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Abstract

The mechanical characteristics of cemented paste backfill (CPB) are significantly influenced by the loading rate (LR) and initial
defects. Therefore, the CPB with prefabricated fracture (PF, PFCPB) was prepared, and uniaxial compressive strength (UCS)
tests considering LR and acoustic emission (AE) monitoring were performed. The particle flow code (PFC2D) was introduced
to analyze the mesoscopic crack evolution of the filling body, and the moment tensor theory was used to invert the AE signals
characteristics. The results show that as the PF angle increased, the UCS and elastic modulus (EM) of PFCPB decreased and
then increased, and the 30° PF was the turning point. The mechanical properties of PFCPB were deteriorated by the presence
of PF. Meanwhile, the mechanical properties of PFCPB were positively correlated with the LR. The stress—strain curve of
PFCB (excluding 90°) showed bimodal curves. After the UCS test, the macro crack of PFCPB sprouted at the tip of PF or
converged toward PF. PFCPB mainly suffered from shear failure, accompanied by a few tensile failures. Numerical simula-
tion results showed that the crack initiation stress of PFCPB was reduced by the PF. The number of cracks first dropped and
then gradually increased when the PF angle was enhanced, while gradually increased with the LR increased. Meanwhile, the
mesoscopic AE characteristics of CPB were strongly in line with the test results. The AE events of 0 ~60° PFCPB experienced
two slow rising periods and rapid rising periods. The temporal and spatial distribution characteristics of AE corresponded to
the crack evolution trend. The PF was prone to stress concentration, especially at the tip and upper and lower surfaces of 0 ~45°
PF, resulting in rapid crack initiation and reducing the energy storage limit and mechanical behavior of 0 ~45° PFCPB. The
increasing LR (within a certain range) was in favor of improving the mechanical behavior of the filling body. The research
results can provide a basic reference for the stability evaluation of the filling body with initial defects.

Keywords Cemented paste backfill - Mechanical properties - Acoustic emission - Prefabricated fracture - Loading rate -
Particle flow code

Introduction

The mining industry is the basis of many industries which
provides a favorable guarantee for human life and social
progress. With the demand and economic growth of social
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development, mining activities around the world are increas-
ingly frequent, and the extraction of deep earth resources
becomes the new normal (Zhao et al. 2022a, b; Hou et al.
2022; Xie 2019). However, deep mining will inevitably
face the complex environment of “three high and one dis-
turbance,” which in turn leads to frequent disasters such
as rock-burst and goaf instability, thus seriously hindering
the efficiency of resource exploitation and threatening the
safety of life and property (Huang et al. 2021; Wu et al. 2020;
Kuyuk et al. 2020). Therefore, filling mining may become an
effective method for solving the above problems. In recent
decades, cemented paste backfill (CPB) has been increasingly
applied in underground metal mines because it can dispose
of surface tailings, support goaf, and improve ore recovery
rate (Fang and Fall 2018; Yilmaz 2018; Tao et al. 2022). The
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hardened CPB has the effect of isolating and transferring
stresses (Wang et al. 2021a, b; Song et al. 2022a). There-
fore, it is of important practical significance to research the
mechanical behavior of the CPB for guiding the filling ratio
and enhancing the safety of underground working.

However, during the actual filling operation, factors such
as stress disturbance in the mining of the deposit, explosion
stress wave, flying stone, unfavorable geological formations,
and worse filling effects are prone to cause many joints, frac-
tures, and other defects inside filling body (Xu et al. 2018;
Hou et al. 2020a). These defects are more prone to stress
concentration under external loading, which accelerates the
initiation, and propagation of cracks inside the filling body,
and even changes the crack propagation form of the filling
body, thus degrading the mechanical behavior of the fill-
ing body. As a result, the fill may be more susceptible to
destabilization damage, threatening the safety of downhole
operations and increasing the loss depletion rate of the ore. It
is important to emphasize that in the subsequent filling min-
ing method, the stress state of the filling body changes from
a three-phase stress state to unloading due to the two-step
mining of adjacent ore bodies. With the continuous min-
ing of adjacent ore bodies, the stresses of surrounding rock
and backfill are changed, which is reflected in the indoor
experiments as the different loading rates (LR) (Hou et al.
2020b). The reasonable LR is determined through indoor
experiment, and then the mining speed is converted, which
has a certain guiding significance for underground safety
production. However, the internal crack evolution law of
the filling body with defects may be further changed under
the influence of LR, and the stability of the corresponding
backfill structure is uncertain. For a long time, domestic
and foreign scholars have conducted extensive research
on the effects of joints, fractures, and LRs on rock crack
propagation and mechanical characteristics. Yu et al. (2021)
explored the effect of LR on the crack extension of fractured
sandstone through laboratory tests and numerical simulation.
Li et al. (2022) performed true triaxial tests on fractured
rocks, which identified the crack formation mechanism.
Haeri et al. (2014) conducted Brazilian splitting tests on
rock-like materials with fractures, and the effects of fracture
inclination and number on crack evolution were analyzed.
Shirole et al. (2021) investigated the damage process of rock
with defects by using a nonlinear ultrasonic testing method
and scale subtraction. For the filling body, Xu et al. (2018)
analyzed the effects of curing temperature and 45° prefab-
ricated fractures (PF) on the strength and crack expansion
pattern of the filling body. Hou et al. (2020a) established
the damage variable to describe the filling body with 45°
PF under different osmotic pressure through experimental
and numerical research.

In summary, on the one hand, there are only a few system-
atic researches on the strength properties and crack evolution
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of the filling body with PF, focusing only on a single dip
angle fracture, which is not enough to fully understand the
performance changes caused by the change of fracture dip.
On the other hand, the effect of LR on the mechanical per-
formance of the filling body cannot be ignored. The rock and
backfill generally show a certain LR effect (Cao et al. 2019;
Xiu et al. 2021; Cheng et al. 2019). It is worth mentioning
that, as an artificial cement-based composite, there is a con-
siderable number of microporous cracks in the filling body.
Moreover, the compressive strength of the filling body is
greatly below that of the rock and has a certain ductility after
failure. The crack propagation and stress—strain behavior of
filling body are significantly different from those of rock
materials. Therefore, the research results of fractured rock
cannot be directly applied to the filling body. As such, it is
of great significance to systematically study the mechanical
behavior and crack evolution characteristics of the filling
body with PF under different LRs.

