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Abstract

Underground saturated jointed rock is prone to engineering geohazards under the com-
bined effects of in situ stress and dynamic loading. A modified split Hopkinson pressure
bar (SHPB) system was used to conduct dynamic loading tests on artificially fabricated sat-
urated jointed rocks. The effects of joint matching coefficient (JMC) and confining pressure
on the dynamic strength, deformation characteristics, energy evolution, and stress wave
propagation of the specimens were investigated. The test results show that the dynamic
compressive strength and stiffness of saturated jointed rocks increase with the increase in
JMC, but the compressive strength is still lower than the typical dynamic strength range.
Rock damage mainly occurs at the joint location, and the damage mode is dominated
by tensile fracture. In terms of energy, the energy dissipation rate of the rock decreases
with decreasing JMC and increasing confining pressure. The propagation of stress waves
is mainly affected by the coupling of JMC and three-dimensional static stress, which is
manifested as a transition from a rapidly changing phase to an unstable changing phase,
a process accompanied by an energy distribution mechanism. These insights fill a gap
in the mechanical response of saturated jointed rocks under complex loading conditions
underground and help predict the risk of dynamic instability in underground engineering
and mining operations.

Keywords: rock mechanics; combined static-dynamic loading; joint matching coefficients;
saturated jointed rock; stress wave propagation

1. Introduction
With the expansion of underground engineering projects, such as deep mining and

tunnel excavation, into complex geological environments, saturated jointed rock is highly
susceptible to engineering geological hazards, including instability and collapse, under
the coupled action of in situ static stresses and dynamic loads such as blasting vibrations
and mechanical impacts. These hazards pose severe threats to construction safety and
engineering stability. The presence of water softens the rock matrix through physico-
chemical processes [1–3]. Simultaneously, joints, acting as weak planes within the rock
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mass, significantly alter stress transfer paths, energy dissipation patterns, and deforma-
tion characteristics, while also serving as critical channels for groundwater storage and
flow. Consequently, the mechanical response mechanisms of saturated jointed rock masses
under complex loading conditions constitute a pivotal unresolved problem for the safety
prevention and control of underground engineering.

Extensive research has been conducted on the dynamic mechanical behavior of satu-
rated rocks, laying a foundation for understanding the water–rock interaction mechanism.
Studies have shown that compared with dry rocks, saturated rocks exhibit lower com-
pressive strength, tensile strength, and elastic modulus and exhibit higher friability [4–6].
To simulate the underground three-dimensional stress environment, triaxial compression
tests are widely used to investigate the effect of confining pressure on saturated rocks.
Zhou et al. [7] demonstrated that the failure mode of rocks under triaxial loading is mainly
shear failure, rather than tensile failure under uniaxial impact loading. Wu et al. found
that both the strength and deformation of saturated rocks increase with confining pressure,
following a linear functional relationship. Wu et al. [8] have found that both the strength
and deformation of saturated rock increase with confining pressure, following a linear func-
tional relationship. Wang et al. [9] revealed that confining pressure inhibits the propagation
of microcracks inside rocks, and the inhibition degree increases with the rise of confining
pressure. Li et al. [10] observed that under triaxial compression, the cohesion and internal
friction angle of saturated rocks decrease, while Poisson’s ratio increases. Cai et al. [11]
noted that under the same prestress and dynamic load, saturated rocks have lower dynamic
strength, consume less energy before failure, and dissipate more energy in the post-peak
stage. Overall, existing studies on saturated rocks mostly focus on the dry/saturated
state or the effects of single confining pressure and single load type, lacking systematic
investigation of the multi-factor coupling effect of water saturation and combined loading.

Furthermore, as ubiquitous structural planes in rock, the influence of joint morpholog-
ical characteristics cannot be neglected. The joint matching coefficient (JMC), which reflects
the degree of joint matching by comparing the effective contact area of joints, provides
a novel approach for analyzing the morphological features of jointed rock [12]. It is well
known that when stress waves encounter a joint plane, the joint interfaces cause wave
reflection, propagation, and attenuation [13–15]. The patterns governing these phenomena
are closely related to the degree of joint matching. Chen et al. [16] proposed the CIM-JMC
model from a theoretical perspective to describe the wave propagation law at joints and
quantify reflection and transmission coefficients. However, this model was derived only
based on dry joints, without considering the effect of water saturation on the mechani-
cal properties of joint interfaces. Li et al. [17] experimentally analyzed the influence of
JMC on stress wave propagation using the SHPB system, but the research object was dry-
jointed rock masses, excluding the water-saturated state, thus failing to reflect the coupling
mechanism of water–joint–stress wave in underground engineering. In addition, most
existing JMC-related studies focus on single dynamic load or static load conditions, failing
to cover the combined load scenario of preloading and dynamic impact in underground
engineering, making it difficult to reveal the joint regulatory mechanism under actual
engineering conditions.

Although scholars have carried out extensive work on the mechanical behaviors
of saturated rocks and jointed rock masses separately, significant research gaps remain,
mainly reflected in three aspects. First, existing studies mostly focus on single load type or
binary factor coupling, lacking systematic analysis on the ternary coupling effect, which
cannot clarify the quantitative influence laws of the three factors on rock mass strength and
stiffness. Second, most studies on jointed rock masses are based on dry conditions, ignoring
the effect of water saturation on the contact characteristics and softening of joint interfaces.
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Third, existing studies are mostly limited to macro-mechanical parameter testing, lacking
correlation analysis between mesoscopic damage evolution and macroscopic mechanical
response, making it difficult to reveal the failure essence of saturated jointed rock masses.

