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In the process of shale gas field development, the surrounding rock has been in a three-way high-
pressure stress state for a long period of time and has undergone complex cyclic loading during 
hydraulic fracturing and high-pressure fracturing fluid return, and its mechanical response and 
mechanism of action have important impacts on the stability of the reservoir. To reveal the damping 
characteristics of Longmaxi shale under different peripheral pressures, graded cyclic loading tests 
were carried out under 0 MPa, 10 MPa and 30 MPa peripheral pressures to systematically analyze the 
stress‒strain hysteresis characteristics of the shale and the evolution of the damping ratio. The results 
show that the damping ratio of the Longmaxi shale shows a staged evolution with increasing stress 
level, which is characterized by “decreasing, stabilizing, and then slightly increasing”. During cyclic 
loading, the axial and radial damping ratios both decreased and stabilized with increasing number 
of cycles. The radial damping ratio was always greater than the axial damping ratio under the same 
circumferential pressure conditions, and the difference was more significant under high circumferential 
pressure conditions. Shale exhibits typical characteristics of hysteresis and damping response 
evolution during dynamic loading, reflecting a progressive phase shift wherein strain increasingly 
lags behind stress. This phenomenon primarily arises from the accumulation of plastic deformation, 
the continuous propagation of microfractures, and the sequential activation of multistage energy 
dissipation mechanisms. The damping ratio follows a staged evolution pattern characterized by an 
initial decline, a period of stability, and a final surge. This trend indicates a transition in the material’s 
response mechanism—from being dominated by structural compaction to being governed by 
microscopic damage processes.
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Oil and gas resources are not only the main source of energy for the daily operation of human society and the 
main raw material for chemical production but also important national strategic materials. As a major global 
consumer of oil and gas resources, the demand of China for oil and gas has shown a changing trend of year-to-
year growth. In the context of the current development of resource extraction in China, continuous large-scale 
exploitation over the past decade has led to the depletion of shallow mineral and hydrocarbon resources, and 
current resource extraction methods have gradually reached depths of 3000–4000 m1,2. Important production 
bases for petroleum and petrochemicals, such as China’s Chuannan shale gas field, the Chongqing Fuling shale 
gas field and the Hubei Jianghan oil field, not only occupy important positions in the history of oil and gas 
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resource development but also play key roles in the current development of unconventional oil and gas resources 
and energy transformation. Among them, the Jianghan Oilfield is dominated by land-phase sedimentary oil 
and gas reservoirs and has typical geological characteristics of fracture basins. After decades of high-intensity 
exploitation, some reservoirs have entered the middle and late stages of development, and the Jianghan 
Oilfield is facing problems such as resource depletion and a low recovery rate. Therefore, the development of 
unconventional oil and gas resources has gradually become the focus of research and development in the field. 
Currently, the Jianghan Oilfield has made some progress in the development of tight oil, shale gas and other 
unconventional resources, and the application of related technologies is expected to further increase the oil and 
gas recovery rates and extend the production life cycle of the field3–5.

Deep shale reservoirs typically exhibit low porosity and low permeability under high confining pressures, high 
temperatures, and complex stress conditions; thus, most drilled wells rely on hydraulic fracture modifications to 
improve reservoir permeability. During the drilling modification and hydrocarbon extraction process, the shale 
reservoir and surrounding borehole rock are subjected to long-term cyclic loading, including drilling-induced 
vibrations, periodic pressure fluctuations induced by hydraulic fracturing, and the continuous evolution of in 
situ stress. The damping effect, as a mechanism for the dissipation of external disturbance energy in rock masses, 
directly influences fracture propagation dynamics, fluid transport behavior, and the long-term stability of the 
reservoir. During the hydraulic fracturing process, the damping characteristics determine the stress release rate 
at the fracture tip and the energy dissipation pattern. Higher damping stabilizes fracture propagation, reducing 
the risk of sudden failure, whereas low-damping shale is more prone to dynamically unstable fracture growth, 
which may lead to an uncontrolled fracture network morphology and even borehole instability. During the fluid 
transport process, the damping effect regulates the dynamic opening and closing of fractures, influencing the 
evolution of reservoir permeability. High-damping shale dissipates fluid-driven energy to maintain the fracture 
aperture, enhancing the stability of flow pathways, whereas low-damping rock is more susceptible to fracture 
closure, leading to hindered fluid flow. In the long term, damping plays a critical role in the evolution of fatigue 
damage in rock masses by dissipating the strain energy accumulated from cyclic loading. This helps delay the 
deterioration of the reservoir, mitigate borehole instability, and suppress geological deformation. The evolution 
of the damping properties directly affects the deformation response, fracture expansion, and mechanical stability 
of the reservoir, which in turn affects extraction safety6–8. The damping properties of rocks usually refer to their 
ability to dissipate energy under external forces, which mainly involve internal friction energy dissipation, viscous 
dissipation and energy dissipation processes induced by fissure extension. Among them, internal friction energy 
dissipation originates from relative slip and rearrangement between mineral particles, viscous energy dissipation 
is affected mainly by the viscoelasticity of the pore fluid, and energy loss due to fissure extension reflects the 
damage evolution characteristics of the rock9,10. Previous studies have shown that the damping properties of 
rocks are significantly affected by external stress conditions11. Under a certain confining pressure environment, 
the deformation response of rock is more stable than that without confining pressure, and fracture extension is 
suppressed to a certain extent, thus reducing energy dissipation12,13. Under cyclic loading, the microcracks and 
pore structures within rock are continuously rearranged, resulting in gradual energy dissipation and leading to 
a gradual increase in the damping ratio14,15. This means that there is a significant difference in the mechanical 
response of the rock under different loading modes, and this difference ultimately manifests as a difference in 
the macroscopic damping characteristics.

