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Abstract:
Deep mining safety relies on the dynamic stability of cemented tailings backfill; however,
its failure mechanisms in intricate loading scenarios are not yet well understood. This study
utilized a split Hopkinson pressure bar apparatus to investigate the dynamic mechanical
characteristics of this material, specifically contrasting its response under single and
repeated impact loads. The results indicated that both compressive and tensile strengths
exhibit a pronounced dependency on the strain rate. A significant contribution of this
work is the identification of a unique spalling circumferential fracture pattern under
cyclic impact loading for the first time, which stands in contrast to the axial splitting
failure observed during single impacts. Numerical simulations further demonstrated that
this unique failure mode arises from compression-induced plastic damage. Besides, while
the energy absorption capacity exhibits strain-rate hardening, cyclic loading triggers a
progressive degradation of energy dissipation efficiency. Compared to natural rocks, the
backfill exhibits an enhanced peak stress under repeated impacts, particularly at lower
loading rates. This research offers novel perspectives on the fracturing characteristics and
rate-dependent behavior of cemented tailings backfill, contributing to the enhancement of
safety protocols in deep mining engineering operations.

1. Introduction
Cemented tailings backfill (CTB) is employed extensively

in underground metallic mines to ensure structural stability.
However, with rising mining depth and scale, CTB is increas-
ingly subjected to complex dynamic loading, with strain rates
typically ranging from 10−1 and 103 s−1, such as blasting and
machine excavation (Liu et al., 2020; Wang et al., 2022, 2025a;
Liu et al., 2026). To ensure the integrity of backfill materials,

it has been a critical challenge to understand the complex
dynamic mechanical behavior and failure mechanisms un-
der these medium-to-high strain rate perturbations (Chen et
al., 2021; Wang et al., 2024a, 2025b; Liu et al., 2025b).

Extensive research has characterized the dynamic com-
pressive behavior of CTB, revealing pronounced strain-rate
sensitivity and energy dissipation patterns. For instance, it
has been demonstrated through split Hopkinson pressure bar
(SHPB) tests that the peak dynamic stress increases with high-
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Fig. 1. Particle size distribution and cumulative gradation
curve of tailings sand.

Table 1. Mineral composition and proportion of tailings sand
(wt%).

Quartz Potassium
feldspar

Plagioclase
feldspar Calcite Mica Gypsum Kaolinite

54.9 2.6 6.9 2.0 31.7 0.6 1.3

er cement-to-tailings ratios and impact velocities, while the
dynamic strength enhancement factor escalates with the strain
rate (Tan et al., 2019; Wang et al., 2024b). Similarly, dy-
namic strength exhibits a positive strain-rate dependence,
often modeled by exponential functions, across various mixing
ratios (Cao et al., 2018). Energy analyses indicated non-
monotonic dissipation, with absorbed energy rising initially
and then declining as strain rates increase (Zheng et al., 2021).
Studies on layered CTB further showed that dynamic com-
pressive strength and brittleness diminish with more layers
and is influenced more by inclination angles than layer counts
(Xue et al., 2021; Zhu et al., 2024). In related geomaterials
and backfills, higher cementitious content enhances dynamic
compressive strength within specific ranges, accompanied by
aggregate grading effects that yield inconsistent strain-rate
responses (Hou et al., 2023; Li et al., 2023; Xu et al., 2025a).
These findings, derived from SHPB and similar high-strain-
rate techniques, have advanced our understanding of material
composition and structural influences on dynamic performance
(Bischoff and Perry, 1991; Liu et al., 2019; Han et al., 2022;
Qu et al., 2023).

Despite the above advances, two critical gaps have re-
stricted the insights into CTB performance in underground
mining environments where tensile and repetitive stresses are
common. Systematic data and mechanisms of dynamic tensile
behavior are relatively scarce, while static tensile properties,
including constitutive relations and failure modes, have been
explored under various conditions (Zhu et al., 2025; Zou
et al., 2025b). Dynamic tensile strengths, strain-rate depen-
dencies, failure initiation, and crack propagation under high-
speed impacts remain poorly quantified, while they potentially
lead to catastrophic structural failures. Besides, the damage

accumulation, failure modes and strength evolution under
cyclic impacts are unclear, although a preliminary study found
that peak stress under cyclic loading can be double that of
single impacts with reduced fracturing (Tan et al., 2020; Liu
et al., 2024). The detailed processes of progressive energy
dissipation and fracture patterns are underexplored, risking the
underestimation of long-term stability in blasting scenarios.
These gaps arise fundamentally from the limitations of exper-
imental methods, such as inadequate designs for tensile and
cyclic loading in conventional SHPB setups and insufficient
mechanistic analyses.

To address the above limitations, this study employed a
pendulum-based SHPB system to conduct systematic exper-
iments on CTB, encompassing dynamic tensile tests, uni-
axial compression tests, and cyclic impact tests. This ap-
proach enabled the comprehensive characterization of strain-
rate dependencies, failure initiation, crack propagation, dam-
age accumulation, and strength evolution under high-speed
and cyclic loading conditions. Notably, a distinctive compres-
sive plastic failure mode was identified for the first time in
cyclic impact scenarios, revealing progressive energy dissi-
pation trends and fracture patterns. Furthermore, Livermore
Software Technology Corporation’s Dynamic Analyzer (LS-
DYNA) software was utilized to simulate the compressive
plastic failure processes, providing mechanistic insights into
the associated strength characteristics and non-homogeneous
stress distributions. The findings of this study enhance the pre-
dictive modeling of CTB performance in underground mining
environments, mitigating risks from tensile vulnerabilities and
cyclic disturbances.