In this study, artificially prepared saturated jointed granite was used as the research ob-
ject. By cutting symmetric grooves on intact granite, artificial jointed granite specimens with
three JMC (0.324, 0.481, 0.712) were fabricated. A modified SHPB system was employed
to apply dynamic loads, combined with 9 MPa axial pre-stress and 1–5 MPa confining
pressure, to simulate the underground stress environment. Nuclear Magnetic Resonance
(NMR) and three-dimensional surface-scanning technologies were used to characterize
the mesoscopic damage and surface morphological characteristics of the specimens. The
attenuation mechanism of stress wave propagation under the coupling effect of internal
and external factors was clarified. A ternary coupling experimental system was established,
integrating macro-mesoscopic testing technologies to achieve direct correlation between
macro-mechanical parameters and mesoscopic mechanisms. Dynamic instability early
warning indicators based on stress wave propagation characteristics were established,
enhancing the engineering applicability of the research results. The findings are expected
to address critical knowledge gaps in the mechanical response of saturated jointed rock
masses under complex loading and provide theoretical support for predicting the risk of
dynamic instability in underground engineering.

2. Experimental Specimen and Process
2.1. Specimen Preparation

The granite specimens used in the experiments were collected from a mining area in
Rizhao City, Shandong Province (geographical location shown in Figure 1). To minimize
the influence of material heterogeneity on test results, all samples were cored from the
same rock block. After extraction, the specimens were immediately wrapped in plastic film
to prevent weathering and moisture loss. Only intact specimens without visible defects
or surface cracks were selected for testing. Polarized light microscopy analysis indicated
that the granite was primarily composed of quartz (54%), K-feldspar (23%), plagioclase
(15%), biotite (5%), and other minor constituents (Figure 1). Two groups of specimens were
prepared: the first group with 50 mm (diameter) × 100 mm (height) for determining basic
mechanical parameters and the second group with 50 mm (diameter) × 50 mm (height) for
preparing jointed specimens.

Figure 1. Rock location, thin section authentication, and mineral composition.

https://doi.org/10.3390/app16041704

https://doi.org/10.3390/app16041704


Appl. Sci. 2026, 16, 1704 4 of 24

The mechanical properties of dry and saturated granite specimens were determined at
Henan Polytechnic University by using an electro-hydraulic servo-controlled rock mechan-
ics testing system (RMT-150B, Wuhan Institute of Rock and Soil Mechanics, Wuhan, China)
with a precision of 0.002 mm/s. The test results are presented in Table 1 and Figure 2.

Table 1. Mechanical parameters of dried and saturated granite.

Condition Specimens Peak Stress
(MPa) Peak Strain Elastic Modulus

(Gpa) Poisson’s Ratio

Dried
specimen

USC-D-1 168.455 0.004560 46.246 0.278
USC-D-2 156.569 0.005474 43.649 0.274
USC-D-3 159.402 0.005441 41.063 0.276

Average value 161.475 0.005158 43.653 0.276

Saturated
specimen

USC-S-1 136.871 0.008053 19.688 0.141
USC-S-2 165.603 0.009994 20.272 0.195
USC-S-3 149.335 0.010564 18.787 0.161

Average value 150.603 0.009537 19.582 0.166
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Figure 2. Test results of uniaxial static compression: (a) stress–strain curves of dried granite;
(b) stress–strain curves of saturated granite; (c) average peak stress and peak strain of granite.

As shown in Figure 2c, the saturated granite specimens exhibited an average static
compressive strength of 150.603 MPa, while the dry specimens showed a higher average
strength of 161.475 MPa, representing a 7.2% increase compared to the saturated condition.
The saturated granite specimens exhibited an average peak strain of 0.009537, while the dry
specimens showed a lower average peak strain of 0.005158, representing a 45.9% decrease
compared to the saturated condition. Previous studies have demonstrated that water can
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induce softening effects on rock through both physical and chemical interactions, leading
to a reduction in compressive strength [18,19]. Granite that is initially dry undergoes a
transition from brittle to ductile behavior upon saturation, as the presence of water retards
the propagation rate of crack tips, thereby requiring larger strains to reach failure [20,21].

Due to the irregular surface morphology of natural jointed rocks, direct sampling is
challenging. To simulate naturally jointed rock, artificial joint specimens were fabricated
using a second batch of granite. The deviations in flatness, parallelism, and perpendicularity
of the end faces were all less than 0.02 mm, in accordance with the basic requirements of
the ISRM. The processed specimens were divided into two groups: one designated as intact
rock and the other as jointed rock. Symmetrical grooves were cut into the jointed rock
specimens using a cutting machine, with groove numbers of 2, 4, and 6, respectively. Each
groove had a depth of 4 mm and a width of 6 mm. One side of the joint rock containing the
grooves was combined with the intact rock to form jointed specimens. Figure 3 illustrates
the size of joint rocks with different numbers of grooves and jointed specimens. The JMC is
defined as the ratio between the contact areas [12], which is calculated by Equation (1).

JMC =
Ajoint

Aintact
(1)

where Ajoint is the surface area of the jointed rock side. Aintact is the surface area of the intact
rock side. Chen et al. [16] indicated that the JMC of 0.5 was the critical point of the energy
dissipation; therefore, the JMC values in the tests are 0.712 (groove numbers of 2), 0.481
(groove numbers of 4), and 0.324 (groove numbers of 6), representing high, medium, and
low degrees of geometric matching, respectively.

  
(a) (b) 

 
 

(c) (d) 

Figure 3. The size of joint rocks with different numbers of grooves and jointed specimens: (a) groove
numbers of 2; (b) groove numbers of 4; (c) groove numbers of 6; (d) jointed specimens.

