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ABSTRACT

In blast-induced caving mining with backfilling, understanding the
interaction mechanisms and deformation evolution between rock and
cemented tailing backfill (CTB) under coupled conditions is essential for
ensuring stability. This study conducted dynamic uniaxial impact tests
using the Split Hopkinson Pressure Bar (SHPB) system on rock-CTB
composite specimens to investigate their mechanical response at high
strain rates. Stress–strain relationships were recorded across a range of
strain rates, and corresponding failure mechanisms were analyzed. A cou-
pled SHPB model was also developed using GDEM software to simulate
internal stress wave propagation and crack evolution within the composite
specimens. Experimental results revealed that the dynamic compressive
strength initially increases, then decreases, and eventually stabilizes as the
average strain rate (ASR) increases from 27.45 s−1 to 68.73 s−1. At strain
rates below 60 s−1, the stress–strain curves exhibit a “stress drop” pattern,
whereas above 60 s−1, a “stress rebound” behavior is observed. Energy
absorption increases with ASR up to 55 s−1, then decreases, followed by
a secondary increase. Numerical simulations validated the experimental
findings, revealing the formation of both transverse and longitudinal
cracks within the CTB. Greater deformation was observed near the trans-
mission bar interface compared to the rock interface. These results offer
valuable insights into the dynamic failure behavior of backfilled systems
and inform improved backfill design in blast-induced mining operations.
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1 Introduction

The practice of backfilling underground mining voids with leftover rock, crushed stone, tailings,
and other materials is known as backfill mining. It is a crucial technique for extracting resources in an
eco-friendly manner. In contrast to other mining techniques, backfill mining improves the stability
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of regions that have been dug out and stops major rock mass movement and surface subsidence
brought on by mining operations. It gets rid of ecological harm, tailings, and waste rock occupancy
that cause geological disasters and pollution to the environment [1–4]. It also drastically lowers dilution
losses, limits tailings and waste rock outflow, and increases total resource recovery rates [5]. One of
the main techniques used in underground mining operations is blasting. However, the unavoidable
impact and vibration from blasting actions during backfill mining blasting operations negatively affect
the stability of the backfill mass, altering its structural integrity. Using a uniaxial press, Li et al. [6]
ascertained the mechanical characteristics of backfill materials with different cement-sand ratios. The
ideal cement-sand ratio backfill was then entered into numerical models created by simulation software
that mimicked real mine blasting and excavation. The study examined how various blasting sequences
affected the bulk of the backfill and found that blasting simultaneously caused the least amount of
backfill damage. Furthermore, one of the most important factors in improving blast resistance is the
backfill material’s ductility. Explosion seismic waves recorded at mining locations were used by Emad
et al. [7] to calibrate FLAC3D simulation software models that simulate mining sequences. In addition,
the models were updated to include real-world stress data from measurements. The analysis discovered
that the top portions of the backfill in the mined-out area were experiencing wedge-shaped failures. In
addition, the backfill mass’s acceptable safe vibration levels were calculated.

With a strain rate ranging from 10 to 103 s−1, the SHPB is utilized to study dynamic loads caused by
explosions or impacts. This is used to model the impact loads that rocks encounter during real mine
blasting operations, including situations where static loads are present first and dynamic loads are
applied later [8–14]. Therefore, investigating the impact response of rocks and backfill using the Split
Hopkinson Pressure Bar (SHPB) method is of great significance for understanding the propagation
behavior of blasting waves and the stability of backfill. Previous studies have primarily focused on
the effects of single materials or interfacial behavior on the impact response. Two cylindrical rock
specimens were created by Li et al. [15], one of which had numerous grooves simulating rock joints
on the contact side of the other specimen. The impact of contact area and spatial geometric shape on
the propagation of explosive vibration waves was investigated using the SHPB experimental setup. On
jointed rocks, it was found that the reflection coefficient is inversely related to the rock joint matching
coefficient, while the wave propagation coefficient is directly proportional to the latter. However, such
studies have mostly remained at the level of macroscopic experimental observations, lacking systematic
comparison with wave impedance models, and have not yet been extended to complex CTB–rock
composite systems. Tan et al. [16] used SHPB to perform impact studies on CTB at different ratios
of sand to cement. Tensile failure and X-conjugate shear failure, akin to low-strength concrete, were
found to be the failure mechanisms of the CTB at low-speed impact. There are four stages to the stress-
strain curve of the CTB; some specimens show one or two lower stress peaks prior to fracture. The
dynamic peak stress is directly proportional to the sand-to-cement ratio at the same impact velocity.
Using scanning electron microscopy, Zheng et al. [17] studied the progression of cracks within the
CTB during SHPB impact tests. It was discovered that as the ASR increases, the dynamic uniaxial
compressive strength and energy absorption of the CTB first rise and subsequently fall. The side
of the incident bar had substantially more cracks than the side of the transmission bar, according
to micro-CT scans. Han and Li [18] used high-speed photography to capture the composite rock
mortar specimens’ SHPB impact test procedure. It was found that the layer of cement mortar acts
as a cushion during deformation, and that tensile cracks spread in the direction of loading until the
specimen’s overall tensile failure. Xue et al. [19] used high-speed photography and SHPB to examine
the dynamic properties of polypropylene fiber-containing CTB. The fiber-reinforced fill material’s
stress-strain curve showed a bimodal pattern, with the distance between the two stress peaks getting
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smaller as the fiber content increased. In contrast to the instability failure brought on by stress in
regular CTB, the fiber-reinforced fill showed edge spalling and core instability failure. These results
suggest that dynamic fracture mechanics has potential explanatory power in describing the initiation
and propagation of cracks in CTB; however, existing studies have not yet systematically incorporated
it into the analytical framework.