Moreover, with the development of computer technol-
ogy, acoustic emission (AE) monitoring and particle flow
code (PFC) are increasingly being employed for geotech-
nical stability monitoring and mesoscopic damage (Wang
et al. 2022a, b; Ma et al. 2020; Khazaei et al. 2015; Harizi
et al. 2022; Xue et al. 2023). AE signals are strongly cor-
related with the internal damage evolution of materials dur-
ing loading. By monitoring the AE signal of material in the
whole process loading, the crack propagation process in the
filling body can be inverted according to the obtained AE
parameters and the moment tensor theory, and the location
of crack and fracture can be determined (Zhao et al. 2020a,
b; He et al. 2021). Generally, AE source location requires
many AE probes (6 ~ 8 probes) to be mounted on the surface
of the sample to obtain AE information. It may lead to the
difference between the gained moment tensor and the real-
ized cases due to factors including the arrangement mode
and number of AE probes, the contact degree with the sur-
face of the sample, the presence of external disturbances,
and the difference in sample size and homogeneity (Mon-
doringin and Ohtsu 2013; Zhang et al. 2020; Cheng et al.
2021). The accurate acquisition of moment tensor through
indoor experiments is still a hot topic in recent years. At the
mesoscopic level, the PFC can discrete the specimens into
particles of different sizes, and the mesoscopic characteris-
tics of materials can be accurately obtained by referring to
macroscopic tests to calibrate the mesoscopic parameters
between the particles. More importantly, the mesoscopic
AE characteristics of the material can also be accurately
obtained by introducing the moment tensor theory, and the
method is not limited by the above factors.

In view of the above problems, in this study, the UCS test
of CPB and PFCPB was firstly carried out, the relationship
between PF angle, LR and UCS, EM was quantified, the
stress—strain behavior of the filling body was discussed, and
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the failure features of the filling body were explored. Then,
the effects of PF angle and LR on the mesoscopic crack
evolution of the filling body were analyzed by using PFC2D.
On this basis, the development law and temporal and spatial
distribution (TSD) characteristics of AE events were studied
by using the moment tensor theory. Finally, with the help of
energy conservation theory, the mechanism of PF angle and
LR on the change of mechanical behavior of the filling body
was further discussed.

Materials and methods
Raw materials

The raw materials used in this experiment include tailings,
cement, and water. Among them: @ the tailings are taken from
a copper mine in Jiujiang City, Jiangxi Province. The laser
particle sizer and X-ray fluorescence spectrum analyzer were
used to analyze the particle size distribution and chemical
composition of the tailing. The test results are shown in Fig. 1
and Table 1, respectively. As shown in Fig. 1, the particle size
of the tailings used in the experiment is medium-fine, and the
particle grading is good (Song et al. 2022a). Moreover, the
tailings are mainly composed of SiO, and CaO, which are
favorable to the strength development of the filling body. @
The binder is the main source for obtaining the strength of
CPB. The cementitious agent is P.O 42.5 cement frequently
employed in mines. ® The mixed water is laboratory tap water.

10

Experiment methods and numerical simulation

In this paper, the experiment and numerical simulation mainly
include preparation of the filling body, UCS tests under differ-
ent LRs with AE monitoring, the establishment of mesoscopic
model, and AE characteristic inversion based on moment ten-
sor theory. The research steps are shown in Fig. 2.

The filling body preparation

The preparation steps of the filling body are as follows: © The
unclassified tailings collected in the mine were dried to con-
stant weight at the temperature of 50 °C in the drying oven,
and then a certain amount of tailings was weighed and fully
mixed with cement in a JJ-5 mixer. @ Before the experiment,
the bottom center of the cube mold (70.7 mm) was prepared
with different-angled grooves. A top cover of the cube mold
was prepared, and the opening corresponding to the bottom
was prefabricated at the center of the top cover. Then, the fresh
paste was poured into the mold, and an iron sheet coated with
lubricating oil is inserted into the groove at the bottom of the
mold from top to bottom through the opening of the top cover,
ensuring that the iron sheet is always upright. @ After 24 h, all
specimens are demolded and the iron sheet for performing the
PF is pulled out in the filling specimen. Then, the filling sam-
ple was cured for 28 days (relative humidity is 90+2% RH,
and temperature is 20 “C). The specific experimental protocols
are shown in Table 2.

UCS tests under different LRs and AE signals monitoring

T Lo The UCS tests with different LRs are carried out on CPB and
—o— Cumulative FCPB specimens using an electronic universal press (Accord-
_ 8T [D,;=6.03 pm ing to GB/T50123-2019). Refer to the research of Hou et al.
S D,=68.41 pm IS (2020b), Xiu et al. (2021); Gan et al. (2016), the LRs in this
% o L [D9y=226.65 pm § paper are 0.1, 0.25, 0.5, 1, and 2 mm/min, respectively. The
E zgguﬁj;-: z::f' 160 S UCS tests and AE monitoring steps are as follows (Zhao et al.
g Cc:;~53 R ; f‘%’ 2020a, b; He et al. 2021): @ The filling body sample is placed
% 4r C,~18.98 440 é at the loading end of the press, the displacement loading mode
g f a is selected, and the stress and strain data are automatically
2L 1 recorded in the whole loading process. @ With the help of the
PC-II AE monitoring system, UT 1000 (working frequency:
_axll 60-1000 kHz) and R6 (working frequency: 35-100 kHz) AE
0 ] 1.0 1(;0 0 probes are selected, and the noise threshold is 45 dB. The UCS
Tailings grain size (jum) tests are carried out simultaneously with AE monitoring.
Fig. 1 Particle size distribution of the tailings
Table 1 Chemical composition of the tailings
Composition SiO, CaO Fe,0; SO, Al,O4 MgO K,0 Na,O MnO TiO, P,0;5 Others
Content /% 31.879 23.466 15.520 9.881 5.615 4.451 0.402 0.259 0.223 0.184 0.149 7.971
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Stress MPa

Fig.2 Research steps

Table 2 Test scheme

No  Massratio Mass PF angle /° LR /(mm/ Curing age
of cement  concentra- min)
to tailings  tion /%

C 1:4 76 - 0.1,0.25, 28d

C-0 0 0.5,1,2

C-30 30

C-45 45

C-60 60

C-90 90

Mesoscopic model of CPB and PFCPB establishment

Particle flow code abstracts rock, concrete, filling body, and
other material media into discrete particles as a special dis-
crete element method. The numerical simulation of material
macro mechanical behavior and mesoscopic structure can
be realized by defining parameters between particles (Xin
2020). The CPB is a kind of cement-based composite mate-
rial, and its strength is mainly derived from cement hydra-
tion. In this paper, the failure process of the filling body
under UCS tests is simulated based on PFC2D. Firstly, a
two-dimensional model completely consistent with the size
of CPB is generated. The model consists of particles and is
constrained by the wall. After the model is generated, the
side wall is deleted, and the LR is controlled by the upper
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simulation

and lower walls, which is the same as the physical test.
Thereafter, AutoCAD software is used to import walls with
different angles (20 mm long and 0.5 mm wide), and the
PF is generated by deleting particles within the size range.
Finally, according to the experimental results, the ‘trial and
error method” is used to calibrate the mesoscopic param-
eters of the mesoscopic model by using the parallel bonding
model. The specific parameter calibration method can be
referred to in the literature published by Yu et al. (2021). The
experimental and numerical simulation results are shown
in Fig. 3.

