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To investigate the tensile damage mechanism of rock mass under the coupled 
effects of cyclic loading and water-bearing conditions in deep engineering, 
this study conducts Brazilian splitting cyclic loading-unloading tests on dry and 
water-saturated siltstone specimens. The stress-strain characteristics, energy 
evolution patterns, and damage properties of rock mass under various stress 
path conditions are systematically analyzed. Results indicate that the plastic 
deformation of rock mass accumulates continuously with increasing peak 
stress and number of cycles, while the hysteresis loops shift toward higher 
strain levels. Saturated specimens exhibit a more pronounced hysteresis loop 
migration during initial cycles, confirming the significant influence of moisture 
on rock mass deformation behavior. In terms of energy evolution, both moisture 
content and stress path jointly govern the energy evolution mode and damage 
progression of rock mass. Under low to medium stress paths, energy evolution 
demonstrates a typical nonlinear growth pattern, with elastic energy consistently 
dominating. Under high stress paths, initial plastic deformation leads to a unique 
phenomenon where the energy curve initially decreases before rising. Moisture 
exerts a dual effect on energy dissipation: in the initial stage, it promotes 
rapid accumulation of dissipated energy through lubrication, whereas near 
the failure stage, the weakening effect causes instability and failure of rock 
mass at a lower energy threshold. The evolution stages of dissipated energy 
closely correspond to the characteristics of the stress-strain curves and can 
more sensitively reflect the internal damage evolution process of rock mass. 
Damage evolution analysis further reveals that saturated specimens exhibit 
an abrupt inflection point in damage and overlapping curve characteristics at 
specific stress thresholds, with their damage growth rates significantly exceeding 
those of dry specimens across all stress paths. The damage variable based 
on energy dissipation shows a strong correlation with the dissipated energy
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evolution stages, serving as an effective indicator for predicting rock mass 
damage evolution and failure.

KEYWORDS

energy evolution, siltstone, brazilian splitting, damage variable, moisture condition 

1 Introduction

Deep reservoir rocks exist in complex stress environments and 
experience varying degrees of damage and failure under cyclic 
loading induced by roadway excavation, coal seam mining, and 
other engineering activities (Fu-kun et al., 2025; Bing-xiang et al., 
2020). Since the tensile strength of rock is considerably lower than 
its compressive strength (Jia-xin et al., 2024), the failure of reservoir 
rock mass typically initiates in tensile stress zones or tensile-
shear stress zones (Qing-Han, 2023). Investigating the energy 
evolution and tensile damage characteristics of siltstone under cyclic 
loading-unloading conditions holds significant theoretical value for 
understanding coal-rock deformation mechanisms and controlling 
the stability of deep mine roadways (Xiao et al., 2025).

Energy accumulation and dissipation accompany rock 
deformation (Gui-lin et al., 2019), serving as the primary driving 
force for damage effects and potentially leading to instability and 
failure of the rock (Liang et al., 2025). Research by He-ping et al. 
(2005) indicated that stress-strain intensity cannot adequately 
explain rock failure, whereas an energy perspective provides a more 
appropriate explanation for this phenomenon. The energy evolution 
process is primarily dominated by elastic energy, manifesting as 
continuous energy accumulation and release (Zi-hui et al., 2020). 
Numerous scholars have studied the energy evolution process 
during cyclic loading and unloading experiments (Xiao et al., 
2024). For instance, Zhang et al. (2024) studied energy evolution 
under graded and constant-amplitude cyclic loading, revealing 
distinct stage-specific evolution patterns of dissipated energy per 
unit volume under different stress paths. MIAO Sheng-jun et al. 
(2021) conducted triaxial cyclic loading and unloading experiments 
on granite, finding that the corresponding energy consumption 
ratio exhibits a unique spoon-shaped evolutionary characteristic as 
the number of cycles increases. Wen et al. (2019) performed cyclic 
loading and unloading experiments on red bed rock, with analysis 
revealing that the area of the hysteresis loop curve is positively 
correlated with the loading and unloading time, and an increase 
in cumulative dissipation energy leads to an increase in the total 
absorbed energy. Si-qing (2000) analyzed the intrinsic mechanisms 
of rock deformation systems based on the observation that energy 
released during dynamic rock failure far exceeds induced energy. 
Yangsheng et al. (2003) proposed an energy analysis method for 
uniaxial compression processes by integrating failure modes and 
energy consumption characteristics. Kai et al. (2024) conducted 
uniaxial cyclic compression experiments on coal-rock composite 
specimens under two cyclic loading and unloading paths and 
established an energy-damage constitutive model for the composite 
specimens under cyclic loading. Yu et al. (2022) analyzed the 
energy evolution characteristics of surrounding rock after roadway 
excavation and developed a theoretical calculation model for energy 
input, accumulation, dissipation, and release during the deformation 

and failure process of coal-rock mass units. Some researchers 
have noted the significant influence of moisture on the energy 
evolution of coal-rock specimens. Studies by Tian-bin et al. (2015) 
showed that as water content increases, the energy storage capacity 
and strain energy release capacity of rock decrease. In contrast, 
Chang-bao et al. (2016), Yong-jiang et al. (2024) argued that 
higher moisture content elevates total energy and dissipated energy 
while diminishing elastic energy. Xiao-Ping and Jian-Zhi (2021), 
Xiao-Ping et al. (2021), Zhang and Xiao-Ping (2020) employed 
an integrated acousto-optic-mechanical monitoring system to 
investigate granite behavior, revealing the mechanistic relationship 
between process zone nucleation and microcrack clustering. Their 
work identified an “inverted U-shaped” evolution pattern in the 
acoustic emission event rate of fractured granite and established its 
quantitative correlation with stress drops.

