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The properties of laminated soft-hard composite rock masses are significantly influenced by the 
thickness ratio of the soft and hard rock layers, due to their inherent heterogeneity and anisotropy. 
This study investigates the mechanical properties and mesoscopic damage of soft-hard composite 
rock mass with varying layer thickness ratios. Soft-hard composite rock samples with different 
thickness ratios were prepared, and uniaxial compression experiments were conducted using an 
acoustic emission (AE) system to examine the mechanical behaviour and failure characteristics of 
these composite rock masses. The key findings are as follows: (1) Mechanical parameters exhibit a 
linear decline with increasing soft rock thickness. When the soft rock thickness ratio increased from 
10% to 90%, the peak strength of the composite rock mass decreased by 62.8%, from 45.12 MPa to 
16.8 MPa; the elastic modulus decreased by 36.8%, from 9.77 GPa to 6.17 GPa. (2) The number of 
surface cracks gradually decreases as the proportion of soft rock thickness increases, while oblique 
cracks progressively increase. The failure mode transitions from splitting failure to shear failure. When 
soft rock thickness is low, splitting failure dominated by hard rock predominates. As soft rock thickness 
increases, the failure mode shifts to predominantly shear failure, with the duration of the plastic stage 
extending from 200 s to 600 s. (3) Based on the law of conservation of energy, the energy evolution of 
the rock under unidirectional loading was analysed. The relationship between the energy evolution of 
soft-hard composite rock mass and the layer thickness ratio was constructed by considering the elastic 
constant and peak strength of the soft-hard composite rock mass. (4) A damage constitutive model 
was proposed based on Weibull distribution theory. This model accounts for the influence of the layer 
thickness ratio on macroscopic deformation localization, considering microscopic rupture damage. It 
provides a better fit for the stress–strain curve of soft-hard composite rock masses under unidirectional 
loading, offering an effective characterization of their mechanical behaviour.

Keywords  Soft-hard composite rock masses, Thickness ratio, Acoustic emission characteristics, Mechanical 
properties, Mesoscopic damage, Energy evolution.

Layered rock masses are widely distributed in nature. Due to various geological processes, the mechanical 
properties of layered soft-hard composite rock masses differ significantly from those of single rock types and 
exhibit characteristics of heterogeneity and anisotropy. Given the influence of these rock masses on engineering 
construction, understanding their mechanical properties has become a primary focus in the field of geotechnical 
engineering.

Because of the randomness and variability of natural rock samples, conducting comparative tests is 
challenging. To address this limitation, some researchers have cut and polished natural rocks into regular 
specimens of certain sizes and shapes, and utilized artificial binders as bonding layers to create soft and hard-
medium composite masses with varying interlayer materials1,2. In addition, with the rapid advancement of 
3D printing technology, some scholars have utilized specific printing materials to directly produce soft-hard 
composite rock masses. This approach has enabled precise control over the geometric shape, size, and internal 
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structure of the specimens, including the distribution of fractures and joints, thereby effectively simulating the 
complex structural characteristics of rocks3–7. However, the most cost-effective methods, based on the principles 
of similarity theory, combine aggregates such as quartz sand and river sand with binding materials like cement, 
kaolin and gypsum to produce rock-like samples8,9. Experimental results have confirmed that these rock-like 
samples effectively replicate the properties of natural rocks.

Laboratory tests have allowed researchers to intuitively assess the mechanical properties of these rock-like 
samples, investigate the crack-opening effect, and develop a crack-opening model10. For soft-hard composite 
rock masses, initial damage plays a critical role in the development of secondary cracks. The extent of initial 
damage directly influences the number and distribution of secondary cracks, with a higher degree of initial 
damage resulting in more extensive secondary cracking and a notable increase in shear cracks. Additionally, as 
crack inclination increases or crack opening decreases, both the uniaxial compressive strength and peak strain 
of rock samples tend to rise11–13.

To capture the specific processes involved in the internal failure of a sample during loading, scholars have 
introduced Acoustic Emission (AE) signal monitoring systems. These systems provide critical data on crack 
development, deformation differences, and energy evolution within specimens14–19. LIN H et al.20 conducted 
uniaxial compression experiments on composite rock masses with three parallel joints using AE technology. 
Their findings revealed that an increase in joint density within the hard layer accentuated the rock mass’s 
brittleness. Similarly, Jianping et al.21 examined the AE characteristics and spatial distribution of coal-rock 
combinations during loading and failure. They analyzed crack evolution patterns and proposed pre-peak crack 
closure, crack opening, and post-peak crack evolution models of coal-rock combinations.