During the two-step pillar mining process that employs the fill mining method, the impact load
from the blasting process first affects the two-step pillar and then passes the energy and impact load
to the CTB. Thus, it is equally important to understand the CTB and rock as a composite material.
At the moment, several experimental investigations on coupled systems with CTB and rock have
been carried out by academics. Selçuk and Aşma [20] performed point load, splitting tensile, and
uniaxial compression tests on specimens of rock-concrete that had varying slopes. The tensile strength
changed with the inclination angle under splitting tensile conditions, and there was a substantial link
between the point load and interface inclination angle. Weilv et al. [21] produced samples of cemented
paste back-fill-rock (CPB-rock) two interface angles and three distinct sand-to-cement ratios. After
standard triaxial tests were carried out, it was discovered that the interface angle dominated the
composite material’s failure mode. The ratio of sand to cement directly correlated with the composite
material’s brittleness and variation in shear strength. A technique was put out to measure the effect
on the composite material’s stability of the interface be-tween CPB-rock. Yu et al. [22,23] conducted
triaxial compression experiments to investigate specimens with CTB wrapping around rocks and
rocks enveloping CTB. In comparison to rock specimens, both varieties of composite specimens
demonstrated distinct post-peak stress platforms and greater residual strengths, which indicated
strain softening proper-ties. The confining pressure and the volume percentage of the rock were
directly correlated with the maximal strength of both composite specimens. The specimen with the
boulders encasing the cement-filled tailings was more sensitive to the volume fraction at its maxi-
mal strength. The specimen with rocks encasing tailings-cemented fill had a lateral de-formation
capacity that was significantly limited by the contact support between the rocks and fill, whereas the
specimen with rocks encasing tailings-cemented fill only had a lateral deformation capacity that was
related to the mechanical properties of the rocks. Using acoustic emission monitoring equipment,
Wang et al. [24] kept an eye on specimens with rocks encasing CTB during uniaxial compression
studies. It was discovered that fractures started out in the middle of the CTB and eventually spread
to the surrounding rocks, failing as a whole. Based on the idea of energy conservation, a constitutive
model of the composite material was created. The majority of these studies, meanwhile, only focus
on static mechanical characteristics, and there is still more work to be done to fully characterize the
mechanical characteristics of rock-CTB under the dynamic loading of blasting.

In summary, the current research exhibits two major limitations: (i) although previous studies have
revealed certain behaviors of jointed rocks or CTB under dynamic loading, they have not sufficiently
integrated wave impedance models and dynamic fracture mechanics to explain the mechanisms of
wave propagation and failure in coupled systems; (ii) investigations on rock-CTB composites have
largely been restricted to static loading, with a lack of systematic dynamic experimental data under
varying strain rates. To address these gaps, this study focuses on rock-CTB composites and conducts
SHPB dynamic uniaxial impact tests to obtain stress–strain characteristics at high strain rates. The
failure process is further analyzed by integrating dynamic fracture mechanics and wave propagation
theories, thereby providing both theoretical and experimental support for evaluating CTB stability
under mining blasting conditions.
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2 Materials and Methods
2.1 Sample Preparation

A strain rate that is less than or equal to 10−5 s−1 is referred to as “static”. “Quasi-static” refers
to strain rates that, in traditional static tests, typically range from 10−5 to 10−3 s−1 while concurrently
ignoring the effects of strain rate. Under seismic stress circumstances, moderate strain rates are defined
as those that fall between 10−3 and 102 s−1. High strain rates are defined as strain rates greater than
102 s−1 [25].

This experiment primarily investigates the mechanical characteristics of rock-CTB specimens
under high strain rates. Reflecting actual mining conditions, two types of CTB specimens were
prepared with a cement-to tailings ratio (c/t) of 1:4 and a solid density (SD) 72%. One type consisted
of standard �50 × 100 mm specimens, subjected to uniaxial compression tests. Another type was
prepared with homemade molds into �50 × 25 mm backfill specimens [17] for SHPB dynamic
compression strength testing. Rock specimens were obtained using a core drilling machine from a
gold mine in Shandong, China, and were of granite type. Two types of rock specimens were prepared:
standard �50 × 100 mm specimens for uniaxial compression tests and �50 × 25 mm specimens for
SHPB dynamic compression strength testing. The wave velocities of both rock and backfill specimens
were measured using a ultrasonic velocity gauge. This paper focuses on detailing the experimental
procedures of the rock-filled coupling bodies under dynamic loading conditions. Table 1 presents the
basic mechanical parameters of the backfill and rock.

