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Abstract: The mechanical properties of cemented paste backfill (CPB) determine its control effect on the goaf roof. In this study, the mechan-
ical strength of polymer-modified cemented paste backfill (PCPB) samples was tested by uniaxial compression tests, and the failure character-
istics of PCPB under the compression were analyzed. Besides, acoustic emission (AE) technology was used to monitor and record the cracking
process of the PCPB sample with a curing age of 28 d, and two AE indexes (rise angle and average frequency) were used to classify the failure
modes of samples under different loading processes. The results show that waterborne epoxy resin can significantly enhance the mechanical
strength of PCPB samples (when the mass ratio of polymer to powder material is 0.30, the strength of PCPB samples with a curing age of 28 d
is increased by 102.6%); with the increase of polymer content, the mechanical strength of PCPB samples is improved significantly in the early
and middle period of curing. Under uniaxial load, the macro cracks of PCPB samples are mostly generated along the axial direction, the main
crack runs through the sample, and a large number of small cracks are distributed around the main crack. The AE response of PCPB samples
during the whole loading process can be divided into four periods: quiet period, slow growth period, rapid growth period, and remission period,
corresponding to the micro-pore compaction stage, clastic deformation stage, plastic deformation stage, and failure instability stage of the
stress—strain curve. The AE events are mainly concentrated in the plastic deformation stage; both shear failure and tensile failure occur in the
above four stages, while tensile failure is dominant for PCPB samples. This study provides a reference for the safety of coal pillar recovery in

pillar goaf.
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1. Introduction

The goaf with coal pillars is common in the mining area of
Western China [1]. After long-term creep, weathering, and
other weakening effects, the instability of the coal pillar in the
goaf occurs, which can cause large-area roof falling, mine
earthquakes, and mine disasters [2—-3]. In this case, the safety
of the mining area is threatened, and the coordinated devel-
opment of the mining industry and ecological environment is
restricted. Cemented backfill mining technology is the most
effective method to control the roof in the goaf. It not only
improves the stability of the goaf, but also recovers the re-
maining coal pillar resources (Fig. 1) [4-6]. However, the
strength of conventional cemented backfilling materials is re-
latively low, which cannot meet the strength requirements of
coal pillar extraction in cemented backfill mining [7-11].

In recent years, researchers have systematically studied
the mechanical strength and damage characteristics of ce-
mented paste backfill (CPB) [12—-15]. Research on the ef-
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fects of slurry concentration, cement content and type, fly ash
content, gangue particle size, and curing age on the mechan-
ical strength of CPB has been widely investigated [16—19].
The previous study has reported that increasing the cement
content is the most effective way to improve CPB strength,
while this method will greatly increase the mining cost
[20-21]. In addition, CPB has a low tensile property and is
prone to cracking under high stress, thus weakening the bear-
ing capacity [22]. Fly ash is the waste produced by coal-fired
power plants and is mainly composed of alumina and silica.
It is a potentially active pozzolanic material. Activator or pre-
treatment can be used to improve the activity of fly ash and
hydration production, then a small amount of C-S-H,
C—A—C-H, and other hydration products can be generated; as
a result, the uniaxial compressive strength (UCS) of CPB is
improved and the amount of cement can be reduced [23-24].
Although this method can meet the strength requirements of
large-scale backfilling mining in underground goaf within a
certain range, the common cement-based composite material
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Fig. 1. Schematic diagram of coal pillar recovered by cemented paste backfill in pillar goaf.

has significant shrinkage and brittleness. These features can
induce safety risks and threaten the coal pillar recovery of
pillar-cemented backfilling mining. In other words, the
strength requirements of the common cement-based compos-
ite cannot satisfy the coal pillar recovery from the pillar goaf
[25-26].

