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Abstract

Blocky-rock masses are prone to dynamic slip along sand-filled joints under impact distur-
bance. The constraint normal to the joint and the size of the infill particles jointly influence
their stability. To determine how axial load and particle-size affect dynamic slip, this study
uses a custom-developed dynamic slip testing system for blocky-rock masses. Impact-
disturbance tests are conducted under a constant lateral shear load with different axial load
values and quartz-sand particle sizes. The block displacement evolves through three stages:
stationary incubation, rapid slip, and deceleration to a stable state. When the axial load
increases from 100 N to 400 N, residual slip displacement decreases by 87.52% to 90.12%
across the particle size conditions. Residual slip displacement also follows an exponential
decay with increasing axial load. Reducing particle size decreases both slip velocity and
residual slip displacement, but its influence gradually weakens as the axial load increases.
The difference in residual slip displacement between the coarse and fine particle conditions
narrows from 0.460 mm to 0.030 mm. Strengthening the normal constraint compacts the
granular layer and restricts particle movement, causing the dynamic slippage at sand-
containing structural interfaces to gradually shift from being significantly influenced by
the particle scale to being primarily controlled by the normal constraint.

Keywords: impact disturbance; sand-filled rock joints; blocky rock mass; particle-size effect

1. Introduction
Deep underground engineering and resource extraction are commonly conducted

under high in situ stresses and intense dynamic disturbances, under which slip instability
along rock joints constitutes a major trigger of dynamic hazards, including slip-type rock-
bursts [1–4]. Natural rock masses are divided by networks of geological joints, including
joints, faults, and bedding planes, into discrete blocks, thereby forming blocky-rock masses.
Established rock mass classification and characterization systems, including the Rock Mass
Rating (RMR), Geological Strength Index (GSI), and Q-system, provide complementary
frameworks for characterizing the geological and mechanical quality of jointed rock masses.
In particular, the Q-system combines rock quality designation and joint set number, joint
roughness and alteration, and joint water and stress reduction factors, emphasizing that
rock mass behavior cannot be represented by a single joint or infill parameter [5,6]. As
mechanically weak interfaces characterized by relatively low strength and localized defor-
mation, rock joints directly govern the relative motion between adjacent blocks and the
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overall stability of the rock mass through their contact conditions and slip resistance [7–13].
Field evidence from deep South African mines and the deeply buried tunnels of the Jinping-
II Hydropower Station indicates that shear rupture along pre-existing planes of weakness
or newly formed rupture surfaces, together with structural-plane-controlled rockburst
development, represents an important dynamic failure mode in deep rock masses [14,15].
Characterizing the evolution of slip displacement along rock joints under dynamic distur-
bances is therefore essential for understanding the instability mechanisms of deep blocky
rock masses.

At the field scale, the mechanical behavior of a fractured rock mass is governed col-
lectively by joint dip and dip direction, the number and orientation of joint sets, joint
spacing and persistence, joint roughness, joint aperture, degree of weathering or alter-
ation, hydrogeological conditions, and the magnitude and orientation of the in situ stress
field [16–22]. These factors collectively influence block kinematics, stress distribution along
potential sliding surfaces, and the hydro-mechanical response of joint networks, and should
therefore be considered when extrapolating laboratory observations to field-scale fractured
rock masses. Natural rock joints are not ideally smooth contact interfaces; they commonly
contain infill materials such as fault gouge, breccia, mineral fragments, and sand-sized
particles. Joint infill can range from clay-rich or cemented materials with appreciable
cohesion to nominally cohesionless granular materials whose shear resistance is governed
predominantly by friction, particle rearrangement, and interlocking. The presence of gran-
ular infill transforms joint shear behavior from simple rock–rock friction into a composite
rock–particle–rock interaction. The physicomechanical properties, particle morphology,
packing state, and particle-size distribution of the infill can all influence the interfacial
shear strength, deformation characteristics, and energy-dissipation processes [23–30]. Un-
der excavation blasting, mining-induced disturbances, and associated vibrations in deep
engineering, infilled joints are more susceptible to transient weakening of slip resistance
and cumulative slip, potentially destabilizing the surrounding rock blocks. The effects
of infill particle properties on the dynamic slip behavior of rock joints therefore warrant
particular attention when evaluating the stability of deep blocky-rock masses.