The deformation and destruction of rock is the result of internal damage accumulation, in order to study 
the emergence, expansion and interaction of microfracture within the rock. Scholars based on the theory of 
damage mechanics, through the introduction of damage variables, quantitatively describes the change of the 
damage degree of the rock in the loading process, and closely linked to the macro-mechanical properties, and 
effectively establish the damage constitutive model of the soft and hard composite rock masses22–25. Based on 
the theoretical framework of continuum mechanics, a model is constructed by introducing damage variables. 
Zhang et al.26 formulated a constitutive damage equation using continuous medium theory and derived model 
parameters based on characteristic rock properties. Wang et al.27 proposed a damage evolution model and 
constitutive equation for jointed rock bodies, accounting for the combined effects of the rock structure and load 
coupling. The theory of elastic mechanics is the basis of the rock constitutive model, which provides the stress-
strain relationship of the rock in the undamaged state, and the change of parameters such as elastic modulus can 
reflect the degree of damage to the internal microstructure of the rock28–31. Nowadays, probabilistic statistical 
theory is increasingly applied in the study of rock damage constitutive models. This approach treats rock as 
composed of numerous randomly distributed micro-elements and micro-fractures, defining damage through 
the statistical distribution of micro-element strength. Consequently, it enables more accurate prediction of 
damage evolution patterns in rock under varying stress levels32–38. Some scholars even compared the Weibull 
distribution model with other distribution models, and found that the Weibull distribution can better reflect the 
strength and elastic modulus distribution of rocks under compression conditions, and more accurately establish 
the damage constitutive model39–46.

In summary, the current research on composite rock masses primarily focuses on the mechanical properties of 
soft-hard rock masses with equal thickness. However, key aspects such as the effect of variations in the thickness 
ratio between soft and hard rock layers and the complete energy evolution process remain underexplored. 
Additionally, studies on the mesoscopic constitutive models for layered soft-hard composite rock masses are 
limited and require further refinement.

To address these gaps, this study prepared rock-like samples of layered soft-hard composite rock masses. 
Through uniaxial compression experiments combined with AE system monitoring, the mechanical properties 
and energy evolution law of samples with varying soft and hard layer thickness ratios were analyzed. A damage 
constitutive model was then established based on the principle of mesoscopic rupture damage while considering 
the influence of the layer thickness ratio on macroscopic deformation localisation.

Test methods
Sample Preparation
Building on previous research47,48, this study selected M42.5 ordinary Portland cement and building gypsum 
as binding agents. To enhance sample compactness, two types of quartz sand with particle sizes of 100 and 200 
mesh were used as aggregates.

Following the International Society of Rock Mechanics (ISRM) standards, the samples were processed 
into standard cylindrical rock specimens with a diameter of 50 mm and a height of 100 mm. Using the Platts 
classification method and its rock firmness coefficient, target strength values and proportioning schemes were 
determined, as shown in Table 1.

Typology

Ration program Target strength

Cement Gypsum Quartz sand Water cement ratio Uniaxial compressive strength /MPa

soft rock 1 0.4 0.7 0.60 15

hard rock 1 0.1 0.9 0.50 50

Table 1.  Rock target strength and proportioning scheme.
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The samples of the uniaxial compression experiments were standard cylinder samples, which were divided 
into 10 parts along the height direction, and the thickness of the soft rock layer was increased in turn to form 11 
groups of samples, as shown in Fig. 1.

After collection, the samples were classified, labelled, and stored in an indoor environment (Fig. 2).

Sample screening
To ensure the uniformity of the rock-like samples, scanning electron microscopy (SEM) and energy spectrum 
analysis (energy dispersive X-ray spectroscopy; EDS) were employed to observe the mesoscopic characteristics 
of randomly selected samples from the study area.

(1) Sample treatment:
As concrete itself is non-conductive and possesses a porous internal structure, direct observation readily leads 

to charge accumulation that obscures the true morphology. The samples underwent pretreatment to improve the 
accuracy of SEM observations. The detailed steps of the sample preparation process are depicted in Fig. 3.

Fig. 3.  Pre-treatment of SEM test specimen.

 

Fig. 2.  Standard samples labelled and stored in an outdoor environment.

 

Fig. 1.  Schematic of sample preparation.
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(2) Test equipment:
The detailed characteristics of the sample, including pore distribution and the spatial arrangement of cement, 

gypsum, and other components were observed using a JSM-7610 field emission scanning electron microscope.
In conjunction with SEM observations, an energy spectrum analyser was employed to determine the elemental 

distribution within selected windows of the samples. Figure 4 shows the equipment used in this experiment.
(3) Sample testing:
To gain detailed insights into the pore structure and component distributions within the samples, the 

magnification was adjusted for specific regions of the soft and hard rock specimens. High-magnification 
observations captured these features, as illustrated in Figs. 5 and 6.

