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Rock bursts are typically accompanied by multiple shocks. In order to explore the dynamic characteristics of filling materials in
rock burst roadways, we employ the split Hopkinson pressure bar (SHPB) test to analyze the dynamic mechanical response of
mortar and concrete under cyclical impact. The SHPB test results of the large-size specimen indicate the improvement in the
waveform shape and the reduction in the wave dispersion via the application of the rubber sheet as the pulse shaper. Under cyclic
impact, the peak stress and energy utilization ratio of mortar and concrete specimens were reduced, demonstrating obvious
fatigue characteristics. The mortar peak stress and energy utilization ratio were observed to be sensitive to the impact times, while
those of concrete were sensitive to impact pressure. The damage evolution of mortar and concrete exhibited very similar trends

under the cyclic impact load, whereby the impact pressure had minimal effect on the damage evolution.

1. Introduction

The development of deep coal mining has increased the
complexity of deep coal resource geological conditions
[1-5]. In many mining areas in China, controlling rock burst
roadway with traditional roadway support methods is dif-
ficult, particularly as the rock burst is often accompanied by
multiple shocks. Therefore, it is of great significance for
engineering practice to study the dynamic characteristics
and differences of backfill materials (mortar and concrete)
under cyclic impact.

Due to the complexity of underground engineering, the
occurrence of rock burst is affected by multiple factors [6].
Du et al. [7] employed three-dimensional in situ stress
measurements in order to investigate rock burst. Zhu et al.
[8], Heasley and Tulu [9], and Li et al. [10] each proposed
distinct analysis methods for the evaluation of rock burst.

Previous research has effectively determined in situ stress via
numerical simulations [11, 12].

The split Hopkinson pressure bar (SHPB) test device was
first used by Hopkinson to investigate the variations in
pressure (bar) with time. This pioneering method has
subsequently received much attention due to its ability to
study the dynamic mechanical properties of materials
[13-15]. Frew et al. [16] determined stress-strain data of rock
materials via SHPB technology. The SHPB test device is
based on the application of a thin copper sheet on the impact
surface of the incident bar to improve the SHPB waveform,
thus producing an almost constant strain rate in the spec-
imen. Li et al. [17] carried out repeated impact tests on
granite with the SHPB device and revealed the damage
caused by each impact to be very low for peak stress values
between 60% and 70% of the rock static strength. Li et al. [5]
examined the degradation process of green sandstone
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subjected to repetitive impact loading by a SHPB apparatus
driven with a pendulum hammer. Their test results can
improve the understanding of stability evaluations of rock
structures subjected to repetitive impact loading. Wang et al.
[18] discussed the microproperties of fracture morphology
in granite at different temperatures and repeated impacts.
Following years of accumulation and development, the
complete theory and wide application SHPB technology is
currently in place [19-22].

Concrete is a typical heterogeneous material with a large
aggregate size and many microdefects. In order to ensure
uniformity, the concrete specimen should be of a consid-
erable size; thus, large SHPB devices are required for testing
[23]. A key bottleneck of large-diameter SHPB experimental
technology is the geometric dispersion caused by the lateral
inertia effect when the stress pulse propagates in the com-
pression bar [24, 25]. Wang and Wang [26] indicated that
the pulse shaper can eliminate the high frequency oscillation
of the incident wave. In particular, the pulse shaper extends
the rise time to reduce the lateral inertia effect and is also
conducive to constant strain rate loading while also reducing
the specimen strain rate. Lee et al. [27] investigated the
shaping effect of a brass sheet at varying sizes in a 100 mm
diameter SHPB experiment. Results demonstrated that the
smaller the thickness and diameter of the shaper, the longer
the rising edge of the incident wave and the smoother the
waveform, enhancing the stress uniformity in the specimen.
Zhu et al. [28] used the characteristic method to evaluate the
stress uniformity of viscoelastic materials in a high strain
rate SHPB experiment, revealing the stress uniformity of
brittle viscoelastic materials to be affected by the increased
incident wave, with negative effects for excessive rise times.