2. Experimental setup and method

2.1 Sample preparation
CTB specimens in this study were prepared using tailings

sand, cement and water as raw materials. The tailings sand was
sourced from a gold mine in Shandong Province, China. Its
particle size distribution and gradation curve were measured
using a Winner-2308 laser particle size analyzer. As shown
in Fig. 1, the d10, d30, d60, d90 values of this tailing sand
are 2.10, 6.35, 27.8, and 173 µm, respectively, indicating
that 10%, 30%, 60%, and 90% of the particles are smaller
than these corresponding sizes. The inhomogeneity coeffi-
cient (Cu) and curvature coefficient (Cc) of the tailings sand
were calculated as 3.024 and 0.691, respectively, indicating
its relatively uniform but loosely graded characteristic. The
mineral composition of tailings sand is shown in Table 1.
To replace ordinary cement, one-part alkali-activated slag, an
environmentally friendly homemade binder composed of more
than 90 wt% industrial solid waste, was adopted. This binder
comprised 67.83 wt% ground granulated blast furnace slag,
25.92 wt% desulfurization gypsum, and 6.25 wt% hydrated
lime. More detailed physical and chemical information about
one-part alkali-activated slag can be found in the literature
(Zhu et al., 2022). Compared with ordinary Portland ce-
ment, this alternative binder produces less hydration heat
and exhibits improved slurry fluidity within 20 h, which are
advantageous for mining operations. The binder content was



Liu, L., et al. Advances in Geo-Energy Research, 2026, 19(2): 101-117 103

Designed binders Gold tailings Water

Curing

Sample moldsMortar mixer

Mixing

Cutting

50 mm

25
 m

m
50

 m
m

Prepared samples

Raw 
materials

Standard curing box

28 days

Pouring

50 mm
10

0 
m

m
Cured samples

Fig. 2. Preparation and curing procedures of CTB specimens.

Table 2. Static physical and mechanical parameters of CTB
specimens.

Density
(kg/m3)

UCS
(MPa)

Elastic modulus
(GPa)

Poisson’s
ratio (-)

2,036 4.103 0.741 0.18

established at 10% (corresponding to a cement-to-tailings mass
ratio of 1:9), with the slurry mass concentration maintained at
73%, reflecting common field practices.

The specimen preparation procedure is presented in Fig. 2.
The CTB materials were prepared according to the specified
mix ratio, and water was added using a mechanical mixer
to ensure uniform blending. The slurry was introduced into
cylindrical molds with dimensions of 50 mm in diameter and
100 mm in height. Immediately after casting, the molds were
placed in a curing chamber maintained at a temperature of
20± 2 ◦C and a humidity of 90%± 5% for 28 d. Uniaxial
compressive static experiments were conducted on the hard-
ened samples at a displacement rate of 0.05 mm/min, with the
outcomes presented in Table 2.

Adhering to the procedures outlined by the International
Society for Rock Mechanics, the samples were precisely
shaped to meet standard specifications of 50 mm × 50 mm
for cylindrical forms and 50 mm × 25 mm for disc-shaped
ones. The end-face unevenness of the cylindrical specimens
was required to be less than 0.01 mm, and that of the disc
specimens to be less than 0.02 mm. The 50 mm × 50 mm

cylindrical specimens were used for dynamic compression
tests under single and cyclic impact loadings (i.e., dynamic
uniaxial compression tests and cyclic impact tests), while the
50 mm × 25 mm disc specimens were used for dynamic
Brazilian tensile tests. Although different specimen sizes were
employed for tensile and compression tests, both specimen
dimensions strictly adhered to the International Society for
Rock Mechanics methodology and satisfied stress equilibrium
conditions during testing. The results from both specimens
were analyzed complementarily rather than comparatively. In
this way, the influence of specimen size on test outcomes was
negligible.

2.2 Testing apparatus
To investigate the effects of impact strain rate and the

number of cyclic impacts on the dynamic properties and dam-
age characteristics of CTB, a pendulum-style SHPB apparatus
was utilized to carry out experiments at strain rates from
moderate to elevated levels. As depicted in Fig. 3, the SHPB
setup comprises a pendulum-powered loading assembly, an
incident bar, a transmission bar, an energy absorber, and a data
collection system. More detailed information can be found in
the literature (Deng et al., 2025).

In this study, Brazilian tension tests, dynamic uniaxial
compression tests and cyclic impact tests were performed on
the prepared CTB specimens. All tests were conducted on the
SHPB system using different loading methods, as illustrated
in Fig. 3. Test data was recorded via strain gauges mounted
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Fig. 3. Pendulum-type SHPB apparatus and loading configurations for CTB tests.

on the incident and transmission bar. Stress wave equilibrium
was confirmed in all experiments. The mechanical behavior
of the specimens under varying dynamic loading conditions
was analyzed in terms of stress-strain response and failure
morphology.

Throughout the experiments, speckle patterns were sprayed
onto the specimen surfaces, while a high-speed charge coupled
device camera was used in conjunction with digital image
correlation (DIC) to record the complete deformation and
fracture evolution across the entire field. The specific principle
is to select the first image as the reference image, to compare
the changes of the scattered spots on the subsequent images
to obtain the small strains at that point, and finally to form the
distribution of the strain field on the whole image. The camera
was operated at a frame rate of 67,000 frames per second,
corresponding to a temporal resolution of approximately 15 µs
per frame. Given the inherent variability of high-speed impact
tests, three specimens were tested independently under each set
of experimental conditions to ensure repeatability and reduce
statistical error.

Prior to the formal experiments, a series of preliminary
experiments were conducted to select the pendulum angle.
Specifically, minimum angle is defined as the angle at which
the pendulum first causes specimen failure, with the corre-
sponding impact velocity as the minimum speed. The test
conditions were determined by increasing the impact velocity
in incremental steps of 0.5 m/s. The testing matrix is presented
in Table 3.