The use of additives is an effective method to improve the
properties of ordinary cement-based materials. As a high-ef-
ficiency binder with both environmental protection and eco-
nomic benefits, polymers are widely used as modifiers of ce-
ment-based materials. The existing research has shown that
polymer-modified cement mortar can enhance the strength
and bonding performance of cement-based materials, and
polymer can also effectively improve the durability of ce-
ment-based materials [27-28]. Moreover, research on the
modification mechanism, microstructure, mechanical
strength, and application scenarios of polymer-modified
mortar has been widely conducted [29—30]. The polymer can
fill its internal pores and form a dense structure in the mortar,
which ensures the polymer-modified cement-based materials
have outstanding waterproof performance, impermeability,
water retention, high flexibility, and acid corrosion resist-
ance [31-32]. Zhang et al. (2021) [33] illustrated the applica-
tions and prospects of polymer-modified cement mortars.
Naseem et al. (2022) [34] studied the microstructure and
mechanical performance of polymer-modified cement com-
posites. Liu ef al. (2022) [35] modified the aggregate—ce-
ment slurry interface with polymers to enhance the mechan-
ical properties of concrete. Liu et al. (2021) [36] developed a
mechanical strong polymer—cement composite fabricated by
in situ polymerization within the cement matrix. As one of
the most widely used polymers, waterborne epoxy resin
emulsion has a wide application range, simple operation, and
excellent bonding properties [37-38]. After being dissolved
in water, the polymerization reaction can occur and cure at
room temperature and high alkaline environment. After cur-
ing, a more stable three-dimensional network structure can be
formed and interspersed in the cement matrix, greatly im-
proving the performance of the composite material [39]. Xu

et al. (2022) [40] evaluated the performance of waterborne
epoxy resin-modified emulsified asphalt mixtures for asphalt
pavement pothole repair. Li ef al. (2022) [41] studied the ef-
fect of waterborne epoxy resins on the hydration kinetics and
performance of cement blends. Abdukadir et al. (2022) [42]
tested the performance of waterborne epoxy resin-based
modified liquid asphalt mixtures. Wang et al. (2022) [43]
studied the effects of polyaniline/lignin composites on the
performance of waterborne polyurethane coating for protect-
ing cement-based materials. To sum up, the improvement ef-
fect and modification mechanism of water-based epoxy res-
ins on cement-based composites have been deeply under-
stood. However, research on the application of polymers in
the backfill materials of the goaf in a coal mine has been
rarely reported. In particular, the mechanical strength of
polymer-modified cement-based materials and the damage
characteristics during load-bearing compression have not
been studied.

In this study, the UCS and acoustic emission (AE) tests
were carried out on PCPB samples, the influence law of
mechanical strength of PCPB was studied, and the macro
crack development law of PCPB samples was analyzed. With
the aid of the AE monitoring system, the damage character-
istics of the meso-structure in the PCPB samples were de-
termined, and the two AE indexes method was used to clari-
fy the failure modes of PCPB samples at different loading
stages. The research results provide a scientific and powerful
theoretical basis for the development of backfill mining tech-
nology and the safe recovery of coal pillars in pillar goaf.

2. Materials and methods
2.1. Raw materials

2.1.1. Gangue

In this test, the waste coal gangue taken from a coal mine
was used as the filling aggregate. In order to meet the trans-
portation requirements of the filling slurry, a crusher was
used to crush coal gangue with a particle size of 0—10 mm.
The X-ray fluorescence (XRF) results show that the main
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components of the gangue are SiO, (65.23wt%), AlLO;
(16.48wt%), Fe,0; (7.14wt%), CaO (2.06wt%), and K,O
(1.68wt%).
2.1.2. Fly ash

The fly ash was obtained from the screened tertiary fly ash
of a coal-fired power plant. The XRF results show that the
main components of the fly ash are SiO, (47.36wt%), Al,Os
(25.40wt%), Fe,0; (5.62wt%), CaO (15.05wt%), and MgO
(1.92wt%).
2.1.3. Cement

