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HIGHLIGHTS

« Dynamic loadings such as blasting may lead to the failure of backfilling under different strain rates.
« Dynamic properties of cemented tailings backfill (CTB) were examined by the SHPB testing system.
« The original waveform noise of CTB materials with fiber is higher than the one without fiber.

« The dynamic stress-strain curve of CTB with fiber shows a ‘double peak’ phenomenon.

« The failure mode of CTB without fiber is the instability failure under tension.
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Dynamic loads such as blasting may lead to diverse levels of failure in cemented tailings backfill (CTB)
under diverse strain rates and frequency spectral amplitudes. Hence, changes in dynamic properties of
filling due to these loads should be studied as a function of strain rates for CTB mixtures. In this study,
the dynamic characteristics of CTB samples containing polypropylene fiber contents were examined with
the use of split Hopkinson pressure bar (SHPB) system and high speed photography technology. The
experimental results illustrate that the backfill has a damping influence on the elastic wave. The original
waveform noise of CTB with fiber is higher than the one without fiber, and the average strain rate changes
the reflected waveform. The effect is greater than the impact velocity. Secondly, the dynamic strength of
CTB with fiber is higher than the static strength, which obeys a great effect of the strain rate. Meanwhile,
the backfill (with fiber) stress-strain characteristics show a ‘double peak’ phenomenon, and the difference
between the first and the second peak stresses decreases with increasing fiber content. The failure mode
analysis demonstrated that the fiber reinforcement stopped the development of big cracks during the
tensile fiber pull-out failure regime. Lastly, the findings of the present study can offer an important ref-
erence to the overall design of backfilling regarding the understanding of the good dynamic characteris-
tics and the reduction of operational costs.
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1. Introduction

As metallic and/or non-metallic mines have entered the state of
deep mining in succession, the filling mining method has been
used extensively mainly due to some advantages such as high
resource extraction [1], constant security [2], and decreased sur-
face tailings disposal requirements [3]. Actually, backfilling is get-

E-mail addresses: hnpyxgl@126.com (G. Xue), erolyilmaz@erdogan.edu.tr
(E. Yilmaz), fguorui@163.com (G. Feng), sandy_cao@ustb.edu.cn (S. Cao),
sunlj@Inm.imech.ac.cn (L. Sun)

https://doi.org/10.1016/j.conbuildmat.2021.122417
0950-0618/© 2021 Elsevier Ltd. All rights reserved.

ting imperative for mines due to the trends in mining to mine
deeper, enhance ore and water recoveries, rise mining cycle and
production, and cut environmental impacts as well as rehabilita-
tion costs [4-6]. All these benefits inevitably lead to the develop-
ment direction and predictable choice of green mining [7].
Backfilling enhances the overall safety and success of underground
mining by augmenting both local and regional stability [8,9]. The
cemented backfills such as cemented tailings backfill (CTB) also
permit the excavation of ore pillars being left for the mine’s stabil-
ity while avoiding some other serious consequences such as subsi-
dence and collapse [10,11]. It is largely accepted by the mining
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industry that CTB promisingly cuts environmental impacts because
of a sharp drop in the creation of acidic waters in comparison with
traditional tailings management methods such as tailings
impoundments and dams [12,13]. CTB is usually made up of total
tailings (with a solid concentration of 65-85 wt%), a lean amount
of binding agent (ranges from 2.5% to 12.5% by dry mass), and suf-
ficient mixing water while flowing to underground mined-out
stopes [10,14,15]. Rarely, sand and/or chemical admixtures are
used to provide a better geotechnical property and structural back-
fill material [16,17]. It is fairly apparent that any backfill material
must keep sufficient mechanical strength for guaranteeing the sta-
bility of mine workers and structures throughout the mining of
adjacent stopes [18]. However, it should also be kept in mind that
the CTB-filled stopes with the relatively low binder are subjected
to many stresses from the neighboring rocks and dynamic loads
such as blasting and seismic activities which can eventually lead
to the failures of the backfill [19]. Experience shows that some
pieces from CTB masses fall into the ground freely due to the nat-
ure of their fragility structures when extracting the ore in the adja-
cent stopes. This could escalate ore dilution and decrease
productivity and profits [20].