2.2. Experimental Process

A sonic detector (RSM-SY6, Wuhan Zhongyan Technology Co., Ltd., Wuhan, China)
was used at University of Science and Technology Liaoning to measure the P-wave velocities
of the specimens, and those with significant acoustic discrepancies were excluded. The
selected specimens were then placed in a drying box at 105 ◦C for 24 h to ensure complete
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dehydration. After drying, the specimens were transferred to a vacuum saturation device
(BHG type), where they were sealed under a negative pressure of 0.1 MPa for 6 h. Distilled
water was added until the water level exceeded the highest point of the specimens. The
specimens were then kept under ambient temperature and pressure for 24 h to achieve
full saturation. Nuclear Magnetic Resonance (NMR; MacroMR12-150H-I, Suzhou Nuomai
Analytical Instrument Co., Ltd., Suzhou, China) testing was performed on the specimens
before loading at University of Science and Technology Liaoning.

A modified split Hopkinson pressure bar (SHPB; Harbin Institute of Technology,
Harbin, China) system was used at University of Science and Technology Liaoning to
conduct combined static–dynamic loading tests. The system comprises a launch system,
bar system, data acquisition system, axial pressure system, and confining pressure system.
The launching system consists of high-pressure liquid nitrogen, an air gun, and a striker
(spindle-shaped), with the high-pressure liquid nitrogen providing the driving force for the
striker. The bar system includes an incident bar (2100 mm), a transmitted bar (1800 mm),
and an absorption bar (500 mm), all made of 50 Cr steel, with an elastic modulus of
210 GPa, a P-wave velocity of 5190 m/s, and a wave impedance of 4.1 × 107 MPa/s. The
data acquisition system consists of strain gauges, an ultrahigh dynamic strainometer, and
a computer. Strain gauges are symmetrically attached at both ends of the incident and
transmitted bars. The axial and confining pressure systems comprise an oil chamber and
an electric oil pump, where the magnitude of pre-stress applied to the bars is controlled by
adjusting the oil pressure within the chamber.

NMR testing was performed again on the specimens after loading at University of
Science and Technology Liaoning. A three-dimensional surface profilometer (NANOVEA
PS50, Nanovea, Inc., Irvine, CA, USA) was used to scan the surface of the loaded specimens
at University of Science and Technology Liaoning. The entire experimental setup and test
procedure are illustrated in Figure 4.

 

Figure 4. Experimental setup and test procedure.

In the combined static–dynamic loading test, the rock joint contact surfaces were
machined into smooth planes and were perpendicular to the loading axis. The specimens
were placed in the confining pressure chamber, which restricted the lateral sliding of the
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specimens. The specimens and the bar system were aligned on the same horizontal plane;
during axial loading, the force lines acting on the specimens coincided with the specimen
axes. An appropriate amount of Vaseline was applied to the contact surfaces between the
specimens and the bars [22], aiming to minimize shear stress. Thus, it can be assumed
that the specimens were only subjected to normal stress during the loading process. NMR
technology was employed to investigate the mesoscopic damage characteristics of rocks
under combined static–dynamic loading. To maximize the effectiveness of NMR testing, the
magnitude of the static load was carefully controlled to ensure that visible cracks appeared
upon specimen failure, rather than complete fragmentation [23]. Based on multiple trials,
an optimal axial pressure of 9.2 MPa and confining pressures of 1, 2, 3, 4, and 5 MPa
were determined. An axial pressure of 9 MPa and a confining pressure of 1 MPa can be
regarded as the stress state corresponding to the rock mass at a depth of approximately
156.2 m from the ground surface and at a distance 1.1 times the roadway radius. From the
perspective of the triaxial stress state, the rock mass is still under the action of confining
pressure. Since a pseudo-triaxial test system was adopted in this study, confining pressure
was still applied for the tests. An axial pressure of 9 MPa and a confining pressure of 2 MPa
can be considered the stress state matching the rock mass at a depth of about 340 m from
the ground surface. The other preset confining pressure values cannot be theoretically
correlated with the corresponding burial depths of the rock mass. Therefore, these values
can be regarded as artificial confining pressure applied for safety protection measures
similar to those used for protective ore pillars in engineering practice. When the applied
artificial confining pressure is greater than 2 MPa, the ore pillars can be deemed to be in a
safe state.

3. Experimental Results
3.1. Stress–Strain Curves and Strength Characteristics

Loading tests were conducted using a combined static–dynamic SHPB system. The
specimens were subjected to a static load Ps1 and a dynamic load Pd in the axial direction
and a static load Ps2 in the lateral direction, corresponding to three-dimensional coupled
loading. The feasibility of SHPB tests is based on the one-dimensional wave theory [24];
in one-dimensional SHPB experiments, the three-wave analysis is generally employed
to determine the stress–strain curves of specimens. Li et al. [25] verified through stress
analysis of specimens under three-dimensional combined static–dynamic loading that
the one-dimensional wave theory remains applicable to such tests. Thus, the three-wave
analysis is also suitable for combined static–dynamic loading tests.

