.05 2.75

1.20 2.34 2.14 0.20 9.35

3.81 2.57 2.71 −0.14 5.17

3:1

0.26 1.10 0.97 0.13 13.40

0.35 1.62 1.60 0.02 1.25

0.59 2.12 2.08 0.04 1.92

3.81 3.53 4.80 −1.27 26.46

As shown in Table 5 and Figure 5a, when λ = 0.26, the experimental elastic moduli
of coal–rock composite specimens with α = 1:3 and 1:1 were lower than the theoretical
values, decreasing by 0.11 GPa and 0.20 GPa, respectively, with relative deviations of 8.87%
and 18.35%. For the coal–rock composite specimens with α = 3:1, the experimental elastic
modulus was greater than the theoretical value, exceeding it by 0.13 GPa, with a relative
deviation of 13.40%. As shown in Table 5 and Figure 5b, when λ = 0.35, the experimental
elastic moduli of coal–rock composite specimens with α = 1:3 and 1:1 were lower than
the theoretical values, decreasing by 0.22 GPa and 0.46 GPa, respectively, with relative
deviations of 14.67% and 29.87%. For coal–rock composite specimens with α = 3:1, the
experimental elastic modulus was higher than the theoretical value, increasing by 0.02 GPa,
with a relative deviation of 1.25%. As shown in Table 5 and Figure 5c, when λ = 0.59, the
experimental elastic modulus of coal–rock composite specimens with α = 1:3 was lower
than the theoretical value, decreasing by 0.03 GPa, with a relative deviation of 1.86%. For
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coal–rock composite specimens with α = 1:1 and 3:1, the experimental elastic moduli were
greater than the theoretical values, increasing by 0.05 GPa and 0.04 GPa, respectively, with
relative deviations of 2.75% and 1.92%. As shown in Table 5 and Figure 5d, when λ = 3.81,
the experimental elastic moduli of coal–rock composite specimens with α = 1:3, 1:1, and 3:1
were all lower than the theoretical values, decreasing by 0.15 GPa, 0.14 GPa, and 1.27 GPa,
respectively, with relative deviations of 7.94%, 5.17%, and 26.46%.
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1:3 1:1 3:1
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

El
as

tic
 m

od
ul

us
(G

Pa
)

α

 Experimental values
 Theoretical values

1:3 1:1 3:1
0.0

0.5

1.0

1.5

2.0

El
as

tic
 m

od
ul

us
(G

Pa
)

α

 Experimental values
 Theoretical values

1:3 1:1 3:1
0.0

0.5

1.0

1.5

2.0

2.5

El
as

tic
 m

od
ul

us
(G

Pa
)

α

 Experimental values
 Theoretical values

1:3 1:1 3:1
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

El
as

tic
 m

od
ul

us
(G

Pa
)

α

 Experimental values
 Theoretical values

Figure 5. Comparison of experimental and theoretical elastic moduli for coal–rock composite speci-
mens at different λ values: (a) λ = 0.26; (b) λ = 0.35; (c) λ = 0.59; (d) λ = 3.81.

As shown in Table 5 and Figure 6a, when α = 1:3, the experimental elastic moduli
of the coal–rock composite specimens with λ = 0.26, 0.35, 0.59, and 3.81 were all lower
than the theoretical values, decreasing by 0.11 GPa, 0.22 GPa, 0.03 GPa, and 0.15 GPa,
respectively, with relative deviations of 8.87%, 14.67%, 1.86%, and 7.94%. As shown in
Table 5 and Figure 6b, when α = 1:1, the experimental elastic moduli of coal–rock composite
specimens with λ = 0.26, 0.35, and 3.81 were lower than the theoretical values, decreasing by
0.20 GPa, 0.46 GPa, and 0.14 GPa, respectively, with relative deviations of 18.35%, 29.87%,
and 5.17%. For coal–rock composite specimens with λ = 0.59 and 1.20, the experimental
elastic moduli were higher than the theoretical values, exceeding the theoretical values by
0.05 GPa and 0.20 GPa, respectively, with relative deviations of 2.75% and 9.35%. As shown
in Table 5 and Figure 6c, when α = 3:1, the experimental elastic moduli of the coal–rock
composite specimens with λ = 0.26, 0.35, and 0.59 were greater than the theoretical values,
exceeding the theoretical values by 0.13 GPa, 0.02 GPa, and 0.04 GPa, respectively, with
relative deviations of 13.40%, 1.25%, and 1.92%. For the coal–rock composite specimen with
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λ = 3.81, the experimental elastic modulus was lower than the theoretical value, decreasing
by 1.27 GPa, with a relative deviation of 26.46%.
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Figure 6. Comparison of experimental and theoretical elastic moduli for coal–rock composite speci-
mens at different α ratios: (a) α = 1:3; (b) α = 1:1; (c) α = 3:1.

The above analysis indicates that, for any given λ or α, the experimental elastic
moduli of coal–rock composite specimens exhibit a certain deviation from the theoretically
calculated values. Overall, the two values are relatively close, though the pattern governing
their relative magnitude is unclear. Under most operating conditions, the deviation is small,
with a relative deviation of less than 15%; under a few operating conditions, the deviation is
relatively large, but the relative deviation remains within 30%. Therefore, for any given λ or
α, the experimental elastic moduli of coal–rock composite specimens are in relatively good
agreement with the theoretical values, with small relative deviations. This further validates
the good applicability of Equation (7) for calculating the elastic modulus of coal–rock
composite specimens. It can also be observed that the influence of λ and α on the degree
of agreement does not exhibit a specific pattern. The deviation between experimental and
theoretical values is primarily due to the fact that the theoretical elastic modulus values
were calculated using the elastic modulus of standard coal and rock specimens, rather than
the elastic modulus of coal and rock samples of the corresponding size under actual α
conditions, resulting in a certain degree of deviation.
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4.1.3. Comparative Analysis of the Modulus of Elasticity for Coal–Rock Composite
Specimens and Individual Coal and Rock Specimens

To verify whether the relationship between the elastic moduli of the coal–rock compos-
ite specimens and those of the coal and rock specimens at different α values is consistent
with the theoretical relationship, the elastic moduli of the coal–rock composite specimens
were compared with those of the coal and rock specimens. The comparison is shown in
Figure 7.
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Figure 7. Comparison of the elastic moduli of coal–rock composite specimens and individual coal
and rock specimens: (a) α = 1:3; (b) α = 1:1; (c) α = 3:1.

As shown in Tables 2 and 4 and Figure 7a, when α = 1:3, the elastic moduli of the
coal–rock composite specimens with λ = 0.26, 0.59, and 3.81 all fall between those of
the coal and rock specimens, consistent with the theoretical relationship. However, the
elastic modulus of the coal–rock composite specimen with λ = 0.35 is lower than those
of the coal and rock specimens, differing from the theoretical relationship. As shown in
Tables 2 and 4 and Figure 7b, when α = 1:1, the elastic moduli of the coal–rock composite
specimens with λ = 0.26, 0.59, 1.20, and 3.81 all fall between the elastic moduli of the coal
and rock specimens, and all are consistent with the theoretical relationship. For the coal–
rock composite specimen with λ = 0.35, the elastic modulus is lower than that of the coal
and rock specimens, differing from the theoretical relationship. As shown in Tables 2 and 4
and Figure 7c, when α = 3:1, the elastic moduli of the coal-rock composite specimens with
λ = 0.26, 0.35, 0.59, and 3.81 all fall between those of the coal and rock specimens, and all
are consistent with the theoretical relationship.
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The above analysis indicates that, except for the coal–rock composite specimens with
α = 1:3 and 1:1 where, at λ = 0.35, the relationship between the elastic moduli of the
composite specimens and those of the coal and rock specimens differs from the theoretical
relationship, the results are consistent with the theoretical relationship under all other
conditions. This demonstrates that the experimental relationship between the elastic
moduli of the coal–rock composite specimens and those of the coal and rock specimens
exhibits a high degree of agreement with the theoretical relationship. This further validates
the reliability of the relationship where, for any value of α, the elastic modulus of the coal–
rock composite specimen lies between those of the coal and rock specimens. Under certain
operating conditions, the experimental relationship differs from the theoretical relationship.
This is primarily because, when comparing the elastic moduli of coal–rock composite
specimens with those of coal and rock specimens, the elastic moduli of the coal and rock
specimens are those of standard coal–rock specimens, rather than the elastic moduli of
coal–rock specimens of corresponding dimensions at the actual α value. Consequently, a
discrepancy arises between the experimental and theoretical relationships.