In this paper, cyclic impact compression tests are per-
formed using a SHPB device with mortar and concrete as the
research objects. We compare the dynamic mechanics and
damage evolution between mortar and concrete under cyclic
impact. Our results provide a theoretical reference for research
on the stability of roadway filling material under rock bursts.

2. SHPB Testing Process

2.1. Specimen Preparation. Ordinary Portland cement and
potable laboratory tap water were used for the experiments.
Conventional crushed stones with particle sizes between 0.8
and 1.2 cm and natural river sand were employed as the coarse
and fine aggregate, respectively. The concrete was mixed at the
proportion of 0.52:1:1.67:2.47 (water: cement: sand: aggre-
gate) and subsequently set standing for 24 hours. The mold of
the specimen was then removed and placed in a constant
temperature (20°C) and humidity (95%) curing box for 28 days.
Following curing, the specimens were drilled and polished to
smooth the end face. The mortar specimen was composed of
concrete slurry, with preparation and curing methods fol-
lowing those of concrete. The size of both the mortar and
concrete specimens was 71 mm x 71 mm (Figure 1).

2.2. Experimental Principle. The split Hopkinson pressure
bar (SHPB) is considered as the most reliable experimental
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method when investigating the mechanical properties of
materials at medium and high strain rates. The SHPB system
used in this paper is located at the structural laboratory of
Hohai University and operates at the strain rate range
10°-10*s™". The basic working principle of the SHPB testing
device is described as follows. The bullet is pushed by air
pressure to impact the incident pressure bar, such that an
incident wave ¢; is formed in the bar. Once the incident wave
reaches the end of the incident bar, part of it is reflected to
form reflected wave e,. The remaining wave energy passes
through the specimen and enters the transmission bar to
form transmission wave e (Figure 2).

The strain &g (¢), strain rate &g (), and stress o (t) of the
specimens during the test were calculated as follows:

C t

g (t) = —21—0 JO [e; () + ex (1) — e (B)]dt,
0

(0= 220 [0 + ()7 (1) (1)
0

AE
o5 (t) = Z—A;) [e; () + ex (1) + &7 (B)],

where C,, is the propagation velocity of the impact wave in
the bar; [, is the specimen thickness; A and Ag are the cross-
sectional area of the bar and the specimen, respectively; E is
the elastic modulus of the bar; and ¢; (1), &g (), and & () are
the strain signals of the incident, transmission, and reflected
waves, respectively.

2.3. Experimental Scheme. Large diameter specimens will
result in wave dispersion. In order to improve the initial
incident waveform, a pulse shaper is attached to the incident
bar [26]. The shaper can “transform” a rectangular pulse into
a triangular pulse to lengthen its rising edge [27]. The strain
gauge on the transmission bar should be close to the
specimen as far as possible, which can also reduce the wave
dispersion. Vaseline was applied to the contact surface
between the specimen and bar to reduce the end frictional
effect. The accuracy of the test data can be improved by
applying a filter using the data processing software provided
by the SHPB manufacturer. Prior to the experiment, empty
bar tests of two brass and butyl rubber sheet pulse shapers
were performed, with a shaper diameter and thickness of
20mm and 2 mm, respectively.

Figure 3 demonstrates that the dispersion of the
waveform is effectively reduced following the filtering. The
waveform obtained using the brass shaper is rectangular,
while that of the rubber gasket shaper is a half sine wave with
a longer rising edge. A half-sine incident waveform can
better meet the constant strain rate condition compared to
its rectangular counterpart, and thus we selected the rubber
sheet pulse shaper for the proceeding experiments.