In recent years, research on the damping characteristics of deep rock has gradually increased, and important 
progress has been made in understanding the formation mechanism of rock damping, which is usually 
categorized into two major categories: internal friction damping and structural damping. Among them, internal 
friction damping is mainly controlled by the friction between mineral grains within rock and the emergence and 
expansion of microcracks, whereas structural damping is closely related to the overall structural characteristics 
of rock, including the effects of fractures, laminations and their interactions on energy dissipation16,17. In 
subsequent studies, scholars initially modeled the quantitative relationship between rock damping properties and 
factors such as rock type, strain amplitude, and frequency through large theoretical analyses and experimental 
studies18–20. Moreover, the application of numerical simulation methods in deep rock damping research has 
been widely developed and is based on advanced numerical simulation techniques such as the finite element 
method and the discrete element method, which can effectively simulate the damping characteristics of rocks 
under complex dynamic loads21,22. In addition, with the continuous progress of high-performance computing 
technology, multiscale and multiphysics field coupled simulations of rock damping have been explored more 
deeply.

Despite the remarkable progress in research on rock damping properties, many shortcomings and challenges 
remain. The effects of the microstructural characteristics of rock, a complex multiphase material, on damping 
properties have not been fully revealed. There is still a lack of sufficient experimental data and theoretical 
modeling support on how factors such as microcracks, porosity, and mineral composition within rock affect the 
energy dissipation process23,24. Most existing experimental studies are conducted in laboratory environments, 
which, while providing valuable data on the physical and mechanical properties of rock masses, often overlook 
the complex interaction between deep-seated stress and damping effects. In deep underground environments, 
the effects of high temperature, high pressure, and deep-seated stress on rock masses differ significantly from 
those under laboratory conditions. These factors not only influence the mechanical properties of rock but also 
significantly alter its damping characteristics. In the deep stress field, the anisotropy, fracture network, and 
microstructure of rock masses significantly affect wave propagation and energy dissipation, which is difficult to 
simulate fully under laboratory conditions. Furthermore, in deep environments, cyclic loading, fluid pressure, 
and temperature variations further influence the damping effect of rock masses. In particular, under long-
term dynamic loading, the relationship between multistage cyclic loading and the damping characteristics of 
rock masses has not been fully explored. The mechanical behavior of deep rocks is subject to a combination of 
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factors, such as temperature, pressure, water content, and other environmental conditions, which are difficult 
to reproduce adequately in the laboratory25,26. On the other hand, although numerical simulation techniques 
play an important role in rock damping research, the accuracy of their models and computational methods is 
highly dependent on the support of experimental data, and the available experimental data are not yet sufficient 
to support more complex numerical simulation models, which limits the accuracy and reliability of some 
simulation results. To further understand the deformation characteristics and damping evolution of Longmaxi 
shale under complex stress paths, this paper will carry out variable upper and lower limits of equal-amplitude 
graded cyclic loading tests under different circumferential pressure conditions to analyze the shale deformation, 
hysteresis, and damping characteristics in different directions, which is aimed at providing important references 
for the design and construction of underground shale reservoirs.

Overview of the test
Specimens and equipment
The Longmaxi shale samples used in this study were taken from the subsurface of the Jianghan Basin in Hubei 
Province, China, at a depth of approximately 3500 m, which is a tight unconventional oil and gas reservoir. To 
ensure the high quality of the test results, conventional coring techniques were used for subsurface core collection 
to ensure the integrity of the cores. During coring, directional drilling equipment was used to accurately 
extract cores from specific shale formations to minimize interference with subsequent tests due to cracks or 
stress release effects that may occur during the drilling process. After core retrieval, the samples were cleaned 
to remove surface contaminants and drilling fluid residues. Then, they are sealed and stored with specialized 
sealing materials such as polyurethane foam, silicone and epoxy resin. In the sample preparation stage, the core 
was processed into a standard column specimen with a diameter of 50 mm and a height of 100 mm. To ensure 
that the surface flatness and perpendicularity of the sample met the experimental requirements, the sample 
preparation process strictly followed the technical specifications of the International Society for Rock Mechanics 
(ISRM), and the processed sample is shown in Fig. 1.