Table 1: Mechanical parameters of backfill samples

Height (mm) Dimeter
(mm)

Density
(kg/m3)

Uniaxial
compressive
strength
(MPa)

Wave
velocity (m/s)

Wave
impedance
(kg/(m2·s))

CTB 25 ± 0.3 50 ± 0.2 1880 ± 20 3.86 1950 ± 40 3.6 × 106
Rock 25 ± 0.3 50 ± 0.2 2838 ± 20 124.55 2860 ± 40 1.84 × 106

The aggregate used for CTB comes from the complete tailings of a gold mine in Shan-dong
province, China, with a specific gravity of 2.85 g/cm3. Analysis revealed a high SiO2 content in
the tailings, along with low amounts of CaO, MgO, S, P, and other components, as detailed in
Table 2. Physicochemical analysis suggests that the tailings from this mine are a relatively inert
backfill aggregate. The cementitious material selected is 32.5 Portland cement, and the mixing water
is laboratory tap water.

Table 2: The chemical composition of full tailing

Chemical composition TFe SiO2 Al2O3 CaO MgO S P Else

Content (wt.%) 5.43 72.17 6.38 4.71 4.02 0.196 0.16 6.974

The following instruments were employed in the experiment: electronic balance, basin, beaker,
vernier caliper, cement mortar mixer, fully automatic standard constant temperature and humidity
curing box, SHPB system, and others. A �50 × 25 mm acrylic cylindrical plastic tube mold was
utilized, as illustrated in Fig. 1.
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Figure 1: Mold and manufacture of CTB

This based on the concentration ratio set for the experiment, the required material quantities were
calculated. The precise measurements of the raw materials were taken and placed into the mixer. After
thorough mixing for at least 3 min [26], the mixture was poured into a basin. Before casting, a small
amount of lubricating oil was applied to the interior of the mold using a brush to facilitate demolding
of the backfill specimen. Simultaneously, a complementary mold was placed above the mold to ensure
a successful single pouring. To prevent sedimentation of the slurry, it was stirred continuously during
pouring, resulting in the cast backfill specimen as shown in Fig. 1. After 5 h, when the slurry began to
set, the upper mold was removed, and the surface was smoothed. After 24 h, the backfill specimen was
demolded and placed in a standard curing box for 28 days curing period at a temperature of 20°C and
humidity greater than 90%. Upon completion of the curing period, as the SHPB experiment required
the flatness of the specimen end faces to be less than 0.02 mm [27], a double-end grinding machine
was used to grind both ends of the cured backfill specimen. Water was not added during the grinding
process, as adding water could alter the mechanical parameters of the backfill specimen.

2.2 Experimental Devices
SHPB, originally designed by Hopkinson. B in the early 20th century, is a device used to test the

dynamic performance of metal materials. It achieves different horizontal impact velocities by adjusting
the impact air pressure. The Hopkinson experimental setup mainly consists of elastic waveguide bars,
guide bar supports, base, stress wave generation device (nitrogen cylinder, bullet launch chamber,
spindle-shaped bullet, pressure gauge), timer, ultra-dynamic strain gauge, oscilloscope, and computer.
Fig. 2 below illustrates a schematic diagram of the Hopkinson experimental setup in the Dynamics
Laboratory of North China University of Science and Technology. In the SHPB system, the material
of the elastic waveguide bars is 40Cr alloy steel, with incident and transmitted bars having a length
of 2000 mm and a diameter of 50 mm. The material density is 7800 kg/m3, and the elastic modulus
is 206 GPa, with a longitudinal wave velocity of 5198 m/s. Strain gauges of type BE120-2AA are
selected and attached at positions equidistant from the specimen on the incident and transmitted bars
to simultaneously measure the reflected and transmitted waves. The rock-CTB specimen is placed
between the incident and transmitted bars, and the cylinder is set to generate impact air pressure. The
measurement system automatically records the velocity of the bullet impacting the backfill material
when fired. A high-precision dynamic testing analyzer collects and processes the shock wave data.
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Figure 2: Schematic diagram of the SHPB device

2.3 Testing Program
In the process of impact, the rate at which the specimen undergoes overall deformation is referred

to as the strain rate. In SHPB experiments, the average strain rate of the specimen is selected as the
strain rate indicator. A method involving the adjustment of impact air pressure and the position of the
projectile is employed to control the variation in impact velocity. Through preliminary experiments, the
minimum velocity required for the projectile to exit is determined as the minimum value for uniaxial
impact testing, while the maximum value is the impact velocity that leads to complete fragmentation
of the specimen and loss of load-bearing capacity. For the current rock-CTB specimen, the range of
impact velocities is set between 3 and 7 m/s.

A total of 35 rock-CTB specimens were fabricated and categorized into five groups for impact
testing at projectile impact velocities of 3, 4, 5, 6, and 7 m/s. Each group consists of six rock-CTB
specimens, and the remaining five sets of specimens are held as reserves to account for potential
accidental damage during experiments. The specimen identification is structured as follows: impact
velocity-specimen number.