4.1.4. Analysis of the Relative Magnitude Relationship Between the Elastic Modulus of
Coal–Rock Composite Samples and Individual Coal and Rock Samples

Based on the above analysis, the theoretical relative relationship between the elastic
moduli of the coal–rock composite specimens and those of the coal and rock specimens
was first determined; the results are shown in Table 6. As shown in Table 6, when α = 1:3,
for coal–rock composite specimens with λ = 0.26, 0.35, 0.59, and 3.81, the relationship is
α < β, meaning that the elastic moduli of these four groups are relatively closer to those
of the coal specimens. As shown in Table 6, when α = 1:1, for the specimen with λ = 0.26,
the relationship is α > β, meaning that its elastic modulus is relatively closer to that of the
rock specimen. For specimens with λ = 0.35, 0.59, 1.20, and 3.81, the relationship is α < β,
meaning that their elastic moduli are relatively closer to those of the coal specimens. As
shown in Table 6, when α = 3:1, for specimens with λ = 0.26, 0.35, and 0.59, the relationship
is α > β, meaning that their elastic moduli are relatively closer to those of the rock specimens.
For the specimen with λ = 3.81, the relationship is α < β, meaning that its elastic modulus
is relatively closer to that of the coal specimen.

Based on the test results, the relative relationship between the elastic moduli of coal–
rock composite specimens and those of coal and rock specimens are analyzed below.
The values of |E − Ec| and |E − Er| were calculated for coal–rock composite specimens
under various operating conditions, and the results are shown in Table 7. As shown in
Table 7, when α = 1:3, for a coal–rock composite specimen with λ = 0.26, the relationship
between |E − Ec| and |E − Er| is |E − Ec| > |E − Er|, indicating that the elastic modulus
of this composite specimen is relatively closer to that of the rock specimen. For coal–rock
composite specimens with λ = 0.35, 0.59, and 3.81, the relationship is |E − Ec| < |E − Er|,
meaning that the elastic moduli of these three groups of coal–rock composite specimens
are all relatively closer to those of the coal specimens. As shown in Table 7, when α = 1:1,
for a coal–rock composite specimen with λ = 0.26, the relationship is |E − Ec| > |E − Er|,
meaning that the elastic modulus of this composite specimen is relatively closer to that
of the rock specimen. For coal–rock composite specimens with λ = 0.35, 0.59, 1.20, and
3.81, the relationship is |E − Ec| < |E − Er|, meaning that the elastic moduli of these four
groups are all relatively closer to those of the coal specimens. As shown in Table 7, when α

= 3:1, for coal–rock composite specimens with λ = 0.26, 0.35, and 0.59, the relationship is
|E − Ec| > |E − Er|, meaning that the elastic moduli of these three groups are all relatively
closer to that of the rock specimen. For the coal–rock composite specimen with λ = 3.81,
the relationship is |E − Ec| < |E − Er|, meaning that the elastic modulus of this composite
specimen is relatively closer to that of the coal specimen.

https://doi.org/10.3390/app16125939

https://doi.org/10.3390/app16125939


Appl. Sci. 2026, 16, 5939 19 of 42

Table 6. Judgment results of the theoretical relative size relationship of elastic modulus between
coal–rock composite specimens and coal and rock specimens.

α λ β
Relationship Between

α and β
Relationship Between |E−Ec|

and |E−Er|
Closer Component

1:3

0.26 0.60 α < β |E − Ec| < |E − Er | Coal specimen

0.35 1.14 α < β |E − Ec| < |E − Er | Coal specimen

0.59 1.68 α < β |E − Ec| < |E − Er | Coal specimen

3.81 14.37 α < β |E − Ec| < |E − Er | Coal specimen

1:1

0.26 0.60 α > β |E − Ec| > |E − Er | Rock specimen

0.35 1.14 α < β |E − Ec| < |E − Er | Coal specimen

0.59 1.68 α < β |E − Ec| < |E − Er | Coal specimen

1.20 2.81 α < β |E − Ec| < |E − Er | Coal specimen

3.81 14.37 α < β |E − Ec| < |E − Er | Coal specimen

3:1

0.26 0.60 α > β |E − Ec| > |E − Er | Rock specimen

0.35 1.14 α > β |E − Ec| > |E − Er | Rock specimen

0.59 1.68 α > β |E − Ec| > |E − Er | Rock specimen

3.81 14.37 α < β |E − Ec| < |E − Er | Coal specimen

Table 7. Test results on the relative magnitudes of the modulus of elasticity for coal–rock composite
specimens and coal and rock specimens.

α λ |E−Ec|/GPa |E−Er|/GPa Relationship Between |E−Ec|
and |E−Er|

Closer Component

1:3

0.26 0.32 0.26 |E − Ec| > |E − Er | Rock specimen

0.35 0.17 0.37 |E − Ec| < |E − Er | Coal specimen

0.59 0.13 0.85 |E − Ec| < |E − Er | Coal specimen

3.81 0.29 19.10 |E − Ec| < |E − Er | Coal specimen

1:1

0.26 0.56 0.02 |E − Ec| > |E − Er | Rock specimen

0.35 0.37 0.57 |E − Ec| < |E − Er | Coal specimen

0.59 0.42 0.56 |E − Ec| < |E − Er | Coal specimen

1.20 0.89 1.74 |E − Ec| < |E − Er | Coal specimen

3.81 1.12 18.27 |E − Ec| < |E − Er | Coal specimen

3:1

0.26 0.35 0.23 |E − Ec| > |E − Er | Rock specimen

0.35 0.17 0.03 |E − Ec| > |E − Er | Rock specimen

0.59 0.67 0.31 |E − Ec| > |E − Er | Rock specimen

3.81 2.08 17.31 |E − Ec| < |E − Er | Coal specimen

The above analysis indicates that, with the exception of the coal–rock composite
specimen with α = 1:3, where the relative relationship between the elastic moduli of the
composite specimen and those of the coal and rock specimens differed from the theoretical
relative relationship at λ = 0.26, the results were consistent with the theoretical relative
relationship under all other conditions. This demonstrates that the experimental relative
relationship between the elastic moduli of the coal–rock composite specimens and those of
the coal and rock specimens exhibits a high degree of agreement with the theoretical relative
relationship. This further validates the reliability of determining the relative magnitudes of
the elastic moduli based on the relationship between α and β. Under certain conditions,
the experimental relative magnitude relationship differs from the theoretical one. This is
primarily because, during the calculation of β in the theoretical analysis and the calculation
of |E − Ec| and |E − Er| in the experimental analysis, the elastic moduli of the coal and
rock specimens were taken as those of standard coal and rock specimens rather than
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the elastic moduli of coal–rock specimens of corresponding dimensions at the actual α
value. Consequently, discrepancies arose between the experimental and theoretical relative
magnitude relationships.