The equipment used for the test was a ZTRL-207 rock triaxial mechanical tester, as shown in Fig. 2. The 
equipment consists of a computer and an automatic digital control system, which is capable of real-time 

Fig. 2.  Ztrl-207 Rock triaxial mechanical tester.

 

Fig. 1.  Longmaxi shale specimens.
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acquisition of mechanical parameters such as load, stress, displacement and strain in the testing process and 
synchronously generates stress‒strain curves. The equipment has an axial loading capacity of up to 7000 kN, an 
axial displacement range of -50 mm to 50 mm, and a maximum confining and permeability pressure of 70 MPa. 
The control mode of vibration loading includes two kinds of axial load control and axial displacement control. 
The vibration waveform can be set as a sine wave, triangle wave, square wave, oblique wave or random wave, and 
different waveforms, frequencies and phases can be adjusted according to the test requirements. During the test, 
the microcomputer signal generator board generates a given signal, which is amplified by a power amplifier and 
input into the host computer to drive the vibration loading. The vibration signal is collected by the sensor and 
transmitted to the dynamic strain amplifier, which is fed back and stored in the microcomputer through the data 
acquisition board to finalize the data processing and analysis.

Test program
Different confining pressures were applied to the shale samples via a ZTRL-207 Rock triaxial mechanical tester, 
and the confining pressure levels were set at 0  MPa, 10  MPa and 30  MPa. The axial load was subsequently 
applied according to a cyclic stress. The load application was in axial stress control mode, with a sinusoidal 
loading waveform and a loading frequency of 0.2 Hz. At the first stress level, the minimum axial stress was set as 
a proportion of 10% of the average compressive strength of the shale under the corresponding circumferential 
pressure conditions; in the subsequent loading process, the upper limit of each stress level was increased by 
10 MPa, and 200 cycles were carried out at each stress level. The specific loading path is shown in Fig. 3.

The damping ratio of rock reflects energy dissipation due to internal friction caused by sliding of the cleavage 
surface and fluid viscosity under cyclic loading, which reveals the characteristics of the internal energy dissipation 
of rock under dynamic cyclic loading. The Longmaxi shale, as a typical nonideal elastic body, forms a plastic 
hysteresis loop between the dynamic stress and dynamic strain under graded cyclic loading, as shown in Fig. 4. 
In the figure, σmax and σmin denote the maximum and minimum stresses in the hysteresis loop, respectively, and 
εmax and εmin min denote the maximum and minimum strains in the hysteresis loop, respectively. The hysteresis 
circle is enclosed by points A, B, C, and D, where point A is the highest point of the hysteresis circle, point C is 
the lowest point, and point E is the midpoint of the line connecting points A and C (i.e., the straight line AC). 
An X-axis parallel line is made through point E, which intersects the hysteresis curve at points B and D, and an 
X-axis vertical line is made through point A to intersect the straight line BD at point E27–30.

From the area enclosed by the curves in the stress‒strain hysteresis loop and through Eq. (1), the damping 
ratio of the shale under cyclic loading conditions can be calculated. When the rock is subjected to cyclic loading, 
not only is the axial direction deformed but also the radial direction is deformed. These data were obtained by 
loading the equipment in Fig. 2. Therefore, the plastic hysteresis effect between the radial strain and axial stress 
is also exhibited, i.e., both the axial damping ratio and the radial damping ratio can be calculated via Eq. (1).

	
λ = AR

4πAS
� (1)

where AR is the area of the hysteresis loop ABCD, reflecting the size of the energy dissipated by the rock sample 
due to intrinsic damage in a cyclic process, the area of the hysteresis loop is calculated by solving the trapezoidal 
area superposition via the microelement method in data processing. AS is the area of the triangle AEF.

Fig. 3.  Stress loading path diagram.
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Test results and analysis
Stress‒strain hysteresis
The stress‒strain curves under equal-amplitude cyclic loading with different upper and lower limits of 
pericompression variations are shown in Fig. 5, 6 and 7.

Figures 5, 6 and 7. show two types of stress‒strain hysteresis curves of Longmaxi shale under equal-amplitude 
cyclic loading in both the axial and radial directions at radial pressures of 0 MPa, 10 MPa and 30 MPa, respectively. 
At an enclosing pressure of 0 MPa, the shale is virtually unconfined laterally, and the internal mineral grains are 
more loosely connected to each other. During cyclic loading, the stress‒strain hysteresis curve shows a narrower 
and longer pattern. This is because, owing to the loading process, relative slip and misalignment between the 
mineral particles are more likely to occur, resulting in a rapid increase in strain; in the unloading stage, owing 
to the lack of sufficient binding force to inhibit particle rebound, the elastic deformation of the material can be 
recovered faster but is still accompanied by a certain amount of residual plastic deformation. With increasing 
number of cycles, plastic deformation gradually accumulated, and the hysteresis loop was offset. When the 
peripheral pressure was increased to 10 MPa, the shale was subjected to significant lateral constraints, and the 
interaction force between the particles increased, limiting the occurrence of particle slip and misalignment. 
Therefore, at the same strain level, the material needs to be subjected to greater stress, which is manifested 
by an increase in the slope of the hysteresis curve. The increase in the peripheral pressure also caused the free 
springback of the particles in the unloading stage to be suppressed and the hysteresis loop to become fuller, 

Fig. 5.  Stress‒strain hysteresis loop at a confining pressure of 0 MPa.