In summary, current research on rock energy evolution 
under cyclic loading has primarily focused on uniaxial or triaxial 
compression tests, paying insufficient attention to tensile failure 
mechanisms which are more prevalent in practical engineering. 
Existing studies mainly consider mechanical factors, often failing 
to adequately account for the complex environmental conditions 
inherent to deep rock masses. There is a notable lack of investigation 
into the coupling effects of multiple conditions, such as the 
stress variations from construction-induced cyclic loading, 
dynamic water-bearing environments, and unloading disturbances. 
Furthermore, the influence of water content on the energy evolution 
behavior of rock masses remains contentious. Some studies argue 
that increased water content weakens the rock’s capacity for energy 
storage and release, while others suggest that water saturation 
promotes the growth of total and dissipated energy, thereby reducing 
the proportion of elastic energy. These controversies further 
underscore the complexity of water-rock interaction mechanisms. 
To elucidate the mechanical response of rock masses under the 
combined influence of water and cyclic loading, this study employs 
Brazilian splitting cyclic loading-unloading tests on both dry and 
water-saturated siltstone specimens. It aims to investigate the effects 
of different cyclic stress paths and saturation conditions on the 
energy evolution patterns and tensile damage characteristics of 
rock, analyze the energy distribution laws and failure mechanisms 
during the unloading of rocks in a water-bearing environment, and 
ultimately provide theoretical guidance for controlling the stability 
of surrounding rock in deep mine roadways. 

2 Experimental design

2.1 Specimen preparation

The experimental specimens were sourced from the immediate 
roof siltstone of the #17 coal seam in the 93172 fully mechanized 
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FIGURE 1
Part of the standard specimens after processing.

top-coal caving face at Junde Coal Mine, Longmei Hegang Mining 
Co., Ltd., Heilongjiang Province. Following the national standard: 
Methods for determining the physical and mechanical properties 
of coal and rock—Part 10: Methods for determining the tensile 
strength of coal and rock GB/T 23561.10-2010, the specimens were 
processed into standard dimensions of 50 × 25 mm, Figure 1 shows 
the part of the standard specimens after processing.

In accordance with the national standard: Methods for 
determining the physical and mechanical properties of coal and 
rock—Part 5: Method for determing the water absorbability of coal 
and rock,GB/T 23561.5-2009, the dry rock specimens were prepared 
using the high-temperature dehydration method. The specimens 
were placed in a drying oven at 108 °C for 24 h until their mass 
variation was less than 0.005 g. For water-saturated specimens, the 
vacuum saturation method was adopted: specimens were first placed 
in a vacuum chamber, where air was evacuated for 20–30 min. Water 
was then slowly introduced into the chamber until the level reached 
1–2 cm above the specimens. A vacuum pump continued operating 
for over 12 h until no bubbles emerged from the specimens and the 
vacuum pressure stabilized below 0.001 MPa. Finally, the specimens 
were immersed in a water-filled container for 24 h to complete 
saturation. 

2.2 Experimental equipment

The experiment was conducted using a UTM5105X electronic 
universal material experimental machine, Figure 2 demonstrates the 
experiments equipmentis of cyclic loading-unloading in brazilian 
splitting tests, which has a maximum load capacity of 100 kN, 
a precision class of 0.5, a displacement control rate range of 
0.001–500 mm/min, and a deformation measurement accuracy of 
±0.5%. Strain values during the experiment were collected in 
real-time via a BE120-5AA resistive strain gauge connected to a 
DH3818Y strain meter and interfaced with a computer.

2.3 Experimental method

Five Brazilian splitting experiments were conducted on both 
dry and water-saturated specimens. The load during experiment 
was converted to tensile stress through Equation 1, enabling the 

calculation of the tensile strength σ t  and compaction stress σ1 for dry 
and saturated specimens. σ1 defined as the stress value at the end of 
the pore compaction stage in the stress-strain curve. The calculated 
results are presented in Table 1:

σt =
2P

πDh
(1)

Where σt  is the tensile stress, When the failure load is attained, 
this value corresponds to the tensile strength of the rock specimen 
MPa; P is the applied load N; D is the diameter of the specimen mm; 
h is the height of the specimen mm.