The contact side of the incident bar and the transmitted bar with the specimen is coated with
butter to reduce the influence of friction [27]. The rock and the CTB material are aligned at the center,
tightly sandwiched between the incident and transmitted bars, ensuring a firm contact with the bars
without sliding. In uniaxial impact loading of the coupled specimen, the incident bar is in contact with
the rock side, and the transmitted bar is in contact with the filling material side. The collection box at
the bottom of the specimen is cleaned and placed below the specimen. After placing the specimen, a
transparent acrylic cover provided for the experiment is used to cover the specimen, preventing injury
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from fragments generated during impact. When opening the valve, personnel should stay away from
the SHPB experimental equipment to avoid accidental injury.

3 Results and Discussion
3.1 Dynamic Stress Equilibrium

Following the increase in incident velocity, the original waveform graphs of selected specimens
(3-3, 4-6, 5-4, 6-4, 7-6) were obtained, as illustrated in Fig. 3a. It can be observed that the amplitude
of the incident wave is roughly equal to that of the reflected wave, but they are in opposite directions,
while the amplitude of the transmitted wave is relatively small. This indicates that only a small portion
of the stress wave transmitted through the rock-CTB specimen is received by the transmitted bar, with
the majority of energy being reflected, and only a small fraction of energy managing to pass through
the specimen.

Figure 3: Partial sample original waveform

This is attributed to the significant differences in wave impedance among the rock, CTB, and the
waveguide bars of the SHPB device. The filling material, composed of tailings, lime, and water, exhibits
low density, numerous pores, and fine cracks, resulting in poor density and smaller wave velocity and
impedance. Due to the substantial differences in wave impedance and elastic modulus between the
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specimen and the pressure bars, regardless of whether the energy of the stress wave is increased or
decreased, the incident wave cannot completely propagate through the interfaces on both sides due
to the differing wave impedances. As the stress wave propagates through the rock-CTB specimens, it
undergoes multiple changes in wave impedance, leading to a reduced energy of the transmitted wave.

The prerequisite for the SHPB experimental system is compliance with the one-dimensional stress
wave propagation theory, and stress equilibrium at both ends of the specimen is a necessary condition.
Therefore, it is essential to conduct a stress equilibrium test on the specimen. The stress waves from
different parts of the waveform are shifted and superimposed. When the sum of the incident and
reflected waves is approximately equal to the transmitted wave, it is considered that stress equilibrium is
achieved at both ends of the specimen. As shown in Fig. 3b, the waveform graph of the 7-5 specimen is
superimposed. The sum of the incident and reflected waves represents the stress at the incident end, and
the transmitted wave represents the stress at the transmitting end. After shifting and superimposing,
the relationship between stress and time at both ends of the pressure bars can be obtained. It can be
observed that the superimposed wave and the transmitted wave overlap almost perfectly, with similar
amplitudes, indicating that stress equilibrium has been achieved at both ends of the specimen.

3.2 Dynamic Compressive Strength Characteristics
The impact velocity of the spindle-shaped projectile can be calculated from the time collected

by the timer. The incident stress amplitude can be obtained by multiplying the incident voltage
amplitude by the conversion coefficient corresponding to the strain gauge model. After processing the
raw data using the MySHPB software provided with the instrument, parameters such as the average
strain rate and dynamic compressive strength of the coupled specimen can be determined. The SHPB
experimental data for the rock-CTB specimen are presented in Table 3.

Table 3: Test results of mechanical properties of rock backfill under uniaxial impact

Specimen no. Impact velocity
(m/s)

ASR (s−1) Incident stress
(MPa)

Dynamic
compressive
strength (MPa)

3-3 3.12 27.45 48.16 1284.70
3-5 3.51 29.46 55.53 1407.00
4-6 4.00 37.75 64.62 2383.30
5-4 5.08 46.80 80.77 589.26
6-2 5.73 54.81 92.88 635.67
6-5 5.88 56.39 92.88 431.44
6-3 5.91 57.44 92.88 662.62
6-4 6.03 59.53 96.22 630.56
7-2 6.53 63.38 106.01 491.37
7-6 7.08 68.73 111.06 588.77

The impact velocity of the spindle-shaped projectile can be calculated from the time collected
by the timer. The incident stress amplitude can be obtained by multiplying the incident voltage
amplitude by the conversion coefficient corresponding to the strain gauge model. After processing the
raw data using the MySHPB software provided with the instrument, parameters such as the average
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strain rate and dynamic compressive strength of the coupled specimen can be determined. The SHPB
experimental data for the rock-CTB specimen are presented in Table 3.

Fig. 4 depicts the relationship between the average strain rate of rock-CTB specimens and impact
velocity. As observed from the graph, with the increase in impact velocity, the average strain rate of
rock-CTB specimens also increases, reaching a maximum of 68.73 s−1. This trend exhibits a linear
positive correlation, and Eq. (1) represents the fitted relationship, with a coefficient of determination
R2 = 0.994.