4.2. Effect of α on the Mechanical Properties of Coal–Rock Composite Specimens
4.2.1. Effect of α on the Stress–Strain Curves

The stress–strain curves of coal–rock composite specimens under different λ values
are shown in Figure 8. As shown in Figure 8, during the loading process, the stress–strain
curves of the coal–rock composite specimens all undergo a compaction stage, an elastic
stage, a yield stage, and a post-peak failure stage. The parameter α has a certain influence
on the stress–strain curves of the coal–rock composite specimens, and this influence varies
depending on the value of λ. For coal–rock composite specimens with λ = 3.81, given that
the rock specimen is denser than the coal specimen, the compaction stage of the stress–strain
curve shortens, the slope of the linear elastic stage increases, and the yield stage becomes
less pronounced as α increases. For coal–rock composite specimens with λ = 0.59, the
stress–strain curves show no significant differences between α = 1:3 and α = 1:1. However,
when α increases to 3:1, the compaction stage becomes significantly shorter, the slope of
the linear elastic stage increases markedly, and the yield stage becomes less distinct. For
coal–rock composite specimens with λ = 0.26 and 0.35, the influence of α on the stress–strain
curve is not clearly defined. However, compared with specimens with λ = 0.59 and 3.81,
the post-peak brittleness is significantly reduced.
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Figure 8. Stress–strain curves for coal–rock composite specimens at different λ values: (a) λ = 0.26;
(b) λ = 0.35; (c) λ = 0.59; (d) λ = 3.81.
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4.2.2. Effect of α on Uniaxial Compressive Strength

Figure 9 shows the relationship between the uniaxial compressive strength of coal–rock
composite specimens and α for different values of λ. As shown in Figure 9, the variation
patterns of uniaxial compressive strength of coal–rock composite specimens under different
λ values with α changes are not exactly the same.
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Figure 9. Relationship between uniaxial compressive strength and α for coal–rock composite speci-
mens at different λ values.

The uniaxial compressive strength of coal–rock composite specimens with λ values
of 0.26 and 0.35 exhibits the same trend with respect to α; in both cases, the strength first
decreases and then increases as α increases. When α increased from 1:3 to 1:1, the uniaxial
compressive strengths of the two groups of composite specimens decreased from 12.00 MPa
to 7.74 MPa and from 12.46 MPa to 9.29 MPa, respectively, representing decreases of 35.50%
and 25.44%; when α increased from 1:1 to 3:1, the uniaxial compressive strengths of the two
groups of composite specimens increased from 7.74 MPa to 9.65 MPa and from 9.29 MPa to
13.25 MPa, respectively, representing increases of 24.68% and 42.63%. It can be seen that
although the patterns of change in the uniaxial compressive strength of the two groups
of composite specimens with respect to α are the same, there are significant differences
in the magnitude of these changes. The uniaxial compressive strength of both groups of
composite specimens was lowest when α was 1:1, but the corresponding α values at which
the strength was highest differed, being 1:3 and 3:1, respectively.

For coal–rock composite specimens with λ = 0.59, the uniaxial compressive strength
first increased and then decreased as α increased. When α increased from 1:3 to 1:1, the
uniaxial compressive strength increased from 20.68 MPa to 21.07 MPa, representing a 1.89%
increase; when α increased from 1:1 to 3:1, the uniaxial compressive strength decreased from
21.07 MPa to 20.59 MPa, representing a 2.28% decrease. Overall, the uniaxial compressive
strength of this group of composite specimens showed only minor changes with variations
in α, indicating that the specimens in this group are less sensitive to changes in α. The
uniaxial compressive strength of this group of composite specimens was lowest when α

was 3:1 and maximal when α was 1:1.
For coal–rock composite specimens with λ = 3.81, the uniaxial compressive strength

exhibited a trend of increasing rapidly at first and then more slowly as α increased. When
α increased from 1:3 to 1:1, the uniaxial compressive strength increased from 25.55 MPa to
39.00 MPa, representing a 52.64% increase; when α increased from 1:1 to 3:1, the uniaxial
compressive strength increased from 39.00 MPa to 40.06 MPa, representing an increase of
only 2.72%. It can be seen that once α exceeds 1:1, the increase in uniaxial compressive
strength for this group of composite specimens becomes smaller as α increases. This indi-
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cates that once α exceeds 1:1, the uniaxial compressive strength of this group of composite
specimens becomes less sensitive to changes in α.

4.2.3. Theoretical Relationship Between the Modulus of Elasticity and α

The following theoretical analysis examines how the modulus of elasticity of a coal–
rock composite specimen varies with α. It is assumed that the elastic moduli of the coal
specimen and rock specimen within the composite do not change with α; that is, Ec and Er

remain constant. The varied α is denoted as α′, and the corresponding modulus of elasticity
is denoted as E′. Then, according to Equation (7), E′ can be expressed as:

E′ =
(1 + α′)EcEr

α′Ec + Er
(24)

Comparing E′ with E and simplifying yields the following expression:

E′

E
=

αEc + α′Er + Er + αα′Ec

αEr + α′Ec + Er + αα′Ec
(25)

Substituting β = Er/Ec into Equation (25) and simplifying yields the following expression.

E′

E
=

α′(β − 1) + α + α′ + αα′ + β

α(β − 1) + α + α′ + αα′ + β
(26)

According to Equation (26), when β > 1, the following expression is obtained:E′ > E (α′ > α)

E′ < E (α′ < α)
(27)

According to Equation (26), when β < 1, the following expression is obtained:E′ < E (α′ > α)

E′ > E (α′ < α)
(28)

The above analysis indicates that the variation in the elastic modulus of coal–rock
composite specimens with respect to α is primarily determined by β. When β > 1, the
elastic modulus of the coal–rock composite specimens is positively correlated with α; when
β < 1, the elastic modulus is negatively correlated with α. In other words, as the proportion
of the component with a higher elastic modulus increases within the coal–rock composite
specimen, the elastic modulus of the composite specimen increases; conversely, it decreases.

4.2.4. Relationship Between Theoretical Elastic Modulus and α

Based on the established theoretical relationship between elastic modulus and α, this
study analyzes the relationship between theoretical elastic modulus and α for different β
values. The objective is to clarify the magnitude of variation in theoretical elastic modulus
with α under different β conditions, as well as the differences in these magnitudes across
various β values. The α ratio was selected to range from 1:99 to 99:1. In the coal–rock
composite specimens, the height of the coal specimen was decreased in 1 mm increments,
and the height of the rock specimen was correspondingly increased in 1 mm increments.
The coal specimen used in this study had a fixed elastic modulus of 1.45 GPa. The β values
were selected as 0.20, 0.40, 0.60 (λ = 0.26), 0.80, 1.14 (λ = 0.35), 1.68 (λ = 0.59), 2.50, 5.00,
10.00, and 14.37 (λ = 3.81). The specific parameters for each condition were substituted into
Equation (7) to calculate the theoretical elastic modulus. Based on the calculation results, a
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plot of the relationship between theoretical elastic modulus and α for coal–rock composite
specimens under different β values was constructed, as shown in Figure 10.
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Figure 10. Relationship between theoretical elastic modulus and α for different β values.