When the striker impacts the incident bar, a stress wave is generated and propagates
along the incident bar to the specimen, then continues into the transmitted bar, and is
eventually absorbed by the absorption bar. The strain gauges mounted on the incident
bar and transmission bar recorded the dynamic wave signals generated by the dynamic
load Pd. The stress, strain, and strain rate histories of the specimen during loading can be
derived from Equation (2) [26]:

σd(t) =
A0E0

As
εtr(t)

εd(t) =
C0

Ls

∫ τ
0 [εin(t)− εre(t)− εtr(t)]dτ

·
εd(t) =

C0

Ls
[εin(t)− εre(t)− εtr(t)]

(2)

where σd(t), εd(t), and
·
εd(t) denote the dynamic compressive stress, strain, and strain rate of

the specimen, respectively. εin(t), εre(t), and εtr(t) represent the strain signals of the incident
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wave, reflected wave, and transmitted wave under dynamic compression, respectively. E0,
A0, and C0 are the elastic modulus, cross-sectional area, and elastic wave velocity of the
bars, respectively. As and Ls are the cross-sectional area and height of the joint specimen,
respectively. τ is the duration of the elastic wave.

Achieving dynamic stress equilibrium in the specimen is a fundamental prerequisite
for the validity of the SHPB test. Figure 5a presents the stress–time histories. Within the
time interval of 0–250 µs, the sum of the incident and reflected stresses closely overlaps
with the transmitted stress. Defined a stress equilibrium factor σeq (Equation (3)) to evaluate
the uniformity of stress on both ends of the specimen during loading. When σeq is less
than 1%, the specimen is considered to have reached stress equilibrium [27]. As shown in
Figure 5b, the specimen maintained good stress equilibrium throughout the impact process,
particularly near the peak load. Dynamic stress equilibrium verification was performed
on all specimens in this study to ensure the validity of the test results. Since there were no
stress gradients in the specimens that could induce inertial forces, the inertial effect can be
neglected [28].

σeq =
σin + σre − σtr

(σin + σre − σtr)/2
× 100% (3)

where σin, σre, and σtr are the incident, reflected, and transmitted stresses, respectively.

  
(a) (b) 

Figure 5. Dynamic stress equilibrium verification: (a) stress wave; (b) stress equilibrium.

Figure 6 presents the dynamic stress–strain curves of saturated jointed rock under
combined static–dynamic loading. Although the stress–strain curves of specimens with
different levels of joint matching exhibit considerable variation in shape, they all follow the
same four-stage evolution process: (1) compaction stage; (2) elasticity stage; (3) plasticity
stage; (4) post-peak stage. According to Yin et al. [29], stress–strain curves with residual
strain rebound after the peak are classified as Class II, while those without rebound are
classified as Class I. When the JMC is 0.324 (i.e., low matching degree), the stress–strain
curve is Class I. In the post-peak stage, strain continues to increase while stress decreases,
indicating that the specimen releases stored elastic energy slowly or insignificantly during
loading, and the failure mode is predominantly plastic. In contrast, when JMC is 0.481 and
0.712 (i.e., medium and high matching degrees), the stress–strain curves are classified
as Class II, showing a noticeable rebound phenomenon after the peak. This suggests
that recoverable elastic energy is stored within the specimen during loading. A greater
rebound indicates a higher amount of stored elastic energy and less plastic deformation.
As the degree of joint matching increases, the stress–strain behavior of jointed specimens
transitions from Class I to Class II, with increasing rebound magnitude. This indicates a
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progressive shift from plastic to elastic deformation and an enhancement in elastic energy
storage capacity.
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Figure 6. Dynamic stress–strain curves of saturated jointed rock: (a) JMC = 0.324; (b) JMC = 0.481;
(c) JMC = 0.712.

The peak stress observed in the dynamic stress–strain curve is defined as the dynamic
compressive strength of the specimen. According to the study by Man et al. [30], the dy-
namic compressive strength of saturated intact granite can be 1–2 times higher than its static
strength under moderate strain rates. Based on data from static uniaxial compression tests,
the typical dynamic strength range for granite is approximately 300–450 MPa. Figure 7a
shows the dynamic compressive strength of saturated jointed granite under various JMC
and confining pressures, ranging from 40 to 300 Mpa, which is notably lower than the
standard range for intact granite. This indicates that both jointing and confining pressure
significantly influence the dynamic compressive strength of saturated granite. When the
confining pressure is held constant, increasing the JMC from 0.324 to 0.481 results in a
considerable increase in dynamic compressive strength. However, when the JMC increases
further from 0.481 to 0.712, the dynamic compressive strength decreases under low confin-
ing pressures (1–2 Mpa), with reductions of 13.5% and 8.6%, respectively. In contrast, under
higher confining pressures (3–5 Mpa), dynamic strength increases by 30.06%, 30.29%, and
22.67%, respectively. Notably, when JMC = 0.324, the contact area between joint surfaces is
minimal, resulting in dynamic compressive strength values that are even lower than the
static strength of intact saturated granite. Compared to the values at JMC = 0.481, reduc-
tions of 49.6%, 61.3%, 52.9%, 60.2%, and 83.4% are observed under confining pressures of
1–5 Mpa, respectively. These results highlight that when the JMC falls below 0.481, the
strength of jointed rock declines significantly, a condition that warrants special attention in
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engineering applications. The phenomenon is also generally consistent with the conclusion
of Chen et al. [16], namely that the JMC of 0.5 was the critical point of the energy dissipation.
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Figure 7. Strength characteristics of saturated jointed rock: (a) dynamic compressive strength;
(b) elastic modulus.

Only the linear variation segment in the loading stage of the stress–strain curve
is considered, and the elastic modulus is determined by calculating the slope of this
segment, which corresponds to the elastic deformation stage. And Figure 7b illustrates the
relationship between the elastic modulus of jointed specimens and JMC. Overall, the elastic
modulus increases with increasing JMC, accompanied by a reduction in data dispersion.
When JMC is relatively high, the specimens exhibit predominantly elastic deformation,
which is consistent with the trend observed in the stress–strain curves. A higher contact
area indicates more rock-to-rock interaction and fewer microcracks within the contact
zone, thereby enhancing the overall stiffness of the specimen [31,32]. Since the elastic
modulus is directly related to material stiffness, an increase in contact area leads to a higher
elastic modulus.

