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Abstract
The strip and column cemented gangue backfill bodies (CGBBs) are the main supporting components in the design of con-
structional backfill mining for coal mining, which determines the stability of goaf. Previous researches have mostly focused 
on the mechanical properties of column CGBB, but the mechanical properties of strip CGBB are still unclear. Herein, the 
uniaxial compression experiments for strip and column CGBBs were conducted to compare the failure properties. The 
acoustic emission (AE) and two types of resistivity monitoring were used to monitor the damage evolution. The effect of the 
length-height ratio on the mechanical characteristic of strip CGBB was analyzed by discrete element simulation. The results 
show that the strength and peak strain of strip CGBB under uniaxial compression is higher than those of column CGBB and 
the strip CGBB shows better ductility. The stress of column CGBB decreases significantly faster than that of strip CGBB 
at the post-peak stage. The strength and ductility of strip CGBB increase with the increase of length-height ratio. The strip 
CGBB is destroyed from both ends to the middle under uniaxial compression, and the core bearing area is reduced cor-
respondingly. The AE signal evolution of CGBBs under uniaxial compression before the peak stress contains three stages, 
and the AE signals of strip CGBB at the peak stress will not rise sharply compared with column CGBB. The resistivity 
monitoring effect of the horizontally symmetrical conductive mesh is better than that of the axial. The horizontal resistivity 
increases gradually with the increase of stress under uniaxial compression, and increases sharply at the peak stress, and then 
drops after the peak stress. The damage constitutive models and the stability monitoring models of the CGBBs are estab-
lished based on the experimental results. This work would be instructive for the design and stability monitoring of CGBB.

Keywords  Constructional backfill mining · Cemented gangue backfill body · Strip · Column · Length-height ratio · Failure 
properties Stability monitoring

Introduction

Coal mining has caused many environmental issues, for 
instance, surface subsidence, the destruction of underground 
water and surface ecosystem (Chen et al. 2016), and the 

pollution problems caused by coal gangue waste (Yang 
et al. 2021). Moreover, shallow coal resources are gradu-
ally depleted, and thus the coal enterprises have to mine the 
coal resources in the deep (Zhang et al. 2019) and under 
the water, construction, and railway, which may cause more 
serious environmental problems (Feng et al. 2020). Gener-
ally, the cemented gangue backfill body (CGBB) that was 
made of coal gangue, cement, fly ash, and water was used 
to backfill the goaf, which can solve these problems (Zhang 
and Wang 2007; Zhu et al. 2019; Zhang et al. 2017). After 
the hydration of cement, the hardened CGBB can support 
the overlying strata. However, the cost of cement is relatively 
high, and the limited raw material coal gangue only accounts 
for 15–20% of raw coal (Liu et al. 2020). If all the mined-
out area is filled with CGBB, the total cost of backfill min-
ing will be very high, and the economic efficiency of coal 
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enterprises will deteriorate. Therefore, the constructional 
backfill mining method was proposed, as shown in Fig. 1; 
strip and column CGBBs are arranged at key locations in the 
mined-out area to support the roof (Du et al. 2019a, 2019b; 
Zhu et al. 2017, 2020; Feng et al. 2019). These supporting 
components reduce the subsidence of the roof and avoid the 
damage of the water-bearing layer. This method can effec-
tively reduce the cost and achieve the control of roof subsid-
ence; in the meantime, the constructed underground space 
can be used for other purposes, such as the storage of water 
resources (Du et al. 2019c; Xu et al. 2015).

As the supporting components for constructional back-
fill mining, the stability of strip and column CGBBs under 
the axial compression determines the stability of the goaf 
and the safety of mining. A series of researches have been 
carried out on the deformation and failure characteristics 
of the CGBB sample. The failure characteristics and load-
bearing mechanism of large-sized column CGBB under uni-
axial compression were studied by experiments (Du et al. 
2019a, 2019b), and they found that the curves of internal 
pressure and deformation can be divided into four stages 
and a hard core is formed in the central part of the CGBB 
under uniaxial compression load. The mechanical proper-
ties of the combined system of sandstone roof and column 
backfill body were studied, and it found that the strength 
and elastic modulus of the combined body is between a sin-
gle backfill body and a single sandstone (Chen et al. 2020). 
The local deformation characteristics of the CGBB under 
uniaxial compression and the creep behavior under distur-
bance conditions were studied (Sun et al. 2018a, 2019). 
They found that the peak strain of the backfill body was 
very large, showing multiple shear deformation areas, and 