To surge the strength, stiffness, and post-cracking resistance of
cementitious backfills, metal, glass, synthetic, and carbon fibers
have been introduced recently to the mining industry [21,22]. Basi-
cally, the fiber incorporation aims to repair the fragility of materi-
als through the mobilized shear strength along the failure and aims
to bridge the internal micro-cracks which are the typical causes of
material failures and linked to poor ductility [23]. To capably
achieve the crack propagation of cementitious materials and thus
enhance their strength and ductility, numerous researchers have
launched a series of experimental works on mechanical properties
of CTB samples reinforced with fiber [24,25] and other cementi-
tious materials [26-29]. Indeed, Michell and Stone [30] were pio-
neer researchers who studied the system of fiber reinforcement
for the backfill’s design to cut cement-related costs. They recorded
a considerable drop in cement consumption, offering cost savings
for sustainable backfill operations. Zou and Sahito [31] examined
the effect of fiber reinforcement on shotcrete performance of
CTB. They obtained 59% increase in the flexural strength gain of
backfill incorporating polymer fibers. Moreover, some researchers
[32-34] showed a strength improvement of fiber-reinforced back-
fills and found to rise the load-carrying capacity of backfilling.

Essentially, the understanding of the mechanical properties of
different backfills get more and more mature and have been the
subject of extensive research [35,36]. They not only consider the
influence of curing (i.e., time, temperature, and stress) and place-
ment (i.e., drainage, non-drainage, and evaporation) conditions,
chemical composition and other internal factors [37,38], but also
include other external factors such as stope conditions and rock-
backfill interactions as well as multiple spatial scales such as
macro, micro, and meso [39,40]. However, the dynamic properties
of backfilling have received less attention since they are time-
consuming and costly [41]. It is also not correct to better estimate
the strength acquisition of CTB-filled stope by static compression
testing done on an individual backfill sample [42]. The dynamic
strength should be considered for determining the strength gaining
of backfill under diverse loads such as blasting, excavation equip-
ment works, and seismic activities [43,44]. Since underground
mining is still dominated by the blasting methods, there are a lot
of restrictive factors such as mining disturbances, so that the
dynamic property of the backfill has been increasingly attracting
attention [45]. Considering the CTB’s strength characteristics, the
SHPB dynamic test system has obvious advantages over the pendu-
lum impact and can fully obtain the dynamic parameters under the
impact of different strain rates [46]. Cao et al. [47-49] carried out a
dynamic experiment of CTB considering different loading rates and
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SHPB impact effects and quantitatively examined relationship
between the backfill peak strength and dynamic characteristics.
Zhu et al. [50] conducted a dynamic loading impact test of the
graded tailings backfill under extraordinary strain rates. As a func-
tion of the stress-strain curves achieved under these strain values,
they analyzed the backfill’s failure by combined numerical simula-
tions. Besides, Tan et al. [51] investigated the stress-strain curves,
dynamic strength, and deformation characteristics of multiple cyc-
lic impacts of CTB samples at an impact velocity that does not
cause large macro-destruction. Yang et al. [52,53] used a separate
SHPB test setup to examine the dynamic characteristics of high-
density whole tailings backfill. The stability of the backfill under
high strain rates is mainly evaluated by observing the failure
degree of CTB after impact testing [54,55]. Earlier research focused
on stress-strain curve, peak strength, deformation characteristics
and failure mode, and the correlation between the characteristics
of the acquired reflection waveform and the structure of the mate-
rial itself is often ignored [56-60].

The damage mechanism of CTB is similar to that of rock, which
belongs to a discontinuous and non-linear fracture process, and the
internal damage gradually evolves into macroscopic cracks such as
slight rupture, breakage, and crushing [61-64]. Simultaneously,
the technique of assisting the study of the dynamic destruction
process of the sample combined with high-speed cameras and
image processing techniques have been widely recognized [65-
67]. The SHPB system is extensively utilized to evaluate the
dynamic strength characteristics of concrete/rock [68]. However,
being a controlled low-strength cement-based material, CTB has
more diverse properties than concrete and rock. It is characterized
by low binder contents - economic reasons and very high-water
contents - to get the consistency required for pumping [69].
Accordingly, the backfill’s dynamic stress-strain responses should
be determined by a SHPB test. In this study, an SHPB system with
a special experimental apparatus (noise reduction device) is used
to perform impact dynamics experiments on fiber-reinforced CTB
samples. A high-speed camera is used to better observe the backfill
failure. The stress-strain curve of CTB reinforced with fiber was
studied by establishing a quantitative relationship between impact
velocity, average strain rate, and dynamic strength. Besides, the
difference between the impact waveform and the failure modes
of CTB reinforced with and without fiber was analyzed.