AE feature inversion based on moment tensor

During the uniaxial compression simulation, the contact
between particles breaks and microcracks occurs, and the
released strain energy is partially transformed into seismic
waves, i.e., AE events (Sun and Wu 2021).

In the study of earthquake source mechanisms, moment
tensor theory is commonly utilized in the field of rock and
concrete (Cheng et al. 2021; Hu et al. 2021). In this paper,
the moment tensor theory is introduced to statistic the mag-
nitude and source of AE events of CPB and PFCPB under
different LRs. During the numerical simulation of PFC, the
two contact particles that are locally or partially endowed
with parallel bonding model due to the applied external load
sprout microcracks and the two particles that sprout micro-
cracks are considered source particles (Sun and Wu 2021;
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Fig.3 Comparison of results and mesoscopic parameters

Cheng et al. 2021; Hu et al. 2021). Meanwhile, the source
particles also move relative to each other while sprouting
microcracks, resulting in the displacement of the contact,
which in turn causes a change in the contact force, and the
generation of microcracks is considered an AE event (Hu
et al. 2021; Zhao et al. 2021). The AE moment tensor M;;
can be obtained by multiplying the variation of the contact
force in parallel bonded contact by its corresponding force
arm and summing, and its calculation formula is as follows:

M; = Z (AF.R;) )

where AF; is the ith component of the change in interpar-
ticle contact force; Rj is the jth component of the distance
between the contact point and the center of the microcrack.

According to M;;, the scalar moment M, (Cheng et al.
2021):

ij?

1/2
3. 2
_(Zm

M, 5

(@)

where m; is the jth characteristic in the moment tensor
matrix.

The rupture intensity of AE events can be characterized
by magnitude, which represents the size of fault surface mis-
alignment and released energy caused by AE events. The
magnitude M can be calculated based on the maximum value
of the scalar moment (Cheng et al. 2021):

M= %lOgMo —6 3)

Results and analysis
Evolution of UCS of CPB and PFCPB

The influence of PF angle and LR on the evolution law of
UCS of the filling body is shown in Fig. 4. Detailed discus-
sion will be made below.

The effect of PF angle

Figure 4a illustrates the relationship between UCS and PF
angles. From Fig. 4a, it is clear that with the increasing PF
angle, the UCS of the filling body first diminished and then
gradually enhanced, and the 30° PF was the turning point.
Take the LR of 0.1 and 1 mm/min as an example. The UCS
of the filling body decreased from 2.70 and 3.24 MPa at 0°
to 2.42 and 3.03 MPa at 30° and decreased by 10.37 and
6.48% respectively and then increased to 3.00 and 3.74 MPa
at 90° and increased by 23.97 and 23.43% respectively com-
pared with that of the 30° PFCPB. This phenomenon indi-
cates that the variation of PF angles significantly affects the
UCS development of the filling body and can be expressed
using cubic polynomials (R? is above 0.860, as shown in
Eq. (4)). This phenomenon is consistent with the results of
the literature (Lu et al. 2021; Song et al. 2022b). Moreover,
the UCS of CPB was commonly greater than that of PFCPB
at the same LR, i.e., the strength characteristics of the filling
body were deteriorated by the presence of PF. The deterio-
ration degree can be obtained according to Eq. (5) and the
results are plotted in Fig. 4c. It is obvious from Fig. 4c that
the effect of PF angle on the degradation degree of UCS
of the filling body was opposite to the trend of UCS, and
the degradation degree reached the maximum at 30°. These
phenomena are explained as follows: (1) The existence of PF
is equivalent to the arrangement of initial defects inside the
filling body, and the location of PF under external loading is
more likely to have stress concentration, which is conducive
to the sprouting, and development of cracks inside the fill-
ing body. Faster crack evolution rate before the peak stress
results in reduced load-carrying capacity of the filling body
and reduced UCS. (2) The stress concentration at the PF
tip and the upper and lower surfaces of the 0 ~45° PFCPB
is increased, which is more conducive to crack initiation
(which will be discussed in detail in the “The mesoscopic
characteristics of CPB and PFCPB” section).

6=ml+n,a+p1a2+q1a3 “4)

where o is the UCS of PFCPB, MPa; a is the PF angle
(0~90°); m,, n;, p;, and g, are the parameters related to PF
angle and LR respectively.
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where D is the deterioration coefficient of UCS, %. Sgcpg
and S-pp are the UCS of PFCPB and CPB respectively, MPa.

The effect of LR

Figure 4b illustrates the relationship between the UCS
of the filling body and LR. As can be seen from Fig. 4b,
when the LR extended from 0.1 to 2 mm/min, the UCS of
CPB and PFCPB continued to increase, and the increase
rate gradually decreased. The UCS of CPB and 30°
PFCPB increased from 3.07 and 2.42 MPa at 0.1 mm/min
LR to 3.94 and 3.08 MPa at 2 mm/min LR, respectively,
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which increased by 28.34 and 27.27% respectively. This
phenomenon indicates that higher LRs (within the appro-
priate LR range) are beneficial to the enhancement of
UCS of the filling body. Meanwhile, it can be clearly
found that the UCS of CPB was commonly stronger than
that of PFCPB regardless of LR. Among them, the UCS
of the 90° PFCPB was close to CPB, indicating that the
deterioration degree of 90° PF to the filling body is low,
which can also be proved in the deterioration degree dia-
gram shown in Fig. 4c. Overall, the 90° PF had the least
effect on the strength properties of the filling body (red
dashed line in Fig. 4c), while the LR in the range of 0.25
to 0.5 mm/min (black dashed line in Fig. 4c) could slow
down the degradation of PF on the strength of the fill-
ing body. These phenomena are explained as follows: (1)
Increasing the LR corresponds to an increase in the total
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energy exerted by the external load on the filling body
(Tang et al. 2022), forcing the filling body with lower
energy dissipation to consume the externally applied by
lifting its own stress. Therefore, the UCS of the filling
body increases with the increase of LR. (2) Higher LR
has a certain inhibitory effect on crack development (Gan
et al. 2016), which can appropriately improve its own
energy storage limit and reduce the crack initiation and
propagation caused by energy dissipation, which is ben-
eficial to the strength enhancement of the filling body.
These phenomena are similar to the research results of
Xiu et al (2021). However, Hou et al (2020b) found that
the UCS of the filling body enhanced and then reduced
with an increase of LR, and there existed a critical LR.
It seems to be different from the results in this paper.
This is because the determination of the critical LR is
limited by the performance of the filling body, such as the
selected concentration, cement content, tailing particle
size distribution, and other factors when preparing the
filling body. The changes in these factors inevitably lead
to changes in the internal pore structure and the ability to
resist the external load of the filling body. Therefore, the
critical LR is different. This can also be confirmed by the
different critical LRs obtained in the studies of Hou et al.
(2020b) and Gan et al. (2016). Moreover, according to the
results of this paper, the relationship between UCS and
LR is quadratic polynomial (such as Eq. (6), R*>0.82).

o = my + nyl + p,I* (6)

where [ is the LR (0.1 ~2 mm/min), mm/min; m,, n,, and p,
are the parameters related to PF angle and LR respectively.