the disturbance increases the creep deformation, and the 
creep instability time is shortened. In addition, the relation-
ship between the strength of the CGBB and the ultrasonic 
pulse velocity was studied, and a prediction model of the 
strength and the ultrasonic pulse velocity was established 
(Wu et al. 2020). The effect of stress curing conditions on 
the deformation and strength characteristics of the CGBB 
was studied, which proves that curing stress can increase the 
strength of the backfill body (Guo et al. 2020). The effect 
of the particle size distribution of aggregates on the meso-
scopic structural evolution of cemented waste rock backfill 
was studied (Wu et al. 2021a). The creep characteristics 
of the CGBB under high-stress levels and the lateral creep 
properties of the cylinder CGBB sample under step-by-step 
loading were investigated through experiments (Ran et al. 
2021; Guo et al. 2021a). Furthermore, to predict creep defor-
mation and creep failure, different scholars have proposed 
different creep constitutive models for the CGBB (Wu et al. 
2021b; Hou et al. 2020). It can be summarized from these 
studies that the existing experiments mostly used cylindri-
cal or cubic samples for testing. In practical backfill mining 
engineering, however, the strip CGBB has been more widely 
used in coal mining (Xu et al. 2007; Wang et al. 2018; Sun 
et al. 2018b), and it is essential to ensure the stability of the 
goaf in constructional backfill mining (Feng et al. 2019). 
Unfortunately, the damage evolution and failure characteris-
tics of strip CGBB are far from clear. Therefore, comparing 
and analyzing the deformation and instability characteristics 
of strip and column CGBBs under axial compression are 
desired to achieve an excellent design of the support com-
ponents in constructional backfill mining.

Fig. 1   Diagram of construc-
tional backfill mining of coal 
mining
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Based on the analysis and research of the acoustic 
emission (AE) signal (Guo et al. 2021b; Xu et al. 2016) 
and resistivity (Liu et al. 2019) during the compression 
process of the CGBB, the evolution of the crack system 
inside the CGBB can be inferred, and the damage mecha-
nism of the CGBB can be inverted. Therefore, the change 
of AE signal and resistivity may be used to monitor the 
stability of the CGBB in the goaf. However, most studies 
only qualitatively analyzed the AE signal and resistivity 
changes during the mechanical destruction of the CGBB. 
How to establish the quantitative relationship between the 
AE parameters, the resistivity, and the damage evolution 
process of the CGBB needs further research.

This research conducted uniaxial compression experi-
mental tests on the strip and column CGBBs and analyzed 
the stress–strain relationship and failure characteristics. 
The AE technology was used to monitor the damage evo-
lution, and a resistivity monitoring method was proposed 
for the special loading form of the CGBB. In addition, 
the discrete element simulation (Particle Flow Code) was 
used to analyze the damage and failure process of the 
strip CGBB and the influence of the length-height ratio 
on its strength and failure characteristics. According to 
the experimental results, the damage constitutive models 
of the strip and column CGBBs under uniaxial compres-
sion were established, and the stability monitoring models 
of the strip and column CGBBs were built based on the 
resistivity and cumulative AE ring counts. This research 
can provide a certain reference for the design and stabil-
ity monitoring of the CGBB in constructional backfill 
mining.