2. Materials and methods
2.1. Backfill ingredients

The main ingredients utilized in the present study are the whole
tailings (without desliming fines), Portland cement 42.5R (‘R’ signi-
fies the cement having uniaxial compressive strength values of
22 MPa and 42.5 MPa after 3 and 28 days of curing times, respec-
tively), and polypropylene fiber. According to earlier research
results [32-34], it is known that the polypropylene fiber has a high
reinforcement effect, and the optimal fiber length is found to be
12 mm. The density of polypropylene fiber is 0.91 g/cm?, the ten-
sile strength is 398 MPa, the modulus of elasticity is 3.85 GPa,
and the elongation is 28%. Fig. 1 shows size distribution curves of
the studied tailings which contain a clay-sized particle (less than
2 um) of 6% and a fine content of 29% under 20 pm. This ensures
that the tailings retain satisfactory mixing water to create the
backfill product. From the cumulative and incremental grain size
distribution curves, the uniformity (C,: Dgo/D;0) and curvature
(C.: D%/Dsp x Djo) coefficients are found to be 14.8 and 1.9, respec-
tively. Consistent with the Canadian mine tailings classification
system, the studied tailings can be ordered as a coarse-size prod-
uct. Moreover, the chemical analyses designated that the tailings
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Fig. 1. Particle size distribution curves of the studied tailings sample.

contain a total content of 84% SiO,, Al,05, Ca0O, and MgO. According
to the JC/T 2478-2018 standard [70], the alkalinity [M, = (CaO +
MgO)/(Si0, + Al,03)] displays that the tailings are acid-
generating (Table 1).

2.2. Experiment scheme design

Self-made plate pillar molds with a size of ®50 mm x 30 mm
were used for making CTB samples impacted by an SHPB testing
device. The operating system of this device is relied on the theory
of 1D wave propagation in an elastic bar. Samples have a cement/-
tailings (c/t) ratio of 1:6 and 1:8 as well as a solid concentration of
75 wt¥%. First, the cement-to-tailings ratio was set to 1:6 and 1:8,
which is more in line with the actual application requirements of
the mine. Secondly, high-concentration slurry can be formed when
using whole tailings paste backfill. Finally, based on the previous
impact dynamics test results of the research group, it is believed
that 75% slurry concentration is easier to obtain a better impact
effect [50,51].

Known as a synthetic fiber transformed from 85% propylene,
polypropylene fiber is used during the experiments at a content
of 0 wt%, 0.3 wt%, 0.6 wt% and 0.9 wt% of dry tailings and cement.
The prepared backfill mixtures are kept in a curing room (the tem-
perature: 20 + 2 °C and the humidity: 95%). The predetermined
curing time for all CTB samples is taken as 28-day. Prior to strength
testing, the samples’ end faces are gently flattened by a cutter. Note
that the group format is c/t-concentration-fiber content. For exam-
ple, 6-75-0.6 means that c/t is 1:6, the slurry concentration is 75 wt%,
and the fiber content is 0.6%.

2.3. Experimental equipment and procedures

Fig. 2 shows a view of the SHPB dynamic testing method, which
consists typically of a power system, impact/incident/transmission
bars, damper, and measurement recording system. The power sys-
tem mainly refers to the high-pressure nitrogen pushing the
impact bar to hit the incident bar at a uniform speed. Strain gauges
are affixed at equal distances from the incident/transmission bar to
sample to minimize the hysteresis effect of the adhesive on the
transmitted signal and the interference of the reflected wave on
the stress balance in the sample. Hence, the strain gauges used
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are high sensitivity coefficient of semiconductor strain gauges
AF2-120. So, incident/transmission bars are 2000 mm in length
and 50 mm in diameter, the elastic modulus of two bars is
206 GPa, the bar density is 7900 kg/m?, the longitudinal wave
velocity is 5065 m/s, the length of the absorption bar is
1000 mm, and the diameter is 50 mm. The TST3000 acquisition
system can store data independently, and the TST3406 high-
speed, high-precision dynamic test analyzer collects and processes
shock waves. The pulse shape used in this experiment is a sine
waveform. A high-speed camera VW-600 M has a sharp resolution
of 640 x 480 pixels, and a dynamic analysis module VW-9000E,
which meets the requirements of the image of material during
dynamic destruction.