According to the test results in Table 1, the coefficients of 
variation for both tensile strength (σt) and compaction stress (σ1) 
of the 5 sets of dry and saturated specimens are at relatively low 
levels, indicating good reproducibility of specimen performance. It 
is worth noting that the tensile strength and compaction stress values 
of dry specimen D2 deviate more significantly from those of other 
specimens, which may be attributed to random factors. To enhance 
the accuracy of subsequent cyclic loading-unloading tests, a dual-
sample analysis was adopted for each test group. For example, under 
a given cyclic loading condition: dry specimens are labeled as Dx-1 
and Dx-2, while saturated specimens are labeled as Wx-1 and Wx-2.

Three cyclic stress paths were designed based on stress 
magnitudes corresponding to distinct deformation stages in the 
stress-strain curve. Cyclic loading-unloading experiments were 
performed on both dry and water-saturated specimens under each 
path. The initial peak stresses for Path 1, 2, and 3 were set 
to 5% of the tensile strength σt, the compaction stress σ1, and 
70% of σt, respectively. The experiment machine executed stress 
loading/unloading at a rate of 0.03 MPa/s. After each loading-
unloading cycle, the peak stress was incrementally increased by 5% 
of σt until specimen failure occurred. The stress cyclic paths are 
illustrated in Figure 3.

3 Stress-strain characteristics under 
different cyclic stress paths

To investigate the stress-strain characteristics of the immediate 
roof siltstone under different cyclic loading conditions, this study 
conducted 6 sets of experiments comprising 3 dry specimens and 3 
saturated specimens. Cyclic loading-unloading tests were performed 
under different peak load levels for each group. Based on the 
experimental results, the corresponding stress-strain curves were 
plotted. Specifically, Figure 4 presents the stress-strain curves of dry 
specimens under various cyclic loading conditions, while Figure 5 
displays the corresponding curves for saturated specimens.

From Figures 4, 5, it is evident that under all three cyclic 
stress paths, the plastic deformation of the specimens accumulates 
with increasing peak stress and cycle number, while the hysteresis 
loops formed during loading-unloading exhibit a continuous 
migration toward higher strain directions (He-chuan et al., 2023). 
In cyclic path 1, the hysteresis loops generated during the first two 
loading-unloading cycles showed significant migration magnitudes 
of 0.065% and 0.066%, respectively. Subsequent cycles, however, 
yielded a maximum migration of only 0.029%. In cyclic paths 
2 and 3, substantial hysteresis loop migrations occurred only 
during the first cycle 0.149% and 0.155%, respectively, with 
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FIGURE 2
Experiments equipment.

TABLE 1  Tensile strength of dry and water-saturated specimens.

Specimens Moisture content (%) σt (MPa) Average of σt (MPa) σ1 (MPa) Average of σ1 (MPa)

D1

0

6.54

5.79

1.04

0.85

D2 3.62 0.47

D3 6.57 0.98

D4 6.26 0.98

D5 5.97 0.83

W1 1.82 3.35

3.10

0.98

0.90

W2 1.71 3.5 0.83

W3 1.79 3 1.17

W4 1.58 2.59 0.7

W5 1.83 3.06 0.79

subsequent cycles producing maximum migrations of 0.021% 
and 0.020%. This migration behavior arises from the rapid 
compressive deformation caused by the closure of internal pores 
and fractures under loading (Xing-zhou et al., 2024). For cyclic 
path 1, the initial peak stress was relatively low 0.29 MPa, 
only 5% of the tensile strength, resulting in limited compaction 

of pore-fracture structures during a single cycle. Consequently, 
significant hysteresis loop migrations persisted through the first 
two cycles. In contrast, cyclic paths 2 and 3, with higher 
initial peak stresses 0.85 MPa and 4.05 MPa, respectively, induced 
extensive pore-fracture closure after the first loading-unloading
cycle.
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FIGURE 3
Schematic diagram of the stress path of cyclic loading and unloading.

Figure 5 demonstrates that under cyclic paths 1 and 2, water-
saturated specimens exhibited larger hysteresis loop migrations in 
the initial cycles compared to dry specimens. This is attributed to 
water molecules infiltrating the rock matrix, lubricating particle 
contacts, and reducing frictional resistance, thereby enhancing 
plastic deformation capacity before full compaction (Hong et al., 
2017). As cyclic loading progressed, the compressible pore space 
diminished, gradually reducing migration magnitudes until 
stabilization. 

4 Energy evolution characteristics 
under different cyclic paths

4.1 Evolution characteristics of volumetric 
energy per unit volume and elastic energy 
per unit volume

Under laboratory conditions, the energy evolution of a loaded 
rock mass system primarily comprises four processes: energy input, 
energy accumulation, energy dissipation, and energy release. During 
the loading process, and disregarding damping consumption and 
heat exchange, the energy input originates mainly from the work 
performed by the testing machine on the specimen. A portion of 
this input energy is stored within the rock specimen as elastic strain 
energy, which is reversible and can be released upon unloading. 
The remainder is dissipated through irreversible mechanisms, 
such as energy expended in plastic deformation and damage, as 
expressed in Equation 2:

U = Ue +Up (2)

In the equation, U represents the total input energy density;Ue
denotes the releasable elastic energy density; and Up signifies the 
dissipated energy density.