Experimental sample and Method

Sample preparation

The cemented gangue backfill body (CGBB) was made of 
coal gangue aggregate (950 kg/m3), 42.5 Ordinary Port-
land cement (190 kg/m3), second class fly ash (380 kg/
m3), and tap water (350 kg /m3) (Guo et al. 2020). Fly ash 
was taken from the thermal power plant of Fenxi Mining 
Group, China. Coal gangue was collected from Shanxi Tun-
lan Coal Mine, China. After secondary crushing, accord-
ing to the nominal diameter, the coal gangue was divided 
into 3 groups (0 ~ 5 mm, 5 ~ 10 mm, 10 ~ 15 mm), which, 
respectively, account for 30%, 35%, and 35% of the total 
mass of the used coal gangue, as shown in Fig. 2. The fine-
ness modulus of fine coal gangue aggregate (0 ~ 5 mm) was 
3.10. The physical properties and chemical composition of 
fly ash and cement and the particle size gradation of fly ash 
and coal gangue have been introduced in the literature (Ran 
et al. 2021). In order to avoid the influence of the effect 
of volume on the mechanical properties of strip and col-
umn CGBBs, the volume was kept as similar. As shown in 
Fig. 2, using molds with dimensions of 300 × 100 × 100 mm 
and 150 × 150 × 150 mm, several strip CGBB samples and 
column CGBB samples were cast, respectively. During 
the casting process, the conductive mesh with a size of 
100 × 120 mm and 100 × 170 mm was placed in the strip 
and column molds in advance, respectively, as shown in 
Fig. 2. To minimize the impact of the electrode mesh on 
the mechanical properties of the sample, the grid size of 
the electrode mesh must be larger than the maximum size 
of gangue aggregate, and the electrode mesh was fabricated 
by thin galvanized wires with a diameter of 0.8 mm and 

Fig. 2   Experimental system for the preparation process of samples and the uniaxial compression tests
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15 mm net diameter (Ran et al. 2021). The conductive mesh 
was used to monitor the internal damage evolution of the 
strip and column CGBBs during the uniaxial compression 
process (Guo et al. 2020). According to real engineering, the 
CGBBs need to bear the pressure from the roof at an early 
age; therefore, after casting for 24 h, all samples were put 
in the standard curing room for 14 days (Du et al. 2019b).

Testing method

A hydraulic servo-controlled test system (model: TAJW-
2000) was used for the uniaxial compression test, the dis-
placement loading method was adopted, and the loading rate 
was 0.8 mm/min, as shown in Fig. 2. An AE system (model: 
DS5-8B) was used to monitor the internal damage of the 
CGBB sample during the uniaxial compression process, and 
three probes were placed on the surface of the CGBB sam-
ple. After repeated debugging, the threshold value is set to 
40 dB, which can basically shield the external noise. Vase-
line was used as the coupling agent between the probes and 
the testing CGBB sample. In addition, two types of conduc-
tive mesh arrangements were designed, as shown in Fig. 2. 
During uniaxial compression, the horizontally and the axi-
ally symmetrical arrangement conductive meshes tested the 
horizontal resistance and the axial resistance of the CGBB 
sample, respectively. The resistance between the two con-
ductive meshes was recorded by a resistance measuring 
instrument (model: HPS2518A). This device can record the 
axial and horizontal resistance of the CGBB sample under 
the uniaxial compression process at an interval of 0.1 ms, 
thereby avoiding the mutual influence of the axial and hori-
zontal current. The tested resistance R and the electrical 
resistivity � obey the following equation:

where S is the cross-sectional area of the test sample and 
L is the distance between two pre-embedded conductive 
meshes in the CGBC sample (Liu et  al. 2019). For the 
150 × 150 × 150 mm sample, S = 0.015 m2 and L = 0.11 m; 
for the 100 × 100 × 300  mm sample, S = 0.01 m2 and 
L = 0.20 m.

Experimental results and discussion

Stress–strain curve and failure characteristics

Stress–strain curve

Figure 3 shows the stress–strain curves of strip and column 
CGBBs during the uniaxial compression process. There is 
a significant difference between the stress–strain curves of 

(1)� = RS∕L

the strip and column CGBBs. The compaction stage of the 
column CGBB is significantly shorter than that of the strip 
CGBB, and the column CGBB quickly enters the elastic 
stage and reaches the peak stress. In the post-peak stage, the 
stress of the column CGBB decreases faster than that of the 
strip CGBB with the increase of strain. The peak stress and 
the corresponding peak strain of the strip CGBB are higher 
than those of the column CGBB. The average peak stress of 
the strip and column CGBBs is 5.73 MPa and 5.02 MPa, and 
the average peak strain of strip and column CGBBs is 0.0253 
and 0.0094, respectively. The peak stress and peak strain of 
the strip CGBB are 1.14 and 2.69 times those of the column 
CGBB, respectively. The elastic modulus of the strip and 
column CGBBs were calculated based on the stress–strain 
relationship at the elastic stage. The average value of the 
elastic modulus of the strip CGBB was 0.43 times that 
of the column CGBB, by 438.77 MPa and 1020.14 MPa, 
respectively.