In this study, the size of the impact equipment bar (i.e., diame-
ter and length), the size effect of the backfill sample (the larger the
volume, the higher the dispersion of internal cracks, and the lower
the strength under the same strain rate), and the effect of backfill
settlement on the impact data results were analyzed. Conse-
quently, the impact bar having 50 mm diameter was adopted,
and the height/diameter ratio of CTB sample was set at 0.6.

3. Results and discussion
3.1. Dynamic waveform spectral analysis

Fig. 3(a) and (b) demonstrate the discrete voltage indicators of
the original incident, and reflected and transmitted waves col-
lected by the waveform collector. As shown in Fig. 3(a), the ampli-
tudes of the incident/reflected waves are equal, but the values are
in opposite directions, whereas the amplitude of the transmitted
wave is small. The incident bar’s elastic modulus is 206 GPa, and
the corresponding density is 7800 kg/m>. The backfill sample
belongs to the category of soft rock, and its density is less than
2000 kg/m>. The wave impedance capability between the CTB sam-
ple and the incident bar is quite different. Most of the stress pulses
return to the incident bar, leading to a smaller transmission ampli-
tude of the stress pulse compared with that of the incoming
reflected wave, accordingly a strong damping and shielding effect
of the backfill on elastic wave propagation.

Second, with the constant rise in impact velocity, the voltage
amplitudes of incoming/transmitted waves are increased. The lar-
ger is the area enclosed by the x-coordinate, the larger is the
impact velocity, and the larger are the incident and reflected ener-
gies. When the impact velocities are 2.978 and 2.935 m/s, the aver-
age strain rates are 35.969 and 37.761 s~!. When the impact
velocities are 2.862 and 2.997 m/s, the average strain rates are
47.828 and 53.004 s~ '. At this point, the variation trend of the inci-
dent and reflected waves, with average strain rates close to each
other, is consistent.

Fig. 3(a) shows the larger number of noise phenomena in the
original data of fiber-reinforced CTB compared with those of rock
samples [67,71]. The curve is smoothened by the FFT Fourier func-
tion filter that has filtered out the high-frequency signal, but
Savitzky-Golay convolution smoothing filter algorithm can also
eliminate noise interference while retaining an original signal by
carrying out polynomial regression on the local data. The initial
voltage signal waveform is calibrated according to stress wave the-
ory, and the starting point is selected, then the obtained electrical
signal is converted into a strain signal by MATLAB software. The

Table 1

Chemical composition analyses of the tested tailings sample.
Analysis (%) Si0, Al,03 Cao MgO P Fe S Au Ag Cu
Value 64.90 13.68 1.92 3.50 0.06 2.80 0.15 <0.01 0.03 <0.01
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Fig. 2. A schematic illustration of the studied SHPB test apparatus and mechanism.
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Fig. 3. CTB’s dynamic waveform: (a) incident and reflected waves (6-75-0.3); (b) transmission wave with different fiber content-3 m/s; (c) stress wave balance correction; (d)

typical dynamic waveform.

smooth denoising curve of transmission wave with different fiber
content is shown in Fig. 3(b).

Fig. 3(b) demonstrates that the highest value of the transmis-
sion wave shape is clearly correlated to the sample’s peak strength
under an impact condition of 3 m/s. However, the shapes of the
transmitted waves vary greatly, and the fiber-reinforced CTB sam-
ples manifest a phenomenon of “double peaks.” Meanwhile, the
second wave peak of the non-reinforced backfill sample is not
obvious, and the duration is relatively shortened. With the incor-
poration of fiber, the backfill sample can retain the integrity of

the solid core, prolong the action time of stress waves, and slow
down the attenuation rate of stress waves owing to the germina-
tion and expansion of cracks. This scenario reflects the damage
degree of the sample. For example, the failure mode of non-
reinforced CTB 6-75-0 is ‘crush,” whereas the failure mode of
fiber-reinforced CTB 6-75-0.6 takes the integrity of the ‘solid core,’
and the peripheral is ‘pealing broken.’