Multiple impact tests must be performed on the same
specimen, and hence the critical impact stress should be
determined to ensure that the specimen can withstand
multiple impacts. The impact stress at different amplitudes
was obtained by controlling the air pressure for cyclic
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FIGURE 1: Specimens used for the SHPB testing. (a) Mortar. (b) Concrete.
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FIGURE 2: Diagram of the split Hopkinson pressure bar test.
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FiGure 3: Incident waveform of two pulse shapers.
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impact. According to the characteristics of rock burst and
previous experiments, the critical impact pressure value of
the mortar and concrete is 0.26-0.28 MPa. Therefore, the
mortar and concrete were tested with an air pressure of
0.26 MPa and 0.28 MPa, respectively.

3. Experimental Results and Analysis

3.1. Stress-Strain Curve. Prior to testing the cyclic impact,
uniaxial compression tests were performed. The uniaxial
compressive strength, strain and elastic modulus of the
mortar were determined as 53.07 MPa, 5.46x107, and
13.10 GPa, respectively (Figure 4). The corresponding values
for concrete were 31.23 MPa, 4.73x 107, and 9.97 GPa, re-
spectively (Figure 5).

Figure 4 shows that the strength, brittleness, and elastic
modulus of the two mortar specimen groups were signifi-
cantly reduced following the multiple impacts. The strain
corresponding to the peak strength of the two groups was
not obviously related to the impact times. No obvious
differences were observed in the strength reduction between
the two air pressure groups.



Figure 5 shows that, at an air pressure of 0.26 MPa, no
significant increases were observed in the strength of the
first four impact times of the concrete specimen. However,
the fifth impact time is associated with an obvious decrease,
and the specimen has no bearing capacity. The elastic
modulus decreased with the increase in impact time. At an
air pressure of 0.28 MPa, the strength associated with the
second impact was reduced significantly. The elastic
modulus exhibited an obvious reduction with increasing
impact time.

3.2. Relation between Peak Stress and Number of Cyclic
Impacts. Figure 6 presents the relation between the mortar
and concrete peak stress and the number of cyclic impacts.

The mortar and concrete peak stress continuously
decreased with the increasing impact time, indicating the
continuous deterioration of the bearing capacity. The peak
stress of mortar specimens varies with the impact pressure
(Figure 6(a)), while the slopes of the two curves are almost
equal. As the number of cyclic impacts increased, the peak
stress reduction rate of mortar stabilized. Following the
fourth impact time, the peak stress of specimen CC-1
decreased from 120.26 MPa to 22.37 MPa (81.40%), while
the peak stress of specimen CC-2 decreased from
142.40 MPa to 58.15 MPa (59.16%). Despite its low impact
pressure, specimen CC-1 exhibited a marked decrease in
peak stress.

Specimens HC-1 and HC-2 had air pressures of
0.26 MPa and 0.28 MPa, respectively (Figure 6(b)), with
the slope of HC-2 curve double that of HC-1. More
specifically, a rise in the impact number increased the
impact pressure, which consequently resulted in a steeper
reduction of the concrete peak stress. After repeated
impacts, the peak stress of specimen HC-1 decreased from
74.92 MPa to 40.93 MPa (45.37%), while that of specimen
HC-2 decreased from 87.61 MPa to 46.54 MPa (46.88%).
The two specimens exhibit an almost equal reduction in
peak stress.

The fitting degree of the mortar specimen is higher than
that of concrete. Although the homogeneity of the concrete
specimens could be ensured by the use of large-size
specimens, the dispersion of test data was still relatively
large. Under the same impact pressure, the initial peak
stress of the mortar was greater than that of concrete. The
absolute value of the mortar slope was also larger than that
of concrete, indicating the sensitivity of the mortar peak
stress to the impact time. Moreover, the two mortar curves
are parallel, while those of concrete intersect. The results
demonstrate the greater sensitivity of the peak stress to the
impact pressure.