Obviously, the bearing capacity of the strip CGBB is 
higher than that of the column CGBB, and the ductility 
characteristics of the strip CGBB are better than that of 
column CGBB. Under the same stress conditions, the strip 
CGBB can produce greater axial deformation than the col-
umn CGBB, especially in the compaction stage, and with 
the increase of strain, the stress of the strip CGBB increases 
slowly, and the adjustment of the stress field of the overlying 
strata is used to avoid local damage due to stress concentra-
tion, which gives full play to the bearing capacity of the 
overlying strata. In the post-peak stage, with the increase of 
strain, the decreasing rate of the stress of the strip CGBB is 
significantly lower than that of the column CGBB. The fail-
ure process of the strip CGBB has obvious characteristics of 
flexibility and can still bear relatively large stress under large 

Fig. 3   Stress–strain curves of strip and column cemented gangue 
backfill bodies (Note: S means strip CGBB and C means column 
CGBB)
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deformations conditions, which avoids the overall sudden 
instability of the goaf due to the loss of the bearing capacity 
of the partial CGBBs and assures the overall stability of the 
goaf. This means that the short strip CGBB is more reli-
able than the column CGBB under the axial compression 
for keeping the stability of the goaf and should be more 
considered in the design of constructional backfill mining.

Failure properties

The failure characteristics of the column and strip CGBBs 
are shown in Fig. 4. The crack evolution process of the 
column CGBB under uniaxial compression is shown in 
Fig. 4a–c. The main cracks first appeared on the left and 
right sides of the CGBB sample (regions I and II), and dur-
ing the same period, more micro-cracks were produced and 
developed. Main cracks and micro-cracks grew faster with 
the increase of strain, and then the middle position of the 
CGBB sample (region III) continues to be squeezed and 
expanded, and cracks were generated. During the destruction 
process of the column CGBB sample, the four edges of the 
free surface firstly peeled off, and then the middle position 
of the sample was squeezed and expanded and gradually 
peeled off. Finally, a core bearing area formed as shown in 
Fig. 4d. In the process of uniaxial compression, the column 
CGBB shortens vertically and expands horizontally. Because 
the elastic modulus and lateral deformation coefficients of 
the press plate and the CGBB sample surfaces are differ-
ent, friction will be generated between the press plate and 
the end surfaces of the CGBB sample, which restricts the 

horizontal deformation of the ends of the CGBB sample, 
forming a hoop effect. This is consistent with the actual 
engineering conditions, due to the large friction coefficient 
of the rough roof and floor of the goaf, two opposite hyper-
bolic failure surfaces formed when the column CGBB is 
destroyed (Fig. 4d). However, there is little lateral constrain 
in the middle of the column CGBB, and therefore, arrang-
ing hoop stirrups in the middle of the column CGBB can 
enhance its bearing capacity (Du et al. 2019a).

The failure properties of the strip CGBB are also affected 
by the hoop effect, as shown in Fig. 4e and f. During the 
uniaxial compression process, the CGBB sample was con-
tinuously compressed in the Z direction, and continuously 
squeezed and expanded in the X and Y directions, but in 
the Y direction, due to the hoop effect and Poisson effect, 
the middle of the sample was more constrained than that of 
the X direction. After the peak stress, the strip CGBB was 
squeezed and expanded continuously in the middle position, 
resulting in cracks, as shown in area III, and the surface of 
the CGBB continuously peeled off. At the I and II area of the 
strip CGBB, the same damage shape as the column CGBB 
sample formed, similar to the hyperbolic type, and the out-
ermost surface of the CGBB sample will continuously peel 
off. The strip CGBB peeled off from both sides inward layer 
by layer during the failure process and was severely damaged 
by extrusion on the free surface, as shown in Fig. 4g. Both 
sides (Y direction) have the effect of lateral pressure limiting 
due to the hoop effect, and the strip CGBB will mainly con-
tinue to expand in the X direction, so the squeeze expansion 
effect (X direction) of the strip CGBB is more obvious than 