Previous studies of dynamic slip along rock joints have examined the effects of coupled
static-dynamic loading, surface roughness, normal stress, loading rate, and cyclic distur-
bance [31–36]. Lang [37] and Li [38] characterized the responses of joint infill and rock joints
to impact disturbance from the perspectives of dynamic response and energy dissipation,
respectively. Using impact direct-shear testing systems, Wang [39,40] investigated the slip
response and changes in the shear load-bearing capacity of rough rock joints under high
loading rates and intense impact disturbances. Physical model tests on blocky-rock masses
conducted by Deng [41] revealed that impact disturbance can dynamically unload the nor-
mal stress acting on a joint, thereby inducing slip instability. Li [42] further demonstrated
that the coupled action of low confining pressure and impact disturbance weakens the
slip resistance of rock joints. Although these studies have provided an important basis
for understanding dynamic instability along rock joints, they have focused primarily on
the dynamic shearing of rough joints, responses to coupled static-dynamic disturbances,
and the mechanisms of block-slip instability. The evolution of slip displacement along
granular-filled joints under the coupled effects of varying normal constraint and impact
disturbance remains insufficiently understood.

At the particle scale, the infill not only contributes to interfacial load transfer and
energy dissipation, but can also alter the slip mode of a joint through particle rolling,
rearrangement, wedging, and crushing. Liu [43] reported that coarse-grained infill can
enhance the energy-dissipation capacity of rock joints within a certain particle-size range.
Repeated-impact tests conducted by Wang [44] demonstrated that the moisture content
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and impact-induced compaction of clay infill modify the normal stiffness of filled rock
joints. Other studies have shown that particle angularity can improve interfacial frictional
stability through mechanical interlocking [45]. However, extensive attention has been
paid to infill type, infill thickness, particle morphology, and saturation state. In contrast,
particle size, a critical microscale parameter under single-mineral infill conditions, has been
largely neglected. For quartz-sand-filled joints in particular, particles of different sizes may
differ in their propensity for rolling, rearrangement, wedging, and crushing under impact
disturbance, thereby affecting the slip displacement and post-slip equilibrium state of the
joint. Quasi-static direct-shear tests have shown that the shear strength of particle-filled
joints varies with particle size [46], but whether this relationship persists under combined
normal constraint and impact loading remains unclear. Furthermore, increasing axial
load alters both the packing state of the granular infill and the interfacial contact state.
Whether these changes amplify or suppress the effect of quartz-sand particle size on joint
slip displacement therefore requires further investigation.

Based on the considerations outlined above, the present study focuses on rock joints
filled with quartz sand, which is treated as a nominally cohesionless granular material
whose shear resistance is governed predominantly by friction, particle rearrangement,
and interlocking, in contrast to clay-rich, cemented, or other cohesive joint infills. A
dynamic slip test model with composite sand-rock interfaces was constructed using a
custom-developed impact-disturbance apparatus for blocky-rock masses, and impact tests
were conducted under different combinations of axial load and quartz-sand particle size. By
controlling the joint configuration, infill placement, lateral shear load, and impact intensity,
the experiments were designed to investigate the effects of normal constraint and particle
size on the dynamic slip behavior of sand-filled joints. The central scientific question is
how the slip displacement of a sand-filled joint varies with axial load and quartz-sand
particle size under impact disturbance, and how increasing normal constraint influences
the particle-size effect. The experimental model necessarily simplifies the conditions of
natural fractured rock masses; therefore, the results primarily characterize the dynamic
slip behavior of the specific quartz-sand-filled joint configuration considered here, and
their extension to natural rock masses with complex joint geometries, hydrogeological
conditions, and in situ stress states requires further validation. The results provide an
experimental basis for understanding the dynamic slip mechanisms of granular-filled joints
and the slip instability of deep blocky-rock masses.

2. Experimental Program
2.1. Test Apparatus

The impact-disturbance testing apparatus for blocky-rock masses used in this study
was independently designed and developed by the research team, and its principal com-
ponents and weight-controlled lateral shear-loading arrangement are shown in Figure 1.
The apparatus was designed to simulate dynamic disturbance conditions relevant to
underground engineering and to investigate the impact-induced sliding response of a
constrained block separated by sand-filled interfaces. It comprises an axial loading sys-
tem, an impact-disturbance system, a blocky-rock model frame, and a high-frequency
data-acquisition system.
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Figure 1. Custom-developed impact-disturbance testing apparatus for blocky rock masses.

2.1.1. Axial Load and Lateral Shear-Loading System

The axial load and lateral shear-loading system comprises a high-stiffness reaction
frame, hydraulic jacks, a steel cable, a low-friction pulley, and a suspended-weight assembly.
The hydraulic jacks operate under force control and apply seven axial load levels of 100,
150, 200, 250, 300, 350, and 400 N, reported as the axial forces recorded directly by the
loading system. The selected range allows the rock blocks to remain in a stable and
controllable compression–shear state before impact, while the 50 N increments provide
sufficient resolution to distinguish changes in the impact-induced slip response. Within
this range, increasing axial load strengthens the normal constraint on the sand-filled joints
and is therefore expected to suppress impact-induced slip more effectively. For lateral shear
loading, a hook fixed to the side of target block B2 is connected to the suspended-weight
assembly by a steel cable routed over the low-friction pulley, as shown in Figure 1. The
weight-induced cable tension is redirected by the pulley into a constant lateral shear load
acting on B2 in the prescribed slip direction. This load provides the static driving force for
block slip and, together with the axial load, maintains B2 in a stable compression–shear
equilibrium state before impact disturbance. Together, these loads represent the combined
compression–shear loading state of rock joints.