3.3. Relation between the Energy Utilization Ratio and Number
of Cyclic Impacts. The energy carried by the incident and
transmission waves and energy utilization rate between
loading and unloading were determined as follows:
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t

W, = E,AC, J erdt,
0
t

W, = E,AC, J dr, @)
0

q:m- 100%
WI ’

where W, W, and 7 are the incident energy, transmission
energy, and energy utilization ratio, respectively. Figure 7
depicts the relation between the energy utilization ratio of
mortar and concrete and number of cyclic impacts.

The curves in Figures 6 and 7 exhibit similar trends. The
energy utilization ratio of both the mortar and concrete
specimens decreased as the number of impact cycles in-
creased. The energy utilization ratio of the mortar specimen
varies with impact pressure (Figure 7(a)), while the slopes of
the two curves are almost equal. In particular, under the two
impact pressures, the rate of reduction of the mortar peak
stress is almost equal to the increase in cyclic impact times.
Following the fourth impact time, the energy utilization ratio
of specimen CC-1 decreased from 7.89% to 0.24% (96.96%),
while that of specimen CC-2 decreased from 10.50% to
1.64% (84.38%). The energy utilization ratio of specimens
CC-1 and CC-2 decreased greatly following the repeated
impacts. This indicates close to complete breakage of the
specimen.

The slope of the specimen HC-2 curve is 2.64 times that
of HC-1 (Figure 7(b)), revealing that the higher the impact
number, the greater the impact pressure and the steeper the
reduction in the energy utilization ratio of the concrete
samples. After repeated impacts, the energy utilization ratio
of specimen HC-1 decreased from 4.71% to 0.74% (84.29%),
while that of specimen HC-2 decreased from 7.50% to 0.97%
(87.07%). The reduction ranges are almost equal. Moreover,
the fitting degree of the mortar sample is greater than that of
concrete.

Under the same impact pressure, the initial energy
utilization ratio of mortar was higher than that of concrete.
The absolute value of the mortar slope is larger than that of
concrete, indicating that the energy utilization ratio of
mortar is more sensitive to the impact times. Furthermore,
the two mortar curves are parallel, while those of concrete
intersect. This demonstrates that the energy utilization ratio
of concrete is more sensitive to the impact pressure.

3.4. Relation between Damage Degree and Number of Cyclic
Impacts. The load-unload response ratio (LURR) was ini-
tially proposed by Yin Xiangchu [29], who extracted the
damage degree of the target medium based on the concept of
“the change of physical quantity.” The LURR is used to
quantify the damage of the medium. The common axial
stress is employed as the LURR load variable, and the
corresponding strain is used as the response variable. The
LURR (Y) is defined as follows:
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FiGure 4: Cyclic impact stress-strain curves of mortar under different air pressures. (a) CC-1 (air pressure of 0.26 MPa); (b) CC-2 (air

pressure of 0.28 MPa).

Stress (MPa)

RN I T N PR B " | I 1. | T 1
[=} wn [=} [Te} [=} Yo} [=} wn (=] [Ia} (=] wn (=1
(=) (=3 — — [N o o o < <t wn wn O
S & 3 2 2 5 5 8 g 35 S S S
o (=} o f=} (=] f=} [=] f=} (=} f=} (=} (=) (=}

Strain
—m— st —»— 4th
—e— 2nd —<— 5th
—— 3rd

@

100

Stress (MPa)

1 1 1 1 1 1 1 1
(=3 wn S wn S n (=] wn (=} wn (=]
(=3 o — — [N N o o < < LN
S S 2 2 S S S S S S <
=] IS =] IS =] IS =] IS IS IS IS

Strain

—m— st —— 3rd
—eo— 2nd —v— 4th

(b)

FiGure 5: Cyclic impact stress-strain curves of concrete under different air pressures. (a) HC-1 (air pressure of 0.26 MPa); (b) HC-2 (air

pressure of 0.28 MPa).

Y= (3)

where X, and X_ are the response rate under loading and
unloading conditions, respectively, and are defined as
follows:

AR

lim — (4)

X = ,
AP—0 AP

where AP and AR denote the increments of load P and
response R, respectively.