2.3 Data interpretation method
During the SHPB experiment, strain gauges affixed to the

incident and transmission bars captured the profiles of incident,
reflected, and transmitted strains. Based on one-dimensional
elastic stress wave theory, the stress-strain response of the
specimen is calculated after stress equilibrium is achieved
(Kolsky, 1949; Lifshitz and Leber, 1994; Yao et al., 2017):

σ(t) =
AbEb

2As
[εi(t)+ εr(t)+ εt(t)] (1)

ε(t) =
Cb

Ls

∫ t

0
[εi(t)− εr(t)− εt(t)]dt (2)

ε̇(t) =
Cb

Ls
[εi(t)− εr(t)− εt(t)] (3)

where Ls denotes the length of specimens; t refers to time;
σ(t), ε(t), and ε̇(t) represent the axial compressive stress,
axial strain, and strain rate of the specimen, respectively; εi(t),
εr(t), and εt(t) denote the strain histories of incident, reflected
wave, and transmitted wave, respectively. The cross-sectional
area A, elastic modulus E, length L, and P-wave speed Cb are
specified prior to data interpretation. Subscripts “b” and “s”
refer to the bar and specimen, respectively.

Similarly, for the Brazilian tensile specimen, the dynamic
forces P1(t) and P2(t) acting along the axial direction at the
ends of the specimen can be calculated as: (Kolsky, 1963;
Bieniawski and Hawkes, 1978):

P1(t) = AbEb [εi(t)+ εr(t)] (4)
P2(t) = AbEbεi(t) (5)
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Table 3. Experimental matrix for SHPB compression, cyclic
impact, and Brazilian tensile tests.

Type Sample
size (mm2) Number Pendulum

angle (◦)
Number
of cycles

Dynamic
uniaxial
compression
tests

Cylinder:
50×50

A25 43 1

A30 52 1

A35 61 1

A40 71 1

A45 82 1

A51 97 1

Cyclic
impact
tests

Cylinder:
50×50

C30/C35 52/61 1

C30/C35 52/61 2

C30/C35 52/61 3

C30/C35 52/61 4

C35 52/61 5

Brazilian
tensile
tests

Disk:
50×25

B20 43 1

B25 52 1

B30 61 1

B35 71 1

B40 82 1

where P(t) denotes the time-dependent dynamic force profile
applied to the bars during impact. Once stress equilibrium is
achieved, e.g., P1(t) = P2(t), the tensile stress at the center of
the disc specimen can be obtained as follows (Cho et al., 2003;
Liu et al., 2025a):

σT (t) =
AbEb [εi(t)+ εr(t)+ εt(t)]

2πdH
=

AbEbεt(t)
πdH

(6)

where σT (t) represents the tensile stress at the center of the
specimen, d and H represent the diameter and thickness of
the Brazilian disc specimen, respectively, and the rest of the
symbols have the same meaning as those in the compression
test. The tensile strength is defined as the maximum tensile
stress attained at the point of specimen failure. The σT (t) curve
includes a nearly linear section, where the slope indicates the
loading rate:

σ̇(t) =
σT (t)

t
(7)

Then, the tensile strain rate ε̇T (t) can be calculated as:

ε̇T (t) =
σ̇(t)
Es

(8)

where Es denotes the elastic modulus of the specimen, and
σ̇(t) is loading rate.

Furthermore, to quantify the influence of strain rate on the
dynamic strength of the specimen, the dynamic increase factor
(DIF) is calculated at various strain rates (Malik et al., 2018;
Lin et al., 2020; Song et al., 2024):

DIF =
σd

σs
(9)

where σd and σs are the dynamic strength and quasi-static
strength of the specimens, respectively.

The process of deformation and destruction of the CTB
is accompanied by the storage, transfer and consumption of
energy. The dissipative energy Wc of the CTB can be calculated
according to Eq. (10):

Wc =Wi −Wr −Wt (10)
where Wc represents the dissipative energy of the CTB; Wi,
Wr, and Wt refer to the energy of the incident, reflected, and
the transmitted waves, respectively, which can be determined
by the following equation (Zou et al., 2025a):

W = AbEbC
∫

ε
2
s (t)dt (11)

where εs(t) denotes the strain history in the bar of SHPB,
which includes the incident bar, the reflected bar, and the
transmitted bar.

3. Results
This section presents the results of CTB specimens under

dynamic tensile testing, dynamic uniaxial compression testing,
and cyclic impact testing. All test data were subjected to
analytical treatment, verifying the equilibrium state of stress
waves. The mechanical behavior of the specimens subjected
to various dynamic loading conditions was characterized
by analyzing stress-strain responses, DIC-derived strain field
evolution, damage development, and the associated failure
patterns. Notably, under cyclic loading, the fillers showed a
unique spalling fracture pattern along with the phenomenon
of strength enhancement.

3.1 Dynamic tensile behaviors of CTB
3.1.1 Stress balance check and force history

The tensile stress history on the center line of the speci-
mens obtained from the dynamic Brazilian splitting test of the
CTB under impact angle of 71 ◦ (strain rate of 38.08 s−1) are
presented in Fig. 4(a). This stress data was calculated from
strain gauge data affixed to the bars and Eq. (6). Once the
dynamic stress equilibrium was obtained, the historical curves
of tensile stress under different strain rates could be calculated
and presented in Fig. 4(b). Initially, the tensile stress increases
gradually, followed by a sharp rise. Then, it transitions into a
phase of approximately linear growth, culminating in specimen
failure at time t f , where the stress undergoes a precipitous
drop. The peak tensile strength at failure was calculated as
0.503 MPa based on Eq. (7), corresponding to a loading rate
of 35.513 GPa/s.

In this study, dynamic Brazilian splitting tests were con-
ducted at five different impact angles. The corresponding
parameters, including strain rate and peak tensile strength,
were calculated using Eqs. (4)-(8) and are summarized in Table
4.

To compare the dynamic tensile stress characteristics of
CTB under different strain rates, Fig. 4(b) presents the ten-
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Table 4. Statistical table of experimental data under dynamic splitting action.