2.1.2. Impact-Disturbance System

The impact-loading system operates through high-pressure gas propulsion and con-
sists primarily of an air compressor, a solenoid valve, a launch tube, and a custom-designed
projectile. During each test, compressed gas is rapidly released from the air compressor to
propel and accelerate the projectile through the launch tube. A photoelectric-gate sensor
installed at the end of the tube measures the instantaneous projectile velocity immediately
before impact. Rubber pads are also placed at both the impact-facing and distal ends
of the block assembly to suppress stress-wave reflections and alleviate transient stress
concentrations during impact.

2.1.3. Blocky-Rock Model Frame and High-Frequency Data-Acquisition System

The blocky-rock model consists of eight cubic rock blocks, each measuring
100 × 100 × 100 mm, arranged in series within the axial loading frame. The contact sur-
faces were left unground and unpolished after cutting, and this finish was retained as the
pre-shear surface condition, thereby approximating the contact characteristics of natural
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rock joints. Under axial load, the blocks were brought into close contact to facilitate ef-
fective stress-wave transmission. To accurately capture the propagation and evolution
of stress waves through the rock blocks, mounting blocks were bonded to the surface of
each block using a high-strength adhesive and served as mounting bases for the accelerom-
eters. The high-frequency data-acquisition system comprises a DH8302 dynamic-signal
testing and analysis system, a DH5863 programmable charge amplifier, and high-precision
piezoelectric accelerometers, pressure sensors, and displacement transducers. The system
enables real-time acquisition and recording of the dynamic-response signals from each rock
block along the impact direction, providing high-fidelity data for subsequent analyses of
stress-wave propagation and rock block slip behavior.

2.2. Specimens and Test Conditions

Cubic marble blocks measuring 100 × 100 × 100 mm, with an average mass of
approximately 2.70 kg, were used in the tests. The identical cubic geometry and side
lengths were selected to be compatible with the internal dimensions of the axial loading
frame and to maintain full-face alignment between adjacent blocks. A test matrix combining
four quartz-sand particle-size classes and seven axial load levels was established under a
constant lateral shear load, as detailed in Table 1.

Table 1. Test matrix.

Particle Size
Class (Mesh)

Axial Load (N)
100 150 200 250 300 350 400

6–8 T1-1 T1-2 T1-3 T1-4 T1-5 T1-6 T1-7
8–16 T2-1 T2-2 T2-3 T2-4 T2-5 T2-6 T2-7

16–26 T3-1 T3-2 T3-3 T3-4 T3-5 T3-6 T3-7
40–70 T4-1 T4-2 T4-3 T4-4 T4-5 T4-6 T4-7

As illustrated in Figure 2, the eight rock blocks were labeled B1–B8. Block B2 was
designated as the target sliding block to represent a localized slip unit controlled by two
sand-filled joints. The blocks were aligned in series within the model frame, with the axial
load and impact disturbance acting along the longitudinal direction of the block assembly
and the constant lateral shear load acting on B2 along the prescribed slip direction. The
two opposing 100 × 100 mm contact faces between B2 and the adjacent blocks defined the
sand-filled joints and therefore determined the joint geometry and interface dimensions of
the target sliding block. The rock surfaces forming these joints were produced by cutting,
and the resulting surface condition was retained before shear loading without grinding,
polishing, artificial roughening, or any other special treatment. Consequently, the interfaces
used in all tests had a consistent, macroscopically planar and smooth surface condition.
Impact disturbance was generated pneumatically. The driving gas pressure was maintained
at 0.1 MPa in all tests, corresponding to a mean projectile impact velocity of approximately
2.7 m/s.

2.3. Experimental Procedure

The experimental procedure comprised four stages: specimen assembly and sensor
installation, application of boundary conditions, system commissioning, and impact testing.

https://doi.org/10.3390/app16178733

https://doi.org/10.3390/app16178733


Appl. Sci. 2026, 16, 8733 6 of 18

Figure 2. Schematic layout of the blocky-rock model.