SEM analysis revealed the presence of small pores within the sample. However, the hydration products closely 
adhered to the surface of the sand particles, indicating strong bonding between the components. Additionally, 
energy spectrum analysis provided statistical data on the element distribution within the observation window. 
The results demonstrated that different elements were uniformly distributed across the sample. Figure 7 presents 
the distribution characteristics of various elements, including the distribution of Ca in both the soft and hard 
rock samples.

The samples were initially screened using nuclear magnetic resonance (NMR) to eliminate those with 
significant variability. The nuclear magnetic resonance results for all the samples in the 3-X group (with a soft 
rock thickness of 30 mm) are presented in Fig. 8.

There is no universally accepted standard for analysing the pore size using NMR. Scholars49–53 classified 
rock pores into micropores (< 1 μm), small pores (1–100 μm), medium pores (100–1000 μm) and macropores 
(> 100 μm). As shown in Fig. 8, the majority of pores in the sample were found to be micropores. To minimize 
the impact of sample variability on the tests, samples 3–4 and 3–8 were excluded from further analysis. The 

Fig. 6.  Soft rock specimens at different magnifications.

 

Fig. 5.  Hard rock specimens at different magnifications.

 

Fig. 4.  SEM device used in the experiment.
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remaining samples underwent ultrasonic testing and a secondary screening. This process was repeated for the 
other sample groups.

The NMR-preliminarily screened samples were then subjected to ultrasonic testing to assess their internal 
damage. Three samples from each group were retained, ensuring that the difference in longitudinal wave velocity 
did not exceed 5%. The screening results are summarized in Table 2.

Fig. 8.  NMR results of group 3-X samples.

 

Fig. 7.  EDS energy spectrum analysis.
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The strength of joint surfaces within composite rock masses significantly influences the properties of 
composite specimens. Therefore, variable-angle shear tests were conducted to determine the characteristics of 
these joint surfaces. To assess joint strength, composite specimens were prepared as 100 mm-cubed cubes with 
a 1:1 ratio of soft to hard rock layers. A variable-angle shear tester was employed to measure the shear strength 
parameters at the interface between the soft and hard rock layers. Variable-angle shear tests were conducted 
at three angles—35°, 45°, and 55°—to assess joint strength, with at least three specimens tested per angle. The 
variable-angle shear test setup is illustrated in Fig. 9.

Calculations indicate that the cohesion of the joint surface is 0.896 MPa, with an internal friction angle of 
41.67°. According to the Engineering Rock Mass Classification Standard (GB50218-2014), where the cohesion of 
a joint surface exceeds 0.22 MPa and the internal friction angle exceeds 37°, the interface between soft and hard 
rock strata may be classified as a strongly jointed surface.

Test equipment
Uniaxial loading device
Loading device and conditions  The uniaxial compression tests were conducted using a CRIMS-DNS200 elec-
tronic universal testing machine. The loading was controlled via displacement, at a rate of 0.05 mm/min. The 
test was terminated when the sample lost its bearing capacity, as evidenced by a significant decrease in stress and 
the absence of a rebound trend. During this process, peak stress, maximum strain, and other relevant data were 
recorded, and photographs of the damaged samples were taken for further analysis.

Layout of AE device
The AE system was used to collect key parameters such as the energy, cumulative energy, ringing count, and 
cumulative ringing count during the loading process. In this context, “energy” refers to the energy released as 
the material’s internal structure develops under load, while “ringing count” represents the number of ringing 
pulses exceeding a preset threshold, reflecting the frequency of AE signals. The AE energy and ringing count 
were used to determine the failure characteristics of the rock’s internal structure during uniaxial compression. 
The experimental setup is illustrated in Fig. 10.

Fig. 9.  Variable-angle shear test diagram.

 

Soft rock layer thickness ratio/% Average diameter/mm Average height/mm Average longitudinal wave speed/(km·s− 1)

0 50 100.36 2.907

10 50 99.72 3.012

20 50 99.93 3.049

30 50 101.01 3.086

40 50 100.57 3.165

50 50 100.64 3.183

60 50 100.08 3.205

70 50 100.55 3.247

80 50 99.69 3.289

90 50 101.21 3.333

100 50 99.61 3.425

Table 2.  Results of ultrasonic testing of samples.
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A DS5 AE system was used to monitor the generation and development of internal cracks in the rocks under 
loads. The primary parameters are listed in Table 3.