When the accumulated elastic strain energy reaches a certain 
limit, exceeding the bearing capacity of the specimen, it induces 
instability and failure, accompanied by energy release to the 
surroundings. This released energy primarily manifests as kinetic 
energy, heat, and various forms of radiation. If the influence of 

the testing machine is neglected, this portion of energy originates 
mainly from the releasable elastic strain energy. Both the releasable 
elastic energy and dissipated energy can be obtained through cyclic 
loading-unloading tests. Referring to Figures 4, 5, a specific cycle 
is extracted for analysis, and the graphical integration method is 
applied, as illustrated in Figure 6. Based on Figure 6, the input energy 
density U, elastic energy density Ue, and dissipated energy density 
Up for each cycle are calculated using the graphical integration 
method, as shown in Equation 3 (Lei et al., 2019).

U = ∫
C

O
σdε

Ue = ∫
C

B
σdε

(3)

This study conducted cyclic loading-unloading tests on six 
sets of specimens under different load levels. The test results 
were used to plot the evolution curves of energy input, energy 
accumulation, and energy dissipation. Among them, Figure 6 
shows the energy evolution curves of dry specimens under 
various cyclic loading-unloading conditions, Figure 7 presents those 
of saturated specimens under different cyclic loading-unloading 
conditions, and Table 2 provides the fitting equations for the energy 
evolution during the loading process.

As shown in Figures 7, 8, under cyclic loading stress paths 1 and 
2, the input energy U, releasable elastic energy Ue, and dissipated 
energy Up of both dry and saturated specimens exhibit a nonlinear 
increasing trend with the rise in axial stress levels, which is quite 
similar to the stress-strain relationship curves. In the initial loading 
stage, the growth rates of input energy density, elastic energy density, 
and dissipated energy density are relatively small, with the curves 
being relatively gentle, corresponding to the compaction stage of 
pores and fractures in the specimen. At this point, the elastic energy 
density is very close to the input energy density, indicating that 
most of the input energy is stored within the specimen as elastic 
energy, with only a small portion being dissipated. Subsequently, 
the specimen enters the elastic deformation stage, where the elastic 
energy density, input energy density, and dissipated energy density 
continue to increase gradually, showing an approximately linear 
growth trend. Throughout the compression process, the proportion 
of elastic energy density to input energy density inside the specimen 
remains relatively high, indicating that a large amount of elastic 
energy is stored in the specimen with less energy dissipated. 
According to Table 2, the growth trends of energy densities can all 
be expressed by quadratic functions, with significant fitting effects. 
The correlation coefficients R2 for the fitting equations of elastic 
energy density and input energy density are all greater than 0.97. 
The correlation coefficients for the fitting equations of dissipated 
energy density are relatively lower, with R2 > 0.94 for dry specimens, 
while the R2 values for saturated specimens vary considerably, 
indicating significantly reduced fitting accuracy. Reason analysis: 
affected by the water effect, the water absorption enhances the 
plastic deformation capacity of the rock during the initial loading 
stage, leading to rapid accumulation of dissipated energy Up. As the 
load increases, the compaction effect suppresses the development of 
specimen deformation, causing dissipated energy Up to drop sharply 
before rising again.

Under cyclic loading stress path 3, both the input energy 
U and the releasable elastic energy Ue of dry and saturated 

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2025.1704719
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Chen et al. 10.3389/feart.2025.1704719

FIGURE 4
Total stress-strain of dried specimens under different cyclic paths:(a)D1-1,cyclic path 1; (b)D1-2,cyclic path 1; (c)D2-1,cyclic path 2; (d)D2-2,cyclic path 
2; (e)D3-1,cyclic path 3; (f)D3-2,cyclic path 3

specimens exhibited an initial decrease before transitioning to a 
linear growth phase. This behavior can be attributed to the high 
magnitude of the cyclic load, where the first cycle generated the most 
significant hysteresis loop migration, resulting in substantial plastic 
deformation in the rock mass and rapid accumulation of dissipated 
energy Up, consequently causing a decline in the releasable elastic 
energy Ue. Specifically, the releasable elastic energy Ue decreased 
by 4.49% for specimen D3-1, 3.55% for W3-1, and 5.44% for 
W3-2, while it remained nearly stagnant for D3-2 with only a 
0.10% increase. Correlation analysis of the data after the first cycle 
showed that the input energy U had a correlation coefficient R2 > 
0.997, and the mean correlation coefficient for dissipated energy 

Up was R2 > 0.886. The releasable elastic energy Ue maintained 
a consistent linear proportionality with U, with R2 > 0.995, 
reflecting the dominant role of elastic behavior under high-stress
conditions. 