According to the Chinese national standard GB175-2007,
the No. 42.5 ordinary portland cement produced by Xuzhou
Zhonglian Cement Co., Ltd was used as the cementitious ma-
terial. The XRF results show that the main components of
fly ash are SiO, (15.16wt%), ALO; (17.35wt%), Fe,O;
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(12.50wt%), CaO (43.50wt%), and MgO (2.35wt%).
2.1.4. Water

The deionized pure water produced by Kunshan Anote
Water Treatment Equipment Co., Ltd. was used as the mixed
water in the test.
2.1.5. Polymer

The DY-128-50 waterborne epoxy resin lotion and DY-
175 waterborne epoxy curing agent, which were produced by
Shenyang Dongyan Coating Decoration Co., Ltd., were pre-
pared as the polymer at the dosage ratio of 1:0.8. The water
was used as diluent for the polymer. The appearance of wa-
terborne epoxy resin lotion was milky white, and the water-
borne epoxy curing agent was a white transparent liquid.
Table 1 shows the effective components and characteristics
of the polymer.

Table 1. Related parameters of polymer

Name Type pH Density / (t-m™) Content / wt%
Waterborne epoxy lotion DY-128-50 6-8 1.05 46.9
Waterborne epoxy curing agent DY-175 9.5-10.5 1.05 50

2.2. Sample preparation

In the sample preparation, the W-C ratio refers to the mass
ratio of water to powder material, the C-G ratio refers to the
mass ratio of powder material to gangue, the FA-B ratio
refers to the mass ratio of fly ash to binder (cement), and the
P-C ratio refers to the mass ratio of polymer to powder ma-
terial. To study the influence of polymer on the mechanical
strength and damage characteristics of CPB, the influence of
the P-C ratio on the properties of CPB samples based on the
well-applied ratio of backfilling materials (the W-C ratio is
0.5, C-G ratio is 0.4, and FA-B ratio is 0.6) was discussed in
this study. In other words, W-C ratio, C-G ratio, and FA-B
ratio were fixed for all samples.

Fig. 2 shows the detailed process of sample preparation
and testing. Firstly, the gangue, fly ash, and cement were
mixed and stirred for 60 s based on Table 2. Secondly, pure
water was added and evenly mixed to form a filling slurry
with a certain fluidity, then the weighed polymer material
was stirred for 120 s, so that the polymer was evenly dis-
persed inside the slurry. Thirdly, the mixture was loaded into
a cylinder mold with a volume of 50 mm x 100 mm. After
1 d of indoor curing at normal temperature, the mold was re-
moved. According to the GB/T50080-2016 Chinese national
standard for test method of performance on ordinary fresh
concrete (China Academy of Building Research), the sample
was put into the standard curing room with a temperature of

Table 2. Test scheme

No. P-Cratio W-Cratio C-Gratio FA-B ratio
Blank 0

Al 0.15

A2 0.20 0.5 0.4 0.6

A3 0.25

A4 0.30

(20 £+ 2)°C and a humidity of (95 +2)% for 7d, 14 d, or 28 d
curing. Finally, UCS and AE tests on samples with different
curing ages were conducted.

2.3. Uniaxial compressive strength test

According to the ASTM C39 standard, the electro-hy-
draulic servo universal testing machine (SHT-4206, SANS,
China) was employed to conduct the UCS test, and the load-
ing rate was set at 0.1 mm/min. During the loading process,
the experimental data were automatically recorded by the
testing system, including load, displacement, and time. At the
same time, the stress—strain curve was drawn, and the UCS of
the sample was obtained. Three tests were repeated for each
proportioning of the sample, and the average value was cal-
culated as the final UCS of the proportioning of the sample.

2.4. Acoustic emission test

During the UCS test, the AE monitoring system de-
veloped by the Physical Acoustics Corporation was used to
collect the AE signals generated by the sample breaking. The
acquisition rate of the AE signal was set as 2 MHz, and the
AE threshold was set as 45 dB. A total of 6 emission sensors
were installed on the sample surface, as shown in Fig. 2. The
coupling agent Vaseline was used between the sensor and the
sample surface, and hot-melt adhesive was used to ensure the
good contact.