Four sensor probes distributed symmetrically in the soft and hard rocks were used in the test. The arrangement 
of the resistive strain gauges and AE probes is shown in Fig. 11.

Test results
Stress–strain curve analysis
Under the axial load, the axial stress of the sample increases with axial strain, reflecting the material’s elastic 
modulus and strength characteristics. The stress–strain curve for the composite rock mass specimen was 
experimentally obtained and is presented in Fig. 12.

The uniaxial compressive strength of the composite rock mass is represented by the peak stress, which 
characterizes the sample’s bearing capacity. The peak stress values of each sample are shown in Fig. 11, and a 
relationship curve between the sample strength and thickness of the soft rock layer is plotted in Fig. 13.

As the proportion of the soft rock thickness increased, the strength of the composite samples gradually 
decreased. Specifically, when the soft rock layer thickness ratio was 10%, the strength of the composite rock 
mass sample was 45.12 MPa. At a 90% soft-rock thickness, the strength reduced to 16.8 MPa. When the soft rock 
thickness increased from 10% to 20%, the strength of the composite rock mass decreased by 9.22%. However, 
when the soft rock thickness increased from 80% to 90%, the strength decreased by 7.10%.

Fig. 11.  Resistive strain gauge and placement of AE probes.

 

Number of channels Trigger mode Threshold value
Pre-amplification
/dB Sampling frequency/KHZ

Interface
type

Conversion accuracy
(bit)

4 Threshold triggering 40 40 30 USB
3.0 16

Table 3.  AE system parameters41.

 

Fig. 10.  Experimental setup used in this study.
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To further investigate the relationship between the composite rock mass strength and the proportion of soft 
rock layer thickness, the data were processed using both linear and single exponential decay function fittings.

Linear fitting results:

	 σpeak = −33.7β + 46.281, R2 = 0.9840� (1)

Fig. 13.  Strength of composite rock masses with different soft rock layer thicknesses.

 

Fig. 12.  Axial stress–strain curves of composite rock masses with different soft rock layer thicknesses.
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where σpeak  is the peak stress of the combined specimen.
Single exponential decay function fitting results:

	 σpeak = −18.87 + 67.51e−β/1.42, R2 = 0.9893� (2)

Both fitting methods effectively captured the change in sample strength with respect to the soft rock thickness. 
When the soft rock thickness was small, the constraint effect of the hard rock was significant, causing a rapid 
decrease in sample strength. As the soft rock layer became thicker, the rate of strength decline slowed, with the 
strength being primarily governed by the soft rock layer itself.

The elastic modulus, which is obtained from the slope of the linear elastic section in the stress–strain curve, 
reflects the axial deformation capacity of the specimen under loading. It is often used to characterize the 
deformation properties of a sample, as shown in Fig. 14.

The elastic modulus of the composite rock mass decreased monotonically as the thickness ratio of the soft 
rock layer increased. When the soft rock layer thickness was 10%, the elastic modulus of the sample was 9.77 
GPa. For a sample with a soft rock thickness ratio of 90%, the elastic modulus decreased to 6.17 GPa. When 
the thickness of the soft rock layer increased from 10% to 20%, the elastic modulus of the composite rock mass 
decreased by 7.88%. Conversely, the sample with 90% soft rock layer exhibited a 5.06% decrease in elastic 
modulus compared to the 80% soft rock layer sample.

Linear fitting results:

	 E = −4.5β + 10.017, R2 = 0.9831� (3)

where E represents the elastic modulus of composite rock mass.
Single exponential decay function fitting results:

	 E = 3.10 + 7.36e−β/1.03, R2 = 0.9951� (4)

The fitting degrees of both methods were greater than 0.98, with the single exponential decay function providing 
a higher degree of fit. As the proportion of soft rock thickness increased, the elastic modulus of the composite 
rock mass gradually decreased. The rate of change in the elastic modulus exhibited a significant downward trend 
as the proportion of soft rock thickness increased.

Fig. 14.  Modulus of elasticity of composite rock masses with different soft rock layer thicknesses.
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Failure characteristics of combined rock mass
The ringing distribution ratio is defined as the ratio of the current cumulative ringing count to the total ringing 
count when the specimen fails. This ratio is used to describe the damage to the sample. The ringing count curve 
of the sample was plotted, accompanied by the corresponding failure diagram and the final failure physical 
diagram, as shown in Figs. 15, 16, 17, 18 and 19.

In Figs. 15, 16, 17, 18 and 19: (a) AE characteristics and final sample destruction, (b) samples damaged at 
various.