ε̇ = 10.74v − 6.59 (1)

The dynamic compressive strength of rock-CTB specimens exhibits a trend of initially increasing,
then decreasing, and eventually stabilizing with the rise in average strain rate. When the average strain
rate is less than 45 s−1, a significant strain rate effect is evident in rock-CTB specimens, characterized by
a rapid variation in strain rate. In this regime, the dynamic compressive strength rapidly increases with
the augmentation of the average strain rate. For instance, within the range of 27 to 38 s−1, there is a 41%
increase in strain rate, resulting in a surge of dynamic compressive strength from 1284.7 to 2383.3 MPa,
marking an 86% increment. Beyond an average strain rate of 45 s−1, the rock-CTB specimens approach
the ultimate carrying limit of the impact load, and the dynamic strength tends to stabilize. Within the
range of 49 to 69 s−1, a 41% increase in strain rate is observed. However, the dynamic compressive
strength experiences a marginal decrease from 406.43 to 405.01 MPa, reflecting a minimal reduction
of 0.03%. The strain rate effect diminishes as the average strain rate exceeds 45 s−1. Utilizing Gaussian
fitting provides a satisfactory expression for the relationship between dynamic compressive strength
and average strain rate. The fitted curve aligns well with the data, as represented by Eq. (2), with a
coefficient of determination R2 = 0.9545.

y = 567.56 + 24630.1e−2( x−35.33
9.7 )

2

9.7
√

π

2

(2)

Figure 4: The relationship between average strain rate and impact velocity and dynamic compressive
strength
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3.3 Deformation Characteristics Analysis
The stress-strain curve can reflect the deformation characteristics of the specimen during impact

loading. As shown in Fig. 5, the stress-strain curve of the rock-CTB specimen at a strain rate of
46.80 s−1 can be roughly divided into three stages: linear elastic stage (OA), nonlinear yielding stage
(AB), and failure stage (BC).

In the OA stage, the loading rate of the impact is extremely high, and most of the energy
absorbed by the specimen is converted into internal elastic strain energy, with the specimen exhibiting
linear elastic deformation as a whole. Stress concentrations occur near the initial microcracks, while
a small portion of the energy is dissipated to drive microcrack nucleation and development. This
process can be interpreted by linear elastic fracture mechanics (LEFM), where microcracks accumulate
damage under stress concentration without propagating into unstable cracks. During the AB stage, the
specimen enters the nonlinear yielding region. The accumulated strain energy is gradually released and
transformed into the dissipated energy required for crack propagation. Initial microcracks continue to
extend, and new cracks are generated, leading to progressive material damage until the peak strength
is reached at point B. This process is consistent with the “critical strain energy release rate” theory
in dynamic fracture mechanics, indicating that crack propagation under high strain rates depends
not only on the applied stress but also on the rate of energy release. In the BC stage, cracks further
propagate and coalesce, eventually forming macroscopic cracks parallel to the loading direction,
resulting in tensile splitting failure. This behavior is consistent with the interface weakening mechanism
in composite materials: due to the mechanical property differences between rock and the CTB material,
stress concentrations readily induce failure at the rock-CTB interface and within the filling material.

The stress-strain curves of rock-CTB specimens under different strain rates, as illustrated in Fig. 5,
reveal slight variations in deformation characteristics before the dynamic peak strength and present
two distinct types after the dynamic peak: “stress drop” and “stress rebound.” For strain rates below
50 s−1, the “stress drop” type curve is observed, where the specimen strain remains relatively constant,
and stress rapidly decreases after reaching the peak. Combining this observation with the information
in Table 4, it is inferred that no catastrophic failure occurred during loading, and the specimen retains
partial load-bearing capacity. After reaching the peak strength, internal microcracks develop, surface
cracking occurs, and irreversible deformation ensues. Consequently, stress rapidly declines to residual
strength, while strain remains relatively constant. This phenomenon can be explained by stress wave
transmission and attenuation theory. At relatively low strain rates, the energy exchange between
reflected and transmitted waves is limited, and the crack propagation rate is insufficient to trigger
a recovery of secondary load-bearing capacity. When the strain rate reaches approximately 60 s−1,
a “stress rebound” type curve appears, characterized by a stress drop after the peak followed by a
secondary rise. This behavior arises because the wave impedances of the rock and the CTB material
differ by an order of magnitude, causing strong reflection of the incident wave at the interface between
the two media. Part of the stress wave is reflected back onto the specimen, resulting in localized stress
re-concentration. The CTB material, having a lower strength than the rock, fails preferentially and
exhibits a conical failure pattern, with the residual area on the side contacting the rock larger than that
on the side in contact with the transmission bar. This phenomenon can be attributed to the multiple
reflection–superposition effect of stress waves in composite materials. The impedance mismatch at
the interface causes local energy re-accumulation, producing a “secondary loading” effect, which
manifests as stress rebound on the stress–strain curve. When the strain rate exceeds 60 s−1, the stress
rebound becomes more pronounced, as most of the elastic energy absorbed by the rock is transferred to
the CTB material. Due to the lower compressive strength of the CTB material compared to the rock, it
undergoes comminution failure and loses load-bearing capacity. This observation indicates that under
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high strain rate conditions, the failure mechanism of the composite system shifts to a brittle mode
induced by energy concentration.

Figure 5: Stress-strain curves of coupled body at different strain rates

Table 4: Failure form and evaluation table of some rock backfill coupled body

Group number ASR (s−1) Form Evaluation

3-3 27.45 The rock specimens and filling material
specimens remain intact.

4-5 41.77 The rock specimens are intact, while
radial and axial cracks appear in the
filling material specimens.
Macroscopically, the specimens remain
stable.