4.2 Evolution characteristics of dissipation 
energy per unit volume

The failure of rock mass is directly attributed to excessive 
plastic deformation and the abrupt release of accumulated dissipated 
energy. The evolutionary characteristics of dissipated energy per unit 
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FIGURE 5
Total stress-strain of water-saturated samples under different circulation paths: (a)W1-1,cyclic path 1; (b)W1-2,cyclic path 1; (c)W2-1,cyclic path 2;
(d)W2-2,cyclic path 2; (e)W3-1,cyclic path 3; (f)W3-2,cyclic path 3
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FIGURE 6
Energy calculation analysis model.

volume in rock mass can be interpreted in stages by referring to 
existing research findings, such as those by Hua-feng et al. (2021), 
and the inflection points observed in energy evolution curves. 
Figures 9–11 respectively present the energy evolution curves of dry 
and saturated rock specimens under different cyclic loading stress 
paths. The division of dissipated energy evolution stages shows a 
strong correspondence with the characteristic stages of the stress-
strain curves.

(1) Evolution Characteristics of Dissipated Energy 
per Unit Volume in Rock Mass under Cyclic Loading
Stress Path 1

As shown in Figure 9, the evolution curve of dissipated energy 
per unit volume for dry specimens under cyclic path 1 can be 
divided into three stages. Stage I corresponds to the pore compaction 
phase, where the dissipated energy Up remains relatively low under 
applied peak stresses. As the load stress increases, the closure of 
microcracks within the rock mass leads to a gradual increase in 
Up. In Stage II, identified as the linear growth stage, the dissipated 
energy Up exhibits a steady linear increase with an average growth 
rate of 4.99%. This behavior occurs as most pores and fractures 
stabilize under repeated cyclic loading and unloading. Stage III 
represents the rapid growth period, where further development 
of fractures occurs—characterized by their gradual elongation and 
widening at an accelerating rate. As the load stress approaches 
the tensile strength of the material, crack propagation and 
coalescence trigger a sharp increase in Up, ultimately resulting in
specimen failure.

The evolution curve of dissipated energy per unit volume for 
saturated specimens under cyclic path 1 can be divided into four 
distinct stages. Stage I represents the pore compaction phase. In 
this stage, specimens W1-1 and W1-2 exhibited dissipation energy 
growth rates that were 19.8% and 28.0% higher than those of 
dry specimens D1-1 and D1-2, demonstrating rapid accumulation 
of dissipated energy. This behavior can be explained by the 
lubricating effect of pore water within the saturated specimens, 
which significantly reduces frictional resistance among internal 
pores and fractures. When subjected to identical cyclic loading 

conditions, the saturated specimens experienced more substantial 
plastic deformation compared to their dry counterparts. The 
additional energy required to overcome lubricated inter-particle 
sliding and structural rearrangement resulted in a 2.27-fold increase 
in cumulative dissipated energy per unit volume. Stage II is 
characterized by a rapid decline in dissipation energy. Following 
pore compaction, the internal structure of the specimens becomes 
increasingly dense, thereby enhancing their overall resistance to 
deformation. This structural change leads to a progressive reduction 
in energy dissipation through plastic deformation during each 
loading cycle, causing a sharp decrease in dissipation energy until 
a temporary equilibrium is established within the newly compacted 
microstructure. This transitional phase marks the shift from 
water-lubricated, large-deformation energy dissipation to a stable 
frictional dissipation mechanism governed by the consolidated 
rock framework. Stage III and Stage IV represent the linear 
growth and rapid growth phases, respectively. These stages show 
evolutionary trends generally consistent with those observed in 
dry specimens. However, the saturated specimens maintained lower 
levels of dissipated energy per unit volume throughout these stages. 
This reduction indicates that water saturation weakens the internal 
structure of the rock mass, leading to instability and failure at 
lower energy thresholds. The presence of moisture fundamentally 
alters both the path and efficiency of energy dissipation, directing 
a greater proportion of input energy toward catastrophic failure of 
the rock mass. 

5 Evolution Characteristics of 
Dissipated Energy per unit volume 
under cyclic loading stress path 2

As shown in Figure 10, both dry and saturated specimens under 
cyclic path 2 exhibit relatively high initial values of dissipated 
energy per unit volume Up, followed by a decreasing trend 
during the first two loading-unloading cycles, constituting Stage 
I - initial decline phase (Shuai et al., 2016). This phenomenon 
occurs because the high peak value of the initial load stress 
induces substantial plastic deformation in the rock mass during 
the first cycle. The resulting significant plastic deformation leads 
to rapid compaction of the rock mass and enhances its resistance 
to deformation, consequently causing a rapid decrease in Up, 
similar to Stage II observed in saturated specimens under cyclic 
path 1. Subsequently, the evolutionary characteristics of Up in 
dry specimens align with those observed in dry specimens under 
cyclic path 1, while the evolutionary pattern of Up in saturated 
specimens corresponds to that of saturated specimens under cyclic
path 1. 