During the compaction stage, the original cracks in the sample gradually closed, resulting in a minimal 
number of acoustic emission signals. The cumulative number of ringing was less than 5% of the total ringing 
count when the sample failed. Due to the higher initial porosity of the hard rock layer, as the thickness ratio of 
the soft rock layer increased, the ringing distribution ratio of the sample during compaction decreased from 
2.57% to 1.10%, and the acoustic emission signal became more subdued.

In the elastic stage, the ringing distribution ratio showed slight changes. As the soft rock layer thickness 
increased, the growth rate of the cumulative ringing count in the combined rock mass during the elastic stage 
decreased, causing the sample to enter the plastic stage earlier. For a soft rock layer thickness of 10%, the total 
number of ringing in the elastic stage increased by 5.27%. However, for a soft rock layer thickness of 90%, the 

Fig. 16.  Characteristics of samples with 30% soft rock thickness + 70% hard rock thickness.

 

Fig. 15.  Characteristics of samples with 10% soft rock thickness + 90% hard rock thickness.
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growth rate of the ringing distribution ratio was only 2.52%, and the duration of the elastic stage was 80% for the 
sample with a 10% soft rock thickness.

During the plastic stage, new cracks continuously formed, and existing cracks continued to propagate, 
resulting in a significant increase in the acoustic emission signals and a sharp change in the ringing distribution 
ratio. At the end of the plastic stage, the number of ringing in the composite rock mass reached 40% of the total 
ringing count at failure. As the soft rock thickness ratio increased, the growth rate of the ringing distribution 
ratio slowed, while the duration of the plastic stage increased from 200 s for the sample with 10% soft rock 
thickness to 600 s for the sample with 90% soft rock thickness.

When the soft rock layer was relatively thin, surface cracks initially formed in the soft rock layer and 
propagated into the hard rock layer, primarily resulting in straight cracks and splitting failure, and the number 
of cracks was large. However, as the soft rock thickness ratio increased, the number of surface cracks in the soft 
rock decreased, while the proportion of oblique cracks gradually increased. The soft rock layer transitioned from 
splitting failure to shear failure. When the soft rock layer thickness exceeded 70 mm, cracks were generated 
simultaneously in both the soft and hard rock layers. The cracks on both sides intersected with the loading on 
the joint surface, leading to sample failure.

Fig. 18.  Characteristics of samples with 70% soft rock thickness + 30% hard rock thickness.

 

Fig. 17.  Characteristics of samples with 50% soft rock thickness + 50% hard rock thickness.
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In the failure stage, cracks penetrated, and the acoustic emission signals exhibited multiple peaks. At this 
time, the ringing distribution ratio increased rapidly, and the damage to the sample significantly escalated.

Energy evolution characteristics
Energy evolution characteristics of single rock mass
According to the law of energy conservation, the total energy within the specimen and the energy exchanged 
with the external environment during loading remain constant, with the failure of the sample representing a 
form of energy release. During loading, the specimen absorbs mechanical energy from the press and thermal 
energy from the environment (energy input), storing this energy as elastic strain energy (energy accumulation). 
As loading continues, some of this energy is converted into unrecoverable energy forms, such as plastic strain 
energy and damage energy.

When the sample fails, energy is released in various forms: kinetic energy from the fragments falling off, 
sound energy emitted during damage, and heat energy generated by overcoming the internal friction of the 
specimen (energy dissipation). This process is illustrated in Fig. 20.

During the loading process, both strain hardening and softening occurred simultaneously in the samples. 
According to the strain-hardening mechanism of the specimen, the input mechanical energy is converted into 
elastic strain energy, which accumulates within the specimen, resulting in elastic deformation. At the same 
time, part of the elastic strain energy is dissipated in the form of plastic strain energy and damage energy. The 
efficiency of this energy conversion depends on the strain-softening capacity of the sample. The stress–strain 
curve of the rock sample under uniaxial compression is shown in Fig. 21.

Note  A straight line AB parallel to the elastic stage was drawn through the peak point. The elastic strain energy 
density ue of the composite rock mass was determined from the area enclosed by the straight line AB and ε axis. 

Fig. 20.  Energy evolution process.

 

Fig. 19.  Characteristics of samples with 90% soft rock thickness + 10% hard rock thickness.
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The area enclosed by the straight line AB and the stress–strain curve represents the dissipated energy density of 
the composite rock massud.