As shown in Figure 10, when β < 1 or β > 1, the variation in the theoretical elastic
modulus of coal–rock composite specimens with α is not affected by β; the variation
patterns are the same for different β values. As shown in Figure 10a, when β < 1, the
theoretical elastic modulus of coal–rock composite specimens under different β values
all decrease gradually with increasing α, and the rate of decrease gradually slows down,
eventually approaching Er. As shown in Figure 10b, when β > 1, the theoretical elastic
modulus under different β values all increase gradually with increasing α, and the rate of
increase gradually slows down, eventually approaching Er. The overall trend indicates
that, for any given β, the influence of α on the theoretical elastic modulus of coal–rock
composite specimens gradually weakens as α increases. When α is small, its effect on the
theoretical elastic modulus is significant. When α is large, its effect tends to become less
pronounced. As shown in Figure 10a, for β < 1, the smaller the β, the greater the rate of
decrease in the theoretical elastic modulus with increasing α, and conversely, the larger
the β, the smaller the rate of decrease. The results indicate that when β < 1, for the same
magnitude of α variation, the smaller the β, the greater the influence of the α variation
on the theoretical elastic modulus of the coal–rock composite specimen; conversely, the
larger the β, the smaller this influence. When β > 1, the larger the β, the greater the rate at
which the theoretical elastic modulus of the coal–rock composite specimen increases with
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increasing α; conversely, the smaller the β, the smaller this rate. This indicates that when
β > 1, for the same magnitude of α variation, the larger the β, the greater the influence of
the α variation on the theoretical elastic modulus of the coal–rock composite specimen, and
conversely, the smaller the β, the smaller this influence. Figure 10 also shows that when
β < 1, as β increases, the trend of the rate of decrease in the theoretical elastic modulus of
the coal–rock composite specimen gradually weakening becomes less pronounced. When
β > 1, as β increases, the trend of the theoretical elastic modulus of the coal–rock composite
specimen increasing at a slowing rate gradually weakens. This indicates that as α increases,
the smaller the β, the sooner the theoretical elastic modulus of the coal–rock composite
specimen tends to level off; conversely, the larger the β, the later it tends to level off.

4.2.5. Effect of α on the Modulus of Elasticity

Figure 11 shows the relationship between the elastic modulus of coal–rock composite
specimens and α for different values of λ. As shown in Figure 11, consistent with the
uniaxial compressive strength, the variation patterns of the elastic modulus of coal–rock
composite specimens under different λ values with α changes are not exactly the same.
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Figure 11. Relationship between the elastic modulus of coal–rock composite specimens and α at
different λ values.

The elastic modulus of coal–rock composite specimens with λ = 0.26 and λ = 0.35
exhibits the same trend with respect to α: in both cases, the modulus first decreases and
then increases as α increases, consistent with the trend observed for uniaxial compressive
strength. When α increased from 1:3 to 1:1, the elastic moduli of the two groups of
composite specimens decreased from 1.13 GPa to 0.89 GPa and from 1.28 GPa to 1.08 GPa,
respectively, representing decreases of 21.24% and 15.63%. When α increased from 1:1 to
3:1, the elastic moduli increased from 0.89 GPa to 1.10 GPa and from 1.08 GPa to 1.62 GPa,
respectively, representing increases of 23.60% and 50.00%. It can be seen that although the
patterns of change in the elastic moduli of the two groups with respect to α are the same,
there are significant differences in the magnitudes of these changes. The elastic modulus of
both groups was minimal when α = 1:1, but the α values at which the elastic modulus was
maximal differed, being 1:3 and 3:1, respectively.

The elastic modulus of coal–rock composite specimens with λ = 0.59 and λ = 3.81
exhibits the same trend with respect to α, both showing a gradual increase as α increases.
Among these, the specimens with λ = 3.81 exhibit the same trend as observed for uniaxial
compressive strength. When α increased from 1:3 to 1:1, the elastic moduli increased from
1.58 GPa to 1.87 GPa and from 1.74 GPa to 2.57 GPa, respectively, representing increases
of 18.35% and 47.70%. When α increased from 1:1 to 3:1, the elastic moduli increased
from 1.87 GPa to 2.12 GPa and from 2.57 GPa to 3.53 GPa, respectively, with increases of
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13.37% and 37.35%. It can be seen that although the variation patterns of the elastic moduli
of the two groups with respect to α are the same, there are significant differences in the
magnitudes of the changes.

4.2.6. Comparison of the Relationship Between Theoretical and Experimental Elastic
Moduli and α

To verify the agreement between the theoretical and experimental values of the elastic
modulus and the value of α, we performed a comparative analysis of the relationship
between the theoretical and experimental values of the modulus of elasticity and α, based
on the test results for the elastic modulus of the coal–rock composite specimens in Table 4
and the calculated theoretical values of the elastic modulus in Table 5. Figure 12 shows
a comparison of the theoretical and experimental values of the modulus of elasticity
in relation to α. As shown in Figure 12, the relationship between the theoretical and
experimental values of the elastic modulus and α differs for coal–rock composite specimens
with λ values of 0.26 and 0.35. As shown in Figure 12, the relationship between the
theoretical and experimental values of the elastic modulus and α is consistent for coal–
rock composite specimens with λ values of 0.59 and 3.81. The discrepancy between the
theoretical and experimental values of the elastic modulus and their relationship with α is
primarily due to the fact that, when calculating the theoretical values of the elastic modulus,
the elastic moduli of standard coal and rock specimens are used, rather than those of coal
and rock specimens of corresponding sizes at the actual α value. This results in a different
relationship between the theoretical and experimental values of the elastic modulus and α.
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Figure 12. Comparison of theoretical and experimental elastic modulus values with α under different
λ: (a) λ = 0.26; (b) λ = 0.35; (c) λ = 0.59; (d) λ = 3.81.
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4.2.7. Effect of α on Peak Strain

The relationship between peak strain and α for coal–rock composite specimens at
different λ values is shown in Figure 13. As can be seen from Figure 13, consistent with
the trends observed for uniaxial compressive strength and elastic modulus, the variation
patterns of the peak strain of coal–rock composite specimens under different λ values with
α changes are not exactly the same.
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Figure 13. Relationship between peak strain and α for coal–rock composite specimens at different
λ values.

The peak strain of coal–rock composite specimens with λ = 0.26 and 0.35 exhibits the
same trend with respect to α; in both cases, the peak strain first decreases and then tends
to remain constant as α increases. When α increased from 1:3 to 1:1, the peak strain of
the two groups of composite specimens decreased from 1.73% to 1.48% and from 1.67%
to 1.43%, respectively, representing decreases of 14.45% and 14.37%. The rates of decrease
were nearly identical. When α increased from 1:1 to 3:1, the peak strains of the two groups
changed from 1.48% to 1.49% and from 1.43% to 1.42%, respectively, remaining nearly
constant. This indicates that once α exceeds 1:1, the peak strains of these two groups
become insensitive to changes in α and are almost unaffected by variations in α. Thus, the
peak strain of these two groups not only follows the same pattern of change with α, but the
magnitude of change also tends to be nearly consistent.

The peak strain of coal–rock composite specimens with λ = 0.59 and 3.81 exhibits the
same variation pattern with respect to α, both showing a gradual decrease as α increases.
For the specimen with λ = 0.59, the rate of decrease gradually slows down, whereas for
the specimen with λ = 3.81, the decrease is almost linear. When α increased from 1:3 to
1:1, the peak strain of the two groups decreased from 2.25% to 1.87% and from 2.51%
to 2.34%, respectively, representing reductions of 16.89% and 6.77%. When α increased
from 1:1 to 3:1, the peak strains decreased from 1.87% to 1.68% and from 2.34% to 1.82%,
respectively, corresponding to decreases of 10.16% and 22.22%. It can be seen that although
the patterns of change in peak strain with respect to α were the same for both groups, there
were significant differences in the magnitude of these changes.