The secant modulus reflects the deformation resistance of rock, i.e., the stiffness of
the specimen [33]. It is typically determined from the slope of the loading stage of the
stress–strain curve. However, for saturated jointed rocks, the stress–strain curve exhibits
a pronounced compaction stage at the early loading phase, making the use of the slope
at the peak stress point highly variable. Therefore, the dynamic secant modulus, Ed

(Equation (4)), is adopted to more accurately represent the overall response during the
dynamic loading process. 

E1 = σ50
ε50

Ep =
σp
εp

E2 =
σp−σ50
εp−ε50

Ed =
E1+Ep+E2

3

(4)

where σ50 is the stress corresponding to 50% of the peak stress. ε50 is the strain correspond-
ing to 50% of the peak stress. σp is the peak stress. εp is the strain at the peak stress.

The dynamic secant modulus Ed is obtained by taking the average of the calculated
values of the three elastic moduli via Equation (4), as shown in Figure 8. As the JMC
increases, the dynamic secant modulus shows a rising trend and gradually levels off. Due
to the application of axial prestress, the specimens are pre-compressed. For specimens with
medium to high JMC, the joint surfaces are fully closed, resulting in an increased effective
load-bearing area and a reduced stress per unit area. This makes the specimens more resis-
tant to deformation, which is reflected macroscopically as an increase in the secant modulus.
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Confining pressure further compresses the joint apertures by applying lateral constraints,
producing a synergistic effect with JMC. When JMC = 0.481, the secant modulus under
varying confining pressures is 23.88, 23.99, 22.55, 23.73, and 27.89, respectively, indicating
that confining pressure has a limited influence on stiffness and that JMC predominantly
governs the variation in specimen stiffness. In contrast, specimens with low JMC exhibit
lower compressive strength. Under combined loading, stress concentrations are more
likely to form at the edges of contact points, making these specimens more susceptible to
deformation and failure.

0.3 0.4 0.5 0.6 0.7

10
20
30

10
20
30

10
20
30

10
20
30

10
20
30

Joint matching coefficient

 1MPa

 2MPa

D
yn

am
ic

 se
ca

nt
 m

od
ul

us
(G

Pa
)

 3MPa

 4MPa

 5MPa

Figure 8. Dynamic sectioning modulus of saturated jointed rock.

3.2. Joint Deformation Characteristics

According to the one-dimensional stress wave propagation theory, the deformation of
each specimen is attributed to both the jointed part and the intact rock part [15], expressed
as follows [17]:

∆u = ∆uintact + ∆ujoint (5)

where ∆u is the total deformation of the jointed specimen. ∆uintact is the deformation of
intact rock. ∆ujoint is the deformation of a joint.

The joints usually deform nonlinearly when the stress wave amplitude is large. Since
the strain rate during the tests ranged from 30 s−1 to 120 s−1, which falls within the medium
strain rate regime. Assuming the intact rock behaves in a linearly elastic manner under
dynamic loading, its deformation can be described by Hooke’s law as [17]:

ε =
σ(l0 − ljoint)

El0
+

∆ujoint

l0
(6)

where σ and ε are the stress and strain during loading, respectively. l0 is the total length of
the specimen. ljoint is the thickness of the joint, which is 4 mm in this experiment. E is the
dynamic elastic modulus of intact granite. Accordingly, the deformation of the joint can be
expressed as [17]:

∆ujoint = εl0 −
σ(l0 − ljoint)

E
(7)

Figure 9 presents the stress–closure curves of saturated jointed rock under combined
static–dynamic loading. During the loading phase, due to the nonlinear deformation
behavior of the joints, the relationship between joint closure and stress exhibits a distinct
nonlinear trend. At lower stress levels, the deformation is minimal, resulting in a smaller
slope of the curve, which appears approximately linear. As the stress increases, the slope
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gradually increases, and the curve demonstrates pronounced nonlinearity. During the
unloading phase, when the JMC is 0.712 and 0.481, a rebound phenomenon occurs in the
post-peak stage, where the closure reaches a maximum and is followed by a reopening
behavior. This is attributed to the axial pre-stress applied during the experiment, which
induces an initial closure of the joint and leads to significant elastic energy accumulation
within the rock. Under dynamic loading, the stored elastic energy is rapidly released,
resulting in closure rebound after the peak stress. Given the high loading rate and short
duration of dynamic impact, such rebound is not observed when JMC = 0.324. In this case,
partial plastic deformation occurs prior to strength failure, thereby preventing the release
of elastic energy and eliminating the rebound effect in the post-peak stage.
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Figure 9. Stress–closure curves of saturated jointed rock: (a) JMC = 0.32; (b) JMC = 0.481;
(c) JMC = 0.712.

To further investigate the deformation characteristics, Figure 10 illustrates the to-
tal deformation, joint deformation, and intact rock deformation, calculated based on
Equations (6)–(8). The total deformation shows a slight increase as JMC decreases. Notably,
the proportion of deformation in the intact rock decreases, while that in the joint increases.
For JMC = 0.324, the joint deformation dominates across all confining pressures, indicating
that the lower the JMC, the greater the contribution of the joint to the overall deformation.