The stress balance algorithm is used for correction to guarantee
the results’ precision. Note that the backfill sample 6-75-0.3 is
taken as an example. As the considered impact velocity is set to
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2.997 m/s, the duration of incident/reflected/transmitted waves is
consistent. Fig. 3(c) demonstrates that the curve obtained by
superimposing the incident/reflected waves is consistent with that
of the transmitted wave. Fig. 3(d) displays that the dynamic wave-
form spectrum is related to the loading form of the stress wave
(semi-sine or rectangular wave), and the time interval between
the incident and waves is related to the bullet’s length and sam-
ple’s internal structure. The peak time of the incident wave of
backfill 6-75-0.3 is more delayed, and the time interval of the inci-
dent and reflected waves is more prolonged, compared with those
of the rock mass samples. The round-trip propagation of the stress
waves in the rock mass is relatively high when the impact velocity
is the same. The stress balance between the two ends is easily real-
ized, and the external interference effect is eliminated [67,72,73].

3.2. Dynamic strength and strain rate effects

3.2.1. Strain rate effect under different impact velocities

Table 2 lists the numerical results of the samples’ impact test
limits. When the impact velocity is similar (this means that the
aggregate, cementing agent, and fiber categories are all the same),
and the slurry concentration is 75%, the average value can be
obtained from Fig. 4.

The combined findings from Table 2 and Fig. 4 indicate that
when the impact velocity is 3 m/s, the dynamic mechanical
strength of fiber-reinforced CTB samples 6-75-0, 6-75-0.3, 6-75-

Table 2
Statistics of impact test parameters of the fiber-reinforced CTB samples.
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0.6, and 6-75-0.9 are 3.323 MPa, 3.19 MPa, 3.466 MPa,
3.108 MPa, which are higher than its static compressive strength
(2.458 MPa, 2.870 MPa, 3.432 MPa, 3.058 MPa [34]). It shows that
CTB under dynamic load can yield a higher bearing capacity. The
finding conforms with a great effect of strain rate. However, the
dynamic increase factor in this experiment is small at 1.02-1.689
only. The reason is that the partially lost cement slurry reduces
the total amount of cementation, thus it decreases the hydration
products and loosens the filling test block structure, which then
affect the proportion of strength growth. In addition, when the
impact velocity is the same, the larger the c/t is, the greater the
backfill dynamic strength will be. When the c/t is the same, the lar-
ger the impact velocity is, the greater the backfill dynamic strength
will be.

When the ¢/t ratio is 1:6, with increasing strain rate, the backfill
(with fiber) dynamic strength gain progressively surges, and good
correlation is achieved, as shown in Fig. 5(a). When the impact
velocities are 2.802 and 2.992 my/s, the average strain rates of
CTB 6-75-0 are 55.718 and 61.537 s~!. When the impact velocity
is approximately 3 m/s, the backfill (with fiber) strain rate is low,
with values mostly below 55 s~!. At the same time, the linear fit-
ting function of dynamic strength and average strain rate of the
backfill with different fiber content is obtained. Under the same
conditions of cement-sand ratio and slurry concentration, the
effect of the strain rate of non-reinforced CTB is more significant
than that of CTB with fiber reinforcement.

Group (height to Test No. Specific gravity Impact velocity

Maximum strain rate Average strain rate Dynamic strength

diameter ratio) (g/cm?) (m-s™1) (s™h (sh (MPa)
6-75-0 1 1.875 2.802 92.825 55.718 3.233
(0.59) 2 1.889 2.992 99.763 61.537 3.413

3 1.854 3.224 87.343 57.726 3.471

4 1.923 4,288 128.716 95.308 4153

6-70-0 1 1.887 3.057 74.418 49.662 2.620
(0.52) 2 1.875 3.160 124.874 78.680 2.765
8-75-0 1 1.863 3.212 106.954 63.763 2.380
(0.56) 2 1.845 4139 168.862 102.890 2.824

3 1.827 4.322 168.862 107.581 3.473

6-75-0.3 1 1.865 2.978 61.110 35.969 3.032
(0.58) 2 1.842 2.935 61.272 37.761 2.917

3 1.879 2.862 78.222 47.828 3.159

4 1.922 2.997 90.768 53.004 3.653

5 1.841 3.747 135.709 85.508 3.981

6 1.857 4.560 128.716 95.308 4934

6-70-0.3 1 1.786 3.895 85.849 51.024 2.861
(0.58) 2 1.822 3.615 94.268 54.593 3.161
8-75-0.3 1 1.874 3.377 107.244 71.358 2.463
(0.57) 2 1.862 4.304 145.307 89.468 3.198