3. Results and discussion
3.1. Results of UCS tests

3.1.1. UCS results of PCPB samples

Fig. 3 shows the UCS results of PCPB samples with dif-
ferent P-C ratios and curing ages. When the curing age is 7 d,
the UCS values of the samples with a P-C ratio of 0, 0.15,
0.20, 0.25, and 0.30 are 4.59, 6.43, 8.18, 9.63, and 9.88 MPa,
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Fig. 2. Test process.

respectively. Compared with the blank group (the sample
with the P-C ratio of 0), the UCS values of PCPB samples
with the P-C ratio of 0.15, 0.20, 0.25, and 0.30 are increased
by 40.09%, 78.21%, 109.25%, and 115.25%, respectively.
When the curing age is 14 d, the UCS values of PCPB
samples with the P-C ratio of 0, 0.15, 0.20, 0.25, and 0.30 are
6.97, 8.62, 9.97, 11.78, and 16.47 MPa, respectively. Com-
pared with samples in the blank group, the UCS values of the
samples with the P-C ratio of 0.15, 0.20, 0.25, and 0.30 are
increased by 23.67%, 43.04%, 69.01%, and 136.3%, respect-
ively. When the curing age is 28 d, the corresponding UCS
values of the samples with the P-C ratio of 0, 0.15, 0.20, 0.25,
and 0.30 are 10.76, 12.68, 14.2, 16.53, and 21.8 MPa, re-
spectively. Compared with samples in the blank group, the
UCS values of PCPB samples with the P-C ratio of 0.15,
0.20, 0.25, and 0.30 are increased by 17.84%, 31.97%,
53.62%, and 102.6%, respectively. The above results show

25

that the waterborne epoxy resin lotion can effectively im-
prove the mechanical strength of PCPB samples, and with the
increase of the P-C ratio, the promotion effect on the mech-
anical strength is more significant. This is mainly because the
waterborne epoxy resin lotion is an effective polymer binder,
and the adhesion between aggregates can be improved after
the waterborne epoxy resin lotion is added to PCPB samples.
By fitting the UCS of PCPB samples under different P-C ra-
tios, it can be found that the UCS of PCPB samples under
each curing age presents a relationship with the P-C ratio by
¥y =ax’ + bx + ¢, and the fitting coefficients (R?) are greater
than 0.9. It indicates that the UCS of PCPB samples has a
high correlation with the P-C ratio. Besides, the curing age
also has an important impact on the mechanical strength of
PCPB. With the growth of curing age, the cementitious ma-
terials in PCPB samples gradually undergo hydration reac-
tion, fill the voids between aggregates, and improve their co-
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Fig. 3.
UCS and P-C ratio.

Uniaxial compressive strength test results of PCPB: (a) relationship between UCS and curing age; (b) relationship between
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hesiveness, resulting in the continuous increase of UCS in
PCPB samples. It is worth noting that the increasing effect of
polymer on the mechanical strength gradually decreases with
the increase in the curing age. Taking the PCPB sample with
a P-C ratio of 0.15 as an example, the increase rate of poly-
mer on the UCS in PCPB samples with the curing ages of 7,
14, and 28 d is 40.09%, 23.67%, and 17.84%, respectively.
This shows that the gain effect of waterborne epoxy resin lo-
tion on the mechanical strength of the sample mainly occurs
in the middle and early curing stages.
3.1.2. Stress—strain curves of PCPB samples