To quantify this trend, the joint deformation rate is defined as the ratio of joint defor-
mation to total deformation. Figure 11 shows the relationship between joint deformation
rate and JMC. At constant confining pressure, the joint deformation rate decreases linearly
with increasing JMC. When JMC = 0.324, the joint deformation rate reaches 90.13–92.64%,
accounting for 90–93% of the total deformation. For JMC = 0.481, the values range from
62.34% to 81.26%, while for JMC = 0.712, they fall between 40.07% and 58.19%. In this
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experiment, the specimen length is 100 mm, while the joint accounts for only 4 mm (4% of
the total length). Nevertheless, the joint deformation rate exceeds 40% and can reach over
90% at low JMC. This indicated that the deformation is primarily concentrated in the joint.
As JMC increases, the joint’s contribution to deformation diminishes due to higher contact
area, increased dynamic secant modulus, and enhanced deformation resistance. While
confining pressure improves lateral restraint and limits lateral deformation, its effect on the
normal closure of the joint is limited [34]. Therefore, the joint deformation rate shows no
clear dependence on confining pressure.
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Figure 10. The deformation amount of saturated jointed rock.

Figure 11. Joint deformation rate of saturated jointed rock.

The magnitude of specimen deformation is not only associated with its strength but
also with the resistance of the jointed portion to normal deformation under load. To quantify
the joint’s resistance to normal deformation under combined static–dynamic loading, the
joint-specific stiffness k (Equation (8)) is defined as the slope of the line connecting the peak
stress and the origin of the coordinates on the stress–closure curve [35].

k =
σn

∆un
(8)

where σn is the peak stress of the stress–closure curve. ∆un is the closure at the peak stress
of the stress–closure curve.
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Figure 12 illustrates the joint-specific stiffness of saturated jointed rock under combined
static–dynamic loading. At constant confining pressure, the joint-specific stiffness increases
with the JMC, indicating that joints with higher JMC possess a stronger resistance to normal
deformation. A positive correlation between JMC and joint-specific stiffness, though the
rate of increase varies with confining pressure. When the confining pressure is 5 MPa and
JMC = 0.324, the joint-specific stiffness is the lowest at 73.448 GPa. However, under this
pressure, the coefficient increases by approximately 640% as JMC increases. At JMC = 0.481,
the joint-specific stiffness remains around 485 GPa across different confining pressures, with
variations limited to about 1.3%. This indicated that deformation capacity is insensitive to
confining pressure at this level of JMC. Under identical confining pressure, specimens with
JMC = 0.712 exhibit the highest joint-specific stiffness, indicating that joints with larger
contact areas are significantly stiffer and less susceptible to deformation.
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Figure 12. Joint stiffness coefficient of saturated jointed rock.

Since the majority of specimen deformation originates from the joint, the damage
morphology of the joint after loading is of particular interest. Figure 13 presents the joint
damage morphology and three-dimensional surface topography. With the joint surface set
horizontally, the X-axis represents specimen thickness, and the Y-axis aligns with the joint
surface. The scanning area was 50 × 50 mm, with a scan step of 100 µm and a scanning
speed of 1 mm/s [36]. The results show that under a constant confining pressure, the
extent of joint damage decreases with increasing JMC. Stress concentration is observed
primarily at the joint edges or within weak zones of the rock matrix, leading to localized
tensile failure. When JMC = 0.712, the joint remains largely intact, with minor rock spalling
confined to the edge of the joint’s asperities. The variation in joint thickness is minimal,
corresponding to 40–59% of the total specimen deformation. When JMC = 0.481, the
outer asperities are damaged, and rock spalling appears at the central asperity edges,
indicating more extensive joint failure, corresponding to 62–82% of the total deformation.
When JMC = 0.324, the joint asperities experience severe failure, with the remaining part
forming a “pyramidal” shape, indicating significant stress concentration at asperity edges.
In this case, specimen deformation is primarily attributed to joint asperity failure. The
failure mode of the jointed specimens was dominated by tensile failure, and no shear slip
traces were observed, indicating that the specimens were only subjected to normal stress
during loading. Overall, higher joint matching correlates with increased joint stiffness and
compressive strength, thereby reducing the likelihood of structural failure under combined
static–dynamic loading.
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Figure 13. Joint damage morphology and three-dimensional surface topography.

3.3. Energy Characteristics

In SHPB tests, the kinetic energy generated by striker impact serves as the sole en-
ergy source for the tests. The energy induced by the corresponding stress waves can be
expressed as 

Win = A0C0E0
∫ t

0 εin
2(t)dt

Wre = A0C0E0
∫ t

0 εre
2(t)dt

Wtr = A0C0E0
∫ t

0 εtr
2(t)dt

(9)

where Win, Wre, and Wtr denote the energy of the incident, reflected, and transmitted stress
waves, respectively.

All tests were conducted under ambient temperature, with no heat exchange with the
external environment. Assuming that the energy dissipation at the interfaces between the
specimens and the bars is neglected, the dissipated energy Wdi of the rock specimens can
be calculated as [37]:

Wdi = Win − Wre − Wtr (10)

The reflected and transmitted energies depend on the wave impedance between the
specimen and the bars, representing the internal properties of the rock. To quantify the
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distribution of energy, the energy reflection rate ηre, energy transmission rate ηtr, and
energy dissipation rate ηdi are defined as

ηre =
Wre
Win

× 100%

ηtr =
Wtr
Win

× 100%

ηdi =
Wdi
Win

× 100%

(11)

In SHPB tests, the incident energy is delivered to the specimen via stress waves. The
greater the incident energy, the larger the amplitude of the stress wave. Strain rate charac-
terizes the deformation rate of the specimen during dynamic loading, and its magnitude
is closely related to the amplitude and duration of the incident wave. Figure 14 shows
the relationship between strain rate and incident energy of saturated jointed rock under
combined static–dynamic loading. As the incident energy increases, the strain rate rises
from the order of 101 s−1 to 102 s−1, which belongs to the medium strain rate range. The
two variables follow an allometric relationship. In the low energy range, significant data
dispersion is observed due to energy consumption in overcoming initial joint closure and
pore compression. Strain rate growth is restricted by local plastic deformation. At high
incident energy levels, stress wave amplitude increases significantly, and the specimen
undergoes predominantly elastic deformation. In this stage, the input energy directly
drives elastic deformation of the rock matrix and crack propagation, yielding improved
data fitting quality in the high-energy range.