3 1.870 4.296 180.402 112.547 3.257

6-75-0.6 1 1.848 2.908 51.563 34.508 3.425
(0.62) 2 1.793 3.158 77.532 45.374 3.377

3 1.872 3.022 98.814 62.624 3.595

4 1.855 3.535 76.980 46.111 3.234

5 1.861 3.918 140.941 93.009 4134

6 1.872 4.480 130.533 93.995 4.376

6-70-0.6 1 1.812 3.952 157.039 106.194 3.270
(0.54) 2 1.816 3.588 141.744 92.374 3.173
8-75-0.6 1 1.749 3.183 114.249 70.151 2.353
(0.58) 2 1.799 3.266 101.881 64.755 2.408

3 1.845 3.233 99.899 57.924 2.874

4 1.859 3.554 91.664 57.761 2.995

5 1.785 4.096 134.988 84.050 3.016

6-75-0.9 1 1.860 3.004 87.551 50.398 3.108
(0.64) 2 1.861 3.566 95.308 69.281 3.523

3 1.868 4.081 125.109 80.818 3.943

8-75-0.9 1 1.776 2.858 99.815 61.993 2.223
(0.55) 2 1.760 2.996 93.606 54.017 2.452

3 1.767 4519 172.296 98.573 3.125

4 1.737 4.646 173.126 97.502 3.763
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Fig. 4. CTB’s dynamic strength with an impact velocity of 3 m/s (a), and 4 m/s (b).
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Fig. 5. The backfill (with fiber) strain rate effect: (a) relationship between dynamic strength and strain rate; and (b) relationship between dynamic strength and impact

velocity.

Polynomial fitting is performed on backfill's dynamic strength
and impact velocity. The complex correlation coefficient is 0.876,
and the functional expression is y =5.528 — 1.821x + 0.359x2.
With increasing impact velocity, the backfill’s strength trend is also
increased, as shown in Fig. 5(b). Under the same impact velocity,
the dynamic strength difference between different types of back-
fills is obvious. The average strain rate distribution of non-
reinforced CTB samples is relatively concentrated, whereas the
backfill (with fiber) strain rate is discrete, with increasing fiber
content. The effect of average strain on the backfill's dynamic
strength is pronounced. The impact velocity range adopted in this
experiment is small because the average strain rate of the critically
unstable non-reinforced CTB samples is approximately 50 s~!
[61,62]. If the average strain rate is higher than this value, the
backfill tends to be broken and crushed. However, the impact
velocity continues to increase considerably in this experimental
study, and the dynamic strength of backfilling still has room to
improve.

3.2.2. Stress-strain curve analysis

Fig. 6 displays that the backfill’s stress-strain curves are similar
to the wave shape curve of the transmitted wave, in which ‘double
peaks’ are observed. The compaction effect of the micro-cracks and
pores within the sample can be realized quickly under the action of
impact load. Therefore, the initial stress-strain curve of backfilling
has a good coincidence, and it differs from the quasi-static loading
curve. The difference is not reflected in the stress-strain curve of
the internal micro-pores. When the CTB sample reaches the first
peak stress, the sample begins to show strain softening, and a
slight fracture is formed. As the strain value continuously

increases, the micro-cracks under compression manifest strain
strengthening when the stress gradually rises to the second peak
stress, and the damage evolves into a macro-crack, which repre-
sents a sharp decrease in stress.

Second, the first peak stress is greater than the second peak
stress, and it tends to decrease with increasing fiber content. Note
that the medium strain rate shock loading is taken as an example.
The differences between two peak stresses of backfill, particularly
6-75-0, 6-75-0.3, 6-75-0.6, and 6-75-0.9, are 1.468, 0.582, 0.319,
and 0.116 MPa. The cracking-resisting and anti-cracking effect of
fiber is based on the cement hydration reaction, in which large
number of cementitious materials are produced to wrap the fiber,
and good integrity with the backfill matrix is achieved. When the
slurry concentration and the c/t is the same, the increased incorpo-
ration of the fiber content means that more cementitious materials
are needed to cover the fiber surface. However, at this time, the
percentage of cement content given the same volume is reduced.
Thus, the fiber content of the backfill with the same type of cement
entails a critical value, which then affects the dynamic strength
growth ratio.