In the compaction stage, as the primary fractures gradually close, the input energy is mostly dissipated as plastic 
strain energy and thermal energy. During this stage, the strain-softening performance dominates and reflects 
the sample’s initial state. In the elastic stage, mechanical energy is converted into elastic strain energy, and the 
curve is approximately linear, with minimal energy dissipation. As loading continues, new cracks formed within 
the sample, enhancing its strain-softening capacity, although elastic strain energy remains dominant. After the 
specimen yields, surface damage energy increased rapidly, the capacity of elastic strain energy decreased, and 
the energy dissipation ratio increased. When the crack penetrates, the sample splits, and the accumulated elastic 
strain energy reaches its storage limit. This energy is instantly released as kinetic energy, heat, and acoustic 
energy. The sample enters the failure stage, and the stress decreases rapidly. The residual elastic strain energy 
enables the sample to maintain some residual strength.

Composite rock mass strength parameters
Elastic constant
Many researchers54–56 provided the same equations for the equivalent physical and mechanical properties of a 
layered rock mass. The elastic modulus of the soft-hard composite rock mass is given by

	

{
Ez0 = E0

sE0
h

E0s(1−β)+E0hβ

Ex0 = Ey0 = E0
sβ + E0

h (1 − β)
� (7)

Poisson ‘s ratio can be solved by the following equation:

	




µxz = µyz = µsβ + µh
(
1 β

)
µzx = µzy = Ez

Ex
µyx = Ez

Ey
µyz

µxy = µyx = µsEsβ+µhEh(1−β)
Esβ+Eh(1−β)

� (8)

where µxz denotes the ratio of strain εz in z-direction to strain εx in x-direction under the action of stress σx in 
x-direction; E0

s is the initial elastic modulus of soft rock; µs denotes the Poisson ‘s ratio; E0
h is the initial elastic 

modulus of hard rock; and µh denotes the Poisson ‘s ratio.

Fig. 21.  Stress–strain curve of rock specimen.
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µxz = −εz/εx = − σz

εxEz
� (9)

The shear modulus of elasticity is calculated as follows:

	

{
Gxz0 = Gyz0 = Gzx0 = Gzy0 = 1

G0s(1−β)+G0hβ

Gxy0 = Gyx0 = G0
h (1 − β) + G0

sβ
� (10)

where Gxz denotes the deformation capacity of the composite rock mass under shear stress; and Gs and Gh denote 
the shear moduli of the soft rock and hard rock, respectively, which can be calculated using the elastic modulus 
and Poisson ‘s ratio.

Peak strength
When the energy accumulated inside the composite rock mass reaches its limit, the surface damage energy 
increases suddenly, and the sample is considered damaged. For a single rock mass, the relationship between the 
maximum elastic strain energy and peak strength is given by

	 ue,max = σc
2/

2E0� (11)

where ue,max is the maximum elastic strain energy density of the rock under uniaxial compression, σcis the 
uniaxial compressive strength of the rock, and E0 is the initial elastic modulus.

For the combined rock mass, when the energy in the soft rock layer approaches its limit, energy accumulation 
in the soft rock layer is inhibited, and the input energy accumulates in the hard rock layer. Damage occurs 
when the energy inside the sample reaches the energy storage limit. The maximum elastic strain energy of the 
composite rock mass is given by

	 Ue,max = ue,maxs × V s + ue,maxh × V h� (12)

Under unidirectional load, the peak strength of composite rock mass is given by

	 σc =
√

2Ez × Ue,max/V � (13)

where Ez is the axial elastic modulus of the composite rock mass, Ez = (1 − D) Ez0; and V is the sample 
volume, V = V s + V h.

Energy evolution characteristics of composite rock mass
Pre-peak stage
As shown by the red dotted line in Fig. 20, the area of the pre-peak stage on the curve represents the work 
performed by the press; the input energy density of the composite rock mass was uc. A straight line AB parallel 
to the elastic stage was drawn through the peak point. The elastic strain energy density ue of the composite rock 
mass was determined from the area enclosed by the straight line AB and ε axis. The area enclosed by the straight 
line AB and the stress–strain curve represents the dissipated energy density of the composite rock mass ud. 
Ignoring the energy released in the pre-peak stage, the following relationship exists:

	
uc =

ˆ
σdε� (14)

	 ue = σ2/2E� (15)

	 ud = uc − ue� (16)

The strain-hardening coefficient ξh and strain-softening coefficient ξs are used to characterize the ability of the 
composite rock mass to transform from input energy to elastic strain energy, and from elastic strain energy to 
dissipated energy, respectively. According to the law of mutual promotion and inhibition of energy, the strain-
hardening coefficient ξh and strain-softening coefficient ξh are not constant. The higher the elastic energy 
accumulated in the composite rock mass, the lesser the elastic energy converted from the input energy, thus 
reducing the strain-hardening coefficient ξh. Similarly, as dissipated energy increases, it inhibits subsequent 
energy dissipation, leading to a decrease in the strain-softening coefficient ξs.