Initially, the specimens were prepared, the sensors were installed, and the loading
components for the target block were positioned. An accelerometer was bonded to the
geometric center of the top surface of each rock block (B1-B8) using a high-stiffness epoxy
adhesive. After the adhesive had fully cured, the block assembly was installed within the
loading frame. A loading hook was attached to the side of target block B2 to apply the
lateral shear load. The probe of the displacement transducer was placed in firm contact
with the side of B2 and slightly precompressed to eliminate any initial gap.

Subsequently, the sand-filled joints were prepared, and the axial load and lateral shear
load were applied. A layer of petroleum jelly approximately 0.2 mm thick was uniformly
applied to both contact faces between B2 and the adjacent rock blocks. The petroleum
jelly was used solely to retain the quartz sand and prevent particle loss. Quartz sand of
the prescribed particle-size class was then distributed uniformly over each entire lateral
contact surface, with representative samples shown in Figure 3. For each particle-size
condition, the same placement procedure was used on both sides of B2, and an equal mass
of sand was applied to each interface. After B2 had been repositioned and the blocky-rock
model reassembled, axial load was applied using the hydraulic servo-controlled system to
close and compact the composite sand-rock interfaces. Once the axial load had stabilized,
a constant lateral shear load was applied through a steel cable, a low-friction pulley
assembly, and standard weights, bringing B2 into a stable combined compression–shear
equilibrium state.

Thereafter, the data-acquisition system was commissioned. The acceleration, displace-
ment, and pressure sensors were connected to form a measurement chain comprising
the sensors, charge amplifier, and dynamic-signal acquisition unit. The stability of each
measurement channel was verified, and the charge-amplifier gain and acquisition range
were set according to the anticipated impact intensity. The photoelectric-gate velocimetry
system was also calibrated to record the projectile impact velocity.

https://doi.org/10.3390/app16178733

https://doi.org/10.3390/app16178733


Appl. Sci. 2026, 16, 8733 7 of 18

 

Figure 3. B2 rock block with quartz sand distributed over the contact surface.

Finally, impact loading and replicate testing were performed. The driving gas pres-
sure was stabilized at 0.1 MPa, after which the solenoid valve was triggered to propel
the projectile into the blocky-rock model. The projectile velocity, acceleration of each
rock block, B2 displacement, and interfacial-pressure time histories were recorded syn-
chronously. After each test, the axial load and lateral shear load were removed. The quartz
sand was then cleared and redeposited using the same procedure to reset the composite
sand-rock interfaces.

3. Results and Analysis
3.1. Effect of Axial Load on Impact-Induced Block-Slip Evolution

Figure 4 shows the horizontal-displacement time histories of block B2 under impact
disturbance at different axial load levels. Across all quartz-sand particle-size conditions,
the block-slip response exhibits three successive stages: quiescent incubation, rapid slip,
and deceleration to a stable state. Before impact, B2 remains stable and its horizontal dis-
placement is essentially unchanged. Following impact, the displacement increases sharply
as the block enters the rapid-slip stage. As the disturbance attenuates, the displacement rate
progressively decreases, eventually approaching a stable residual slip displacement. The
temporal evolution of block slip following impact is characterized using the displacement
history, slip onset time, maximum slip velocity, and slip duration.

The displacement curves obtained at different axial load levels differ primarily in the
slip onset time, duration of the acceleration stage, and final residual slip displacement. As
the axial load increases, the displacement curves shift downward, their slopes during the
rapid-slip stage decrease, and the final residual slip displacement is reduced. The axial load
has a comparatively minor effect on the slip onset time but exerts more pronounced effects
on the maximum slip velocity and final residual slip displacement. The final residual slip
displacements and characteristic impact-induced slip parameters for all test conditions are
summarized in Tables 2 and 3, respectively.
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(a)  (b) 

(c)  (d) 

Figure 4. Horizontal-displacement time histories of block B2 under impact disturbance at different ax-
ial load levels and quartz-sand particle-size conditions. (a) 6–8 mesh quartz-sand infill. (b) 8–16 mesh
quartz-sand infill. (c) 16–26 mesh quartz-sand infill. (d) 40–70 mesh quartz-sand infill.

As shown in Table 2, the final residual slip displacement generally decreases with
increasing axial load at a given quartz-sand particle size. For the 6 to 8 mesh quartz-sand
infill, the final residual slip displacement is 1.189 mm at an axial load of 100 N. As the axial
load increases to 200, 300, and 400 N, the residual slip displacement decreases to 0.672, 0.266,
and 0.121 mm, respectively, representing reductions of 43.48%, 77.63%, and 89.82%, relative
to that at 100 N. For the 8 to 16, 16 to 26, and 40 to 70 mesh infill conditions, increasing the
axial load from 100 to 400 N reduces the residual slip displacement from 0.992, 0.810, and
0.729 mm to 0.098, 0.098, and 0.091 mm, respectively, corresponding to reductions of 90.12%,
87.90%, and 87.52%. The consistent trends across the particle-size classes demonstrate that
increasing axial load effectively reduces the magnitude of impact-induced block slip.