Fig. 4 shows the stress—strain curves of PCPB samples
with different P-C ratios under curing ages of 7, 14, and 28 d.
Since the curves of PCPB samples with the same proportion
at the same curing age are similar, a typical curve is drawn in
the figure. Under uniaxial load, the stress—strain curve of
PCPB samples experiences four stages: micropore compac-
tion stage (section O—A), elastic deformation stage (section
A-B), plastic deformation stage (section B—C), and failure
instability stage (section C—D). In the micropore compaction
stage, the small pores in the sample are gradually closed un-
der the action of axial compressive stress, and the compact-
ness of the sample is increasing. At this time, the stress—strain
curve is concave. With the increase of load, after the micro-
pores are closed, the sample begins to enter the elastic de-
formation stage. In this process, the sample mainly under-
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goes elastic deformation, and the stress—strain curve is al-
most straight. When the shear stress applied on the fracture
surface exceeds its friction force, the microcracks are gradu-
ally developed, while the core area inside the sample is still
intact. In the plastic deformation stage, the tensile stress in-
side the sample increases rapidly. Under the influence of the
tip effect, secondary tensile cracks appear at both ends of the
crack and expand rapidly until the main crack runs through
the sample. At this time, the sample loses its deformation res-
istance. This process lasts for a short time and the crack de-
velops rapidly. When the stress applied to the sample reaches
the peak strength, the failure and instability stage is reached.
Although the overall structure of the sample is destroyed and
a large number of macro cracks are developed, it still has a
certain residual strength.

Fig. 5 shows the relationship between peak strain and P-C
ratios of PCPB samples with different curing ages. With the
increase of curing age, the peak strain of PCPB samples de-
creases first and then increases. For example, the peak strain
of samples in the blank group at the curing ages of 7, 14, and
28 dis 1.112 x 102 1.011 x 1072 and 1.061 x 102, respect-
ively. Due to the high internal moisture content of PCPB
samples and the low hydration degree of raw materials in the
early curing period, a small number of hydration products
and a low cohesive force of materials are caused, and plastic
deformation is dominant in the compression process. When
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Fig. 4. Stress—strain curves of PCPB during different curing ages: (a) blank and A1; (b) blank and A2; (c) blank and A3; (d) blank

and A4.
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samples with different curing ages.

the curing age is 14 d, the hydration reaction of the material
consumes the internal free water, and the hydration products
generated by hydration improve the cohesion between the ag-
gregates. Consequently, the hardness and brittleness of the
sample increase, while its plasticity decreases. When the cur-
ing age is 28 d, the basic hydration of raw materials is com-
pleted. The hydration products improve the cohesiveness of
the aggregate and also improve its compactness. Moreover,
the cross-linking interaction between polymer and cement
hydration products increases the material’s resistance to de-
formation and damage, and its peak strain slightly increases
compared with that for 14 d. With the incorporation of the
waterborne epoxy plot, the peak strain values of the PCPB
sample increase significantly. For example, when the P-C ra-
tio increases from 0 to 0.30, the peak strain of the PCPB

sample with a curing age of 7 d increases from 1.112 x 107
to 2.466 x 1072 the peak strain of the PCPB sample with a
curing age of 14 d increases from 1.011 x 107 to 1.679 x
1072, and the peak strain the PCPB sample with a curing age
of 28 d changes from 1.061 x 107 to 1.901 x 1072 The peak
strains of the PCPB samples in A2, A3, and A4 groups are
much larger than those of the blank group. According to Sec-
tion 3.1.1, the waterborne epoxy plot can not only greatly im-
prove the mechanical strength of the PCPB sample, but also
increase its peak strain.
3.1.3. Macro crack development characteristics

Fig. 6 shows the macro crack development characteristics
of PCPB samples with different P-C ratios under the curing
age of 28 d. It can be seen that under the action of uniaxial
stress, the failure cracks of the sample mostly develop along
the axial direction, belonging to multi-level splitting cracks,
and the main cracks can run through the sample. With the in-
crease in the P-C ratio, the angle between the fracture surface
and the horizontal line increases gradually. For example, the
main fracture angles (6) of samples with the P-C ratio of 0,
0.15, 0.20, 0.25, and 0.30 are 74°, 78°, 82°, 87°, and 88°, re-
spectively. In addition, the failure mode of the sample is also
changed from shear failure to splitting failure. Besides the
main crack, there are also a large number of small cracks dis-
tributed around the main crack on its surface. However, with
the increase in the P-C ratio, the number of small cracks on
its surface also decreases, and the block that fell from the
sample is more broken.