Fig. 4   The failure characteristics of column (a–d) and strip (e–h) cemented gangue backfill bodies. Notes: in (i) and (j), F is the force applied on 
the backfill body, f  is the friction due to the end effect, and FL and FR are the lateral pressure applied on the backfill body
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that of the column CGBB. When the strip CGBB loses its 
bearing capacity, the surface of the strip CGBB will all peel 
off, forming the final core bearing area, as shown in Fig. 4h.

Figure 4i and j illustrate the failure mechanism of strip 
and column CGBBs under uniaxial compression. Because 
of the end restraint effect and Poisson effect, the center of 
the CGBBs will be squeezed by the confining pressure on 
the left and right sides. The confining pressure will decrease 
with the increase of the distance away from the middle, and 
it will form a one-way squeeze when it reaches the two ends; 
therefore, the CGBBs will be destroyed from the ends and 
destroyed layer by layer from both ends to the center. The 
bearing capacity of the strip CGBB is better than that of the 
column CGBB. Compared with the column, the strip CGBB 
has better coordination and deformation ability and will not 
cause catastrophic instability to the strip CGBB due to local 
damage. After the outer layer of the strip CGBB is damaged, 
compared with the column CGBB, the strip CGBB has a 
larger core bearing area. Herein, the real internal stress of 
the strip CGBB under pressure increases at a lower speed, 
and the damage rate of the core bearing area is also less than 
that of a single column CGBB. The core bearing area will 
still have a certain bearing capacity due to the side pressure 
limit of the outermost CGBB part. Overall, the short strip 
CGBB should be considered firstly in the design of construc-
tional backfill mining to improve the overall stability of the 
CGBB system.

Acoustic emission characteristics

Once the stress–strain curve enters the post-peak stress 
stage, under the constant load of the roof, the CGBB is 
quickly destroyed, and there will not show the post-peak 
stress–strain curve by displacement loading using a hydrau-
lic servo-controlled test system. Therefore, to monitor the 
stability of the CGBB by using the AE signal before the 

peak stress in constructional backfill mining, this research 
does not analyze the AE characteristics of the CGBB at the 
post-peak stress stage.

Strip cemented gangue backfill body

The change of the AE ring counts, energy, accumulated ring 
counts, and accumulated energy over time in the uniaxial 
compression process of the strip CGBB is shown in Fig. 5. 
In Fig. 5a, it is clear that the AE ring counts and energy 
present an increase–decrease-increase trend before the peak 
stress. In the initial loading stage, the internal pores of the 
strip CGBB are gradually compacted, large gaps or even 
crushed, and meantime, there is friction between the aggre-
gate and the cement matrix, so that small energy events can 
be stably generated during the compaction stage and accom-
panied the occurrence of microcracks. After the strip CGBB 
is compacted, it gradually enters the elastic phase. The strain 
energy stored in CGBB gradually grows until the strain 
energy exceeds the energy required for crack propagation. 
Subsequently, with the continuous accumulation of strain 
energy and the expansion of microcracks, the strip CGBB 
enters the plastic stage and gradually reaches the peak stress. 
At the peak stress, the core bearing area is restricted by the 
lateral pressure and cannot be destroyed suddenly; therefore, 
the AE ring counts, and energy will not change drastically.

Figure 5b shows that the accumulative AE ring counts 
and accumulative energy gradually increase with the 
increase of stress, but the growth rate gradually decreases 
until it tends to be constant. The accumulative ring counts 
and accumulative energy curve of the strip CGBB did not 
show a sharp increase near the peak stress. The main reason 
is that the existence of the confining pressure suppressed 
the instantaneous release of the strain energy accumulated 
in the earlier stage of the strip CGBB, and the strip CGBB 
also will not lose stability instantaneously, which means that 

Fig. 5   AE characteristics of strip cemented gangue backfill body under uniaxial compression. (a) AE counts and energy; (b) Accumulative AE 
counts and energy
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the strip CGBB has enough bearing capacity after the peak 
stress.