5-4 46.80 The rock specimens remain intact,
while the filling material specimens
exhibit an increased number of radial
and axial cracks. Spalling occurs on the
side in contact with the transmission
rod, but macroscopically, the specimens
remain stable.

(Continued)
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Table 4 (continued)

Group number ASR (s−1) Form Evaluation

6-3 57.44 The rock specimens remain intact,
while the filling material undergoes
fragmentation. There is an increased
occurrence of spalling on the side in
contact with the transmission rod.
However, some load-bearing capacity is
still retained.

7-1 60.73 The rock specimens remain intact,
while the filling material undergoes
extensive fragmentation, exhibiting a
conical shape. The remaining area on
the side in contact with the
transmission rod is smaller than on the
side in contact with the rock. However,
some residual strength is retained.

7-6 68.73 The rock specimens exhibit minor axial
cracks, while the filling material
undergoes fragmentation, experiencing
complete instability.

3.4 Failure Form Analysis
The failure modes of rock-CTB specimens under single impacts at different strain rates in the

SHPB apparatus vary, as indicated in Table 4.

At an average strain rate of 27.45 s−1, both the rock and filling material specimens remain intact.
As the average strain rate increases to 41.77 s−1, cracks begin to appear in the filling material specimens,
yet a significant portion of strength is retained, while the rock specimens remain intact. Further, at an
average strain rate of 46.80 s−1, the degree of cracking and damage in the filling material increases, with
some spalling occurring on the side in contact with the transmission rod. However, the rock specimens
remain intact. As the average strain rate further rises to 57.44 s−1, the extent of cracking and damage
in the filling material significantly increases, accompanied by an increased level of spalling, yet some
load-bearing capacity is retained. The rock specimens remain intact. Upon reaching an average strain
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rate of 60.73 s−1, the filling material experiences fragmentation and instability, presenting a conical
shape. The area in contact with the transmission rod is smaller than the area in contact with the
rock. However, the rock specimens remain intact. At an average strain rate of 68.73 s−1, the filling
material undergoes complete fragmentation and instability, losing its load-bearing capacity, while the
rock specimens exhibit minor cracking. In summary, the critical strain rate for the filling material to
undergo fragmentation and instability is in the range of 50 to 60 s−1. Analyzing the stress-strain curves
within the experimental parameter range, it can be concluded that the critical strain rate for filling
material fragmentation and instability in rock-CTB specimens is around 55 s−1.

The transition from the ‘stable crack growth stage’ to the ‘unstable fragmentation stage’ reveals
the emergent characteristics of the composite system: once the micro-damage evolution in the CTB
reaches a critical threshold, it triggers a nonlinear mutation in the macroscopic mechanical response.
Such phenomena not only reflect the redistribution of energy between the rock and the CTB, but
also indicate that, at higher strain rates, the rock component gradually assumes the role of energy
absorption, with the dominant energy-dissipating unit shifting from the CTB to the surrounding
rock. This dynamic coupling mechanism provides experimental evidence for understanding the layered
damage patterns and multi-scale energy dissipation behavior of composites under impact loading.

3.5 Energy Dissipation Analysis
In accordance with the law of conservation of energy, it is imperative to recognize that the

deformation and failure process of rock-CTB specimens inherently involves changes in energy. In the
field of dynamics, the assessment of energy variation in impact experiments for rock-CTB specimens
is commonly expressed in terms of absorbed energy. The relationship among incident energy (W1),
reflected energy (WR), transmitted energy (WT , and absorbed energy (WS) can be articulated as
follows [12]:

W1 = ACE
∫ t

0

ε2
i (t)dt (3)

WR = ACE
∫ t

0

ε2
r (t)dt (4)

WT = ACE
∫ t

0

ε2
t (t)dt (5)

WS = W1−WR − WT (6)

Here, A represents the cross-sectional area of the incident rod, C is the elastic stress wave velocity,
E is the elastic modulus of the waveguide rod, εi is the incident strain, εr is the reflected strain, and εt

is the transmitted strain. In accordance with the experimental findings, the energy characteristics of
the rock-CTB coupled specimens are presented in Table 5.

Table 5: Energy calculation results of rock-CTB specimen SHPB experiment

Specimen
identification

ASR (s−1) Incident energy
(J)

Reflected
energy (J)

Transmitted
energy (J)

Absorbed
energy (J)

3-3 27.45 9.19 7.58 0.19 1.41
3-5 29.46 12.04 8.76 0.54 2.74
4-6 37.75 22.09 18.04 0.7 3.35

(Continued)
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Table 5 (continued)

Specimen
identification

ASR (s−1) Incident energy
(J)

Reflected
energy (J)

Transmitted
energy (J)

Absorbed
energy (J)

5-4 46.80 26.45 22.11 0.59 3.75
6-2 54.81 34.38 29.91 0.52 3.95
6-5 56.39 37.11 33.3 0.31 3.5
6-3 57.44 35.95 33.14 0.35 2.41
6-4 59.53 38.1 34.91 0.37 2.82
7-2 63.38 46.62 42.57 0.43 3.62
7-6 68.73 52.53 46.33 0.57 5.63