 

Fig. 4.  Stress‒strain hysteresis loop.
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indicating an increase in the energy dissipation of the material during cyclic loading, whereas the rate of 
accumulation of plastic deformation slowed down compared with that at 0 MPa peripheral pressure. When the 
peripheral pressure is further increased to 30 MPa, the lateral constraints imposed on the shale significantly 
increase, leading to significant changes in the deformation mechanism of the internal structure. High peripheral 
pressures not only limit the relative slip of mineral particles but also may contribute to particle fragmentation 
and plastic flow, leading to a nonlinear stress‒strain relationship, which may be accompanied by the occurrence 
of radial damage.

When the axial strain reaches 0.0025, the corresponding upper and lower stress limits of the shale samples 
are 22.91–30.02 MPa, 42.41–44.99 MPa, and 16.45–20.87 MPa under confining pressures of 0 MPa, 10 MPa, 
and 30 MPa, respectively. These results indicate that the confining pressure significantly influences the dynamic 
modulus of shale, with a clearly staged effect: moderate confining pressure enhances the dynamic modulus, 
whereas excessive confining pressure leads to a reduction in the dynamic modulus. At low to moderate confining 
pressures (0–10 MPa), the external pressure effectively suppresses the lateral expansion of the shale during cyclic 
loading and restricts the opening of primary pores and microfractures. This promotes the closure of microcracks 
and increases the compactness of the material, thereby increasing its capacity for load transfer. During this 
stage, the shale structure becomes more compact, and the internal stress distribution is more uniform, leading 
to an increased dynamic modulus and a broader stress response range. However, when the confining pressure 
continues to rise to high levels (e.g., 30 MPa), the intensification of the triaxial compressive stress may induce 
microstructural degradation phenomena, including particle breakage, interfacial slip between mineral grains, 
and delamination along weak planes—even though some microcracks may still remain closed. This duality 
suggests that while the confining pressure enhances the dynamic modulus through physical compaction and 
partially mitigates structural deterioration under cyclic loading, excessive pressure may lead to irreversible 

Fig. 7.  Stress‒strain hysteresis loop at a confining pressure of 30 MPa.

 

Fig. 6.  Stress‒strain hysteresis loop at a confining pressure of 10 MPa.
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microstructural damage. Consequently, the mechanical properties of the material are degraded, reflecting a 
typical “strengthening–weakening” dual regulation effect of confining pressure on shale.

From the point of view of the fine-scale damage mechanism, under lower circumferential pressure conditions, 
the internal structure of shale is looser, the relative movement between mineral particles is more significant, and 
plastic deformation develops more quickly. With increasing confining pressure, the shale structure is gradually 
enhanced due to the increase in material stiffness, which increases energy dissipation and decreases plastic 
deformation. This results in significant changes in the characteristics of the stress‒strain hysteresis curve. 
Specifically, under nonperipheral-pressure conditions, cyclic loading tends to lead to the emergence and rapid 
expansion of microcracks within the material, which accelerates the accumulation of plastic deformation and 
causes the hysteresis curve to exhibit strong instability. Under a certain peripheral pressure, the lateral constraint 
can effectively inhibit the expansion of microcracks and slow the deterioration process of the internal structure 
of the material so that, under the same number of cycles, the cumulative amount of plastic deformation is 
smaller than that of the nonperipheral-pressure condition, and the hysteresis curve tends to stabilize. With a 
further increase in the peripheral pressure, the stronger lateral constraint may further stimulate the emergence 
and expansion of microcracks, increasing the dissipation of shale.

Under cyclic loading conditions, the plastic deformation within the shale material gradually accumulates, 
leading to a progressive phase change in the strain response. This phenomenon is characterized by the strain 
phase increasingly surpassing the stress phase. During the initial stages of the cyclic loading test, when the 
loading amplitude is small, the material primarily undergoes elastic deformation, and the stress and strain remain 
largely synchronized. However, as the loading stress amplitude increases and the number of cycles progresses, 
irreversible plastic deformation begins to develop within the material. This results in the accumulation of 
plastic strain energy, which, in turn, induces the evolution of the phase difference between stress and strain. 
The formation mechanism of this phenomenon can be analyzed in depth from several perspectives. During the 
loading phase, plastic deformation causes the stress‒strain path to deviate from the ideal linear elastic behavior, 
resulting in the formation of a typical hysteresis loop. In the unloading phase, the unloading path does not 
coincide with the loading path because part of the plastic strain energy remains unreleased, leading to noticeable 
stress‒strain hysteresis. This energy dissipation and path deviation effect causes the strain response to increase 
more rapidly than the stress during subsequent loading, thus manifesting as a macroscopic phase shift where the 
strain phase precedes the stress phase.