4.2.8. Weak Component Effect Analysis of the Influence of α on the Mechanical Properties
of Coal–Rock Composite Specimens

As shown in Figure 9 and the analysis in Section 4.2.2, the variation in uniaxial
compressive strength with respect to α for coal–rock composite specimens with λ = 3.81
differs from that of specimens with λ = 0.26, 0.35, and 0.59. In other words, the variation
in uniaxial compressive strength with respect to α for coal–rock composite specimens
where the coal is the weaker component differs from that of the three types of specimens
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where the rock is the weaker component. From Figures 11 and 13 and together with the
analysis in Sections 4.2.5 and 4.2.7, it can be seen that the trend of the elastic modulus
and peak strain of the coal–rock composite specimen with λ = 3.81 as a function of α is
identical to that of the specimen with λ = 0.59, but differs from those of the specimens
with λ = 0.26 and 0.35. That is, the variation pattern of the elastic modulus and peak
strain with respect to α for coal–rock composite specimens where the coal specimen is the
weaker component is identical to that of specimens where one rock specimen is the weaker
component, but differs from that of specimens where the other two rock specimens are
the weaker component. Furthermore, even when the variation patterns are identical, there
are significant differences in the magnitudes of the changes. This indicates that previous
studies on the variation in uniaxial compressive strength, elastic modulus, and peak strain
with α for coal–rock composite specimens with coal as the weaker component, conducted
under conventional geological conditions, clearly do not apply to coal–rock composite
specimens where the weaker component changes with the variation in rock properties.

The above analysis indicates that, for any given λ, α has a significant effect on the
uniaxial compressive strength, elastic modulus, and peak strain of coal–rock composite
specimens. For coal–rock composite specimens where the weaker component changes
with the variation in rock properties, the variation in uniaxial compressive strength, elastic
modulus, and peak strain with α is significantly influenced by rock properties. These
variation patterns are not entirely identical for different rock properties. Therefore, for coal–
rock composite specimens with this characteristic, it is necessary to clarify the variation
patterns of uniaxial compressive strength, elastic modulus, and peak strain with respect to
α for specimens under various lithological conditions. Previous studies on the variation
patterns of uniaxial compressive strength, elastic modulus, and peak strain with respect
to α for coal–rock composite specimens with coal as the weaker component, conducted
solely under conventional geological conditions, clearly do not satisfy the requirements for
coal–rock composite specimens with this characteristic.

4.3. Effect of λ on the Mechanical Properties of Coal–Rock Composite Specimens
4.3.1. Effect of λ on Stress–Strain Curves

The stress–strain curves of coal–rock composite specimens at different α values are
shown in Figure 14. As shown in Figure 14, during the loading process, the stress–strain
curves of the coal–rock composite specimens all undergo a compaction stage, an elastic
stage, a yield stage, and a post-peak failure stage. λ has a certain influence on the stress–
strain curves of the coal–rock composite specimens, and this influence is generally similar
across different α values. As λ increases, the overall trend shows that the compaction stage
gradually shortens, the slope of the linear elastic stage gradually increases, the yield stage
becomes less pronounced, the number of stress drops after peak strength decreases, and
the characteristics of brittle failure become increasingly evident.

4.3.2. Effect of λ on Uniaxial Compressive Strength

The relationship between the uniaxial compressive strength of coal–rock composite
specimens and λ at different α values is shown in Figure 15. As shown in Figure 15, the
relationship between the uniaxial compressive strength of coal–rock composite specimens
and λ is not affected by α; under different α conditions, the relationship between the
uniaxial compressive strength of coal–rock composite specimens and λ remains consistent
and it exhibited a trend of increasing rapidly at first and then more slowly as λ increased.
When α = 1:3, the uniaxial compressive strength of the coal–rock composite specimen
with λ = 0.26 is 12.00 MPa. As λ increases to 0.35, 0.59, and 3.81, the strength increases
to 12.46 MPa, 20.68 MPa, and 25.55 MPa, respectively, representing increases of 3.83%,
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72.33%, and 112.92%. When α = 1:1, as λ increases from 0.26 to 0.35, 0.59, 1.20, and 3.81, the
corresponding increases in uniaxial compressive strength are 20.03%, 172.22%, 312.27%, and
403.88%. When α = 3:1, as λ increases from 0.26 to 0.35, 0.59, and 3.81, the corresponding
increases in uniaxial compressive strength are 37.31%, 113.37%, and 315.13%, respectively.
The above analysis indicates that, for any given α, λ has a significant effect on the uniaxial
compressive strength of coal–rock composite specimens.
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Figure 14. Stress–strain curves of coal–rock composite specimens at different α ratios: (a) α = 1:3;
(b) α = 1:1; (c) α = 3:1.
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Figure 15. Relationship between uniaxial compressive strength and λ of coal–rock composite speci-
mens at different α values.
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To quantitatively investigate the intrinsic relationship between the uniaxial compres-
sive strength of coal–rock composite specimens and λ, the relationship between the two
parameters was fitted using exponential, logarithmic, and power functions for each α

value. The fitting results are presented in Table 8. As shown in Table 8, the coefficient of
determination (R2) for the exponential function is higher than that for the logarithmic and
power functions at all α values. Therefore, the intrinsic relationship between the uniaxial
compressive strength and λ of coal–rock composite specimens at all α values can be quanti-
tatively characterized using the exponential function. Table 8 also shows that the coefficient
of determination (R2) for the exponential function fit is consistently high and increases with
increasing α, indicating that the correlation between the uniaxial compressive strength and
λ of the coal–rock composite specimens is strong for all α values, and that the fit improves
as α increases. The fitting curves and the corresponding equations are shown in Figure 15.

Table 8. Fitting results for the relationship between uniaxial compressive strength and λ at different
α values.

Types of Functions
α

Average
1:3 1:1 3:1

Exponential Functions 0.9620 0.9930 0.9999 0.9850

Logarithmic Functions 0.9071 0.9658 0.9993 0.9574

Power Functions 0.8924 0.9384 0.9972 0.9427

This can be seen from the trend in the uniaxial compressive strength of coal–rock
composite specimens with an α ratio of 1:1 as λ varies. As λ increases, the rate of increase
in uniaxial compressive strength for coal–rock composite specimens where the weaker
component changes with the variation in rock properties is significantly higher than that
for specimens where the weaker component does not change with the variation in rock
properties, maintaining its coal sample unchanged. This indicates that, for the same
magnitude of λ variation, increasing the strength of the weaker component in the composite
specimen results in a relatively significant increase in the specimen’s uniaxial compressive
strength, whereas increasing the strength of the stronger component results in a relatively
small increase in the specimen’s uniaxial compressive strength. The uniaxial compressive
strength of coal–rock composite specimens where the weaker component changes with
the variation in rock properties is significantly more affected by changes in rock properties
than that of specimens where the weaker component does not change with the variation in
rock properties, maintaining its coal sample unchanged. Studies conducted by scholars
on the variation in uniaxial compressive strength with respect to λ in coal–rock composite
specimens—where the weaker component does not change with the variation in rock
properties, maintaining its coal sample unchanged—are clearly insufficient to fully elucidate
the patterns of variation under these geological conditions.