CTB is considered as a non-uniform cement-based composite
material belonging to the group of strain rate-sensitive materials.
Average strain rate can be divided into the following three groups:
low, medium, and high strain rates. The maximum strain value of
CTB increases with rising strain rate, and the backfill (with fiber)
strain value is greater than that of CTB without fiber. The average
growth factor of the backfill’s dynamic strength is 1 under the
loading condition of the low strain rate (50 s~!). At this time, the
‘double peak’ of the stress-strain curve of non-reinforced CTB 6-
75-0 continues to exist. The average growth factor of the dynamic
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Fig. 6. The backfill (fiber) stress-strain curves under low (a), medium (b), and high (c) strain rates.

strength of CTB is 1.2 under the loading condition of the medium
strain rate (approximately 65 s~!). Under the two impact condi-
tions mentioned above, the cracks play the main controlling role,
and the first peak stress entails a certain homogeneous action
stage. The average growth factor of the dynamic strength of CTB
is 1.4 under the loading condition of high strain rate (approxi-
mately 90 s—1). The observations from Fig. 6(b) and (c) indicate that
non-reinforced CTB sample does not have the second ‘peak stress’
under the impacts of medium and high strain rates.

The results of high-speed photography are shown in Fig. 7. The
bearing structure of non-reinforced CTB sample is damaged when
the impact velocity is 2.992 m/s, and its effective loading area is
greatly reduced. The strain strengthening cannot be realized
through regional stress adjustment alone, as the macroscopic fail-
ure of the sample is the dominant control factor. Thus, the backfill’s
stress-strain curve shows a large downward trend when the strain
rate increases to a certain value, and the disappearance of the ‘dou-
ble peak’ phenomenon is not an accidental phenomenon. Second,
the fiber-reinforced CTB sample differs from the coal sample con-
taining gangue. The interface between gangue and coal in the coal
sample has damaged the integrity of the structure [71,72].

The reason is that the interface of coal samples containing
gangue is similar to the effect of macroscopic cracks. However,
the effective bonding between the fiber and the backfill matrix
can induce a surrounding bearing structure. Moreover, even if a
local fracture occurs, the backfill can still be reloaded. The backfill
sample with a c/t ratio of 1:6 is taken as an example. The fragmen-
tation degree of the CTB sample 6-75-0 increases under the impact
velocity of 3 m/s, but a large block rate can be still observed. Mean-
while, fiber-reinforced CTB samples bounce the powder around in
a radial direction, whereas the main structure of CTB sample 6-75-
0.3 produces several fracture surfaces. The structure of CTB 6-75-
0.6 has good structural integrity, which can indirectly explain
why its second peak stress is higher than those of other groups.

3.2.3. Dynamic strength response surface

The response surface of the fiber content and the average strain
rate relative to the dynamic strength of filling are shown in Fig. 8.
The failure pattern of the backfill sample displays that the backfill’s
dynamic strength and integrity are related to the strain rate. Sim-
ilarly, with increasing strain rate, the backfill’s dynamic strength
increases, and the degree of damage changes from good integrity
to complete instability. By contrast, under the effect of different
slurry concentrations and c¢/t, the maximum strain rate and
dynamic strength under the same impact velocity differ greatly.
When the c/tis 1:8, and the impact velocity is 3.2 m/s, the backfill’s
dynamic strength is approximately 2.4 MPa, and the maximum
strain rate can reach 108.062 s~!. The corresponding dynamic
strength is only 71.86% of the backfill sample having a c/t ratio of
1:6 (its maximum strain rate is 99.763 s~!, and the average impact
velocity is 3.043 m/s).

As the impact velocity is 4.3 m/s, the backfill'’s dynamic strength
is roughly 3.2 MPa, and the maximum strain rate can reach
180.402 s!. The corresponding dynamic strength is approximately
79.8%, and the highest strain rate is 127.9% of the CTB sample with
a c/t of 1:6. Second, under the effect of the same impact strain rate,
the backfill (with fiber) dynamic strength is higher than that of CTB
without fiber. The main reason behind this behavior is that the
incorporation of fiber mainly improves the impact-resistance per-
formance of the backfill, as energy is slowly released along with the
effective time of impact load, and the damage to be caused is
reduced. Thus it improves the dynamic strength value of CTB.
When the c/t ratio is 1:6, the backfill having 0.9% fiber content
has a slightly lower dynamic strength under the action of medium
strain rate (i.e., zone A in Fig. 8a) compared with the other backfill
samples. The crack initiation and propagation are mainly affected
by the viscous effect inside the fiber-reinforced backfill material.
The backfill with a c/t ratio of 1:8 and 0.9% fiber content has a sig-
nificantly higher dynamic strength under the action of high strain
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Fig. 7. The failure process of CTB having different fiber contents.