For the elastic phase, the response rate X, = X_, and
thus, Y = 1. However, X, > X_ occurs when the load exceeds
the elastic limit, and thus, Y > 1. The more severe the damage
of the material, the larger the Y value. When the system
approaches instability, Y — oo.

Based on the assumption that the damage at the fracture
limit obeys the Weibull distribution on the mesoscale
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FIGURE 7: Relation between the energy utilization ratio and number of cyclic impacts. (a) Mortar. (b) Concrete.

[30-32], Zhang et al. [33, 34] established a relationship The loading and unloading section secant slopes of the
between Y and the damage variable D as follows: stress-strain curve were used to calculate the LURR, allowing
for the damage degree of the specimen following each

D=1- exp(ﬂ) (5)  impact to be determined (Figure 8).
myY /) The first impact was the most damaging for both the

mortar and concrete samples. In particular, damage to the
where m is the Weibull index. mortar specimens CC-1 and CC-2 was 0.73 and 0.70,
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FIGURE 8: Relation between damage degree and number of impact cycles . (a) Mortar. (b) Concrete.

accounting for 78.42% and 77.35% of the maximum damage,
respectively (Figure 8(a)). In the subsequent cyclic impacts,
the increase in damage of specimen CC-1 was relatively
minimal, with a damage increment less than 0.11. When the
damage reached 0.93, the load was unbearable. The damage
increment of specimen CC-2 approached 0 at the second
impact, while at the third and fourth impact, the damage
increment of the specimen increased rapidly. When the
damage reached 0.90, the specimen could not bear the load.
The maximum damage increment of the last three impacts
was 0.12.

The damage of concrete specimens HC-1 and HC-2 at
the first impact was observed as 0.78 and 0.70, accounting for
77.98% and 68.00% of the maximum damage, respectively
(Figure 8(b)). During the subsequent cyclic impacts, the
damage accumulation of the two specimens exhibited slight
fluctuations. The maximum damage increment of HC-1 was
observed as 0.072, while that of HC-2 was 0.018. The two
specimens were unable to bear their loads once the damage
reached 0.92 and 0.90, respectively.

The results demonstrate the strong similarity between
the damage evolution trends of the mortar and concrete
specimens under cyclic impact loads. At the initial impact,
the damage was greater than 0.7. When the damage exceeded
0.9, the specimen no longer had a bearing capacity. Thus,
when the damage degree of the first impact was greater than
0.7, the effects of the impact times and pressure on the
mortar and concrete damage evolution were relatively small.

4. Conclusion

The current paper is based on the assumption that rock
bursts are typically followed by continuous multiple shocks.
Filling materials, mortar and concrete, were selected as the

research objects to investigate the mechanical properties of
mortar and concrete under cyclic impacts. The following
conclusions were determined:

(1) The SHPB testing of large-size specimens revealed
the improvement of the waveform shape and the
reduction in the wave dispersion via the application
of a rubber sheet as the pulse shaper. Following
repeated impacts, the peak stress of the mortar and
concrete specimens was reduced. This indicates
obvious fatigue characteristics.

(2) Although the large-size concrete specimens could
maintain a certain level of homogeneity, the dis-
persion was relatively large. The peak stress of mortar
was sensitive to the impact time, while that of
concrete was sensitive to impact pressure.

(3) As the number of cycles increased, the energy uti-
lization ratio of the mortar and concrete specimens
decreased. Under the same impact pressure, the
initial energy utilization ratio of mortar was higher
than that of concrete. Furthermore, the energy uti-
lization ratio of mortar was sensitive to the impact
time, while that of concrete was more sensitive to the
impact pressure.

(4) Trends in the damage evolution of mortar and
concrete were in strong agreement under the cyclic
impact load. The impact pressure had a minimal
effect on the damage evolution.

Data Availability

The experimental data used to support the findings of this
study are available from the corresponding author upon
request.
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