As depicted in Fig. 6, a relationship chart between average strain rate and absorbed energy,
incident energy, reflected energy, and transmitted energy was constructed based on the data presented
in Table 5. It can be observed that incident energy and reflected energy exhibit a proportional
relationship with the average strain rate of the rock-CTB specimen. When the average strain rate is
below 54.81 s−1, absorbed energy increases with the rise in average strain rate. In the range of average
strain rates from 54.81 to 68.73 s−1, absorbed energy first decreases and then increases. Absorbed
energy reaches a minimum at an average strain rate of 57.44 s−1, coinciding with the experimental
observation that the filling material specimen has experienced spalling, losing its load-bearing capacity.
At this point, the absorbed energy has reached its limit, indicating an inability to absorb more energy.
As the average strain rate continues to increase, the filling material specimen absorbs a certain amount
of energy before failure. During this phase, only the rock specimen absorbs energy, illustrating the
process of increased energy absorption with the rise in average strain rate. It is noteworthy that the
transmitted energy is consistently less than 1 J. This is attributed to the significant impedance mismatch
between the rock, filling material, and the incident rod [17], resulting in minimal stress wave reception
by the transmitted rod. As a consequence, the transmitted energy is negligible.

Figure 6: (Continued)
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Figure 6: Diagram of energy change of rock-CTB specimen at different strain rates

4 Numerical Simulation of the Mechanical Properties of Rock-CTB Specimens
4.1 Simulation Methods and Parameters

As shown in Fig. 7, a numerical model of the filling material specimen with a diameter of 50 mm
and thickness of 50 mm was established. Simultaneously, numerical models of incident and transmitted
rods, both with a diameter of 50 mm and length of 2 m, were created. A spindle-shaped projectile
was employed to impact the incident rod, generating stress waves to achieve constant strain rate
loading. The simulation initiated by applying an initial velocity on the left side of the striker. After
a certain duration, the striker collided head-on with the end of the incident rod at a set velocity,
generating a sinusoidal wave similar to the SHPB experimental setup. Different impact velocities were
utilized to achieve various strain rates. The model was discretized with 397,688 tetrahedral elements.
The simulation duration for each case was 1.2 ms, and the end of the transmitted rod was set as
a transparent boundary to replicate the effects of the absorptive rod and cushioning device in the
experiment.

Figure 7: Diagram of energy change of rock-CTB specimen at different strain rates

During the numerical model simulations, the parameters for the filling material and rock were
determined based on measurements from the experiments.

The CTB has a density of 2000 kg/m3, an elastic modulus of 2.84 GPa, a Poisson’s ratio of 0.3,
normal and tangential stiffness of 1 × 108 MPa/m each, cohesive strength of 2.02 MPa, an internal
friction angle of 35°, and tensile strength of 0.84 MPa.
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The rock has a density of 3300 kg/m3, an elastic modulus of 27 GPa, a Poisson’s ratio of 0.2,
cohesive strength of 11 MPa, an internal friction angle of 65°, and tensile strength of 10 MPa. These
experimentally measured parameters were employed in the numerical calculations.

4.2 Model Establishment
The rock-CTB specimen was established in GDEM as illustrated in Fig. 8. Both the filling material

and the rock have a length of 25 mm and a diameter of 50 mm. One end of the rock is in contact with
the incident rod, while one end of the filling material is in contact with the transmitted rod, faithfully
replicating the impact experiment described in Section 3. On the upper surface, fiv e monitoring points
(designated as points 1 to 5) were set at 1 cm intervals along the axial direction from the center. The
projectile’s impact velocity was set at 3 m/s.

Figure 8: The backfill rock coupling model with direct contact between backfill and rock

4.3 Simulation Methods and Parameters
The axial velocity time history curves for monitoring points 1 to 5 are depicted in Fig. 9.

Figure 9: Time history curve of vibration velocity in vertical direction

From Fig. 9, it can be observed that the waveforms of the three monitoring points located on
the rock are essentially consistent. Points 2 and 3 exhibit larger fluctuations, indicating that the rock
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experiences axial velocity fluctuations due to the reflective effect from the CTB. Monitoring point 3
on the rock has a relatively large axial velocity, measuring 3.26 m/s. In the CTB, the axial velocity is
greater on one side facing the rock, and the fluctuation pattern is more consistent. The peak axial
velocity in the axial direction is 2.12 m/s.

From Fig. 10, it is evident that at 109.77 μs, the incident wave has propagated from the rock
to the CTB. Micro-cracks start to form on the side of the CTB in contact with the rock. As time
progresses, these cracks gradually develop. By 400 μs, both lateral and longitudinal cracks appear on
the surface of the CTB, resulting in slight deformation. The surface area on the side in contact with the
transmitted rod is greater than that on the side in contact with the rock. The maximum displacement
of the rock is 0.55 mm, while the maximum displacement of the CTB occurs on the side in contact
with the transmitted rod, measuring 0.14 mm.