Impact angle
(◦)/Impact
velocity (m/s)

Sample Loading
rate (GPa/s)

Strain rate
(s−1)

Dynamic
tensile peak
stress (MPa)

Average tensile
peak intensity
(MPa)

34/2.0

B20-1 5.952 8.054 0.178

0.172B20-2 5.583 7.555 0.171

B20-3 5.236 7.085 0.166

43/2.5

B25-1 18.923 25.606 0.279

0.278B25-2 19.356 26.192 0.284

B25-3 18.245 24.689 0.271

52/3.0

B30-1 19.905 26.935 0.327

0.337B30-2 23.889 32.326 0.346

B30-3 21.123 28.583 0.339

61/3.5

B35-1 25.237 34.150 0.412

0.410B35-2 24.368 32.974 0.401

B35-3 25.159 34.045 0.418

71/4.0

B40-1 31.291 42.342 0.512

0.504B40-2 28.140 38.078 0.498

B40-3 32.513 43.996 0.503
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Fig. 4. Typical dynamic Brazilian tensile test curve of CTB: (a) Tensile stress evolution at the impact angle of 71◦ (strain rate
of 38.08 s−1) and (b) historical curves of tensile stress under different strain rates.

sile stress histories of CTB specimens subjected to different
impact angles from 34◦ to 71◦. The tensile stress history
can be generally divided into four distinct stages: Stage I -
compaction, Stage II - linear elasticity, Stage III - yielding,
and Stage IV - failure. In Stage I, microcracks and pores
within the CTB are compacted under high-velocity impact,
resulting in nonlinear mechanical behavior. This is followed by
Stage II, where the material exhibits an approximately linear
elastic response. In Stage III, the accumulated elastic energy
leads to stress concentration around inherent flaws, such as
microcracks, which initiates their propagation. This process
continues until the tensile stress reaches its peak, marking the

ultimate tensile strength of CTB. The time required to reach
peak stress does not significantly decrease. Meanwhile, in rock
materials, the time required for the tensile stress curve to
reach peak strength at high strain rates is significantly reduced
(Feng et al., 2023). This difference may be attributed to the
relatively lower tensile strength of the CTB. During Stage IV
- failure, higher strain rates further increase the brittleness of
CTB, speeding up the progression of damage.

3.1.2 Tensile failure patterns of CTB

Strain field images captured at different time points on the
specimen surface aid in investigating the fracture mode of the
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Fig. 5. IC strain field distributions of CTB Brazilian discs under dynamic impact loading: (a) 61◦ impact angle, 3.5 m/s and
(b) 52◦ impact angle, 3.0 m/s.

Tensile fracture

Shear zone

61° impact 71° impact

Shear zone
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Impact Impact

Fig. 6. Typical failure patterns of CTB specimens in dynamic Brazilian tensile tests at different impact angles.

specimen. Fig. 5 presents the dynamic tensile damage process
of CTB specimens captured via DIC during Brazilian disc
splitting tests at impact angles of 52◦ and 61◦, with the impact
velocity of 3.5 and 4.0 m/s, respectively. The DIC results
successfully reproduce the primary failure process, confirming
the accuracy of the Brazilian disc test under dynamic loading.
As shown in Fig. 5(a), the crack first appears in the center of
the specimen, then extends and develops from the middle to
the two ends, which is a typical damage model of the Brazilian
disk center initiation crack. The damage configuration is simi-
lar for both impact angles: A tensile crack develops parallel to
the loading direction, while an axial crack propagates through
the entire specimen, splitting it into two separate parts. As the
impact angle (loading speed) increases, the tensile strain of the
specimen increases and a branching crack develops, creating
a shear damage zone at the two contact points of the disk.

In artificial CTB specimens, material heterogeneity leads to
the initiation of primary tensile cracks that propagate roughly
parallel to the impact direction, as illustrated in Fig. 6. These
axial cracks partition specimens into two discrete segments,
revealing two distinct failure modes: Tensile damage and shear
damage. The tensile failure mechanism, an inherent character-
istic of Brazilian disc testing, originates from the concentration
of central tensile stress. Meanwhile, shear damage develops
due to localized stress concentrations at specimen-loading rod
interfaces, with shear zone dimensions demonstrating notable
correlation with impact velocity.

3.2 Dynamic uniaxial compression behaviors of
CTB

The results of dynamic unconfined compression tests,
including strain rate, peak dynamic strength, average dynamic
strength, and dynamic strength increase factor at various
pendulum angles, were summarized in Table 5. The strain rates
of specimens corresponding to impact angles from 43◦ to 97◦

range from 36.81 to 89.20 s−1, falling within the intermediate-
to-high strain rate regime.

3.2.1 Stress balance check, stress strain curves and strain
rate effect

On the basis of the one-dimensional elastic wave theory,
the validity of dynamic unconfined compression tests using the
SHPB system relies on achieving dynamic stress equilibrium.
As depicted in Fig. 7(a), the combined incident and reflected
waves within the incident bar align closely with the transmitted
wave in the transmission bar, verifying that the cylindrical
CTB sample achieves uniform stress at both extremities.
Meanwhile, dynamic loading in SHPB tests is typically char-
acterized by strain rate, which is calculated using Eq. (3).
The time history of the strain rate during loading is presented
in Fig. 7(b). A plateau can be observed in the time window
between t0 and t1, where t0 denotes the moment the specimen
reaches dynamic stress equilibrium, and t1 corresponds to the
onset of a strain rate jump. The dynamic strain rate is taken
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Fig. 7. Dynamic compression test results of CTB: (a) Stress equilibrium verification, (b) strain rate history at 97◦ impact angle,
stress-strain curves at impact velocities of (c) 2.5-3.5 m/s, and (d) 4.0-5.1 m/s.

as the average value within this interval. For the specimen
impacted with the velocity of 5.1 m/s, the average strain rate
is calculated to be 93.13 s−1, further confirming the validity
of the dynamic compression test.