4.3.3. Effect of λ on the Modulus of Elasticity

The relationship between the elastic modulus of coal–rock composite specimens and
λ at different α values is shown in Figure 16. As shown in Figure 16, the relationship
between the elastic modulus of coal–rock composite specimens and λ is not affected by
α; under different α conditions, the relationship between the elastic modulus of coal–
rock composite specimens and λ remains consistent and it exhibited a trend of increasing
rapidly at first and then more slowly as λ increased, consistent with the pattern observed
for uniaxial compressive strength. When α = 1:3, the elastic modulus of the coal–rock
composite specimen with λ = 0.26 is 1.13 GPa. As λ increases to 0.35, 0.59, and 3.81, the
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elastic modulus increases to 1.28 GPa, 1.58 GPa, and 1.74 GPa, respectively, representing
increases of 13.27%, 39.82%, and 53.98%. Similarly, when α = 1:1, as λ increases from 0.26
to 0.35, 0.59, 1.20, and 3.81, the increases in elastic modulus are 21.35%, 110.11%, 162.92%,
and 188.76%, respectively. When α = 3:1, as λ increases from 0.26 to 0.35, 0.59, and 3.81,
the increases in elastic modulus are 47.27%, 92.73%, and 220.91%, respectively. The above
analysis indicates that, for any given α, λ has a significant effect on the elastic modulus of
coal–rock composite specimens.
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Figure 16. Relationship between the elastic modulus of coal–rock composite specimens and λ at
different α values.

To quantitatively investigate the intrinsic relationship between the elastic modulus
and λ of coal–rock composite specimens, the relationship between the two parameters
was fitted using exponential, logarithmic, and power functions for various α values. The
fitting results are presented in Table 9. As shown in Table 9, when α = 1:3 and 1:1, the
coefficient of determination (R2) for the exponential function is significantly higher than
that for the logarithmic and power functions. When α = 3:1, the coefficient of determination
(R2) for the exponential function is slightly lower than that for the logarithmic and power
functions. As shown in Table 9, the average coefficient of determination (R2) for the
exponential function is significantly higher than the averages for the logarithmic and
power functions. Therefore, the intrinsic relationship between the elastic modulus and λ of
coal–rock composite specimens under various α values can be quantitatively characterized
using an exponential function. Furthermore, the coefficient of determination (R2) exceeds
0.99 in all cases, indicating a strong correlation between the elastic modulus and λ of coal–
rock composite specimens at different α values. The fitting curves and the corresponding
equations are shown in Figure 16.

Table 9. Fitting results for the relationship between elastic modulus and λ at different α values.

Types of Functions
α

Average
1:3 1:1 3:1

Exponential Functions 0.9968 0.9907 0.9933 0.9936

Logarithmic Functions 0.9408 0.9445 0.9995 0.9616

Power Functions 0.9333 0.9202 0.9999 0.9511

4.3.4. Comparison of the Relationship Between Theoretical and Experimental Elastic
Moduli and λ

To verify the similarities and differences in the relationship between the theoretical
and experimental elastic moduli and λ under different α values, we will compare and
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analyze the changes in the theoretical and experimental values of elastic modulus with
respect to λ under different α values. Based on the experimental results for the elastic
modulus of coal–rock composite specimens in Table 4 and the theoretical calculations for
the elastic modulus of these specimens in Table 5, a comparison plot of the theoretical
and experimental values of the elastic modulus versus λ for different values of α was
plotted, as shown in Figure 17. As shown in Figure 17, for all values of α, the trends in the
theoretical and experimental values of the elastic modulus as a function of λ are consistent;
as λ increases, both exhibit a pattern of rapid initial increase followed by a gradual increase.
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Figure 17. Comparison of theoretical and experimental elastic modulus values with λ under different α.

Similarly, to quantitatively investigate the intrinsic relationship between the theoretical
elastic modulus of coal–rock composite specimens and λ, the relationship between the
two parameters was fitted using exponential, logarithmic, and power functions for each α

value. The fitting results are presented in Table 10. As shown in Table 10, the coefficient of
determination (R2) for the logarithmic function is greater than that for the exponential and
power functions for all α values. Therefore, the intrinsic relationship between the theoretical
elastic modulus and λ for coal–rock composite specimens under different α values can
be quantitatively characterized by a logarithmic function. Table 10 also shows that the
R2 values for the logarithmic function are all above 0.99, indicating a strong correlation
between the theoretical elastic modulus and λ for all α values. The fitting curves and
corresponding equations are shown in Figure 17.
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Table 10. Fitting results of the relationship between theoretical elastic modulus and λ for different
α values.

Function Type (R2)
α

Average
1:3 1:1 3:1

Exponential function 0.9541 0.9576 0.9937 0.9685
Logarithmic function 0.9984 0.9938 0.9957 0.9960

Power function 0.8522 0.9280 0.9841 0.9214

The above analysis shows that, for different values of α, the theoretical and experi-
mental values of the elastic modulus exhibit consistent relationships with λ; however, the
results of fitting these relationships differ.

4.3.5. Effect of λ on Peak Strain

The relationship between peak strain of coal–rock composite specimens and λ at
different α values is shown in Figure 18. As shown in Figure 18, the relationship between
peak strain of coal–rock composite specimens and λ is not affected by α; under different α
conditions, the relationship between peak strain of coal–rock composite specimens and λ

remains consistent and it exhibited a trend of rapid decrease followed by a rapid increase
and then a gradual increase as λ increases. As λ varied from 0.26 to 0.35, the peak strains of
coal–rock composite specimens with α ratios of 1:3, 1:1, and 3:1 decreased from 1.73% to
1.67%, from 1.48% to 1.43%, and from 1.49% to 1.42%, respectively, representing decreases
of 3.47%, 3.38%, and 4.70%, respectively. When α was 1:3, as λ increased from 0.35 to 0.59
and 3.81, the peak strain increased to 2.25% and 2.51%, respectively, representing increases
of 34.73% and 50.30%. Similarly, when α is 1:1, as λ increases from 0.35 to 0.59, 1.20, and
3.81, the increases in peak strain are 30.77%, 51.75%, and 63.64%, respectively. When α is
3:1, as λ increases from 0.35 to 0.59 and 3.81, the increases in peak strain are 18.31% and
28.17%, respectively. The above analysis indicates that, for any given α, λ has a significant
effect on peak strain of coal–rock composite specimens.

 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

1.3

1.5

1.7

1.9

2.1

2.3

2.5

2.7

Pe
ak

 st
ra

in
(%

)

λ

 α=1:3
 α=1:1
 α=3:1

Figure 18. Relationship between peak strain and λ for coal–rock composite specimens at different
α values.

4.3.6. The Influence of α on the Amplitude of Mechanical Parameter Changes Under
Different λ Variations

Based on Figures 15, 16 and 18 and in conjunction with the analysis in Sections 4.3.2,
4.3.3 and 4.3.5, it can be observed that although the trends in uniaxial compressive strength,
elastic modulus, and peak strain of coal–rock composite specimens under different α

values are similar as λ varies, there are certain differences in the magnitude of these
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changes. Given that the lithology of the roof varies relatively randomly under actual
geological conditions and does not increase or decrease continuously in accordance with
its strength characteristics, we analyze the effect of α on the magnitude of changes in
uniaxial compressive strength, elastic modulus, and peak strain under arbitrary variations
in λ. To clarify the similarities and differences in the magnitude of changes in the uniaxial
compressive strength, elastic modulus, and peak strain of coal–rock composite specimens
with different α values under various λ variations, as well as the similarities and differences
in the relationship between the magnitude of changes in uniaxial compressive strength,
elastic modulus, and peak strain and α under different λ changes, calculate the amplitude
of uniaxial compressive strength, elastic modulus, and peak strain changes for coal–rock
combination specimens with different α values under various λ variations. The calculation
results are shown in Table 11. The comparative relationship of the amplitude of uniaxial
compressive strength, elastic modulus, and peak strain changes for coal–rock combination
specimens with different α values under various λ variations is shown in Figures 19–21.