Coupling effect of PF angle and LR

Figure 4d shows the UCS distribution of the filling body
under the coupling action of PF angle and LR. From Fig. 4d,
the UCS of the filling body can be divided into low strength
area, medium strength area, and high strength area. The main
features are as follows: The low strength area was located at
the lower left. At this time, the PF angle was between 0 and
45° and the LR was between 0 and 0.5 mm/min. The UCS
of PFCPB in this angle range was generally low and insen-
sitive to low LRs. (2) The two medium strength areas were
located in the upper left and lower right, respectively. It can
be found that the UCS in the upper left area was more sensi-
tive to the high LRs (1 ~2 mm/min). However, the PF angles
(60~90°) in the lower right area showed the low LR effect.
(3) The high strength area was located in the upper right,
corresponding to relatively high LR and large PF angle. The
UCS evolution of the filling body at this time had a high
sensitivity to both of these factors.

Evolution of EM of CPB and PFCPB
The effect of PF angle

The effect of PF angle on the EM of the filling body is
shown in Fig. 5a. From the Fig. 5a, it can be found that the
evolution of EM of the filling body with PF was consistent
with UCS, and they had a cubic polynomial relationship
(R?>>0.830, which can be expressed by Eq. (7)). Taking the
LRs of 0.1 and 1 mm/min as examples, the EM of the filling
body decreased from 113.28 and 118.00 MPa at 0° to 107.33
and 112.44 MPa at 30°, respectively, and decreased by 5.25
and 4.71% respectively. Subsequently, the EM gradually
increased to 120.04 and 154.49 MPa at 90°, which were
11.84% and 37.40% higher than that at 30° PFCPB. Mean-
while, it can be seen from Fig. 5a that the EM of PFCPB was
generally lower than that of CPB, indicating that the pres-
ence of PF reduces the stiffness of the filling body, and the
deterioration coefficient can be obtained by Eq. (8), and the
results are shown in Fig. Sc. From Fig. 5c, when the LR was
constant, the deterioration coefficient of EM of the filling
body enhanced and then dropped. The 30° PF had the sever-
est deterioration on EM, and the 90° PF had the least effect
on the stiffness of the filling body. These phenomena are
explained as follows: (1) The existence of PF is equivalent to
the arrangement of initial defects in the filling body. Under
external load, the PF is easy to produce stress concentration.
Compared with CPB, the ability to resist crack initiation and
propagation is reduced, and the stiffness of PFCPB is weak-
ened. (2) As mentioned before, the stress concentration in
the PF at some angles is greater and the ability of the filling
body to resist deformation is further reduced.

E=m;+na +p3a2 + q3a3 @)

where E is the EM of the filling body, MPa; m, ns, ps, and g,
are the parameters related to PF angle and LR, respectively.

Dgy = ®)

where Dp,, is the deterioration coefficient of EM, %. Excpp
and Epg are the UCS of PFCPB and CPB, respectively,
MPa.

The effect of LR

Figure 5b illustrates the relationship between EM and LR. As
can be seen from Fig. 5b, when the PF angles were between
0 and 45°, with the LR increasing from 0.1 to 2 mm/min, the
EM of the filling body fluctuated in a certain range with small
changed and an overall increasing trend. The EM of PFCPB
(60~90°) and CPB increased with the increase of LR. When
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Fig.5 Effect of PF angle and LR on EM of the filling body

the LR was 0.1 mm/min, the EM of 60°, 90° PFCPB and CPB

were 117.12, 120.04, and 125.41 MPa, respectively, and gradu-
ally increased to 139.92, 166.52, and 186.32 MPa at 2 mm/
min, which were 19.47, 38.72, and 48.57% higher, respec-
tively. The relationship between EM and LR can be expressed

in Eq. (9) (R*>0.880), and EM can be evaluated by Eq. (9).
These phenomena are explained as follows: (1) As described in

the “Evolution of UCS of CPB and PFCPB” section, the higher
LRs exert higher input energy on the filling body, and higher

LRs are conducive to inhibiting the development of cracks,
thus inducing the filling body to obtain a higher energy storage
capacity and improve its own stiffness. The 0~45° PFCPBs
are more likely to sprout cracks at the PF by external loading,

resulting in the effect of higher LRs on the hindering effect of

internal crack development in the filling body being weakened,

@ Springer

and the LR effect was not obvious in the elastic deformation

stage. Furthermore, it can be obtained from Fig. 5c that the

deterioration coefficient of EM increased overall with the

increase of LR, which might be due to the more significant

increase of EM with LR for CPB and the more obvious LR

effect (Fig. Sb).

E = my +nyl + p,l* + q,°

©

where my, ny, p,, and g, are the parameters related to PF
angle and LR respectively.

Coupling effect of PF angle and LR

Figure 5d shows the distribution of EM under the influence
of the coupling of the two factors. As shown in Fig. 5d, the
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EM can be divided into low EM area, medium EM area, and
high EM area. The specific distribution characteristics are as
follows: (1) The low EM area was located on the left side of
Fig. 5d, and PF angles were between 0 and 45°. The EM in
this area was generally low and insensitive to the change of
LR. (2) The middle EM area was located in the upper right
of Fig. 5 as well as being located on the upper right side.
When the LR was low (0.1 ~0.5 mm/min), the EM of 90°
PFCPB was more sensitive to low LR, and the sensitivity of
60° PFCPB to LR increased slightly. The sensitivity of the
EM of the 60° PFCPB to LR was further increased when the
LR was in the range of 0.5 to 1 mm/min. (3) The high EM
area was only in a small area in the upper right, and the sen-
sitivity of EM to 90° PF and high LR was the highest, which
was further evidence of the high sensitivity of CPB to LR.