The dynamic stress-strain relationships of samples obtained
at various strain rates are shown in Figs. 7(c) and 7(d). The
results from the unconfined impact tests on the CTB indicate
a pronounced strain-rate dependence, with the DIF attaining
a peak value of 5.3, as summarized in Table 5. The stress-
strain responses measured under six different impact angles
can be partitioned into three stages: An elastic phase, a yield
phase, and a post-peak damage phase. During the post-peak
damage stage, the curves exhibit no elastic rebound and strain
continues to accumulate, indicating substantial plastic behavior
in the CTB specimens. Despite the presence of numerous
internal pores within the backfill material (Zhao et al., 2023;
Zhang et al., 2024b), the stress-strain curves under impact
loading bypass the compaction stage and directly enter the
elastic stage, where the dynamic stress-strain relationship ap-
proximates linear growth. Subsequently, the curves transition
into the yield stage, flattening as they near the peak stress. With
increasing impact angles, the dynamic peak strength of the
specimens rises, ranging from 4.03 to 21.76 MPa. Post-peak,
the specimens do not undergo crushing failure and maintain
residual load-bearing capacity. During this phase, accumulated

elastic strain energy is dissipated via internal defects and
surface microcracks, resulting in further deformation without
complete structural collapse. The data depicted in Table 5
suggests a discernible linear relationship between strain rate
and dynamic compression strength.

3.2.2 Failure pattern and DIC analysis

The dynamic deformation and failure behavior of CTB
specimens under impact angles of 82◦ are illustrated in Fig.
8. As observed in Fig. 8(a), micro-cracks oriented parallel to
the impact direction progressively develop on the specimen
surface. These cracks originate at the end in contact with the
transmission bar and then propagate and coalesce toward the
end attached to the incident bar, ultimately forming a network-
like structure. Nevertheless, the specimen exhibits no signif-
icant overall failure. In Fig. 8(b), the vertically concentrated
strain zone reflects the stress wave on the specimen surface,
which repeatedly travels along the axial direction between the
two ends of the specimen.

Three representative specimens were chosen for analysis
and are shown in Fig. 9. In the specimen with an impact
angle of 61◦, the small area of spalling damage appears only
at the end of the side surface, and the entire specimen is
not obviously damaged. When the impact angle is 82◦, the
damage is mostly due to shear-tensile failure. The end of the



Liu, L., et al. Advances in Geo-Energy Research, 2026, 19(2): 101-117 109

Table 5. Experimental data of CTB under dynamic uniaxial compression.

Impact angle
(◦)/Velocity
(m/s)

Sample Strain
rate (s−1)

Dynamic
peak stress
(MPa)

Dynamic
increasing
factor (-)

Average peak
stress (MPa)

43/2.5

A25-1 36.12 4.03 0.983

4.12A25-2 37.74 4.22 1.029

A25-3 36.81 4.12 1.005

52/3.0

A30-1 40.56 4.73 1.154

4.71A30-2 40.17 4.69 1.143

A30-3 40.64 4.59 1.120

61/3.5
A35-1 50.78 8.26 2.015

8.36
A35-2 51.21 8.45 2.061

71/4.0
A40-1 63.85 13.83 3.373

13.74
A40-2 64.91 13.64 3.327

82/4.5
A45-1 78.04 18.28 4.459

17.99
A45-2 75.44 17.69 4.315

97/5.1
A51-1 87.48 21.33 5.202

21.61
A51-2 93.13 21.76 5.307

Fig. 8. DIC strain field distributions of CTB specimens under dynamic uniaxial impact loading at 4.5 m/s: (a) εy strain field
and (b) εx strain field.

sample takes the worst hit, with cracks spreading axially from
there, and secondary cracks forming to connect the main ones.
Furthermore, as the impact angle increases, the sample starts
flaking off in chunks, with the transmitted rod end showing
even larger flaking areas.

Correlating Fig. 8 with Fig. 9, it is evident that the
failure mode of CTB under dynamic uniaxial compression is
characterized by splitting failure, predominantly marked by
cracks parallel to the loading direction. Furthermore, due to the
heterogeneity and multi-scale nature of the CTB material, the
specimen initially experiences surface spalling while retaining

a degree of internal structural integrity. This observation
indicates that CTB maintains a residual load-bearing capacity
following failure under dynamic loading, which is beneficial
for ensuring the safe operation of mines.

3.3 Dynamic uniaxial cyclic behaviors for CTB
Drawing from the outcomes of the dynamic uniaxial com-

pression experiments, two comparatively modest impact angles
(52◦ and 61◦) were chosen for cyclic dynamic loading to
guarantee that the specimen could endure several impacts pr-
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Fig. 9. Observed failure patterns of CTB specimens subjected to dynamic uniaxial impact loading.

Table 6. Statistical summary of CTB specimen responses
under repeated dynamic impacts.

Impact angle
(◦)/velocity
(m/s)

Sample Strain rate
(s−1)

Dynamic peak
stress (MPa)

52/3.0

C30-1 42.62 4.53

C30-2 41.48 5.17

C30-3 39.42 6.34

C30-4 38.48 6.90

C30-5 44.52 7.66

61/3.5

C35-1 55.07 8.15

C35-2 54.74 9.02

C35-3 53.46 10.55

C35-4 50.27 10.98

ior to complete failure. Cyclic loading was applied until the
end faces of specimen became too uneven to maintain proper
contact. A total of five and four loading cycles were conducted
at 52◦ and 61◦, respectively, with the corresponding test data
presented in Table 6. While the strain rate remained relatively
stable throughout the tests, it exhibited a slight overall decreas-
ing trend due to the compaction of the specimen. Similarly,
the dynamic compressive strength of the specimens showed a
gradual increase as the number of impact cycles rose.