Figure 14. Relationship between strain rate and incident energy of saturated jointed rock.

Figure 15 illustrates the energy variation and energy dissipation rate of saturated
jointed rock under combined static–dynamic loading. The total energy increases with JMC.
The dissipated energy initially increases and then decreases as JMC rises, while the energy
dissipation rate shows a decreasing trend overall. The presence of confining pressure limits
the radial expansion of the specimen and constrains the high-velocity movement of rock
particles. Furthermore, water reduces the frictional resistance between joint interfaces. As
a result, the majority of the dissipated energy is consumed in crack growth and material
failure. It can be seen from the three-dimensional surface topography of the specimens
(Figure 13) that as JMC decreases, damage becomes more severe and the energy dissipation
rate correspondingly increases.
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Figure 15. Energy variation and energy dissipation rate of saturated jointed rock: (a) 1 MPa; (b) 2 MPa;
(c) 3 MPa; (d) 4 MPa; (e) 5 MPa.

As shown in Figure 15, the energy transmission rate exhibits the following trends:
JMC = 0.712 is 20–54%; JMC = 0.481 is 29–47%; JMC = 0.324 is 4–16%. This indicated
significantly lower transmission capacity for poorly matched joints. Figure 16 presents the
percentage of energy accumulation for JMC = 0.324. The distribution follows the order:
energy reflection rate > energy dissipation rate > energy transmission rate. This reflects
the energy propagation mechanism and stress wave attenuation characteristics of the joint
surface. When JMC = 0.324, the small contact area results in low dynamic compressive
strength and joint-specific stiffness. Under axial pre-stress, crack propagation occurs near
the joint interface, leading to minor internal damage and increased wave impedance.
Consequently, only a small portion of the stress wave energy is transmitted across the joint,
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while the majority is reflected back into the incident bar. Thus, reflected energy dominates
the energy budget, resulting in a high energy reflection rate and low transmission rate.

Figure 16. The percentage of energy accumulation of saturated jointed rock for JMC = 0.324.

3.4. Stress Wave Propagation Characteristics

To quantitatively analyze the propagation and attenuation behavior of stress waves,
the reflection coefficient R and transmission coefficient T are introduced based on Hertzian
contact theory.  R = max|εre |

max|εin |

T = max|εtr |
max|εin |

(12)

Figure 17a shows the relationship between the reflection coefficient and JMC under
combined static–dynamic loading. The variation in the reflection coefficient exhibits a tran-
sition from a decrease stage to an unstable change stage. Figure 17b shows the relationship
between the transmission coefficient and JMC, which transitions from a rapidly increasing
stage to an unstable change stage. These variations indicate that the increase in joint contact
area promotes stress wave propagation. However, the unstable change is attributed to the
combined effects of confining pressure and axial pressure in saturated specimens. In SHPB
tests, the JMC plays a dominant role in stress wave propagation. At the initial stage of
JMC increase, the synergistic compaction effect of confining and axial stresses is significant.
The enlarged joint contact area enhances wave impedance matching, resulting in a rapid
variation in both reflection and transmission coefficients. As JMC continues to increase, the
joint-specific stiffness also rises, gradually saturating the compaction effect of confining
and axial stresses, and the joint closure approaches its limit. Under high confining pressure,
the viscous resistance of pore water suppresses slip along the joint interface. However,
disturbance of water films in locally unclosed regions disturbs the stress wave transmission
path, leading to an unstable stage in both reflection and transmission coefficients.

The specimen is subjected to axial pre-stress, and new pores are created inside the
joints. When stress waves encounter these pores, partial reflection and transmission occur,
with the reflected wave being a tensile wave [38–40]. These tensile waves repeatedly
accumulate between the pores and the joint interfaces, ultimately leading to tensile failure
of the specimen, as illustrated in Figure 18. Consequently, localized tensile failure is
observed along joint edges or within weak zones of the rock matrix. This accumulation
effect is more pronounced under low joint matching conditions. The repeated reflection
and accumulation of stress waves result in a substantial portion of the incident wave energy
being reflected back into the incident bar. This energy dissipation mechanism explains the
higher energy dissipation rate observed in specimens with low JMC.
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Figure 17. Reflection and transmission coefficient of saturated jointed rock: (a) reflection coefficient;
(b) transmission coefficient.

Figure 18. Schematic of stress wave propagation in jointed rock.

The NMR test is employed to measure the transverse relaxation time distribution (T2)
of hydrogen atoms in saturated rocks, providing information related to the size distribu-
tion of water-filled pores [41]. According to Anovitz and Cole [42], T2 can be expressed
as follows:

1
T2

≈ ρ(
S
V
) (13)

where ρ is the transverse surface relaxivity. S is the surface area of pores in rock. V is the
volume of pores in rock.