Moreover, the shape of the hysteresis loop was found to be downconvex in both the loading and unloading 
phases, which indicated that there was significant hysteresis between the stress and strain. By observing the shapes 
of the two types of hysteresis curves, it can be found that the shapes of the radial hysteresis loops are basically the 
same as those of the axial hysteresis loops, i.e., the radial stress‒strain hysteresis relationship is similar to that in 
the axial direction. Since the hysteresis loop shape can effectively reflect the stress‒strain hysteresis relationship, 
the cycles of the first and fourth loading stages when the enclosing pressure is 0 MPa and the cycles of the fourth 
loading stage when the enclosing pressure is 10 MPa and 30 MPa are selected for normalization, and the results 
are shown in Fig. 8. The specific stress and strain normalization calculation procedure is shown in Eq. (2).

	




ησ = σi − minσi

max [σi − minσi]

ηε = εi − minεi

max [εi − minεi]

� (2)

where ησ and ηε are the stresses and strains after normalization and where σ and ε are the stresses and strains 
before normalization.

Figure 8 shows the normalized stress‒strain hysteresis relationship curves under different loading conditions. 
The figure shows that the normalized stress‒strain curves of the shale samples synchronized the stress and strain 
phases at the early stage of loading during the first stage of loading, with a peripheral pressure of 0 MPa. However, 
with increasing stress amplitude, the phenomenon of the strain phase exceeding the stress phase occurs in the 
late loading stage. The stress‒strain hysteresis effect diminished as the circumferential pressure increased to 
10 MPa; instead, the hysteresis phenomenon became more significant when the confining pressure was further 
increased to 30  MPa. This phenomenon can be attributed to a combination of stress amplitude and cyclic 
accumulation effects. At the beginning of loading, the stresses and strains remain synchronized as the material 
is in the elastic dominant phase. As the stress amplitude and number of cycles increase, plastic deformation 
gradually accumulates, and the process of storing and releasing plastic strain energy gradually becomes 
hysteretic, resulting in the strain phase exceeding the stress phase. This is because the plastic strain energy 
accumulated during the unloading phase is released in hysteresis, which affects the subsequent loading phase, 
causing the strain phase to overshoot the stress phase during subsequent loading. Unlike the results of Wang 
et al.31 concerning the damping ratios of sandstones and shales with viscoelasticity, the hysteresis properties of 
shales significantly differ in terms of their hysteresis effects. In particular, the phenomenon in which their strain 
phase generally exceeds the stress phase is similar because of the relative aspects of the hysteresis behaviors of 
conventional rock materials, suggesting that shales have a unique mechanical response under complex loading 
conditions32,33.

The evolution of the stress‒strain phase difference is closely related to the microstructural response within 
the shale. Under cyclic loading, microplastic mechanisms, such as the initiation and propagation of microcracks, 
intergranular slip, and localized disruption of the contact interface, are continuously activated. These mechanisms 
not only reduce the local stiffness but also significantly increase the energy dissipation capacity of the material, 
thereby increasing the asynchrony between the stress and strain responses. Specifically, as the number of cycles 
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increases, microscopic damage accumulates within the material, leading to a gradual degradation of its overall 
mechanical properties and further weakening the coupling between stress and strain. Macroscopically, this 
process is reflected by the expansion of the hysteresis loop area and changes in damping characteristics, which 
indicate a dominant increase in inelastic energy dissipation. The continuous evolution of the microstructure and 
the accumulation of damage jointly drive the kinetic response, where the strain phase progressively overtakes 
the stress phase. This reveals the underlying basis and microscopic mechanisms behind the formation and 
development of the stress‒strain phase difference.

Damping characteristics
Figures 9, 10 and 11 illustrate the changes in the axial and radial damping ratios of the shale samples as a function 
of the number of cycles under different loading levels and enclosing pressures of 0 MPa, 10 MPa, and 30 MPa. 
The evolution curve of the axial damping ratio is presented on the left side of each figure, whereas the trend of 
the radial damping ratio is shown on the right. The horizontal axis represents the number of cycles (with a total 
of 200 cycles), and the vertical axis represents the corresponding damping ratio values. These figures reflect the 
dynamic response behavior of the sample throughout the entire loading process.

Figure 9 shows that, under the condition of no peripheral pressure (0 MPa), both the axial and radial damping 
ratios clearly decay, particularly in the first 20 cycles, where the decay is more pronounced. Afterward, the 
damping ratios gradually stabilize, with some variation in the damping response observed at different loading 
levels. Figure  10 presents the results under a 10  MPa enclosing pressure. While the overall evolution trend 
still follows a “fast then slow” decay pattern, the damping ratios are slightly lower than those under the 0 MPa 
condition, and the curve changes more smoothly. Figure 11 shows the response at 30 MPa, where the damping 

Fig. 8.  Stress‒strain hysteresis relationship after normalization.
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Fig. 11.  Damping ratio of shale at a confining pressure of 30 MPa.

 

Fig. 10.  Damping ratio of shale at a confining pressure of 10 MPa.