Stress—strain characteristics of the filling body

The deformation-damage-instability characteristics of geo-
technical materials during the whole process of loading can
be completely represented from the stress—strain curve, and
the form of the stress—strain curve corresponds to the crack
propagation. Stress—strain curves of the filling body at 0.1
and 1 mm/min LRs are shown in Fig. 6, respectively. Over-
all, the development of stress—strain curve went through four
stages: initial compaction, elastic deformation, plastic yield,
and failure stages. However, there were still some differences
in the each phase of curve, especially for PFCPB specimens,
which mainly showed the following characteristics:

The form of the stress—strain curves of the filling body
(90° PFCPB and CPB) was very similar regardless of LRs.
This is in line with previous studies (Song et al. 2020b).
This phenomenon further indicates that the 90° PF is less

perturbing to mechanics behavior of the filling body, which
is also confirmed by previous research results (Song et al.
2020b).

At low LRs (Fig. 6a): (1) The stress—strain curve of
0~45° PFCPB first appeared as a slowly growing platform,
and then the load was gradually elevated to the peak stress.
(2) The curve of 60° PFCPB showed a minor decline in
stress after the peak, followed by another increase. These
results are attributed to the fact that the PF closed before
the peak stress, leading to the phenomenon of stress drop
under the larger external load. Continuing to apply the load,
the particles on the top and bottom surfaces of PF intrude
into mutual, and the degree of mutual engagement (fric-
tion) is strengthened (Xu et al. 2018; Song et al. 2022a, b),
which strengthen mechanical properties of the filling body.
However, the existence of a stress plateau in the curve of
stress—strain when PF was between 0 and 45° was due to
such PFs being more prone to stress concentration inside
the filling body. Therefore, the sprouting and expansion of
cracks were advanced, leading to the continued discharge
of stored energy inside the filling body and the closure of
PF before the peak occurs. When the PF angle was 60°, the
UCS and EM of the 60° PFCPB increased, indicating that
the sprouting and expansion rate of cracks internal the filling
body is lower than the former. Before the peak stress, energy
is stored mainly in the form of elastic energy. Thereafter, the
upper and lower surfaces of PF might closed rapidly, which
led to a significant decline in stress.

At high LRs (Fig. 6b): The stress drop of the stress—strain
curve in PFCPB (except for the 90° PFCPB) was remark-
able. This is because the higher LRs exert higher energy on
the filling body, while considering the blocking effect of
the high LR on crack propagation, resulting in less energy
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consumption before the peak stress. Near the peak, the
energy inside the filling body is rapidly released, the upper
and lower part of PF is accelerated to close, and the stress
is rapidly reduced. Moreover, the stress—strain curve of 30°
PFCPB did not fluctuate greatly. This is because the block-
ing effect of high LR on the crack propagation of 30° PFCPB
is not obvious. The internal cracks of the filling body con-
tinue to sprout and propagate during loading, the PF gradu-
ally tend to close, and the accumulated elastic strain energy
inside is continuously released. The stress—strain behavior of
PFCPB is similar to the previous research results (Xu et al.
2018; Song et al. 2022b).

Failure mode of CPB and PFCPB

Geotechnical materials gradually accumulate energy under
external load and dissipate energy in the form of crack
sprouting and expansion. Eventually, the crack development
is complete and the dissipation energy reaches its maximum,
and the material undergoes macroscopic damage (Wang

Shear crack (a) Wing crack (¢)
Tensile crack (b)
Resistance
tension crack (d) Coplanar
Non- lana
on-coplanar secondary crack (f)

secondary crack (c)‘\\
\

A\
\
N’on-coplanar

secondary crack
Resistance

tension crack

Coplanar
secondary crack

Wing crack

Fig.7 Crack distribution type

et al. 2021a, b; Zhao et al. 2020a, b). The failure mode of
geotechnical material is closely related to the type of crack.
Understanding the crack distribution type is the basis for
judging the failure mode of geotechnical materials. The
types of cracks produced in geotechnical materials under
uniaxial compressive loading are shown in Fig. 7, among
them, with the wing and secondary cracks being tensile
and shear cracks, respectively (Yu et al. 2021). The failure
mode of the filling body under typical PF angle (45°) and
LR (1 mm/min) will be discussed below.

For PF angle (Fig. 8): Two main shear cracks were pen-
etrating the CPB, leading to shear failure. However, the
cracks in PFCPB mainly propagated around the PF, for
example, the presence of six types of cracks a, b, ¢, d, e,
and f at the tip of the 0° PF, respectively. There were three
types of cracks a, c, and f at the tip of 30° PF, and c and d
types of cracks sprout respectively above and below the PF.
There were only two types of cracks c and f at the tip of 45°
PF, and c-type cracks appeared on the upper end face of the
PF. There are mainly three types of cracks c, d, and f at the
tip of 60° PF, while there is only one tensile crack at the tip
of 90° PF, and the cracks are mainly concentrated on both
sides of the PF. Moreover, the crack generated by the PF tip
gradually expanded and converged with the far-field cracks
to form macro failure.

For LR (Fig. 9): As the LR increased, the cracks in the
45° PFCPB still predominantly extend outward from the PF
tip or the top and bottom of the PF. Overall, three main types
of cracks c, d, and f were present at the PF tip. Furthermore,
when the LR was raised from 0.1 to 2 mm/min, there was no
apparent difference in the complexity and evolution mode
of cracks in PFCPB. The variation of LR may change the
crack initiation stress as well as the rate of crack sprouting,
extension and propagation of the filling body. This will be
discussed in the numerical simulation section. The crack
propagation forms of PFCPB after failure are complex and

Fig. 8 Failure mode of the filling body (the effect of PF)
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diverse, which is markedly distinct from the forms of the
crack evolution of hard and brittle materials such as rock
obtained in (Yu et al. 2021; Shimbo et al. 2022; Huang
et al. 2022; Cao et al. 2016). This is because of the large
amount of micropores being dispersed in the filling body, the
strength and stiffness of the filling body are low, and the law
of crack evolution is weakened, resulting in the complexity
of cracks after macro failure.

The mesoscopic characteristics of CPB
and PFCPB

Mesoscopic crack evolution of the filling body
The effect of PF angle

The effect of PF angle on the crack expansion pat-
tern of the filling body under the LR of 1 mm/min is
shown in Figs. 10, 11, and 12. As shown in Fig. 10a,
the stress—strain curve gained by numerical simulation
had no initial compaction stage and showed linear elas-
tic deformation behavior. This is because the parallel
bonding model has no initial defects, which is different
from CPB of artificial cement-based materials. Mean-
while, it can be found that obvious fluctuations could
be observed near the peak value, which corresponded to
large damage in the filling body. Moreover, when the PF
angle enhanced from 0 to 90°, the EM of the filling body
reduced and then improved, and it was generally lower
than that of CPB. This phenomenon corresponded to the
experimental results.