As shown in Table 3, the block-slip onset time ranges from 25.520 to 42.105 ms across
the different test conditions, whereas the maximum slip velocity and slip-stage duration
range from 0.0035 to 0.0423 mm/ms and from 45.192 to 97.989 ms, respectively. Compared
with the slip onset time, the duration of the acceleration stage and the maximum slip
velocity vary more markedly among the test conditions. This result indicates that axial load
and quartz-sand particle size primarily govern the post-onset evolution of block slip.

Comparison among the different axial load intervals reveals that the residual slip
displacement initially decreases rapidly with increasing axial load and then gradually
approaches a plateau. Within the range of 100 to 250 N, the displacement curves for the
different particle-size conditions are clearly separated, and the residual slip displacement
decreases substantially. When the axial load reaches 300 to 400 N, the displacement
curves progressively converge, and the absolute change in residual slip displacement
becomes markedly smaller. For example, under the 6 to 8 mesh quartz-sand infill condition,
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increasing the axial load from 100 to 200 N reduces the residual slip displacement by
0.517 mm, whereas increasing it from 300 to 400 N produces a reduction of only 0.145 mm.
Similar trends are observed for the other particle-size conditions.

Table 2. Final residual block-slip displacement under different axial load and quartz-sand
particle-size conditions.

Axial Load (N) 6–8 Mesh (mm) 8–16 Mesh (mm) 16–26 Mesh (mm) 40–70 Mesh (mm)

100 1.189 0.992 0.810 0.729
150 0.876 0.628 0.569 0.566
200 0.672 0.558 0.450 0.300
250 0.381 0.323 0.320 0.270
300 0.266 0.231 0.230 0.193
350 0.175 0.212 0.160 0.109
400 0.121 0.098 0.098 0.091

Reduction from 100 to 400 N (%) 89.82 90.12 87.90 87.52

Table 3. Characteristic parameters of impact-induced block slip under different axial load and
quartz-sand particle-size conditions.

Quartz-Sand Particle Size
(Mesh) Slip Onset Time (ms) Maximum Slip Velocity

(mm/ms) Slip-Stage Duration (ms)

6–8 25.520–30.128 0.0035–0.0423 49.506–97.989
8–16 27.274–31.883 0.0041–0.0275 45.484–62.303
16–26 26.399–39.196 0.0042–0.0256 45.192–89.068
40–70 27.701–42.105 0.0037–0.0194 58.225–84.807

Figure 5 presents the scatter plots and fitted curves showing how the residual slip
displacement varies with axial load under different quartz-sand particle-size conditions.
In all cases, the residual slip displacement decreases rapidly at lower axial loads and then
declines at a progressively slower rate as the axial load increases. From the perspective of
stress state, increasing axial load increases the normal stress acting on the interface and
progressively decreases the shear-to-normal stress ratio under the constant lateral shear
load. This change corresponds to the continuous attenuation of residual slip displacement
with increasing axial load shown in Figure 5.

Figure 5. Relationship between axial load and final residual block-slip displacement.
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The relationship between residual slip displacement and axial load can be described
by a two-parameter exponential decay function:

ur = ae(−bN) (1)

where ur is the final residual slip displacement; N is the axial load; a is the residual slip
decay amplitude, expressed in mm, whose value reflects the potential slip magnitude
obtained by extrapolating the fitted model to a state of low normal constraint; and b is
the axial load coefficient, expressed in N−1, which characterizes the rate at which the
residual slip displacement decreases with increasing axial load. A larger b value indicates
greater sensitivity of the residual slip displacement to changes in axial load. The fitted
parameters for the different particle-size conditions are listed in Table 4. As the quartz-sand
fraction becomes finer, the fitted decay amplitude a decreases from 2.5052 to approximately
1.52 mm, indicating a corresponding reduction in the fitted potential slip magnitude. By
contrast, b remains within a relatively narrow range of 0.006364 to 0.007194 N−1, indicating
that particle size primarily affects the magnitude of the slip response, whereas axial load
governs its overall attenuation rate.

Table 4. Fitted parameters of the exponential relationship between axial load and residual
slip displacement.

Quartz-Sand Particle Size (Mesh) a (mm) b (N−1) R2

6–8 2.5052 0.007194 0.9891
8–16 1.9399 0.006889 0.9797

16–26 1.5273 0.006364 0.9962
40–70 1.5204 0.007184 0.9794

3.2. Effect of Infill Particle Size on Impact-Induced Block-Slip Evolution

Figure 6 shows the horizontal-displacement time histories of block B2 for different
quartz-sand particle-size classes at axial load levels of 100, 200, and 300 N. All particle-size
groups exhibit a transition from the stationary state to rapid slip, followed by deceleration
toward a stable state. However, the slope of the displacement curve during the rapid-slip
stage and the final residual slip displacement differ among the particle-size groups.