 

Fig. 9.  Damping ratio of shale at a confining pressure of 0 MPa.
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ratios are significantly lower than the initial values. The amplitude of variation with the number of cycles further 
decreases, and the damping curve overall shows a smoother and slower change.

According to the change curves of the damping ratio in Figs. 9, 10 and 11, the damping ratio of the Longmaxi 
shale sample clearly changes with increasing stress level (i.e., the upper and lower limits of the stress gradually 
increase). In the initial stage, the damping ratio gradually decreases and tends to lower values as the stress 
level increases. However, the damping ratio tends to increase when the stress loading level further increases. In 
addition, the damping ratio of the first cycle is usually the largest at the same stress level. This is attributed to the 
increase in the upper stress limit, leading to new damage inside the shale, which triggers greater deformation 
and energy dissipation. During the following cycles, the damping ratio gradually decreases and stabilizes. As 
the stress loading level increases, its stabilization value is lower than that at lower stress levels. This pattern of 
change is consistent with the evolution trend of the damping ratio under the action of step-by-step loading, i.e., 
the damping ratio first decreases, then tends to stabilize, and ultimately increases slightly.

A comparison of the axial and radial damping ratios reveals that the radial damping ratio of shale is always 
greater than its axial damping ratio under the same circumferential pressure and stress loading conditions, and 
this difference is more significant under higher circumferential pressure conditions. This phenomenon can be 
attributed to the evolution of microfractures inside the shale. In the initial stage, the sample contains many 
microfractures and pores inside the sample, and as the stress level increases and the number of cycles increases, 
the microstructure gradually densifies, leading to a gradual decrease in energy dissipation, which results in 
a decrease in the damping ratio. When the upper and lower stress limits reach a certain level and undergo a 
sufficient number of cycles, the shale enters the dominant phase of elastic deformation, and the role of viscous 
forces between mineral particles is weakened, resulting in a decrease in the magnitude of the variation in the 
damping ratio, especially in the subsequent cycling stages except for the first cycle, where the damping ratio 
gradually tends to stabilize.

During the graded cyclic loading process, the damping ratios of the shale samples exhibit typical stage-
by-stage evolution with the number of cycles. In the initial loading stage, the primary pore and microfracture 
structures in the shale are not significantly disturbed. Under conditions of low stress amplitude and a limited 
number of cycles, the repeated loading‒unloading actions cause some pores and cracks to undergo compressive 
closure. This leads to densification of the internal structure and a gradual reduction in energy dissipation, which 
is reflected as a significant decrease in the damping ratio as the number of cycles increases. In this stage, the 
damping behavior is governed primarily by viscous energy dissipation from pore compression and weak friction 
at microfracture surfaces. The damping mechanism is thus dominated by low-intensity interfacial slip and 
contact friction.

In the middle stage, as the number of cycles continues to increase, the shale exhibits typical quasielastic 
response characteristics. With the main pores and cracks stabilizing in a closed state, the structural compaction 
effect diminishes. The material’s overall deformation becomes predominantly elastic, and the energy dissipation 
capacity stabilizes. Consequently, the damping ratio decreases in response to the number of cycles, and the 
curve fluctuates gradually. At this stage, the energy dissipation induced by cyclic loading is more limited, and the 
damping response remains relatively stable because of the small relative slip between mineral particles and the 
lack of significant redevelopment of the fracture structure.

However, as the number of cycles increases further and approaches the instability stage, the damping ratio 
significantly increases in the final few loadings. This phenomenon primarily results from the continuous expansion 
of cracks within the shale as localized microdamage develops. With the ongoing application of external cyclic 
loading, the material transitions from a macrostructural stable state to a critical, unstable state dominated by 
microstructural damage. At this stage, microcracks rapidly initiate, expand, and eventually connect, triggering 
intense slip friction and structural reorganization between particles. This leads to a substantial increase in energy 
dissipation. At this point, the damping effect not only involves slip friction along the original cleavage interfaces 
but also includes opening and closing motions and viscous energy dissipation between newly formed cleavage 
surfaces. These processes result in a sharp increase in the damping ratio’s response characteristics.

Overall, the evolution of the damping ratio can be categorized into three phases: initial decrease, middle 
stability, and final increase. This progression reflects the dynamic response mechanism of shale, which 
transitions from structural compaction to damage evolution under cyclic loading. Specifically, the increase in 
the damping ratio at the final stage serves as a sensitive indicator of impending destabilization and damage in 
the shale samples.