The crack initiation stress, the crack number, and the per-
centage of pre-peak and post-peak cracks of the filling body
for the whole process of loading are presented in Fig. 10a—d.
As shown in Fig. 10a, there was no crack initiation in the
filling body in the early stage of loading. Subsequently, the
crack initiation and slow propagation gradually entered the
stage of rapid initiation, expansion, and convergence to fail-
ure. The crack number-strain curve was dramatically influ-
enced by the PF angle, which showed the difference between
crack initiation stress and crack number. From Fig. 10b—c,
the crack initiation stress and cracks number of filling body
both reduced and then improved. These phenomena indicate
that stress concentration is easily formed around PF, and the
sprouting and expansion of cracks inside the filling body are
accelerated, followed by worsening of the mechanical prop-
erties of the filling body. However, the change trend of the
crack number may contradict the characteristics of UCS and
EM of PFCPB. These phenomena can be attributed to the
following: the filling body is in the state of energy storage
and release during the whole process of loading (Wang et al.
2021a, b; Zhao et al. 2020a, b). Energy storage is dominant
before the peak stress, accompanied by energy dissipation
during crack propagation. After the peak stress, the energy
is dissipated rapidly, and the number of crack initiation
and propagation is increased. The filling body with higher
mechanical properties stores more energy before the peak,
resulting in rapid energy released in the post-peak phase
and accelerating crack initiation and expansion. Meanwhile,
the filling body with lower mechanical properties has lower
energy storage limit before the peak due to low crack initia-
tion stress (this process is accompanied by more crack for-
mation and expansion, which increases energy dissipation),
resulting in less significant energy release in the post-peak

Fig.9 Failure mode of the filling body (the effect of LR)
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Fig. 11 Mesoscopic failure characteristics of the filling body

phase and reduction crack number. To verify the above
analysis, the percentage of pre-peak and post-peak cracks
is calculated, as shown in Fig. 10d, which is in line with the
above analysis results.

The mesoscopic failure modes of the filling body with
different PF angles at LR of 1 mm/min are shown in Fig. 11.

@ Springer

From Fig. 11, it can be found that the CPB mainly occurred
shear failure, which was similar to the experimental results
(Fig. 8). For the PFCPB, the formation of mesoscopic cracks
was distributed around the PF, mainly as follows: (1) There
were mesoscopic shear cracks at the left and right tips of
0° PF, and mesoscopic tensile crack existed in the middle
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Fig. 12 Distribution of force chain

part above and below the PF respectively. (2) There were
mesoscopic shear cracks and tensile cracks at the tip of 30°
PF. The mesoscopic crack forms of 45° and 60° PFCPB
were similar to those of the 30°PFCPB. (3) When the PF
angle increased to 90°, the crack forms were significantly
different, which was mainly manifested in that the crack
first sprouted on both sides of the PF and extended outward.
Figure 12 shows the force chain distribution of different
PFCPBs (green represented tensile, gray represented com-
pression). From Fig. 12, It can be found that the tensile force
distribution of CPB was more uniform. However, the tensile
force inside PFCPB was distributed around the PF. As the
PF angle increased, the tensile force concentration on the
top and bottom of PF gradually weakened, and the tensile
force concentration on the top and bottom of the 0° and 30°
PFs was larger, which made the crack more likely to initiate,
corresponding to a lower crack initiation stress. There was
tension concentration on both sides of the 90° PF, and there
was no tension distribution at the two tips. Therefore, the
deterioration degree of mechanical properties of 90° PFCPB

was not obvious. The transfer of force chains with PF angle
is in agreement with the numerical simulation results gained
by Yu et al (2021).

The effect of LR

Uniaxial compression simulations at LRs of 0.1 and 1 mm/min
were carried out with a 45° PECPB, and the results are shown in
Fig. 13. From Fig. 13a, it can be clearly found that the number
of cracks after mesoscopic damage of 45° PFCPB increased
from 1653 at LR of 0.1 mm/min to 2025 at LR of 2 mm/min.
Meanwhile, the failure time of the filling body was shortened
and the crack initiation was advanced. This is because higher LR
corresponded to greater energy input, which promoted earlier
crack initiation within the specimen. However, there was a cer-
tain hindering effect on crack expansion due to higher LRs (Yu
etal. 2021; Gan et al. 2016); more energy was stored inside the
specimen before the peak. After the peak, the crack sprouting
and propagation rate was rapidly increased and the crack number
was higher inside the specimen, while the lower LRs were the
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Fig. 13 Mesoscopic crack evolution (the effect of LR)
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opposite. According to the statistics of the percentage of pre-
peak cracks in Fig. 10d, the percentage of pre-peak cracks at
the LRs of 0.1 and 1 mm/min was 76.8 and 65.0%, respectively,
which further proved the reliability of the above analysis.

As shown in Fig. 13b, the distribution of force chain
inside the filling body was changed due to the change
of LR, and the cracks generated at both tips of PF were
slightly different. Overall, the LR had little effect on the
mesoscopic crack propagation characteristics of these
samples, which corresponded to the macroscopic failure
morphology of PFCPBs shown in Fig. 9.

Mesoscopic AE characteristics of CPB and PFCPB
AE events number

The mesoscopic AE event rate and cumulative AE event
number of the specimen can be gained according to the

statistics of crack location and moment tensor theory. As
can be seen from Figs. 14 and 15:

AE events experience four phases: quiet period, slow
rising period, rapid rising period, and rapid falling period.
During indoor uniaxial compression, AE events almost
accompany the whole loading process. In the initial load-
ing phase, only a limited number of AE events were pro-
duced, while the peak of AE events occurred near the peak
stress (Fig. 15a). On the contrary, the numerical simulation
results showed that no mesoscopic AE events were gener-
ated in the initial phase. In addition, the maximum values
of AE events were located behind the peak. These phe-
nomena can be explained as follows: (1) There are a large
number of defects such as micro-pores and micro-cracks
in CPB formed by artificial pouring. In the early stage of
loading, these defects were compressed and closed, leading
to a small number of AE events. However, the mesoscopic
model does not have the abovementioned initial defects,
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which means that no AE events occur at this stage. (2)
Due to data processing or test instrument monitoring prob-
lems, AE data captured during the test monitoring may
be delayed, resulting in maximum AE events concentrated
near the peak stress (Cheng et al. 2021). On the whole,
the experimental results were in high agreement with the
numerical simulation results, which proved the reliability
of mesoscopic AE simulation. The numerical simulation
results of AE events obtained in this paper are similar to
those of Zhao et al. (2021) and Cheng et al. (2019).