6 Evolution Characteristics of 
Dissipated Energy per unit volume 
under cyclic loading stress path 3

As shown in Figure 11, the initial stage of the dissipated energy 
evolution curves for both dry and saturated specimens under 
cyclic path 3 resembles Stage I observed in cyclic path 2. The key 
distinction lies in the higher initial dissipated energy per unit volume 
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FIGURE 7
Energy evolution of dried specimens under different cyclic paths:(a) cyclic path 1; (b) cyclic path 2; (c) cyclic path 3

Up under path 3, along with a more pronounced decrease in Up 
during the first two loading-unloading cycles. This indicates that 
the higher peak initial load stress induces more substantial plastic 
deformation in the rock mass. Subsequently, the evolution of Up 
in dry specimens demonstrates only a linear growth stage before 
specimen failure occurs. In contrast, saturated specimens exhibit 
both Stage II linear growth and Stage III rapid growth in their Up 
evolution. The primary mechanism underlying this difference can 
be attributed to the effect of pore water during cyclic loading. As 
compaction progresses and pore space diminishes, water molecules 
trapped within the fracture network generate significant tensile 
or shear forces under stress concentration, thereby accelerating 
structural tearing and crack propagation (Bo-bo et al., 2021). In 
comparison, dry specimens, lacking the lubricating and weakening 
effects of moisture, experience crack propagation primarily driven 
by mechanical loading, which explains the absence of an accelerated 
energy surge stage. 

7 Damage characteristics across cyclic 
paths

Rock damage dissipation is an irreversible process that directly 
influences rock failure, with the magnitude of irrecoverable 
dissipated energy reflecting the extent of damage in the 
specimen. To further investigate the energy distribution evolution 
of unloaded rock specimens under different cyclic loading 
stress amplitudes and quantify the failure progression under 
various cyclic paths, a damage variable D is defined as follows
(Ying et al., 2019):

D =
∑n

i=1
Upi

Upt
(4)

Where Upi is the dissipation energy per unit volume J/cm3

during the ith cycle, Upt  is the cumulative dissipation energy across 
all cycles J/cm3, n is the total cycle count. The calculated damage 
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TABLE 2  Fitting equations for energy evolution under different cyclic paths.

Specimens Energy Fitting 
equation

R (Bing-
xiang et al., 

2020)

Specimens Energy Fitting 
equation

R (Bing-
xiang et al., 

2020)

D1-1

U y = 0.030 × 
2+0.136x-0.005

0.999

W1-1

U y = 0.038 × 
2+0.070x+0.031

0.999

Ue y = 0.027 × 
2+0.137x-0.030

0.999 Ue y = 0.032 × 
2+0.087x-0.005

0.999

Up y = 0.003x2-
0.002x+0.025

0.989 Up y = 0.005x2-
0.018x+0.036

0.744

D1-2

U y = 0.035 × 
2+0.109x-0.017

0.999

W1-2

U y = 0.038 × 
2+0.080x-0.008

0.999

Ue y = 0.030 × 
2+0.118x-0.039

0.999 Ue y = 0.032 × 
2+0.095x-0.022

0.999

Up y = 0.005x2-
0.009x+0.021

0.992 Up y = 0.006x2-
0.015x+0.014

0.892

D2-1

U y = 0.039 × 
2+0.055x+0.049

0.999

W2-1

U y = 0.034 × 
2+0.109x+0.103

0.974

Ue y = 0.035 × 
2+0.074x+0.016

0.999 Ue y = 0.032 × 
2+0.111x+0.032

0.998

Up y = 0.004x2-
0.019x+0.032

0.998 Up y = 0.002x2-
0.002x+0.071

0.030

D2-2

U y = 0.045 × 
2+0.013x+0.109

0.991

W2-2

U y = 0.062x2-
0.010x+0.176

0.999

Ue y = 0.039 × 
2+0.040x+0.053

0.991 Ue y = 0.032 × 
2+0.090x+0.068

0.999

Up y = 0.006x2-
0.025x+0.053

0.942 Up y = 0.026x2-
0.082x+0.089

0.767

D3-1

U y = 0.439x-0.758 0.997

W3-1

U y = 0.359x-0.333 0.990

Ue y = 0.387x-0.631 0.998 Ue y = 0.309x-0.233 0.995

Up y = 0.036x-0.053 0.828 Up y = 0.040x-0.071 0.837

D3-2

U y = 0.477x-0.949 0.997

W3-2

U y = 0.315x-0.286 0.997

Ue y = 0.418x-0.781 0.999 Ue y = 0.291x-0.257 0.995

Up y = 0.049x-0.123 0.944 Up y = 0.017x-0.004 0.961

evolution curves for dry and saturated specimens are shown in 
Figures 11, 12.

For dry specimens Figure 12, damage variables under cyclic 
paths 1 and 2 exhibit quadratic growth trends. During initial 
cycles pore compaction stage, damage increases slowly due 
to gradual crack closure. However, rapid crack propagation 
in later cycles accelerates damage accumulation. In contrast, 
cyclic path 3 displays a linear damage trajectory, with an initial 
average damage variable of 0.306—over 100 times higher than 
paths 1 0.002 and 2 0.010. This discrepancy stems from Path 
3’s elevated initial peak stress 70% tensile strength, which 

instantly overloads the microstructure, bypassing early-stage
compaction effects.