Analysis and discussion
The analysis above reveals that the damping ratio of Longmaxi shale under different pressure conditions evolves 
in stages with changes in stress levels, characterized by a pattern of “decreasing, stabilizing, and then slightly 
increasing.” This trend is somewhat consistent with established findings on rock damping properties but 
also highlights the distinct mechanical response behavior of shale materials34. Under low confining pressure 
conditions, the damping ratio gradually decreases as the stress level increases, which aligns with previous studies 
showing that confining pressure inhibits fracture extension35. Specifically, at the initial stage with low stress 
levels, primary microfractures close and compact under compression, enhancing interparticle contact. This 
leads to a weakening of inelastic energy dissipation mechanisms such as interfacial friction and slip, resulting in 
a significant decrease in the damping ratio. However, as the circumferential pressure increases and the stress level 
continues to rise, the damping ratio begins to rebound, reflecting the significant impact of cyclic loading-induced 
microfracture redistribution and extension under high-stress conditions. The reactivation of cracks enhances 
interfacial slip, particle rearrangement, and localized structural damage processes, leading to an increase in the 
energy dissipation capacity and a subsequent rebound in the damping ratio36. This damping evolution process 
indicates that, under high peripheral pressure, the damping mechanism of shale shifts from being dominated 
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by fissure closure and structural compaction to being governed by fissure extension and localized damage. 
Compared with common rocks such as sandstone and chert, Longmaxi shale exhibits notable anisotropic 
damping characteristics. The radial damping ratio is consistently higher than the axial damping ratio, with this 
difference being particularly pronounced at high peripheral pressures37,38. This behavior is closely related to 
the significant laminated structure of shale and the directional distribution of microfractures. During cyclic 
loading, radial deformation is more strongly constrained by peripheral pressure, which facilitates the activation 
of microscopic energy dissipation mechanisms, such as particle slippage along laminar surfaces and the repeated 
closure and opening of cracks. This, in turn, enhances the energy dissipation capacity in the radial direction. 
These features collectively underscore the dominant role of structural damping in the damping properties of 
shale and provide a microscopic basis for understanding its anisotropic dynamic response characteristics.

From a mechanistic perspective, the damping behavior of rocks is a comprehensive reflection of energy 
dissipation processes, including internal friction, viscous hysteresis, and fissure extension. For shale, under 
low peripheral pressure conditions, the connections between internal mineral particles are relatively loose, and 
significant relative slip occurs between the particles during cyclic loading. In this scenario, internal friction 
becomes the dominant energy dissipation mechanism, and damping is primarily controlled by slip friction at 
the contact surfaces of the particles. As the peripheral pressure increases, the lateral constraints are enhanced, 
significantly suppressing interparticle slip. The viscous drag effect of the fluid in the pore structure begins to 
emerge, particularly under conditions involving fracturing fluid retention. The pore space undergoes viscoelastic 
deformation, and the viscous dissipation mechanism becomes dominant, leading to the stabilization of the 
damping ratio. Interestingly, at high peripheral pressures, the damping ratio tends to increase, indicating the 
activation of energy dissipation mechanisms associated with fracture extension. At this stage, the internal 
microstructure of shale subjected to three-way compressive stress becomes more prone to damage, initiating 
microstructural evolution processes such as particle fragmentation, mineral interface slip, and local plastic 
deformation. This triggers the formation and expansion of numerous microfractures, significantly enlarging the 
hysteresis loop and causing the damping ratio to rise again. This indicates a transition in the energy dissipation 
mechanism from “particle slip dominance” to “fissure expansion dominance”18,39,40. In terms of the anisotropic 
response, the experimental results show that the radial damping ratio is consistently greater than the axial 
damping ratio. This can be attributed to the fine-grained structural properties of shale: axial loading primarily 
triggers the rearrangement and compaction of particles along the loading direction, resulting in a relatively 
simple structural response. In contrast, radial deformation, which is constrained by strong circumferential 
pressure, is more likely to induce complex processes, such as shear slip along the lamina plane and the repeated 
closure and opening of fractures41,42. These nonlinear processes increase internal friction energy dissipation 
(e.g., interlayer slip friction) and structural damping (e.g., interfacial damage such as debonding of the laminae) 
in the radial direction41,42.

Although this study provides a more systematic understanding of the influence of perimeter pressure 
on the evolution of shale damping properties through graded cyclic loading tests, there are still significant 
differences between laboratory test conditions and the actual deep reservoir environment. These differences 
need to be addressed and expanded upon in future studies, specifically in the following three areas. First, the 
current experiment does not account for multifield coupling conditions. It focuses solely on the effects of 
perimeter pressure and axial cyclic loading, neglecting the synergistic effects of other physical fields, such as 
temperature, pore pressure, and the chemical environment, on shale damping behavior. In real formations, the 
thermal expansion coefficient differences between various mineral components at high temperatures can alter 
particle contact states and induce thermally driven fractures, which in turn affect energy dissipation through 
internal friction. Additionally, dynamic changes in pore pressure (e.g., cyclic seepage due to the injection and 
discharge of fracking fluids) may cause fractures to repeatedly open and close, thereby increasing viscous energy 
dissipation. Furthermore, the interaction between fracturing fluids and rock (including mineral dissolution, 
solvation, etc.) may lead to structural degradation and a decline in mechanical parameters, which would change 
the energy dissipation mechanisms. Therefore, the current experimental results have limitations in explaining 
the damping response behavior under complex geological conditions. Second, the loading path used in this 
study is relatively simplified. The cyclic load is applied in the form of a constant-frequency sinusoidal wave, 
which does not accurately replicate the complex stress paths encountered during reservoir fracturing and 
return processes, such as asymmetric loading, frequency changes, and pulsed disturbances. Previous research 
has shown that the loading frequency significantly influences the viscous energy dissipation mechanisms of 
materials. Shale exhibits a more pronounced viscoelastic response under high-frequency conditions, potentially 
leading to mode migration in its damping behavior. Thus, the idealized loading approach in this study may 
underestimate the influence of frequency on the evolution of the damping ratio in real-world engineering 
scenarios. Finally, time effects were not fully considered in this experiment. As a typical viscoelastic‒brittle 
composite material, the mechanical response and damping characteristics of shale are highly dependent on 
parameters such as loading duration and rate. These characteristics are particularly susceptible to hysteresis 
processes, such as creep and time-dependent damage, under long-term loading or load-holding conditions, 
which significantly alter the energy dissipation mechanisms and structural evolution paths. However, long-term 
loading experiments compatible with geological time scales were not conducted in this study, making it difficult 
to capture the temporal evolution of the damping properties of shale over extended periods43,44.