Moreover, the AE event-time step development trend of
CPB and 90° PFCPB (Fig. 14a and f) was similar. After the
peak stress, the AE events surged, the cracks were rapidly
initiated and expanded, and large mesoscopic cracks were
formed, resulting in destabilization of the filling body. This
phenomenon indicates that the presence of 90° PF has less
effect on the crack evolution of PFCPB, and thus, the degree
of mechanical property deterioration induced by the PF was
reduced, which was in line with the macroscopic test results.
Meanwhile, AE events of 0 ~60° PFCPB appear in advance,
which represented the early initiation of cracks (consistent
with Fig. 10). It shows that AE events are closely related
to crack extension, which is in line with the macroscopic
test results. Furthermore, the AE events of these types of
PFCPBs undergo two slow rising periods and two rapid ris-
ing periods as loading continues. This phenomenon can be
explained as follows: the filling body sample is always in the
state of energy storage and dissipation before failure. The
stress concentration around the 0 ~60° PFs is more likely to
occur, the crack is easier to initiate, and the energy storage
capacity of the filling body is reduced, resulting in more
energy dissipation in the first rapid rising period of the AE
events. Under the subsequent load, the crack growth rate is
slowed down, and the AE events are reduced and increased
slowly. According to the evolution law of AE events, the
rapid rising period of the first AE events can be regarded as
the failure precursor of the 0 ~60° PFCPB. The results are
in line with the test results of Song et al. (2022b).

As shown in Fig. 15b—c, compared with the high LR of
1 mm/min, the AE events corresponding to the low LR of
0.1 mm/min appeared later, AE event number was less over-
all, and the AE quiet period and slow rising period were not
significant. However, on the whole, the development trend
of AE events under different LRs was similar, and there were
two slow rising periods and two rapid rising periods of AE
events. This phenomenon further confirmed that the LR has
less influence on the crack evolution mode of PFCPBs but
mainly controlled the crack evolution rate.

TSD characteristics of AE events

Figure 16 shows the TSD characteristics of AE events for
CPB and 0, 30, and 90° PFCPB (LR is 1 mm/min). Figure 17

presents the TSD characteristics of AE of 45° PFCPB under
the LR of 0.1 and 1 mm/min. To facilitate the characteriza-
tion of the time-dependent properties of AE events, the AE
event evolution characteristics are analyzed at 80 and 90%
of the peak stress, at the peak stress, and at the end posi-
tion. The TSD characteristics of AE events are discussed in
detail below.

It is clear from Fig. 16 that, on the whole, the AE event
evolution of CPB and PFCPB was consistent with the crack
development, and this phenomenon further supported the
close correlation between cracks and AE events. However,
the existence of PF inevitably led to changes in the internal
stress state of the filling body samples and differences in the
form of crack extension, prompting significant differences
in the AE events number, magnitude size, and spatial loca-
tion at different time steps. The main manifestations were
as follows: (1) At 80% of the peak stress, there were only a
few randomly distributed weak AE events in CPB and 90°
PFCPB. AE events in 0° PFCPB were mainly concentrated
in the upper and lower part of the middle of the PF, and
dense zones of AE events were formed. In contrast, the AE
events in the 30° PFCPB were mainly concentrated in the PF
tip, and there were more AE events with larger magnitude.
(2) When the loading continued to 90% of the peak stress,
the AE events increased slightly at each working condition.
AE events remained low for CPB and 90° PFCPB. AE events
of 0° PFCPB increased at the PF tip, while the 30° PFCPB
had more AE events at the right tip of PF and was accom-
panied by larger magnitude AE events. (3) When the filling
body reached the peak stress, the AE events of all backfill
samples increased significantly. AE event concentration zone
appeared on both sides of CPB, while the AE events of 90°
PFCPB were concentrated on the side of PF. The CPB and
90° PFCPB were still dominated by minor AE events. How-
ever, numerous AE events were produced at the PF tips of
0° and 30° PFCPBs, especially the dense AE concentration
zone had been formed at the upper and lower tips of the 30°
PF, and AE events with large magnitude occurred frequently.
It indicates that the cracks inside the filling body sprout
and expand rapidly, and the degree of damage is larger.
(4) In the post-peak stage, the crack expanded rapidly, and
numerous AE events and AE events with larger magnitude
appeared rapidly. The AE events of PFCPB still develop to
both sides with the PF as the center, or the surrounding AE
events gathered to the PF, which corresponded to the crack
development pattern of the filled body. The phenomenon
of a rapid increase in post-peak AE events for CPB and 90°
PFCPB is consistent with the pre-peak and post-peak crack
proportions.

It can be seen from Fig. 17 that at 80 and 90% of the peak
stress, fewer AE events were mainly distributed at the tip of
PF, and there were relatively more AE events in the filling
body when the LR was 1 mm/min. When the peak stress
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80% 90%

Fig. 16 TSD characteristics of AE events (the effect of PF)

was reached, AE events (AE events with larger magnitude)
increased rapidly, dense AE event concentration zones
appeared along the PF tip, and there were more AE event
concentration zones at LR of 1 mm/min. In the post-peak
stage, AE events increased sharply, AE events with larger
magnitude occurred frequently, multiple dense zones were
formed, and the filling body was unstable and damaged.
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Discussion

The instability and failure of rock, concrete, and filling
materials under external loads are essentially a progres-
sive damage evolution process driven by energy, which
is a comprehensive manifestation of the closure, develop-
ment, expansion, and penetration of internal micro-cracks
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Fig. 17 TSD characteristics of AE (the effect of LR)

(Wang et al. 2021a, b; Liu et al. 2020). The change of
PF angle and LR will inevitably lead to the difference
of energy exchange in the whole test process, which in
turn induced significant changes in the crack evolution
characteristics and mechanical properties inside the fill-
ing body, resulting in the obvious difference of AE events
source. Therefore, the energy evolution law of PFCPB
based on PFC2D was analyzed to reveal the PF deteriora-
tion mechanism and LR effect of the filling body from the
energy perspective.

Assuming that the energy exchange between the filling
body and the outside world during the test is not considered,
the work done by the load on the filling body is (Zhao et al.
2021; Liu et al. 2020):

U,=U,+ U (10)

where Uy is the boundary energy; U, is the strain energy; Uy
is the dissipation energy.

In the numerical simulation of PFC, the boundary
energy is derived from the work done by the upper and
lower walls. The strain energy includes the strain energy
of the particles themselves (U®) and the strain energy of
the parallel bond model (UP); the dissipation energy
includes the damping energy (UY), slip energy (U*'), and
kinetic energy (U*) between the particles and is calculated
as follows (Zhao et a. 2021):

100%
U =U+U,
s _ 1 ED IEY”
JU=3 kn+ks] (11)
-2 —2 — 2
Uep=l( Fy + £l + 244 1Ml )
| 2 kA KA kT R

where F!, F!, F,, and F are the normal and tangential con-
tact forces between the linear contact and parallel bonded
contact between particles, respectively; k,,, &, En, and ES are
the normal and tangential stiffness between the linear con-
tact and parallel-bonded contact between particles, respec-
tively. M . is the torque of parallel bonding contact; Mb is the
bending moment of parallel bond contact; A is the contact
area; J is the polar moment of inertia; 1 is the moment of
inertia of the contact.