At a given axial load, decreasing the quartz-sand particle size shifts the displacement
curves downward and generally reduces both the maximum slip velocity and the final
residual slip displacement. At an axial load of 100 N, the residual slip displacements
for the 6 to 8, 8 to 16, 16 to 26, and 40 to 70 mesh quartz-sand fractions are 1.189, 0.992,
0.810, and 0.729 mm, respectively. When the infill particle-size class changes from the
6 to 8 mesh range to the 40 to 70 mesh range, the residual slip displacement decreases
by 0.460 mm, representing a reduction of 38.69%. At an axial load of 200 N, the residual
slip displacements for the four particle-size classes are 0.672, 0.558, 0.450, and 0.300 mm,
respectively, with a difference of 0.372 mm between the 6 to 8 and 40 to 70 mesh conditions.
When the axial load increases to 300 N, the corresponding residual slip displacements
decrease to 0.266, 0.231, 0.230, and 0.193 mm, and the maximum difference among the
particle-size groups narrows to 0.073 mm. These results demonstrate that the effect of
quartz-sand particle size on residual slip displacement weakens as the axial load increases.
During the rapid-slip stage, the displacement curves for coarse-grained infill typically rise
more steeply, indicating a stronger dynamic slip response of the block following impact
disturbance. As the quartz-sand particle size decreases, the displacement curves rise more
gradually, while the maximum slip velocity and final displacement amplitude generally
decrease. Particle size has a comparatively limited effect on the slip onset time; its influence
is manifested primarily in the post-onset development of block slip.
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(a)   

(b)   

(c)   

Figure 6. Time histories of block-slip displacement under different axial load and quartz-sand
particle-size conditions. (a) Axial load: 100 N. (b) Axial load 200 N. (c) Axial load: 300 N.

The characteristic quartz-sand particle size de was defined as the geometric mean of
the aperture sizes of two adjacent sieves. The characteristic particle sizes corresponding
to the 6 to 8, 8 to 16, 16 to 26, and 40 to 70 mesh fractions were 2.812, 1.669, 0.841, and
0.300 mm, respectively. Thus, each de value is used as a representative particle size for the
corresponding sieve fraction rather than as a descriptor of a complete continuously graded
particle-size distribution. Figure 7 shows the relationship between the characteristic particle
size and residual slip displacement at different axial load levels. The scatter data indicate
that the residual slip displacement generally increases with increasing characteristic particle
size, with this trend being more pronounced at a lower axial load.
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Figure 7. Relationship between characteristic quartz-sand particle size and final residual
block-slip displacement.

Within the experimental range, the relationship between characteristic particle size
and residual slip displacement can be described by a linear function:

ur = αde + β (2)

where α is the particle-size sensitivity coefficient, representing the average change in final
residual slip displacement for each 1 mm increase in characteristic particle size; and β is
the fitted intercept, representing the residual slip displacement predicted by the model as
the characteristic particle size approaches zero.

The latter reflects the baseline slip level of the joint for an infinitesimally fine-grained
infill. The fitted parameters at different axial load levels are listed in Table 5. As shown in
Table 5, the particle-size sensitivity coefficient, α, decreases markedly with increasing axial
load, indicating that the residual slip displacement becomes progressively less sensitive to
variations in quartz-sand particle size. The goodness of fit also decreases as the axial load
increases. This result indicates that, under a high axial load, the differences in residual slip
displacement among the particle-size conditions become smaller and the linear dependence
of residual slip displacement on particle size gradually weakens.

Table 5. Fitted parameters for the linear relationship between characteristic quartz-sand particle size
and residual slip displacement.

Axial Load (N) α β (mm) R2

100 0.1869 0.6673 0.9966
200 0.1412 0.2966 0.9489
300 0.0256 0.1940 0.8810

3.3. Slip Behavior Under the Coupled Effects of Axial Load and Particle Size

As shown in Figure 5 and Table 2, the differences in residual slip displacement among
the quartz-sand particle-size conditions generally decrease with increasing axial load. To
directly compare how the particle-size-dependent differences evolve across different axial
load levels, the 6 to 8 and 40 to 70 mesh conditions, which represent the coarse and fine
ends of the investigated particle-size range, were selected. The differences in residual slip
displacement between these two conditions were calculated at representative axial load
levels of 100, 200, 300, and 400 N, as summarized in Table 6. At the low axial load of 100 N,
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the difference between the coarse- and fine-grained infill conditions is relatively large,
indicating that the block-slip response is sensitive to variations in quartz-sand particle size.
At 200 N, a pronounced difference in slip displacement remains between the two particle-
size conditions. When the axial load increases to 300 N, however, the difference decreases
markedly, and, at 400 N, the slip responses of the two conditions become comparable.