3.2. Acoustic emission test results

The stress—strain curve can be used to qualitatively ana-

A3
Fig. 6. Macroscopic crack development characteristics of the PCPB samples.
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lyze the macro failure process of PCPB samples, while the
fracture mechanism of its mesostructure cannot be intuit-
ively and quantitatively studied [44]. The macro mechanical
characteristics of PCPB samples are the result of the qualitat-
ive change caused by its micromechanical effect under the
action of the load. Therefore, AE technology was used to
monitor PCPB samples with a curing age of 28 d in real time
to obtain the micro-mechanical characteristics of the sample
under the load, and then AE parameters were used to charac-
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terize the micromechanical properties and fracture mechan-
ism of PCPB samples.
3.2.1. AE properties of PCPB samples at different loading
stages

Fig. 7 shows the curves of AE energy, cumulative energy,
AE counts, cumulative AE counts, and stress versus loading
time during the uniaxial compression of PCPB samples. Ac-
cording to the change law of AE energy and AE count with
time, the failure process of PCPB samples can be roughly di-
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vided into four stages: quiet period (stage I), slow growth
period (stage II), rapid growth period (stage III), and remis-
sion period (stage I'V). It is worth noting that these four stages
are consistent with the four stages of the stress—strain curve.
Compared with samples in the blank group, the AE energy
and AE count of PCPB samples with the P-C ratio of 0.15,
0.20, 0.25, and 0.30 are significantly increased, which also
indicates that the hardness of PCPB samples is improved
after polymer incorporation.

At the initial AE stage, the AE event is in a quiet period.
At this time, the micropores and microcracks in the sample
are gradually compacted under the action of the initial load,
and a small number of elastic waves and energy are gener-
ated [45]. Since the AE energy generated by the compaction
and closure of the micropores and microcracks is far less than
the AE energy generated by the crack propagation [46], the
AE count and AE energy in this stage are less, and the AE
energy is generally lower than 50 mV. As the loading contin-
ues, the elastic deformation stage of the sample is reached,
and the slow growth period of the AE event is also entered.
At this time, the microcracks are continuously generated and
slowly expand, while no macro cracks are produced in the
sample. Therefore, the AE energy and AE count increase
slowly. After entering the plastic deformation stage, the rap-
id growth stage of the AE event is entered. At this time, the
cracks in the sample expand rapidly, and under the influence
of the tip effect, the secondary cracks are generated and ex-
pand continuously [47]. When the tensile stress of the micro-
cracks is greater than the adhesive force between the aggreg-
ate and the cementitious material, the macro fracture occurs
in the sample, and the elastic wave and energy were rapidly
released, and a large number of AE counts and AE energy are
generated. As a result, the accumulated AE count and the ac-
cumulated AE energy rise rapidly in an almost straight line. It
is worth noting that compared with the blank group, the AE
count and AE energy of PCPB samples at this stage are signi-
ficantly higher, and the slope of the cumulative AE count and
cumulative AE energy curve is also larger. When the stress
reaches the peak value, the macro fracture inside the sample
is complete, the number of microcracks is continuously re-
duced, and the generated elastic wave energy, the AE count,
and AE energy rapidly decrease. At this time, the remission
period of AE events is also reached.