rate (i.e., zone B in Fig. 8b) compared to other backfill samples. The
main reasons can be explained as follows: The impact velocity is
controlled by adjusting the pressure chamber. When the chamber
pressure and the c/t are the same, the maximum impact velocity of
sample 8-75-0.9 is 4.6 m/s; the maximum impact velocity of other
samples is 4.3 m /s, the minimum value of the maximum impact
velocity is 4.1 m/s. The impact velocity is lager, and the inertial
effect from the dynamic perspective is substantial. In other words,
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if the impact velocity is increased, then the inertial force will
increase to improve the backfill dynamic strength.

3.3. Backfill (with fiber) failure characteristics

Limited by this paper’s length, only the impact failure patterns
of four typical backfill groups are demonstrated in Fig. 9. When the
strain rate exceeds 40 s~ !, the non-reinforced CTB sample is broken
into large blocks, and no residual strength exists. If the strain rate
of the same sample is increased, the fragmentation degree will fur-
ther decrease until the crushing. When the average strain rate is
lower than 40 s~!, and the appearance of fiber-reinforced CTB sam-
ples is almost complete, the integrity of sample 6-75-0.6 is 96.28%
(the average strain rate at this time is 34.508 s~!). When the aver-
age strain rate is between 40 and 50 s~!, the elastic powder in
fiber-reinforced CTB is intensified. As the average strain rate is
between 50 and 70 s~!, the elastic powder begins to peel off
around the two end faces of backfill (with fiber).

The backfill’s stability is damaged due to the occurrence of par-
tial through-penetration cracks. However, the cemented tailings
backfill sample continues to retain an intact center and is able to
bear plastic deformation, both to a certain extent. As the average
strain rate is greater than 70 s~ !, the backfill (with fiber) sample
becomes unstable. The integrity of the CTB sample 8-75-0.6 is
58.95%, when the average strain rate is 70.151 s~ ',

In summary, the failure form of non-reinforced CTB samples is
mainly in the form of unstable crushing under tension force,
whereas that of fiber-reinforced CTB samples under the impact
loading is reflected as edge-spalling, core-retaining, and instability
failures.

4. Conclusions

In this study, the SHPB impact test system and high-speed cam-
era technology were employed to investigate the backfill (with
fiber) dynamic strength behavior at different impact velocities.
From the conducted experiments, some conclusions can be
obtained below:

o Either increasing the c/t or decreasing the fiber content can help
reduce the noise of the original impact waveform of the fiber-
reinforced CTB sample. Second, the transmitted wave of the
fiber-reinforced CTB sample has the characteristic of double
peaks, and the amplitude of the transmitted wave is positively
correlated with its dynamic peak strength.

e Influence of average strain rate on variation trend of the inci-
dent and reflected wave shape is greater than that of impact
velocity.

Fig. 8. Response surface of fiber content and average strain rate relative to dynamic strength of the fiber-reinforced CTB: (a) the c/t is 1:6; and (a) the ¢/t is 1:8.
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Sample - A: average strain rate; B: failure modes of fiber-reinforced CTB samples
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Fig. 9. The backfill (with fiber) failure modes under the impact of different strain rates.

e The backfill (with fiber) dynamic strength is greater than the
static compressive strength, and it rises with increasing impact
velocity. This finding accords with the law of strain rate effect.
When the c/t and the slurry concentration are the same, the
average strain rate distribution of backfill under similar impact
velocity become relatively concentrated, and the strain rate
effect is relatively significant.

The backfill (with fiber) adhesion and fibers can induce a
peripheral bearing structure and delay the reduction of the
effective bearing area. The corresponding stress-strain curve
appears as a double peak, and the difference between the first
and second peak stresses decreases with rising fiber content.
The backfill failure under the action of different impact veloci-
ties is in the form of instability failure led by tension, whereas
those of CTB with fiber is in the form of edge peeling and core
and instability failures, which have secondary bearing capacity
at low and medium strain rates and can resist cyclic impact.
Thus, the integrity of the backfill samples can be improved.
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