The changes in the T2 spectra distribution before and after loading reveal the transfor-
mation between pores and fractures, providing microscopic insight into the mechanical
behavior and stress wave propagation in jointed rocks. Figure 19 presents the changes
in the T2 spectra distribution of the jointed rock sections under combined static–dynamic
loading. Under different matching conditions, the T2 spectra generally exhibit two peaks,
with smooth transitions between them, indicating a continuous variation in pore size and a
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uniform spatial distribution of pores. When JMC = 0.324, the total T2 area decreases after
loading, and both peaks shift to the left. In contrast, when JMC is 0.712 and 0.481, the T2

area increases after loading. These results suggest that JMC influences the evolution of
pore structure by altering the joint contact area. At low matching degrees, the increased
wave impedance mismatch intensifies wave reflection at the joint interface, resulting in less
transmitted stress energy. Under confining pressure, pore water is expelled, and movable
water transitions to bound water, manifested in the T2 spectrum as reduced peak areas
and both peaks shift to the left. Conversely, increased matching enhances joint contact
area, leading to more uniform stress distribution and greater stress wave transmission,
which promotes pore expansion. As a result, the T2 area increases, and under axial and
confining pressure, pore water migrates into newly formed voids, increasing the movable
water content and corresponding to the growth of the second spectral peak.

(a) 

(b) 

Figure 19. Cont.

https://doi.org/10.3390/app16041704

https://doi.org/10.3390/app16041704


Appl. Sci. 2026, 16, 1704 21 of 24

(c) 

Figure 19. Changes in the T2 spectra distribution of saturated jointed rock before and after loading:
(a) JMC = 0.324; (b) JMC = 0.481; (c) JMC = 0.712.

4. Discussion
This study integrates the SHPB, NMR, and three-dimensional surface-scanning meth-

ods to conduct a multi-dimensional investigation on the stress wave characteristics of
saturated jointed rocks under combined static–dynamic loading, whose effectiveness is
verified through multi-dimensional validation. A core prerequisite for the reliability of
SHPB test results is the dynamic stress equilibrium at both ends of the specimen. As shown
in Figure 5b, the stress equilibrium factor (σeq) of all specimens during loading is less than
1%, indicating that the superposition of incident and reflected waves is highly consistent
with the transmitted wave, which meets the requirements of the Kolsky method [43]. The
rock energy dissipation rate calculated based on stress wave signals exhibits a clear correla-
tion with the rock damage characteristics obtained via three-dimensional surface scanning.
The trend of increasing energy dissipation rate with decreasing JMC is associated with the
observed aggravation of joint damage and the higher proportion of reflected energy caused
by wave impedance mismatch.

However, it should be noted that the joint specimens were fabricated by cutting sym-
metric grooves on intact granite, which simplifies the irregular morphological characteris-
tics of natural rock joints. This simplification facilitates the establishment of relationships
between joint matching degree, rock strength, and deformation. Natural joints typically
exhibit asymmetric and discontinuous contact features, which may lead to differences in
stress concentration and crack propagation paths compared with artificial regular joints.
For instance, the “pyramidal” damage morphology of low JMC specimens observed in
Figure 13 is more regular than that of natural joints, which may underestimate the com-
plexity of stress wave transmission during actual engineering failure processes. Therefore,
future studies can fabricate joint specimens with different morphological characteristics
and quantify the JMC using three-dimensional scanning methods, making the experimental
conclusions more consistent with engineering practice.

The experimental results indicate that when the JMC is low, the dynamic compressive
strength of saturated jointed rocks is relatively low, and the stress wave transmission
coefficient changes rapidly. In engineering practice, priority should be given to detecting
and identifying rock areas with low-matching joints, and reinforcement measures such as
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grouting or anchoring should be implemented in these high-risk regions. The implementa-
tion of a flexible support system is essential to adapt to deformation concentration at joints
and resist tensile cracking induced by stress wave reflection. Based on the variation law of
stress waves, a monitoring system can be installed to real-time track changes in the stress
wave transmission coefficient. An abnormal sudden change in the transmission coefficient
indicates deterioration of the joint contact state and cumulative damage, which can serve
as an early warning signal for the dynamic instability of rocks.

5. Conclusions
This study combined static–dynamic loading experiments on saturated granite con-

taining artificial joints to investigate the influence of the JMC on the rock’s strength, de-
formation, energy evolution, and stress wave propagation properties. The attenuation
mechanisms of stress wave propagation by the coupling of internal and external factors are
clarified. The main conclusions are as follows:

(1) Under combined static–dynamic loading, the stress–strain behavior of saturated
jointed rocks transitions from Class I to Class II with increasing JMC. The dynamic com-
pressive strength of saturated jointed rocks is lower than the typical dynamic strength
range, and a significant reduction is observed when JMC falls below 0.481. Both the elastic
modulus and the dynamic secant modulus increase as JMC increases.

(2) The application of pre-stress causes initial closure of the specimens. After loading,
the joint deformation rate decreases with increasing JMC, while the joint-specific stiffness
increases accordingly. Rock deformation is primarily concentrated in the joint. Under
reflected tensile stress waves, local tensile failure is observed within the specimen.

(3) Energy drives crack propagation and failure in jointed rocks. After loading, the
energy dissipation rate increases as JMC decreases. At low matching degrees, stress wave
attenuation is the dominant factor leading to a low energy transmission rate and a high
energy reflection rate.

(4) An increase in JMC facilitates stress wave propagation. At low matching degrees,
the synergistic compaction effect of confining pressure and axial pressure causes a rapid
change in the transmission and reflection coefficients. At high matching degrees, this
compaction effect tends to saturate, and the disturbance of pore water films leads to an
unstable stage in both reflection and transmission coefficients.
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