3.2.2. Crack classification at different loading stages

The mechanical properties and failure laws of PCPB
samples under uniaxial load are analyzed by AE energy and
AE counting, but the failure mechanism of PCPB samples,
especially the failure modes at different AE stages, is still un-
clear. To this end, the RA (rise angle) value and AF (average
frequency) value were used for distinguishing the tensile
crack and shear crack (Fig. 8) [48—50]. Fig. 9 shows the divi-
sion form of RA and AF values. The RA and AF values can
be calculated by the following equations:

RA =RT/A )]
AF=C/D 2)
where RT is the rise time, 4 is the amplitude, D is the dura-

Amplitude
RT RA =RT/A
Ringing
A counts
FAN
M |IIIllllI|I|I\II\V .
V VIV Time
AF=C/D

C

Fig. 8. Graphical representations of AE characteristic para-
meters [48—49].

AF

Tensile fracture

Shear fracture

RA

Fig. 9. Basis chart of fracture mode classification [48—49].

tion of the AE waveform, and C is the ringing counts.

In this study, a straight line AF = 2/3RA is used to divide
the failure mode of the sample [48-50]. Fig. 10 is a scatter
diagram of RA—AF in different loading stages and its propor-
tion. In this figure, the AE events ratio represents the propor-
tion of AE events in each stage to the total number of events;
the tensile cracks ratio represents the proportion of data
above the dividing line in each stage; the shear cracks ratio
represents the proportion of data below the dividing line in
each stage.

Fig. 10 shows that shear cracks and tensile cracks occur in
all samples at each loading stage, and there is an obvious dif-
ference in the number of cracks at different loading stages.
However, the tensile cracks are the main failure cracks,
which indicates that tensile failure mainly occurs in the
PCPB samples during the loading process [S1]. At the low
load stage in the early test, some low-frequency tensile cracks
are generated, and the peak frequency of AE signals gener-
ated in stages I and II are almost distributed around 50 kHz.
From stage III, AE signals with peak frequencies around 30
and 120 kHz are rapidly generated. As the applied load in-
creases, the AE data in the AF-RA map changes from the
distribution along the RA direction to that along the AF dir-
ection [52]. In the quiet period (stage 1) of the initial loading
stage, the cracks of the sample are the least, accounting for
about 3% of the whole loading stage, and the peak frequency
of the AE signal is mainly distributed at about 50 kHz. At this
time, the sample is in the stage of micropore compaction
stage (section O—A), there is no significant damage inside the
sample, and the original micropores in the sample are
squeezed under the external force, resulting in tensile failure
on both sides of the pore wall. Therefore, the tensile failure is
the main failure mode of the sample at this stage [53]. In the
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slow growth period (stage II), the aggregate and cemented
matrix first deform together, and some micro cracks are de-
veloped at the transition interface between them. Therefore, a
certain shear failure occurs in this stage. During the rapid
growth period (stage III), the main crack of the sample is
gradually formed. When the stress reaches the limit value,
splitting failure occurs in the sample. In the remission period
(stage IV), the sample is continuously damaged along the

main crack until it is completely destroyed. At this stage, a
large number of shear cracks and tensile cracks are generated
inside the sample.
3.2.3. Spatial evolution of AE