As shown in Figure 13, saturated specimens W1-1 and W1-2 
exhibit abrupt transitions in their damage evolution curves when 
peak stresses reach 1.33 MPa and 0.74 MPa, respectively. These 
inflection points correspond to the dissipation energy collapses 
observed in Figures 8c,d; Section 4.2 during the transition from 
the pore compaction stage I to the rapid decline stage II. As 
failure approaches—when peak stresses attain 4.44 MPa W1-1 and 
4.43 MPa W1-2—damage variables surge abruptly, aligning with the 
rapid growth stage IV in Figures 8c,d. This demonstrates that the 
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FIGURE 8
Energy evolution of saturated specimens under different cyclic paths:(a) cyclic path 1; (b) cyclic path 2; (c) cyclic path 3

abrupt transitions between stages in the dissipation energy evolution 
curves correspond to the inflection points of the damage variable, 
which can partially reflect the internal damage progression within 
the specimen.

As tensile stress increased from the initial peak stress to 
1.33 MPa, the damage curves of saturated specimens W1-1, 
W2-1, and W2-2 exhibited significant overlapping segments, 
while no overlap was observed in the initial-cycle damage 
curves of dry specimens under cyclic paths 1 and 2 Figure 12. 
This indicates that water saturation reduces frictional resistance 
between fractures, resulting in similar plastic deformation 
capacities across saturated specimens, which generated 
comparable damage variable values under equivalent peak stress
conditions.

Linear fitting of the damage variables during the final five 
pre-failure cycles all fits with precision >0.98 revealed average 
growth rates of 0.244/MPa, 0.276/MPa, and 0.556/MPa for dry 
specimens under cyclic paths 1, 2, and 3, respectively, compared 

to 0.523/MPa, 0.576/MPa, and 0.689/MPa for saturated specimens. 
Both dry and saturated specimens followed the damage growth 
rate hierarchy of cyclic path 3 > path 2 > path 1. This 
demonstrates that higher initial peak stresses in cyclic loading-
unloading result in greater damage variable growth rates during 
later cycles, with saturated specimens exhibiting significantly 
higher damage growth rates than dry specimens across all cyclic 
paths. The water-induced pore pressure severely compromises the 
specimen’s internal microstructure, leading to intensified damage
progression. 

8 Discussion

This study investigated the energy evolution and damage 
mechanisms of siltstone under tensile stress conditions through 
Brazilian splitting cyclic loading-unloading tests. The experimental 
results confirm the energy-driven failure principle and elucidate 
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FIGURE 9
Characteristic division of dissipated energy stages under cyclic path 1:(a)D1-1; (b)D1-2; (c)W1-1; (d)W1-2.

the failure progression of both dry and saturated specimens under 
various cyclic loading stress paths.

Under different cyclic loading stress paths, increasing the 
peak initial load stress resulted in an enlargement of the initial 
hysteresis loop with reduced migration amplitude in the stress-
strain relationship of siltstone, indicating a simplified energy 
distribution mechanism under high tensile stress paths. For 
saturated specimens, the tensile strength decreased significantly 
under cyclic loading conditions, while both the strain rate and 
total deformation substantially exceeded those observed in dry 
specimens. These findings are consistent with the conclusions 
reported by Wu et al. (2024) in their study on deformation 
characteristics of dry and saturated argillaceous siltstone under 
cyclic loading, demonstrating the transferability and universality of 
the coupled effects of moisture and cyclic loading-unloading on rock
mass behavior.

Under different cyclic loading stress paths, distinct differences 
are observed in the evolutionary stages of dissipated energy per 
unit volume between dry and saturated rock specimens. The 

stages of dissipated energy evolution not only correspond closely 
to the characteristics of the stress-strain curves but also reveal 
more comprehensive information regarding the internal damage 
evolution of the rock mass. Taking the saturated specimens under 
cyclic path 1 as an example, the Stage II rapid decline phase evident 
in the dissipated energy evolution curve clearly demonstrates 
the gradual weakening of the water lubrication effect during the 
compaction process and the subsequent transition to the formation 
stage of a densified skeleton. This study demonstrates that both the 
moisture condition of the rock mass and the cyclic loading stress 
collectively determine the evolution pattern and stage division of 
dissipated energy. Conversely, the evolutionary characteristics of 
different stages of dissipated energy reflect the intrinsic principles 
of rock mass behavior from damage accumulation to final failure. 
Compared to traditional stress-strain responses, the evolution of 
dissipated energy is more sensitive to changes in the internal 
structure of the rock mass, enabling earlier and more comprehensive 
revelation of damage development states. Integrating the actual in 
situ conditions of rock masses and the characteristics of engineering 
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FIGURE 10
Characteristic division of dissipated energy stages under cyclic path 2:(a)D2-1; (b)D2-2; (c)W2-1; (d)W2-2.

disturbances, conducting damage analysis based on the evolution 
of dissipated energy per unit volume can more accurately represent 
the failure process of rock masses under complex conditions. 
This approach thereby provides a more scientific and reliable 
basis for stability assessment and disaster prevention in rock
engineering.