Table 6. Difference in residual slip displacement between coarse- and fine-grained infill conditions at
representative axial load levels.

Axial Load (N) Residual Slip Displacement for
6–8 Mesh Infill (mm)

Residual Slip Displacement for
40–70 Mesh Infill (mm) Difference (mm)

100 1.189 0.729 0.460
200 0.672 0.300 0.372
300 0.266 0.193 0.073
400 0.121 0.091 0.030

These results demonstrate that increasing axial load not only directly reduces the
residual block-slip displacement but also diminishes the differences in slip response among
the quartz-sand particle-size conditions. Under a low axial load, infill particle size is an
important factor governing the dynamic block-slip response. As the axial load increases,
the normal constraint exerts progressively greater control, and the relative influence of the
initial quartz-sand particle size correspondingly weakens.

4. Discussion
4.1. Dynamic Unloading and Slip Triggering Under Impact Disturbance

In the initial loading state, the axial load provides the normal constraint on the sand-
filled joint and simultaneously influences the packing state of the quartz-sand infill, while
the lateral shear load supplies the driving force for block slip, and the block remains in
stable equilibrium. In soil mechanics, the packing state of granular materials is commonly
characterized by the specific volume and relative density. Within this framework, increasing
axial load promotes joint closure and particle rearrangement and can be understood as
shifting the infill toward a state of lower specific volume and higher relative density. In
stress space, as the axial load increases, the normal constraint on the interface becomes
stronger while the lateral shear load remains constant; consequently, the shear-to-normal
stress ratio decreases and the frictional resistance that must be overcome for relative block
slip increases.

When the impact disturbance reaches the target block, differential vibration develops
between the rock blocks on opposite sides of the joint, causing a transient change in the
normal contact state of the interface. As the joint tends to open, the interparticle contact
pressure decreases and the load-bearing force chains undergo local rearrangement, thereby
weakening the frictional and interlocking resistance of the sand-filled joint. Once the
instantaneous slip resistance falls below the applied lateral shear force, the block transitions
from the stationary state to dynamic slip. Increasing axial load enhances joint closure
and stabilizes the particle contact network, suppressing the impact-induced transient
unloading effect and making the slip-triggering condition more difficult to attain. The
dynamic unloading and slip-triggering process along the joint under impact disturbance is
illustrated in Figure 8.
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Figure 8. Schematic illustration of dynamic unloading and slip triggering. (a) Initial stable load-
bearing state. (b) Transient interfacial unloading. (c) Rapid block slip. (d) Interfacial reclosure and
formation of residual displacement.

4.2. Transition from Particle Rolling to Interlocking

Quartz-sand particle size influences the dynamic slip resistance of the joint by al-
tering the particle-contact configuration and kinematic freedom within the infill layer.
The particle-motion modes and contact-network evolution under different particle-size
conditions are illustrated in Figure 9. Under coarse-grained conditions, fewer particles
and effective contact points contribute to load transfer per unit area, providing greater
freedom for particle rolling, rotation, and force-chain rearrangement. When subjected to
impact disturbance, these particle motions accommodate the induced shear deformation
and facilitate relative displacement between the rock blocks. As particle size decreases,
the numbers of particles and potential load-bearing contacts per unit area increase, form-
ing a more spatially distributed multipoint contact network between the particles and
joint walls and among the particles themselves. Under impact-induced shearing, relative
block displacement must then overcome interparticle friction, particle interlocking, and
contact-network reconfiguration.

(a)    (b) 

Figure 9. Schematic illustration of the transition from particle rolling to wedging. (a) Rolling and
rearrangement of coarse particles. (b) Wedging and constraint of fine particles.

Packing state further influences these particle-size-dependent mechanisms. A lower
specific volume or higher relative density generally corresponds to more particle contacts
and stronger interlocking, thereby restricting particle rolling and rearrangement. During
impact-induced shearing, stronger interlocking may also induce dilatancy, contributing
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to a peak frictional resistance greater than the critical-state or ultimate resistance. As
the particle structure is progressively reorganized, dilatancy and its contribution to shear
resistance diminish. Consequently, the deformation mode of the infill layer progressively
shifts from widespread particle rolling and bulk rearrangement to constrained, localized
shear deformation.