The results of each energy statistic of CPB and PFCPB
in the uniaxial compression process are shown in Table 3
and Fig. 18. It can be seen from Fig. 18a that the energy
values of CPB were much higher than those of PFCPB. This
is because the integrity of the filling body was decreased by
the presence of PF, the crack initiation stress of the filling
body was weakened, resulting in the reduction of the energy
storage limit of the filling body. Moreover, the higher dissi-
pation energy of CPB can be attributed to the fact that more
energy is stored in the pre-peak phase and more energy is
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dissipated in the post-peak phase, which will also induce
numerous cracks to be sprouted and the crack extension
and propagation to be accelerated. Simultaneously, with
the increase of PF angle, each energy value first decreased
slightly and then increased gradually. The strain energy and
dissipation energy of PFCPB decreased slightly from 3.93
and 2.16 kJ/m* at 0° to 3.87 and 2.12 kJ/m? at 30° and
then gradually increased to 4.60 and 2.57 kJ/m? at 90°. This
phenomenon further indicated that the energy evolution of
the filling body is influenced by the PF and PF angle, and
thus, the mechanical behavior of the filling body is altered.
The energy storage capacity of 30° PFCPB is the smallest.
When the PF angle gradually increased from 30 to 90°, the
effect of PF on the energy storage capacity of filling body
gradually decreased. The energy evolution is in line with
the mechanical properties of PFCPB, which shows that the
energy evolution law obtained by numerical simulation can
be used to explain the evolutionary characteristics of the
mechanical behavior of PFCPB.

As shown in Fig. 18b, the boundary energy, strain
energy, and dissipation energy of the 45° PFCPB were
rapidly increased from 3.46, 2.26 and 1.20 kJ/m® at LR
of 0.1 mm/min to 6.29, 4.01, and 2.26 kJ/m> at LR of
1 mm/min, respectively. This result further verified that
the interpretation of the effect of LR on the mechanical
properties of the filling body in the “Results and analysis”
and “The mesoscopic characteristics of CPB and PFCPB”
sections is correct, i.e., increasing the LR correspond-
ingly increases the external energy input (corresponding
to an increase in the boundary energy), and the higher
energy input induces the filling body to consume some of
the energy in the form of increasing its stress. Meanwhile,
the higher strain energy accumulation before the peak is
bound to cause the rapid increase of dissipation energy
after the peak, and the crack sprouts and expands rapidly.
This phenomenon is in line with the crack evolution law
and AE characteristics in the “The mesoscopic character-
istics of CPB and PFCPB” section.

Table 3 Energy evolution

; Energy (kJ/m3) PF angle /° LR (mm/min)
law of the filling body under
different conditions CPB 0 30 45 60 90 0.1 1
ud 0.17 0.18 0.17 0.18 0.19 0.21 0.09 0.18
Uk 0.21 0.16 0.13 0.11 0.20 0.20 0.04 0.11
Uep 333 2.67 2.65 2.69 2.89 293 1.63 2.69
Usl 2.31 1.82 1.82 1.99 2.11 2.17 1.08 1.99
Us 1.90 1.26 1.22 1.32 1.41 1.67 0.63 1.32
Ue 5.23 3.93 3.87 4.01 4.30 4.60 2.26 4.01
Ud 2.69 2.16 2.12 2.28 2.39 2.57 1.20 2.28
Ub 7.92 6.09 5.99 6.29 6.69 7.17 3.46 6.29
9.0 7.0
(b)
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Fig. 18 Energy value of the filling body under different conditions
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Conclusions

In this study, the mechanical properties, failure mode,
mesoscopic AE characteristics, and energy exchange law
of CPB and PFCPB under different LRs were obtained by
combining experimental test and numerical simulation.
The main conclusions are as follows:

(1) The mechanical behavior of the filling body was dete-
riorated by the PF. The UCS and EM increased and
then decreased with the enhancement of the PF angle;
30° PF had the most significant effect. The filling body
had an obvious LR effect, and UCS and EM were posi-
tively correlated with LR.

(2) The stress—strain curves of the filling body (90° PFCPB
and CPB) were similar to the traditional curves, and
both went through four stages. However, in the process
of loading, the top and bottom parts of PF were closed,
and the stress fluctuated greatly. The stress—strain
curve of 0~60° PFCPB continued to rise after vary-
ing degrees of stress drop in the pre-peak or post-peak
stage due to the PF angle and LR.

(3) PFC2D simulation shows that the crack initiation stress
of the filling body was decreased by the PF. During
the loading process, the crack initiated and propa-
gated around the PF. When the LR increased from
0.1 to 1 mm/min, the number of cracks of 45° PFCPB
increased from 1653 to 2025 after mesoscopic failure,
the failure time was shortened, and the crack initiation
was advanced.

(4) The AE events of CPB and the 90° PFCPB all expe-
rienced quiet, slow rising, rapid rising, and rapid fall-
ing periods. However, the AE events of 0~45° PFCPB
experienced two slow rising periods and two rapid ris-
ing periods. Furthermore, the TSD characteristics of
AE events indicated that the presence of PF (except
90°) and the increase of LR promoted the occurrence
of AE events in advance, and AE events with larger
magnitudes occur frequently.

(5) The energy storage capacity of the filling body was
decreased by the presence of PF, and the crack was eas-
ily generated around the PF. The higher strain energy
before the peak caused the energy to be rapidly dissi-
pated after the peak, and the crack was rapidly sprouted
and expanded. The energy value of the filling body
was positively correlated with the LR. The higher LR
increased the energy input, which urged the filling body
to consume part of the energy by improving its stress
ability, and the higher LR had a certain blocking effect
on the crack propagation, which was conducive to the
improvement of the mechanical properties of the filling
body.

In this paper, the influence of prefabricated fracture and
loading rate on the mechanical properties of the filler was
investigated by a combination of experiments and numerical
simulations, and the crack-cracking mechanism was revealed.
In the actual filling mining operation, a reasonable recovery
rate is essential to ensure the stability of the backfill. Mean-
while, monitoring and protection of the filling body with ini-
tial cracks due to blasting disturbance should be strengthened,
especially cracks with 0~45° on the surface of the filling body.
Furthermore, the prefabricated fractures of PFCPB prepared in
this paper are penetration fractures, and only UCS tests have
been carried out. In future work, it is important to consider
the depth of prefabricated fracture embedded inside the filling
body, and creep tests should be conducted.
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