Table 11. Calculation results of the amplitude of uniaxial compressive strength, elastic modulus, and
peak strain change under different λ variations.

λ α
Change Amplitude of Uniaxial

Compressive Strength (%)
Change Amplitude of
Elastic Modulus (%)

Change Amplitude of
Peak Strain (%)

0.26→0.35
1:3 3.83 13.27 −3.47
1:1 20.03 21.35 −3.38
3:1 37.31 47.27 −4.70

0.26→0.59
1:3 72.33 39.82 30.06
1:1 172.22 110.11 26.35
3:1 113.37 92.73 12.75

0.26→3.81
1:3 112.92 53.98 45.09
1:1 403.88 188.76 58.11
3:1 315.13 220.91 22.15

0.35→0.59
1:3 65.97 23.44 34.73
1:1 126.80 73.15 30.77
3:1 55.40 30.86 18.31

0.35→3.81
1:3 105.06 35.94 50.30
1:1 319.81 137.96 63.64
3:1 202.34 117.90 28.17

0.59→3.81
1:3 23.55 10.13 11.56
1:1 85.10 37.43 25.13
3:1 94.56 66.51 8.33

As can be seen from Figures 19–21 and Table 10, the amplitude of uniaxial compressive
strength, elastic modulus, and peak strain variation in coal–rock combination specimens
with different α under various λ variations vary from each other, and the differences are
relatively significant. For example, for a change in λ from 0.26 to 0.59, the changes in uniaxial
compressive strength for coal–rock composite specimens with α ratios of 1:3, 1:1, and 3:1
were 72.33%, 172.22%, and 113.37%, respectively, while the changes in elastic modulus were
39.82%, 110.11%, and 92.73%, and the changes in peak strain were 30.06%, 26.35%, and
12.75%, respectively. It can be seen that the magnitude of the change in uniaxial compressive
strength, elastic modulus, and peak strain under different λ variations. is significantly
influenced by α. As can be seen from Figures 19–21 and Table 10, for different variations in
λ, the variation pattern of the amplitude of uniaxial compressive strength, elastic modulus,
and peak strain changes with α is not exactly the same. Taking uniaxial compressive
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strength as an example, the variation in uniaxial compressive strength generally exhibits
two types of relationships with α. For the changes in λ from 0.26 to 0.35 and from 0.59
to 3.81, the magnitude of the change in uniaxial compressive strength follows a pattern
of gradual increase as α increases. For the λ changes from 0.26 to 0.35 and from 0.59 to
3.81, the magnitude of the change in uniaxial compressive strength increases gradually
as α increases. For the other four λ changes, the magnitude of the change in uniaxial
compressive strength first increases and then decreases as α increases, and the magnitude
of the change is always greatest when α is 1:1, but the corresponding α value at which the
change is smallest differs. For the λ change from 0.35 to 0.59, the magnitude of the change
in uniaxial compressive strength is smallest when α is 3:1, whereas for the other three λ

changes, the magnitude of the change in uniaxial compressive strength is smallest when α

is 1:3.
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Figure 19. Comparison chart of the amplitude of uniaxial compressive strength changes under
different λ variations.
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Figure 20. Comparison chart of the amplitude of elastic modulus changes under different λ variations.
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Figure 21. Comparison chart of the amplitude of peak strain changes under different λ variations.

The above analysis indicates that, for any given change in λ, the magnitude of the
change in uniaxial compressive strength, elastic modulus, and peak strain is significantly
influenced by α. The magnitude of the change in uniaxial compressive strength, elastic
modulus, and peak strain varies from each other for coal–rock composite specimens with
different α values under various λ variations. The relationship between the magnitude
of the change in uniaxial compressive strength, elastic modulus, and peak strain and α

are not exactly the same under different λ variations. Therefore, it is necessary not only to
clarify the relationship between the uniaxial compressive strength, elastic modulus, and
peak strain of coal–rock composite specimens and changes in λ, but also to understand
the effect of α on the magnitude of these changes in uniaxial compressive strength, elastic
modulus, and peak strain.

4.4. Analysis of Failure Characteristics of Coal–Rock Composite Specimens

The typical failure behaviors of coal–rock composite specimens under uniaxial com-
pression are shown in Table 12. As presented in Table 12, the failure modes of coal–rock
composite specimens with λ = 0.26 and 0.35 are essentially similar. For these specimens
with α = 1:3, 1:1, and 3:1, both the coal and rock components exhibited varying degrees
of failure, with the rock component showing a greater extent of failure than the coal com-
ponent, indicating that the rock component was the primary source of failure. The rock
component displayed “V”-shaped shear failure, and due to the influence of this rock failure,
the coal component mainly underwent tensile failure. A main crack was observed that
extended through the primary failure zone of the rock component, and the crack became
relatively larger closer to the interface. Overall, as α increases, the degree of failure in
coal–rock composite specimens with λ = 0.26 and 0.35 gradually decreases. When λ = 0.59,
both the coal and rock components in the composite specimens with α = 1:3, 1:1, and 3:1
experienced relatively complete failure. The rock component primarily underwent shear
failure, while the coal component mainly exhibited splitting failure. Overall, as α increases,
the degree of failure in these specimens gradually decreases. When λ = 1.20, both the
coal and rock specimens in a coal–rock composite specimen with α= 1:1 ratio exhibited
varying degrees of failure, with the coal specimens showing a higher degree of failure
than the rock specimens, indicating that the coal specimens were the primary source of
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failure. The coal specimens mainly exhibited splitting failure, while the rock specimens
primarily underwent tensile failure. When λ = 3.81, both the coal and rock components in
the composite specimens with α = 1:3 exhibited varying degrees of failure. The extent of
failure in the coal component was significantly greater than that in the rock component,
indicating that the coal component was the primary source of failure. The coal component
primarily exhibited single-plane shear failure or splitting failure, while the rock component
mainly underwent tensile failure. In composite specimens with α = 1:1 and 3:1, failure
occurred mainly in the coal specimen, indicating that the coal specimen was the primary
failure component. No obvious macroscopic cracks were observed on the surface of the
rock specimen, which remained largely intact, while the coal specimen primarily exhibited
single-plane shear failure or splitting failure. Overall, as α increases, the severity of failure
in the coal–rock composite specimens gradually decreases.

Table 12. Typical failure modes of coal–rock composite specimens.

α = 1:3 α = 1:1 α = 3:1

λ = 0.26

         

λ = 0.35

         

λ = 0.59
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Table 12. Cont.

α = 1:3 α = 1:1 α = 3:1

λ = 1.20

 

λ = 3.81

         

The above analysis indicates that λ and α have a significant influence on the failure
mode of coal–rock composite specimens. When λ is small or large, the weaker component
of the coal–rock composite specimen is the primary source of failure. When λ falls within
a certain range, both the stronger and weaker components of the coal–rock composite
specimen undergo relatively complete failure. Once λ reaches a certain critical value,
only the weaker component of the coal–rock composite specimen fails, while the stronger
component remains intact. As α increases, the degree of failure in the coal–rock composite
specimens gradually decreases.