4.3. Energy-Dissipation Mechanism During Dynamic Slip

The energy introduced by impact disturbance is redistributed among rock-block
vibration, contact adjustment along the joint, particle-scale deformation of the infill, and
block slip. Part of this energy is converted into the kinetic energy of the sliding block,
whereas the remainder is transmitted or dissipated through stress-wave propagation,
interfacial friction, particle collisions, rolling, rearrangement, and reconstruction of the
contact network. Particle rearrangement during transient loading may locally reduce
the void ratio and specific volume of the quartz-sand infill and modify the load-bearing
force chains. At highly loaded local contacts, limited particle crushing may provide an
additional energy-dissipation mechanism and produce smaller fragments that participate
in subsequent contact-network evolution.

The packing state of the infill influences the dominant energy-dissipation mechanisms.
At a comparatively large specific volume and low relative density, particles have greater
freedom to roll, rotate, collide, and undergo contractive rearrangement under impact
disturbance. As the specific volume decreases and the relative density increases, more
particles participate in load transfer, and stronger interlocking increases the frictional work
and contact-network reconfiguration required during block slip. Therefore, increasing axial
load and decreasing particle size increase the number and stability of load-bearing contacts
and provide more frictional energy-dissipation pathways. As the disturbance attenuates
and normal contact is restored, interfacial friction, particle collisions, and repeated contact-
network reconfiguration continuously dissipate the kinetic energy of the sliding block.

4.4. Mechanism Underlying the Attenuation of the Particle-Size Effect Under Enhanced
Normal Constraint

Under a low axial load, the comparatively large specific volume and low relative
density of the infill allow particle-size-dependent differences in particle mobility and
contact-network evolution to remain pronounced under impact disturbance. Coarse parti-
cles have greater freedom to roll and rearrange, whereas the finer-particle system provides
more widely distributed potential contact locations, and particle motion is more readily con-
strained jointly by the surrounding particles and joint walls. Consequently, the block-slip
response exhibits a strong dependence on particle size.

As the axial load increases, joint closure promotes particle rearrangement and can
be interpreted as an evolution of the infill toward a lower specific volume and a higher
relative density. The resulting increase in load-bearing contacts and particle interlocking
restricts particle rolling, rotation, and positional rearrangement, and increases the shear
resistance that must be overcome for relative block displacement. For a denser granular
state, stronger interlocking is generally accompanied by a greater tendency for dilation,
whereas the enhanced normal constraint simultaneously suppresses the actual develop-
ment of dilation. Therefore, at higher axial loads, particle kinematic freedom is more
strongly constrained and the differences in particle motion among the different particle
sizes gradually decrease, thereby reducing the residual slip displacement and progressively
attenuating the particle-size effect.
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5. Conclusions
To investigate the impact-induced sliding response of sand-filled rock joints, physical

model tests were conducted using a custom-developed impact-disturbance testing appa-
ratus for blocky-rock masses under controlled axial load, constant lateral shear load, and
impact disturbance. The effects of axial load and quartz-sand particle size on the residual
block-slip displacement were systematically examined. The principal findings obtained
within the tested loading range are summarized as follows:

(1) The dynamic slip response of the joint is closely related to the axial load level. In-
creasing the axial load strengthens the normal constraint on the joint and enhances
both interfacial frictional resistance and energy-dissipation capacity, thereby markedly
reducing the magnitude of block slip. As the axial load increases from 100 to 400 N,
the final residual slip displacement decreases by more than 87% under all particle-
size conditions. The sensitivity of the slip response to axial load is nonlinear: the
residual slip displacement decreases rapidly in the low-axial-load range but gradually
approaches a stable level in the high-axial-load range.

(2) Infill particle size is a key factor governing the dynamic slip behavior of the joint. At an
axial load of 100 N, decreasing the quartz-sand particle size from 6 to 8 to 40–70 mesh
reduces the final residual slip displacement from 1.189 to 0.729 mm. A smaller particle
size increases the numbers of load-bearing particles and contact points per unit area,
thereby strengthening the constraints imposed on relative block displacement by
interparticle friction, local wedging, and contact-network reconfiguration. In contrast,
coarse particles are more prone to rolling and rearrangement under impact disturbance
and therefore produce a more pronounced slip response.

(3) Under coupled loading conditions, the particle-size effect is governed by the axial
load level. As the axial load increases from 100 to 400 N, the difference in residual slip
displacement between the 6 to 8 and 40 to 70 mesh conditions decreases from 0.460 to
0.030 mm. With increasing axial load, the infill layer becomes progressively compacted,
restricting particle rolling, rotation, and positional rearrangement. Consequently,
the contact states and slip responses under the different particle-size conditions
gradually converge. The influence of particle-size differences on block-slip behavior
is therefore pronounced under a low axial load but substantially attenuated at higher
axial load levels.
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