3.3.1 Stress-strain curves

The stress-strain curves for different cycle numbers at two
impact angles are summarized in Fig. 10. All five curves at
52◦ impact angle are roughly observable for all three phases
in the uniaxial impact test in Fig. 10(a). However, the stress-
strain curve of the specimen shows a low stress peak before

the peak stress is reached under 2-3 times of impact loading of
the CTB. After the low stress wave peak, the stress continues
to accumulate around the cracks that have been created, the
cracks continue to develop, and the stress-strain curve keeps
increasing beyond the peak and continues to rise until the
specimen ultimately fails. As impact loading is continued, the
phenomenon of low stress wave peak of the damaged specimen
disappears, and the brittleness of the post-peak damage stage
gradually increases. As shown in Fig. 10(b), the low-stress
wave phenomenon does not appear at the 61◦ impact angle,
which may be due to the fact that the increase of the impact
angle leads to faster closure of the defects inside the specimen.
All curves show a continuous increase in strain during the
post-peak stage.

In dynamic compression tests on CTB, specimens do not
fail immediately upon reaching peak stress; instead, microc-
racks propagate and coalesce under residual loading, resulting
in continued strain accumulation amid declining overall stress.
This manifests as a post-peak strain-softening regime, where
stored energy dissipates through crack growth while residual
stresses drive ongoing deformation, as evidenced by Zhao et
al. (2024), who observed abrupt post-peak stress reduction
with increasing strain in uniaxial tests, indicative of brittle
failure, and Sun et al. (2021) and Guo et al. (2025), who
noted energy concentration and release around cracks under
impact loading, leading to internal coalescence and debris
formation. For repeated-impact tests, subsequent impacts on
pre-damaged specimens cause cracks to close, slide or extend
under residual stresses and dynamic waves, accounting for the
continuous post-peak strain rise in all curves (Tan et al., 2019).
Ultimately, this post-peak strain accumulation stems from
progressive damage and localized residual loading, facilitating
crack propagation until complete collapse.

An intriguing phenomenon can be observed in CTB spec-
imens: When subjected to repeated impacts at similar strain
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Fig. 10. Dynamic stress-strain curves of CTB under cyclic impact loading: (a) Five cycles at 52◦ and (b) four cycles at 61◦.

Fig. 11. Observed failure patterns of CTB specimens subjected to dynamic uniaxial cyclic impact loading: (a) With 52◦ impact
angle and (b) with 61◦ impact angle.

rates without exhibiting significant damage, their peak stress
incrementally increases. Specifically, following multiple im-
pacts at a strain rate of 55 s−1, the peak stresses of two CTB
specimens increased from their respective initial values of 4.53
and 8.15 MPa to 7.66 and 10.98 MPa.

3.3.2 Failure pattern and DIC analysis

The CTB specimens under cyclic loading exhibits a dis-
tinctive fracture pattern. The spalling fracture pattern emerges
on the side of specimens, which was firstly observed in CTB
specimens. As shown in Fig. 11(a), with an increasing number
of cycles, the dynamic load promotes the propagation of cracks
along their existing paths, leading to the further development
and interconnection of the layered cracks. Under two different
impact angles, the failure modes of the specimens are similar.
However, during the 61◦ cyclic impact, a second layered crack
emerges near the midsection of specimen after the third cycle
shown in Fig. 11(b), yet the specimen still maintains a certain
load-bearing capacity.

A favorable explanation for this phenomenon is provided

by the evolution of the strain field on the specimen surface.
Fig. 12 illustrates the strain fields of the CTB specimen
under the second impact, where the specimen is impacted
at the velocity of 3.0 m/s. After two loading cycles, the
morphology of the strain concentration area of the specimen
mainly presents a grid-like distribution parallel to the impact
direction. Fig. 12(b) illustrates the propagation process of
the stress wave, propagating back and forth in a direction
perpendicular to the axial direction.

4. Discussion
The CTB specimens tested in this work exhibited several

unusual behaviors under cyclic impact loading. Within a
certain range, the specimen strength rose as the impact count
increased, featuring a primary damage pattern of compression-
triggered plastic fractures aligned at right angles to the strike
direction. This section discusses these observations and pro-
vides a rational interpretation. In addition, the effects of strain
rate and impact cycles on the evolution of mechanical capacity
are examined.
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Fig. 12. DIC strain field distributions of CTB specimens during the second dynamic uniaxial cyclic impact loading at an
velocity of 3.0 m/s: (a) εy strain field and (b) εx strain field.
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Fig. 13. Numerical simulation of SHPB response under three-cycle impacts: (a) Finite element model, (b) simulation-experiment
comparison, and (c) effective von Mises stress contour at the third impact.

4.1 Fracture patterns and strength
characteristics under cyclic impact
4.1.1 RHT numerical model

Numerical simulations of the CTB specimen subjected
to three cyclic impacts were carried out using LS-DYNA.
The corresponding numerical model was developed in strict
conformity with the experimental conditions (Fig. 13(a)).
The bars are composed of the same linear elastic material,
while the specimen employs the RHT constitutive model.
The RHT model comprises three components: A strength
model, a damage model, and a porosity equation, enabling

the effective description of mechanical properties and the
damage evolution process (Riedel et al., 1999; Borrvall and
Riedel, 2011; Heckötter and Sievers, 2017; Xu et al., 2025b).
These models are used to describe failure surface, elastic-limit,
linear hardening, and damage accumulation and post-failure
interpolation, respectively:

Yf ail(p,θ , ε̇) = Ff ail(p∗)R(θ ;Q1,Q2)DIF(ε̇)

p∗ =
p
fc

(12)
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Yel(p,θ) = Fe(p∗,θ)Ff ail(p∗)

pc(α) = pcomp

[
1−
(

1−α

1−α0

)1/N
]
+ pel

(13)