In terms of damage evolution, dry specimens under high 
initial stress conditions exhibit linear damage progression and 
higher initial damage variables in their damage evolution curves, 
which corresponds well with the deformation patterns shown 
in their stress-strain responses. This observation aligns with 
findings reported by Xu et al. (Ying et al., 2019) in their 
investigation of energy evolution and damage characteristics 
in mudstone under cyclic loading-unloading conditions. For 
saturated specimens, the appearance of an abrupt inflection 
point and curve overlapping segment in the damage curves 
reveals unique energy evolution characteristics during tensile 
failure. The abrupt inflection point marks the transition where 
dissipated energy shifts from rapid accumulation to rapid decline, 

indicating the evolution of the internal deformation mechanism 
from a water-lubrication-dominated structural adjustment phase 
to a compacted skeleton formation stage. The curve overlapping 
segment suggests that when reaching specific stress thresholds, 
the frictional resistance within the saturated rock mass becomes 
homogenized, resulting in convergent behavior in damage evolution 
paths. These characteristic features can serve as effective precursors 
for engineering early-warning systems, providing more reliable 
criteria for predicting rock mass failure in complex water-
bearing environments compared to using single stress or strain
indicators alone.

In practical deep engineering applications, rock masses exist 
under true triaxial stress states and are subject to long-term water-
rock chemical interactions. While the Brazilian splitting tests 
in this study reveal energy evolution and damage mechanisms 
under tensile stress conditions, differences remain compared to 
the actual stress states encountered in underground engineering. 
Subsequent research will involve conducting cyclic loading-
unloading tests under true triaxial stress conditions to investigate the 
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FIGURE 11
Characteristic division of dissipated energy stages under cyclic path 3:(a)D3-1; (b)D3-2; (c)W3-1; (d)W3-2.

influence of the intermediate principal stress on energy evolution. 
Further studies will also examine the long-term effects of pore 
fluids with different chemical properties on energy distribution. 
Additionally, by integrating the energy dissipation-based damage 
variable with real-time monitoring techniques such as acoustic 
emission and micro-CT, we aim to establish a failure early-
warning system that correlates macroscopic and microscopic
behaviors. 

9 Conclusion

Based on the analysis of stress-strain characteristics under 
different cyclic loading stress paths, this study draws the following 
conclusions: 

1. Under various cyclic loading stress paths, the plastic 
deformation of the rock mass continuously accumulates 
with increasing peak stress and number of cycles, while 
the hysteresis loops migrate toward higher strain levels. 

The magnitude of this migration is controlled by the initial 
stress level, with higher initial stresses resulting in reduced 
migration. Water saturation reduces the tensile strength of 
the rock mass, leading to enlarged initial hysteresis loops and 
diminished migration amplitude.

2. The energy evolution characteristics of rock mass during cyclic 
loading-unloading are co-controlled by moisture content 
and stress path. Under low to medium stress paths, energy 
evolution exhibits typical nonlinear growth, with elastic 
energy consistently maintaining dominance. Under high stress 
paths, initial plastic deformation causes the energy curve 
to initially decrease before rising, showing a linear growth 
pattern in energy evolution. Moisture content alters the energy 
distribution mechanism of rock mass, demonstrating stronger 
energy dissipation characteristics in the initial stage, along 
with significantly reduced fitting accuracy of the growth 
curves.

3. Both moisture content in the rock mass and the applied 
cyclic loading stress exert decisive influences on the evolution 
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FIGURE 12
Evolution of damage variables of dried specimens under each 
cyclic path.

FIGURE 13
Evolution of damage variables of saturated specimens under each 
cyclic path.

pattern and stage division of dissipated energy. Moisture plays 
a dual role in the energy dissipation mechanism of rock mass: 
during the initial stage, it promotes rapid accumulation of 
dissipated energy through lubrication effects, while near the 
failure stage, it leads to instability and failure of the rock mass 
at a lower energy threshold due to its weakening effect. The 
evolution stages of dissipated energy closely correspond to 
the characteristics of the stress-strain curves, with the initial 
stress level significantly affecting both the starting point and 
progression of energy evolution.

4. Regarding damage evolution, both dry and saturated 
specimens follow the same order of damage growth rates 
across different stress paths: Path 3 > Path 2 > Path 1. The 
presence of moisture induces an abrupt inflection point and 
curve overlapping characteristics in the damage evolution at 
specific stress thresholds, while significantly enhancing the 

damage growth rate. Furthermore, characteristic inflection 
points in the damage variable curves correspond well to stage 
transitions in dissipated energy, confirming that the energy 
dissipation-based damage variable can serve as an effective 
indicator for predicting damage evolution and failure of rocks 
under water-rock interaction conditions.
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