From t0 to t1, the stress increase dσ, the strain increase dε, the input energy density change ∆uc, the elastic 
strain energy density change ∆ue, and the dissipated energy density change ∆ud of the sample are given by

	

{ ∆uc = ∆ue + ∆ud = dσdε
∆ue = ξh∆uc + (1 − ξs) ue0

∆ud =
(
1 − ξh

)
uc + ξsue0 + ud0

� (17)

The relationship between energy density and stress of rock after loading is given by
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


ui = k
1+e−rσ−c

r = ai(uci − ui0)
k = ai(uci−ui0)

bi

� (18)

where ui is the energy density transformed in a certain energy conversion process; uci is the source energy 
density that drives the conversion; ui0 is the minimum energy density required for the conversion process to 
occur; k, r is the coefficient; ai and bi reflect the degree of energy conversion and inhibition of conversion, 
respectively; and C  is the integral constant.

Based on the uniaxial compression test of soft and hard rock, a set of parameters can be determined to 
characterise the input energy density evolution model and the elastic strain energy density evolution model 
during loading.

	

{
uc

s = f(σ, kc
s, rc

s, cc
s) ue

s = f(σ, ke
s, re

s, ce
s)

uc
h = f(σ, kc

h, rc
h, cc

h) ue
h = f(σ, ke

h, re
h, ce

h) � (19)

For the soft-hard composite rock mass, under a certain stress level σ, the energy densities of the soft and hard 
rock layers can be calculated as shown in Eq. 19. Therefore, the input and elastic strain energies of the entire 
composite rock mass can be expressed as follows:

	

{
Uc = uc

s × V s + uc
h × V h

Ue = ue
s × V s + ue

h × V h � (20)

Post-peak stage
In the post-peak stage, the composite rock mass quickly converts the elastic strain energy stored in the early 
stage into released energy. The conversion coefficient α refers to the parameter proposed by ZHAO et al.57–59 to 
quantify rock energy damage:

	 Ur = αUe,max� (21)

where Ue,max is the maximum elastic strain energy stored.

Damage constitutive equation
Establishment of damage constitutive equation
Deformation localisation occurs in the rock mass under external loading which manifests as the aggregation 
of meso-fractures within the rock mass. This macroscopic behaviour is influenced by the thickness ratio of the 
soft and hard rock masses. Based on the Weibull distribution theory and considering the effect of the thickness 
ratio of composite rock mass on macroscopic deformation localization, a damage constitutive equation was 
established.

Under external loading, damage accumulates gradually until complete failure occurs, representing 
a continuous process. It is assumed that the mechanical properties of the damaged area follow the Weibull 
statistical law. The density distribution function is shown in Eq. 22.

	 φ (x) = (m/ε0) (x/ε0)m−1 exp [−(x/ε0)m]� (22)

Assuming that the total number of damaged elements is Nf , when the strain of the composite rock mass reaches 
a certain value, the overall damage variable D of the composite rock mass is the ratio of the total number of 
damaged elements to the total number of elements.

	 D = Nf /N � (23)

The number of damaged units can be calculated when the strain value of the combined rock mass reaches ε:

	
Nf =

ˆ ε

0
Nφ (x)dx� (24)

The damage variables can be obtained by substituting Eqs. (22) and (24) into Eq. (23).

	 D (ε) = 1 − exp [−(ε/ε0)m]� (25)

Applying Lemaitre’s strain equivalence principle for isotropic elastic damaged materials, the damage parameter 
D is introduced into the elastic equation, and the constitutive relation of the damaged region can be written as:

	 σ = E (1 − D (ε)) ε = Eε exp [−(ε/ε0)m]� (26)

To derive the damage constitutive model for deformation localisation in the soft-hard composite rock masses, 
the following assumptions were made:

(1) The soft and hard rocks are regarded as isotropic.
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(2) The interface between the soft and hard rock layers is perfectly bonded, with no filling material, and there 
is no relative slip under unidirectional loading. The rock layers deform co-ordinately.

(3)The soft rock area is considered a localized area, while the hard rock area is non-localized. Under the 
action of external load, it is assumed that the hard rock area is not damaged and always maintains an elastic 
state. In the soft rock area, mesoscopic damage follows the Weibull distribution. As the load increases, damage 
accumulates in the soft rock area, whereas damage in the hard rock area is negligible in comparison. The soft 
rock thickness ratio β is introduced as a deformation localisation parameter for the composite rock masses. The 
damage model for the soft-hard composite rock masses is shown in Fig. 22.