Column cemented gangue backfill body

The evolution of AE ring counts, energy, cumulative ring 
counts, and cumulative energy changes over time during 
the uniaxial compression of the column CGBB is shown 
in Fig. 6. It can be seen from Fig. 6a that, compared with 
Fig. 5a, the AE ring counts and energy have no obvious ris-
ing stage in the initial loading process. It is consistent with 
the features shown in the stress–strain curve, i.e., the initial 
compaction stage of the column CGBB is much shorter than 
that of the strip column, and thus there is no obvious rising 
period. AE ring counts and energy present a decline-crack 
adjustment-active stage until the column CGBB enters the 
post-peak stress stage. In the initial compaction stage, simi-
lar to the strip CGBB, the column CGBB can quickly gener-
ate small energy events, and then the column CGBB enters 
the elastic phase, and the number of AE events gradually 
decreases. Compared with the strip CGBB, in the compac-
tion stage, the AE ring counts and energy of the strip CGBB 
are larger than those of the column CGBB and more active. 
In the crack adjustment stage, the column CGBB continu-
ously accumulates strain energy. Because there is little con-
fining pressure effect, some cracks inside the column CGBB 
extend suddenly due to stress concentration, causing AE 
ring counts and energy increase. However, when this part 
of the strain energy is released, the column CGBB will calm 
down again. As the strain energy continues to accumulate, 
it gradually enters the active stage. When the accumulated 
strain energy exceeds the maximum energy that the column 
CGBB can bear, compared with the strip CGBB, the col-
umn CGBB destructs suddenly. Because there is little lateral 
confinement, the accumulated strain energy will be released 
instantaneously, so AE ring counts and energy will suddenly 

increase near the peak stress. In actual engineering, when the 
column CGBB enters the post-peak stage, the roof will con-
tinuously move down until the column CGBB is destroyed 
because there is little lateral restraint, which may cause the 
sudden instability of the goaf.

It can be seen from Fig. 6b that the evolution process of 
the cumulative AE ring counts and cumulative energy of 
the column CGBB are basically the same as the strip CGBB 
with time. However, when near the peak stress, because the 
column CGBB has little confining pressure, it is destroyed 
quickly and the energy is released instantly, a large number 
of cracks extend and penetrate, and finally, the cumulative 
AE ring counts and energy will increase suddenly.

Resistivity characteristics

Strip cemented gangue backfill body

Electrical resistivity reacts to the resistance of materials to 
current flow, and the increase of resistivity can show the 
damage of the material, like pores and cracks. The change of 
the horizontal resistivity of the strip CGBB during the uni-
axial compression is shown in Fig. 7. It is obvious that the 
resistivity increases gradually with the increase of the stress 
before the peak stress. The resistivity remains the constant 
value in the compaction stage and the resistivity increases 
gradually in the elastic stage, which means that the damage 
occurs in the elastic stage. After entering the plastic stage, 
the resistivity increases rapidly. The resistivity is sensitive at 
the peak of the stress–strain curve. When the stress reaches 
the peak stress, the resistivity also increases rapidly to the 
peak, and then after the peak stress, the resistivity has a 
rapid downward trend. This means that macroscopic cracks 
formed inside the strip CGBB along the axial direction, 
and the stress inside the strip CGBB is released. Next, the 
original large number of micro-cracks close instantaneously 

Fig. 6   AE characteristics of column cemented gangue backfill body under uniaxial compression. (a) AE counts and energy; (b) Accumulative 
AE counts and energy
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in the strip CGBB, and finally, the conductive path will 
increase. In addition, this demonstrates that the strip CGBB 
does not have many macrocracks at the peak stress, and 
it still has enough bearing capacity. After the peak stress, 
more macrocracks are continuously generated in the strip 
CGBB with the increase of axial strain, and the resistivity 
will increase again. The evolution of horizontal resistivity 
during the uniaxial compression process is consistent with 
the damage process of the strip CGBB, especially before 
the peak stress, which could be used to monitor the stability 
of the CGBB.