A comparative study of the damping characteristics of various rock types revealed that the hysteresis loop 
curves exhibit an evolution trend characterized by a transition from sparse to dense and then back to sparse 
throughout the cyclic loading process. This pattern also appears within a single stress level, where the hysteresis 
loops progressively densify and subsequently loosen. In terms of the phase response, significant differences 
are noted between mudstone and sandstone. For mudstone, the strain phase is generally synchronized with 
or slightly lags behind the stress phase during loading but lags more noticeably during unloading, resulting 
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in a sharp-lobed hysteresis loop. In contrast, sandstone gradually accumulates plastic deformation as both the 
stress amplitude and the number of cycles increase. This leads to the strain phase surpassing the stress phase, 
which is indicative of the progressive activation of inelastic energy dissipation mechanisms. The damping ratios 
in mudstones are generally higher than those in sandstones, and both rock types clearly exhibit anisotropy—
specifically, the radial damping ratios are significantly greater than the axial damping ratios. This anisotropic 
behavior is closely related to the internal laminated structure and the preferential orientation of microfractures. 
In terms of the cyclic loading response, the relative area and damping ratio of the hysteresis loop exhibit a 
logarithmic decreasing trend with increasing cycle count under a constant dynamic stress amplitude in rocks 
such as siltstone, muddy siltstone, and fine sandstone. Conversely, under a fixed number of cycles, the hysteresis 
loop area increases exponentially with increasing stress amplitude, suggesting that the stress level plays a critical 
role in activating energy dissipation mechanisms. Moreover, the fitted relationships between the damping ratio, 
damping coefficient, and dynamic stress amplitude under varying cyclic conditions exhibit strong stability and 
predictive capability [46]. Overall, the evolution of rock damping properties is governed by the coupled influence 
of multiple factors, including the stress state, cyclic loading history, burial depth, diagenetic environment, and 
mineralogical composition.

Conclusions

	1.	 Under the effect of graded cyclic loading, the damping ratio of Longmaxi shale clearly changes with the stress 
level. At the initial stage, as the stress amplitude increases, the microfissures inside the shale are compacted, 
and the energy dissipation gradually decreases, resulting in a decrease in the damping ratio. As the stress lev-
el continues to rise, the shale gradually enters an elastic dominant phase where the damping ratio stabilizes 
and increases slightly at higher stress levels.

	2.	 Under cyclic loading, the shape of the radial hysteresis loop of the Longmaxi shale is similar to the character-
istics of the axial hysteresis loop, indicating that the stress‒strain hysteresis relationship is consistent in both 
directions. With increasing stress amplitude and number of cycles, plastic deformation and plastic strain 
energy gradually accumulate, resulting in the strain phase gradually exceeding the stress phase, resulting in 
a change in the hysteresis effect.

	3.	 The radial damping ratio of the Longmaxi shale is consistently greater than the axial damping ratio under 
the same circumferential pressure and stress loading conditions, and this difference is particularly significant 
under high circumferential pressure conditions. This phenomenon is closely related to the anisotropy under 
high peripheral pressure conditions, and radial deformation is more constrained, resulting in more signif-
icant radial energy dissipation, which makes the radial damping ratio larger than the axial damping ratio, 
theropic characteristics of shale and the effect of peripheral pressure on fracture closure.

	4.	 An increase in the peripheral pressure significantly affects the damping characteristics of the Longmaxi 
shale. Under the no-confining pressure condition, the mineral particles inside the shale are more loosely 
connected, which easily produces more significant plastic deformation, resulting in a narrower shape of the 
hysteresis loop and lower energy dissipation. As the confining pressure increases to 10 MPa, the slip between 
particles is restricted, the hysteresis loop gradually becomes full, and the damping ratio decreases. When 
the confining pressure further increases to 30 MPa, the cracks inside the shale begin to sprout and expand, 
resulting in an increase in energy dissipation and a significant increase in the damping ratio.

Data availability
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