The iterative algorithm based on the P-wave arrival time
and position by AE sensors at different positions can realize
the three-dimensional spatial location of AE events, thus in-
tuitively reflecting the evolution process and spatial location
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of damage cracks during the loading. Fig. 11 shows the tem-
poral and spatial evolution of AE events of PCPB samples.
During the test, when the same AE event is obtained by more
than three AE sensors, the spatial position of damage cracks
can be determined. Therefore, the number of AE events in
Fig. 11 is significantly less than that in Figs. 7 and 10.
During early loading (i.e., the stress is below 50%0 .
where 0, is the peak stress), the sample is mainly in the
void compaction stage (section O—A) and the initial elastic
stage (section A—B), and no obvious deformation or damage
occurs to the sample in this two stages. At this time, the ori-
ginal microcracks and micro-voids of the sample are com-
pacted. Therefore, there are few AE locating points, which
are randomly distributed inside the sample. When the stress
increases to 80%0 ., the number of AE locating points in-
creases gradually. At this stage, a small number of AE locat-
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ing points begin to converge. At this time, the sample is
mainly in the late elastic stage, and a small number of new
cracks begin to appear in the sample, with local stress con-
centration. When the stress reaches 90%0 .., AE locating
points are further increased with a higher concentration de-
gree. For samples in the blank group, AE locating points are
mainly concentrated in the upper area, with a low concentra-
tion degree. However, the AE locating points of Al, A2, and
A4 are mainly concentrated in the lower area, where an in-
ternal crack is formed near the main crack. This may be
caused by the aggregate settlement segregation, which oc-
curs in the process of mold loading vibration [54]. As a result,
the upper part of the CPB (blank group) specimen has less
aggregate and poor strength, which is the first to be des-
troyed during loading. After adding the polymer, the stability
of the PCPB slurry can be enhanced, and higher strength of
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Fig. 11. Space-time characteristics of AE response of PCPB samples.
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the specimen can be obtained, thus changing the failure posi-
tion of the PCPB during the loading. At this stage, the micro-
cracks begin to aggregate in the direction of the unpenetrated
main crack. When the stress reaches 100%0,,,, the number
of AE events increases sharply, and several concentrated
areas also appear at AE locating points in the sample. This is
mainly caused by the connection of micro cracks and the
formation of macro main cracks, and the aggregation posi-
tion of AE locating points is relatively consistent with the
main fracture position of the sample (Fig. 6). At this stage,
the number of AE locating points increases slightly, which is
different from the sharp increase of AE counting. This phe-
nomenon is caused by the huge energy release during sample
failure. It can be inferred that significant damage occurs be-
fore the brittle failure of the sample, and the failure involves
the macro change of damage accumulation to some extent.
Therefore, AE location technology accurately reflects the
spatial evolution of internal damage of samples during load-
ing. The comparison of AE location points between PCPB
samples and blank samples shows that due to the bonding ef-
fect of the waterborne epoxy plot, PCPB samples have more
AE locating points than blank samples, and the larger the P-C
ratio, the more AE locating points. This result is consistent
with the cumulative AE count and energy discussed in Sec-
tion 3.2.1.

4. Conclusions

(1) Waterborne epoxy lotion is a good binder, which can
effectively improve the strength and deformation resistance
of PCPB samples; with the increase in the P-C ratio, the pro-
moting effect of waterborne epoxy lotion on mechanical
strength is more significant.

(2) The stress—strain curve of PCPB samples can be di-
vided into four stages: micropore compaction stage, elastic
deformation stage, plastic deformation stage, and failure in-
stability stage. The AE event is in the quiet period during the
pore compaction stage. In the elastic deformation stage, the
number of AE events increases slowly. Near the peak stress,
the number of AE events increases rapidly, causing internal
damage to the sample. When the sample failure occurs, and
the AE counting and amplitude rapidly increase to the peak
value.

(3) In the whole loading stage, both shear cracks and
tensile cracks are generated in PCPB samples, while tensile
cracks are the main failure cracks, that is, tensile failure is the
main failure mode in the PCPB samples during loading.
What’s more, the AE location technology can precisely re-
flect the crack expansion and the spatial evolution of internal
damage during loading.

5. Future work
This paper focuses on the influence of P-C ratio on the

mechanical strength of PCPB, and discusses the meso-dam-
age characteristics of PCPB by AE test, but it is difficult to

Int. J. Miner. Metall. Mater., Vol. 30, No. 8, Aug. 2023

visually demonstrate the development process and mechan-
ism of cracks. Future studies need to use a Computed Tomo-
graphy to scan PCPB during different loading stages, and
then, use three-dimensional reconstruction software to obtain
internal damage cracks at different loading stages, so as to in-
tuitively express the mechanism of strengthening the mech-
anical properties of PCPB.
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