Column cemented gangue backfill body

The change of the axial and horizontal resistivity of the 
column CGBB with time in the uniaxial compression pro-
cess is shown in Fig. 8a. The horizontal resistivity increases 
gradually with the increase of stress in the compacting and 
elastic stages. Furthermore, the horizontal resistivity is more 
sensitive in the plastic stage, and the growth rate increases 
gradually. When the peak stress is reached, the resistivity 
also increases sharply. After the peak stress, the evolution 

process of the horizontal resistivity of the column CGBB 
is similar to that of the strip CGBB, and all have a rapid 
decline trend. This is a typical feature point for the stabil-
ity monitoring of the strip and column CGBBs, which can 
be used to judge whether the stress reaches its peak. The 
axial resistivity shows a similar changing process with the 
horizontal resistivity (Li et al. 2014; Hu et al. 2021), but the 
change range is much smaller and not obvious.

Compared to the horizontal resistivity with axial resis-
tivity, it is obvious that the change of horizontal electrical 
resistivity tested by the horizontally symmetrically arranged 
conductive mesh is more sensitive to the damage inside the 
CGBB than that of the axially arranged conductive mesh. 
The cracks generated inside the CGBB can be sensed by 
the horizontal resistivity more quickly and accurately. This 
phenomenon is related to the producing mechanism of 
internal cracks in the CGBB, as shown in Fig. 8b. During 
uniaxial compression, the crack extending direction tends 
to be parallel to the loading direction of pressure. There-
fore, compared with the horizontal section, the effective 
conductive area along the axial section becomes smaller, 
the conductive path decreases, and the horizontal resistivity 
continues to increase. When the axial macrocracks occur in 
the CGBB, the horizontal resistivity will increase obviously. 
Consequently, the horizontal resistivity (horizontally sym-
metrically conductive mesh) can be more sensitive to per-
ceive the damage evolution process inside the CGBB. This 
stability monitoring method with horizontally symmetrically 
arranged conductive mesh could be used in actual engineer-
ing because of the low cost and high sensitivity.

Numerical simulation analysis

Due to the constraints of the test conditions, it is difficult 
to study the damage and failure process of the strip CGBB 
with a large length-height ratio under the axial compression 
through the experiment. Therefore, the discrete element sim-
ulation (PFC software) was used to analyze the mechanical 
properties of the strip CGBB (with a length-height ratio of 

Fig. 7   Resistivity-time curve of strip cemented gangue backfill body 
under uniaxial compression

Fig. 8   Resistivity-time curve 
of column cemented gangue 
backfill body under uniaxial 
compression. (a) Resistivity; (b) 
Layout of cracks

(a) resistivity (b) layout of cracks
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1 ~ 9) under uniaxial compression. The principle of the dis-
crete element method is to express the discontinuity through 
the motion equation of the rigid particles. The explicit inte-
gral iterative algorithm allows large deformations, which is 
suitable to solve all nonlinear deformations and failures. The 
influence of the length-height ratio on the failure character-
istics of CGBB was studied, and the relationship between 
the length-height ratio and the strength of the CGBB was 
determined.

The macroscopic properties of CGBB can be achieved by 
assigning different mesoscopic contact models to the contact 
particles. CGBBs are viscoelastic plastic bodies, and the lin-
ear parallel bond model can well reflect the elastoplasticity 
of the cemented materials (Li et al. 2021). Therefore, the lin-
eal parallel bond model was adopted in this simulation. After 
the initial test model servo is completed, according to the 
elastic modulus obtained from the actual stress–strain curve 
and the strength of the strip and column CGBBs, the micro-
scopic parameters of the numerical model were calibrated 
(Potyondya and Cundall 2004). After the calibration, the 
meso-parameters are slightly modified. Table 1 shows the 
mesoscopic parameters of the numerical model of CGBBs. 
The particle size is 0.5 × 10−3 ~ 0.75 × 10−3 m, and the poros-
ity is 0.1. During the simulation process, the axial stress and 
strain of the strip CGBB and the change of the number of 
cracks were monitored, and the loading was stopped when 
the stress dropped to 70% of the peak stress.