Yy(p,θ ,εp, ε̇) =[
Fe(p∗,θ)+(1−Fe(p∗,θ))

ε
e f f
p

ε∗c

]
Ff ail(p∗) ·DIF(ε̇)

(14)

D(t) = min

(
1,

∑ε
e f f
p

ε f (p∗)

)
Yd(p,θ ,D) = (1−D)Ff ail(p∗)+DYf ric(p∗)

(15)

where Yf ail(p,θ , ε̇) refers to the failure surface phase;
Ff ail(p∗) represents failure surface function as a piecewise
function of normalized pressure; R(θ ,Q1,Q2) is lode-angle
correction function (Willam-Warnke type). DIF(ε̇) is dynamic
increase factor accounting for strain-rate sensitivity; p∗ is
normalized pressure by uniaxial compressive strength, fc is
the uniaxial compressive strength and p is surface pressure;
Ye(p,θ) refers to the elastic-limit phase; Fe(p∗,θ) is an elastic-
limit factor, defined as a fraction of the failure surface along
compression/tension meridians; Ff ail(p∗) is failure surface
function as a piecewise function of normalized pressure;
pc(α) denotes to current cap pressure determined by porosity
compaction (p-α model); α , α0 is current and initial distention
(ratio of porous to solid density); pcomp and pel denote to onset
and completion pressures of pore compaction, respectively; N
is compaction exponent in the p-α model; Yy(p,θ ,εp, ε̇) refers
to the linear hardening phase; εe

p f f denotes accumulated effec-
tive plastic strain; ε∗c is the reference plastic strain at which
the yield surface reaches the failure surface, DIF(ε̇) is the
dynamic increase factor controlled by strain rate. D represents
scalar damage variable (0: Intact, 1: Fully failed); Yd(p,θ ,D)
refers to the post-failure interpolation phase; ∑∆εe

p f f refers to
the accumulation of εe

p f f ; ε f (p∗) denotes pressure-dependent
failure strain controlling damage accumulation; Yf ric(p∗) is
residual frictional strength surface after complete damage.

To ensure that the RHT model accurately represents the
CTB material in this study, its parameters were reidentified us-
ing the results summarized in Table 2. The calibration followed
a two-phase procedure inspired by Abdel-Kader (2019). In the
first phase, the basic mechanical properties were measured ex-
perimentally and subsequently used to compute all dependent
and fixed parameters in the model. In the second phase, the
most influential parameters were fine-tuned according to the
guidance in the LS-DYNA material handbook by repeatedly
running simulations and updating their values until the simu-
lated response was consistent with the test observations.

4.1.2 Model validity and fracture pattern analysis

A mesh size of 0.1 mm ensured both satisfactory conver-
gence and reliable crack propagation behavior. The simulated
stress-strain curves showed good agreement with the exper-
imental damage patterns (Fig. 13(b)), with relative errors in
peak stress of 4.3%, 1.8%, and 2.0% for the first to third
impacts, respectively. These results provide strong evidence
for the validity of the model.

Under unconfined cyclic impact loading, the CTB pre-
dominantly exhibited a plastic compression failure mode ori-
ented nearly perpendicular to the impact direction, in marked
contrast to the conventional axial splitting behavior. As the
impacts increased, additional circumferential cracks emerged
near the specimen midsection. The distinctive pattern is at-
tributed to the plastic properties of the CTB. Under high-
velocity impact, CTB exhibited pronounced plastic behavior,
with small plastic failure zones forming near the specimen
ends. Upon subsequent loading, localized stress concentration
zones developed around the plastic cracks (Fig. 13(c)), propa-
gating obliquely and inducing new compressive plastic cracks
in the specimen midsection. These cracks further extended and
coalesced, ultimately resulting in the observed spalling fracture
pattern.

Although microscopic observation was not conducted in
this study, the validity of the numerical simulation is strongly
supported by the DIC results. The grid-like strain concentra-
tion observed in the experiment (Fig. 12(b)) is consistent with
the plastic failure zones and circumferential cracks predicted
by the simulation (Fig. 13(c)). This macroscopic consistency
indicates that the numerical model accurately reflects the stress
evolution and failure mechanism of the CTB.

Previous studies on brittle rocks and concrete under impact
loading commonly reported axial splitting or conical shear
failure, which is primarily governed by tensile stress con-
centration along the loading direction (Li et al., 2022). In
contrast, CTB exhibits higher inelastic deformability due to its
heterogeneous microstructure and the presence of cementitious
bonds. Recent SHPB studies on CTB have demonstrated that
under high strain rates or repeated impacts, failure modes
evolve from tensile and X-conjugate shear failures to crushing
with finer fragmentation, driven by strain rate sensitivity,
pore compaction, particle breakage, and enhanced energy
dissipation (Chen et al., 2021; Song et al., 2022; Yang et
al., 2025). Compared with these studies, this paper highlights
a distinct spalling fracture pattern that develops progressively
with increasing impact cycles. Similar circumferential or ring-
shaped cracking has been reported in cemented and fiber-
reinforced concrete materials under cyclic or high-energy
dynamic loading, where the plastic deformation accumulated
and tensile stresses exceeded bonding strength (Hamed et
al., 2024; Sun et al., 2026). In our simulations, the RHT
model captures this mechanism by reproducing the formation
of localized plastic zones near the specimen ends during early
impacts, followed by the migration of stress concentration
toward the specimen midsection. This evolution is consistent
with observations in the dynamic compression of cemented
materials, where repeated loading leads to oblique crack
growth and eventual coalescence into spalling fractures rather
than axial splitting.