Determination of model parameters
For the overall stress–strain relationship (σ, ε) of the soft-hard composite rock mass, the localized area of soft 
rock and the non-localized area of the hard rock are connected in series. The stress–strain relationship for both 
the entire composite mass and individual regions are given by Eqs. (27) and (28), respectively.

	 σ = σs = σh� (27)

	 ε = (1 − β) εh + βεs� (28)

In the hard rock area, the rock maintains elastic deformation and does not fail. Therefore, the constitutive 
relationship of the area is described in Eq. (29). The constitutive relationship of the soft rock area is described 
in Eq. (26).

	 σh = Ehεh� (29)

Substituting Eqs. (26) and (29) into (27), the strain relationship between the localised region of the soft rock and 
the nonlocalized region of the hard rock can be obtained, as shown in Eq. (30).

	
1
e

(
− m

2ε0
εs2 + εs + m

2 ε0

)
= εh� (30)

Equation (30) is a quadratic equation with one variable, and two solutions to εscan be obtained by solving it.

	
εs =

ε0 − ε0

√
1 + m2 − 2meεh

/
ε0

m

� (31a)

	
εs =

ε0 + ε0

√
1 + m2 − 2meεh

/
ε0

m

� (31b)

Equation (30) shows that, when the peak point appears in 1 + m2 − 2meεh = 0, the strain values εs and εh of 
the two regions when the composite rock mass is at its peak strength can be obtained as follows:

	
εs

c =
(
1 + m2)

ε0

2me
� (32)

	 εh
c = ε0/m� (33)

Fig. 22.  Damage model for soft-hard composite rock masses.
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The macroscopic damage parameter M  and ε0 of the rock mass were determined using the peak point (σc, εc) 
of the rock stress–strain curve. The relationship between M  and ε0 can be obtained by substituting Eq. (33) and 
the peak point (σc, εc) in Eqs. (27) and (28).

	
εh

c = ε0

m
=

εc − σc
E

(1 − β)
β

� (34)

 
Equations  (34) and (32) were substituted into Eq.  (28) for solving, and the calculation parameters were 

obtained.

	

{
m =

√
2βeσc

Eεc−(1−β)σc
− 1

ε0 = εc−(1−β)σc/ E
β

m
� (35)

Model validation
As shown in Fig. 23, the results indicate that this constitutive model exhibits high consistency with experimental 
data during the pre-peak stage, with a root mean square error of 0.5% and a mean absolute error of 0.56%. 
This demonstrates the model’s capability to accurately describe the pre-peak stage of stress-strain curves in 
composite rock bodies. The parameters employed possess precise physical significance, reflecting the strength 
and deformation behaviour of composite rock bodies with varying layer thickness ratios. This simplifies the 
solution process for damage models. However, the model exhibits certain limitations: while the post-peak curve 
morphology generally aligns with experimental data, strain values exhibit deviations. This may stem from 
significant crack propagation within the rock specimen and relative displacement between blocks, leading to 
pronounced volumetric expansion and deformation. Consequently, the model fails to capture specimen failure 
behaviour beyond the peak point.

Conclusions
In this study, based on similarity theory, soft-hard composite rock mass samples with different layer thickness 
ratios were prepared, and a uniaxial compression test system was used to investigate the influence of layer 
thickness ratios on the soft-hard composite rock mass. The main conclusions are as follows.

(1) As the proportion of soft rock increases, both the uniaxial compressive strength and elastic modulus 
of composite rock masses exhibit a decreasing trend. The rate of decline in elastic modulus diminishes with 

Fig. 23.  Comparison of experimental and theoretical results under uniaxial compression experiments.
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increasing soft rock content; when the soft rock thickness ratio increases from 10% to 90%, the peak strength 
decreases by 63%.

(2) The thickness of the soft rock layer increased, causing the plastic stage of the specimens to gradually 
lengthen from 200 s to 600 s. The rate of change in the distribution ratio of ringing within the plastic stage 
decreased, and fracture development slowed. The number of surface cracks gradually diminished, but oblique 
cracks progressively increased. The failure mode transitioned from splitting failure to shear failure.

(3) Based on the law of energy conservation, under unidirectional loading, most of the input energy was 
converted into internal elastic strain energy and dissipation energy. The relationship between the energy 
evolution and thickness ratio was constructed using the elastic constant and peak strength.

(4) A damage variable of the soft-hard composite rock mass was established using the Weibull distribution 
strength theory. A damage constitutive model was created, taking into account the localization of macroscopic 
deformation caused by the layer thickness ratio. The model accurately fitted the pre-peak stress–strain curves of 
the composite soft-hard composite rock mass under unidirectional loading.

Data availability
Data is provided within the manuscript.
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