Figure 10: Vertical displacement diagram

Combining the data from Figs. 11 and 12, the analysis reveals that the axial stress variation trends
for the rock and CTB are essentially consistent before 300 μs. However, after 300 μs, the axial stress
of the rock exhibits directional fluctuations, possibly due to the reflective effect of the CTB. The
magnitude of axial stress fluctuations in the CTB is smaller compared to that in the rock, and the
stress reduction occurs earlier in the CTB, possibly due to its lower density and its capacity to absorb
energy. The peak axial stress for the rock occurs at point 1, measuring 8.92 MPa, while for the CTB,
it appears at point 4, measuring 2.82 MPa. Before 100 μs, the radial stress in the CTB is opposite in
direction to that in the rock, and the radial stress in the CTB is larger than that in the rock. From 100 to
300 μs, the maximum radial stress is observed at monitoring point 3, possibly due to the frictional force
between the rock and the CTB. After 300 μs, the trends in stress variation among the five monitoring
points become consistent. The peak axial stress for the rock is located at point 1, measuring 9.69 MPa,
while for the CTB, it is at point 5, measuring 7.84 MPa. The peak radial stress for the rock occurs at
point 2, measuring 1.41 MPa, whereas for the CTB, it is at point 4, measuring 2.82 MPa.
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Figure 11: Stress time history curve in the vertical direction

Figure 12: Horizontal stress time history curve

The numerical simulations not only agree with the experimental results in terms of the stress–strain
evolution trends, but also reveal the meso-scale failure mechanisms within the composite system. The
simulations indicate that crack initiation and propagation at the rock-CTB interface play a dominant
role during stress wave transmission, which is closely related to the advantages of the discrete element
method (DEM) in capturing crack evolution and energy dissipation characteristics. Nevertheless, the
present modeling still has certain limitations: (i) the interface conditions between rock and CTB were
simplified, without fully accounting for actual roughness and bonding heterogeneity; (ii) the material
parameters were primarily determined from macroscopic mechanical tests, while sensitivity analyses
of meso-scale parameters remain insufficient; and (iii) although GDEM can effectively describe crack
evolution, it inevitably idealizes the propagation of stress waves in continuous media.

From a theoretical perspective, the numerical results highlight a ‘threshold effect’: when stress
fluctuations in the CTB exceed a certain level, the associated energy absorption and crack evolution
induce nonlinear mutations in the macroscopic stress–strain response. This phenomenon is consistent
with continuum mechanics principles of stress wave scattering, interfacial friction, and energy redistri-
bution in composite media. Therefore, the integration of experimental and numerical approaches not
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only validates the energy absorption and dissipation functions of the CTB, but also provides important
insights into the mechanisms of stress wave propagation and fracture evolution in rock-CTB systems.

5 Conclusion

In this study, a series of experiments were conducted on rock-CTB specimens, including SHPB
uniaxial impact tests, energy dissipation tests, and computer numerical simulation experiments, to
explore their dynamic mechanisms and deformation evolution characteristics. The conclusions drawn
are as follows:

(1) In the SHPB experiments, the amplitude of the transmitted wave is nearly equal to the
superimposed wave of the incident and reflected waves, with their waveforms overlapping. Stress
equilibrium is achieved at both ends of the rock-filled specimens.

(2) When the average strain rate of the rock-CTB specimen ranges from 27.45 to 68.73 s−1, the
impact velocity increases with the increase in average strain rate, while the dynamic compressive
strength shows an initial increase followed by a decrease before stabilizing as the average strain rate
rises.

(3) The stress-strain curve of the rock-CTB specimen exhibits a “stress drop”type below an average
strain rate of 60 s−1, while it demonstrates a “stress rebound” type above 60 s−1.

(4) The incident energy and reflected energy of the rock-CTB specimen increase with the increase
in average strain rate, while the absorption energy shows an initial increase, followed by a decrease
before increasing again. Transmitted energy can be neglected.

(5) Utilizing GDEM software, the SHPB uniaxial impact process of the rock-CTB specimen was
simulated. The simulation results revealed the occurrence of both lateral and longitudinal cracks on
the surface of the filling material. Deformation on the side of the filling material in contact with
the transmitted rod was greater than that on the side in contact with the rock, thus validating the
correctness of the experimental conclusions.

This study provides important guidance for optimizing the blasting-induced ore caving process in
CTB mining. By clarifying the dynamic characteristics of the rock-CTB system, it offers a theoretical
basis for the rational design of CTB strength and mix proportions, the control of blasting energy input,
and the reduction of surrounding rock damage. Moreover, the results supply experimental support
for establishing constitutive models and numerical simulations under complex coupling conditions.
In the future, the proposed methods and findings may be extended to other engineering fields, such
as tunnel excavation, underground energy storage, and seismic dynamic response, thereby offering
new approaches for evaluating the stability and engineering applications of rock-CTB systems under
dynamic loading.

Despite these advances in revealing the dynamic behavior and failure mechanisms of rock-CTB
composites at high strain rates, several issues remain to be addressed. First, this study focused on
a single mix proportion of the CTB; future work should consider the effects of different cementing
agents, mix ratios, and curing ages on the dynamic performance of the composites to build a
more comprehensive mechanical property database. Second, the present experiments were limited to
uniaxial impact loading, whereas actual mining conditions are more complex. Future investigations
should incorporate triaxial loading, cyclic impacts, and multi-field coupling to better approximate in-
situ conditions. Finally, integrating laboratory results with field monitoring and industrial-scale tests
will be essential to bridge the gap between experiments and practice, thereby supporting the safe and
efficient application of CTB mining in complex underground environments.
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