4.1.3 Strength characteristics of CTB

The backfill and surrounding rock jointly bear deformation
loads; therefore, it is necessary to compare and analyze their
strength characteristics under dynamic disturbance. Fig. 14(a)
illustrates the evolution of dynamic uniaxial compressive peak
stress as a function of impact cycles and its corresponding
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Fig. 14. Dynamic peak stress evolution with an increasing number of impact cycles: (a) CTB specimens and (b) rock specimens
(Li et al., 2021; Cao et al., 2023; Zhang et al., 2024a).

growth rate. The dynamic peak compressive stress of the
CTB specimens increases steadily with the number of impacts,
which is likely attributed to the buildup of compressive resid-
ual stresses. Cyclic impacts may induce compressive residual
stresses within the material. These residual stresses counteract
external tensile stresses during subsequent impacts, delaying
crack propagation and consequently contributing to an increase
in peak stress. However, as presented in Fig. 14(b), unlike the
CTB, dynamic cyclic loading will cause damage and failure
of the rocks, leading to a decrease in peak stress and a
reduction in bearing capacity. This characteristic of the filling
body demonstrates a good resistance to frequent dynamic
disturbances and can ensure mining safety during its service
life.

4.2 Energy evolution under cyclic impact
The energy evolution process reflects the damage and

failure changes in the specimen. As depicted in Fig. 15, the
progression of energy in uniaxial repeated impacts may be
segmented into three distinct phases, each correlating with
distinct features in the stress-strain curves (Fig. 7(c)) and
crack evolution (Figs. 8 and 9). In the initial stage (0-25
µs), the curves ascend gradually, signifying that most of the
incident energy is accumulated in the form of elastic strain
energy, aligning with the linear elastic phase in the stress-
strain response where dynamic stress grows proportionally
without significant microcrack initiation. During the second
stage (25-120 µs), the curves rise approximately linearly due
to repeated transmission and reflection of stress waves between
the incident bar, CTB specimen, and transmission bar, leading
to continuous energy dissipation and the propagation of both
pre-existing and newly formed cracks. This corresponds to
the yield phase transitioning toward peak stress, where axial
microcracks begin to develop parallel to the impact direction
and form vertically concentrated strain zones on the specimen
surface. In the final stage (120-200 µs), the growth rate of
energy gradually decreases and approaches a plateau, corre-
sponding to the post-peak damage phase with sustained strain
accumulation and plastic behavior as microcracks propagate,

coalesce into a network-like structure and drive progressive
deformation until eventual failure without immediate collapse.

It is worth noting that the evolution of energy and strength
presents a coupled mechanism of hardening and damage.
While the accumulation of compressive residual stresses en-
hances the bearing capacity (peak stress), the accumulated
micro-damage reduces the deformation capacity of the mate-
rial, leading to a synchronous decrease in its energy absorption
rate.

Under dynamic loading, the energy characteristics of the
specimens exhibit distinct properties. It can be observed from
Figs. 15(b) and 15(c) that both the specimen energy absorp-
tion and the energy absorption rate are positively correlated
with the strain rate. Specifically, higher strain rates lead to
greater energy absorption, demonstrating the excellent impact
resistance of CTB material under such conditions. However,
the accumulated damage in the specimen expands with an
increasing number of cyclic loadings. Consequently, with each
successive impact, both the energy absorbed and the energy
absorption rate decrease, although the specimen retains some
buffering capacity.

5. Conclusions
In this paper, a comprehensive experimental program com-

prising dynamic tension and dynamic uniaxial compression
tests (under single and cyclic impacts) was conducted to
systematically evaluate the dynamic response of CTB. The
results contribute to an improved understanding of the essential
mechanical mechanisms and associated failure modes under
diverse impact conditions. The discussion section investigates
the formation mechanism of the circumferential compression
plastic failure mode under cyclic loading and explains its
strength characteristics, while it elucidates the effects of cyclic
loading on the dynamic behavior and damage evolution of
CTB. The main conclusions are summarized as follows:

1) The dynamic tensile strength of CTB specimens exhibits
a positive correlation with strain rates ranging from 100
to 102 s-1. However, strain rate variations have minimal
influence on the shape of tensile stress history curves. The
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Fig. 15. Energy dissipation behavior of CTB under dynamic impact loading: (a) Uniaxial impact energy history, (b) absorbed
energy and absorption rate versus strain rate, and (c) cycle number effect on energy absorption at different impact angles.

tensile crack first appears at the center of the test spec-
imen. Failure occurs primarily through the penetration
of a dominant tensile crack, splitting specimens into two
roughly equal halves. Secondary cracks extend toward the
boundaries, forming a shear damage zone near the contact
end, the extent of which correlates with the impact rate.

2) Under dynamic uniaxial compression, the stress-strain
curve of CTB is independent of the strain rate and
exhibits post-peak plasticity characteristics. The dynamic
compressive peak stress shows a robust linear relationship
with strain rate, with DIF ranging from 1.0 to 5.3. The
damage is characterized by grid-like axial microcracks
that propagate across the surface, resulting in localized
spalling. The damage process of CTB specimens is ac-
companied by energy evolution, and the stages of the en-
ergy history curve coincide with the CTB rupture process.
As the strain rate increases, both energy dissipation and
absorption efficiency demonstrate enhancement, reaching
a peak dissipation efficiency of 8.582%. The behavior of
CTB in terms of energy and deformation characteristics
demonstrates its excellent load-bearing capacity under
high strain rate.

3) In contrast to most rocks, dynamic cyclic loading en-
hances the peak stress of CTB specimens, with more
pronounced increases observed at lower strain rates.
The damage mode of the specimen is characterized by
circumferential plastic cracks. These cracks propagate
circumferentially and increase in number as the number
of impacts rises. LS-DYNA finite element simulation
conducted in this study revealed the formation process
of plastic cracks. Cyclic loading exacerbates the damage
to the specimen, resulting in a gradual decrease in both
the energy absorption rate and the dissipated energy of
the CTB. This finding demonstrates that the CTB sam-
ples examined in this study are capable of withstanding
frequent underground dynamic load disturbances.
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