5. Discussion
5.1. Discussion on the Critical Stress for Rockburst Occurrence

Based on the coal burst prevention and control system grounded in the perturbation-
response instability theory [31], working faces in coal burst-prone mines must undergo
a coal burst hazard assessment using the critical stress index method prior to mining or
excavation operations. This assessment determines the coal burst hazard level and the
extent of the area to be mined (Figure 22 shows the results of the delineation of impact
hazard zones in a working face based on the stress index method), laying the foundation
for targeted coal burst prevention and control and guiding the anti-burst design of the
working face. Accurate determination of the coal burst hazard level and its spatial extent is
a prerequisite for precise coal burst prevention and control. The core concept of the critical
stress index method is to evaluate the hazard level based on the degree of proximity between
the actual stress and the critical stress. The accuracy of the critical stress determination
directly affects the precision of the hazard level and extent assessment.
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Figure 22. Coal burst hazard zones in a working face based on critical stress index method.

According to the perturbation response instability theory of coal bursts [1], the coal–
rock deformation system is idealized as a typical circular roadway subjected to a uniformly
distributed load at infinity, as illustrated in Figure 23. The formula for calculating the
critical stress required to induce a coal burst in a circular roadway, under the assumption
of no support stress, is obtained as follows [1]:

Pcr =
σc

2

(
1 +

1
K

)
(29)

where K is the burst energy index.

 

Figure 23. Analysis model of roadway coal burst [1,31].

As shown in Equation (29), when support stress is not taken into account, the critical
stress for a coal burst in a circular roadway is primarily related to σc and K. Currently,
when calculating the critical stress, researchers first measure the values of σc and K for
individual coal specimens and then substitute these values into Equation (29) to determine
the critical stress for coal burst occurrence. Moreover, in these calculations, σc and K for
a given coal seam are often treated as fixed parameters, implying that the critical stress
for coal burst remains constant within that same coal seam. However, coal-bearing strata
typically consist of alternating layers of coal and rock with varying properties. Under actual
engineering conditions, the values of σc and K for a coal seam are influenced by the layered
stratigraphic context and may differ significantly from those measured on individual coal
specimens. Furthermore, under the influence of geological and engineering factors, σc and
K often vary dynamically in actual engineering conditions.

The analysis presented in this paper shows that, for any given α, the uniaxial compres-
sive strength of a coal–rock composite specimen is not equal to that of an individual coal
specimen or an individual rock specimen (the relative deviation in uniaxial compressive
strength between individual coal samples and composite coal–rock specimens is shown
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in Figure 24). This indicates that substituting the uniaxial compressive strength of an
individual coal specimen into Equation (29) to calculate the critical stress will introduce a
certain degree of deviation. The analysis also reveals that both λ and α have a significant
effect on the uniaxial compressive strength of coal–rock composite specimens, indicating
that the uniaxial compressive strength varies dynamically with changes in the lithology and
thickness of the coal seam roof, thereby causing the critical stress to also vary dynamically.
Therefore, it is necessary to modify Equation (29) to account for these effects; specific
modifications will be addressed in future research.

  
(a) α = 1:3 (b) α = 1:1 
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Figure 24. Relative deviation in uniaxial compressive strength between individual coal samples and
composite coal–rock specimens.

In summary, for geological conditions characterized by “weakly cemented overlying
strata + high-strength coal seams” with significant variations in roof lithology and thickness,
it is essential to clarify the influence of these variations on the critical stress and to elucidate
the underlying patterns. This will enable the “dynamization” of the critical stress under
such geological conditions, thereby facilitating the precise prevention and control of coal
bursts based on this dynamic critical stress.

5.2. Limitations of the Study

Interface issues in coal–rock composite specimens have long been a focal point and a
major challenge in research. Ideally, coal–rock composite samples with natural interfaces
should be collected directly on-site as required by the test to minimize the influence of
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interface factors. In this study, the interface treatment of coal–rock combination specimens
was primarily based on the standard “Methods for Test, Monitoring, and Prevention of
Rock Bursts—Part 3: Classification and Laboratory Test Method for the Bursting Liability of
Coal–Rock Combination Specimens,” and epoxy resin AB adhesive was used for bonding.
Further research should, as much as possible, focus on coal–rock composite samples with
native interfaces.

Due to limitations on the number of samples collected from the same batch, this study
designed three α values when investigating the effect of α on the mechanical properties of
coal–rock composite samples. Consequently, the number of test conditions was relatively
limited. In future studies of this nature, efforts should be made to ensure a sufficient variety
of test conditions.

As we all know, the coal measure strata are not composed of a single rock stratum,
but a variety of different rock strata are interbedded. Several rock strata are superimposed
together to form a surrounding rock system with unique mechanical properties. This study
focused solely on two-component coal–rock systems; future research should be conducted
based on practical engineering scenarios to explore three-component and multi-component
systems in greater depth.

6. Conclusions
(1) There are significant differences in the mechanical properties of coal–rock composite

specimens compared to individual coal and rock specimens. For any value of α, the
uniaxial compressive strength of the coal–rock composite specimen is lower than that
of the strong component in the composite specimen, and is closer to that of the weak
component in the composite specimen; however, the relationship between the uniaxial
compressive strength of the composite specimen and that of the weak component is
not clearly defined. Under most operating conditions, the elastic modulus of coal–rock
composite specimens falls between those of the individual coal and rock samples.
When α > β, the elastic modulus of the coal–rock composite specimen is relatively
closer to that of the rock specimen; when α = β, the elastic modulus of the coal–rock
composite specimen is the intermediate value between the elastic moduli of coal and
rock specimens; when α < β, the elastic modulus of the coal–rock composite specimen
is relatively closer to that of the coal specimen.

(2) For any value of λ, α has a significant effect on the mechanical properties of coal–rock
composite specimens. For coal–rock composite specimens where the weaker compo-
nent varies with rock properties, the variation in uniaxial compressive strength, elastic
modulus, and peak strain with α is significantly influenced by rock properties. These
variation patterns are not entirely identical for different rock properties. Therefore, for
coal–rock combination specimens with this characteristic, it is necessary to clarify the
variation patterns of uniaxial compressive strength, elastic modulus, and peak strain
with α under different rock properties.

(3) For any value of α, λ has a significant effect on the mechanical properties of coal–rock
composite specimens. For coal–rock composite specimens at different α values, the
trends in uniaxial compressive strength, elastic modulus, and peak strain as a function
of λ are identical. Both uniaxial compressive strength and elastic modulus exhibit
a pattern of increasing rapidly at first and then more slowly with increasing λ, and
both can be quantitatively described by exponential functions. Peak strain follows
a pattern of rapid decrease, rapid increase, and gradual increase with increasing
λ. However, for any given change in λ, the magnitude of the changes in uniaxial
compressive strength, elastic modulus, and peak strain is significantly influenced by α.
The magnitude of the change in uniaxial compressive strength, elastic modulus, and
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peak strain vary from each other for coal–rock composite specimens with different
α values under various λ variations. The relationship between the magnitude of the
change in uniaxial compressive strength, elastic modulus, and peak strain and α are
not exactly the same under different λ variations.

(4) For the same magnitude of λ variation, increasing the strength of the weaker com-
ponent in the composite specimen results in a relatively significant increase in the
specimen’s uniaxial compressive strength, whereas increasing the strength of the
stronger component results in a relatively small increase in the specimen’s uniaxial
compressive strength.

(5) Both λ and α have a significant influence on the failure mode of coal–rock composite
specimens. When λ is small or large, the weaker component of the coal–rock composite
specimen is the primary source of failure. When λ falls within a certain range, both
the stronger and weaker components of the coal–rock composite specimen undergo
relatively complete failure. When λ increases beyond a critical value, only the weaker
component of the coal–rock composite specimen fails, while the stronger component
remains intact and does not fail. As α increases, the degree of failure in the coal–rock
composite specimen gradually decreases.
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