Crack evolution process and influence 
of length‑height ratio on failure characteristics

Take the overall failure process of the strip CGBB with a 
length-height ratio of 9 and the evolution process of the 
core bearing area as an example for illustration, as shown 
in Fig. 9a. Before the peak stress, during the initial load-
ing process, the entire strip CGBB bears the load; with the 
continuous increase of the stress, the two ends of the strip 
CGBB are destroyed firstly, and the two ends gradually fall 
off. After the peak stress, due to the horizontal extrusion 
of the two ends, the core bearing area is formed, and then 
the core bearing area gradually decreases with increasing 
strain. The failure feature of the strip and column CGBBs of 
the numerical simulation is consistent with the experimen-
tal results. Furthermore, the destruction process of the strip 
CGBB before the peak stress is consistent with the resistiv-
ity monitoring results. The horizontal resistivity of the strip 
CGBB increased rapidly in the plastic phase and reaches 
the maximum value at the peak stress, which means that the 
cracks increase with the increase of stress and macrocracks 
form at the peak stress.

The failure characteristics of strip CGBB samples 
with different length-height ratios and the core bearing 
area are shown in Fig. 9b. The column CGBB shows the Ta
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compression-shear failure. On the other hand, the strip 
CGBBs with different length-height ratios show the same 
failure patterns, and the ends of the CGBB show the split-
ting failure firstly, and then multiple oblique shear mono-
mers will gradually form at both ends of the strip CGBB. 
The shear failure shows the poor shear load capacity, and 
some measures can increase the shear load capacity, like 
adding fibers (Li et al. 2022). The number of cracks at 
both ends is more than that of the core bearing area. The 
core bearing area is subjected to the pressure limiting 
effect at both ends, and thus the core bearing area con-
tinues to bear the load under mutual squeezing and occlu-
sion. Therefore, the strip CGBB still has a better bearing 
capacity in the post-peak stage than the column CGBB, 
showing obvious ductility characteristics.

Influence of length‑height ratio on the strength

The stress–strain curve of strip CGBB with different length-
height ratios is shown in Fig. 10a. Both the strength and 
peak strain of the strip CGBB increase gradually with the 
increase of length-height ratio. Besides, as the length-height 
ratio increases, the ductility of the strip CGBB gradually 
increases, and the stress at the post-peak decreases more 
slowly, and even the characteristic of strain hardening 
appears gradually.

The change process of the number of cracks per unit 
volume with strain is shown in Fig.  10b. Few cracks 
occurred in the early stage of loading. After entering the 
plastic stage, the number of cracks gradually increases 
with the increase of strain; and then entering the post-peak 

Fig. 9   Failure properties of strip 
cemented gangue backfill body. 
(a) The crack evolution of the 
backfill body under uniaxial 
compression; (b) the crack 
distribution of the backfill body 
with the different length-height 
ratio
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stage, it increases approximately linearly. In addition, the 
growth rate of the number of cracks of the column CGBB 
is higher than that of the strip CGBB, which reflects the 
quasi-brittle characteristic of the instability of the column 
CGBB. This is because the strip CGBB can be restrained 
by the lateral pressure due to the hoop effect and lateral 
Poisson effect. The growth rate of the number of cracks per 
unit volume is also related to the length-height ratio. The 
larger the length-height ratio is, the slower the growth rate 
will be. Due to the effect of confining pressure, the strip 
CGBB shows obvious ductility characteristics, avoiding 
sudden instability as the column CGBB.

According to the numerical simulation results, the rela-
tionship between the length-height ratio and uniaxial com-
pressive strength of the strip CGBB is fitted, as shown 
in Fig.  11. The strength increases with the increase of 
length–width ratio, but the increasing ratio decreases gradu-
ally, and the strength of the strip CGBB may reach a constant 
finally. This model could be used to calculate the strength of 
the strip CGBB under different length-height ratios.

Stress–strain constitutive model 
of cemented gangue backfill body

Under the action of external pressure, the deterioration 
of materials or structures caused by the development of 
micro-defects at the mesostructure level is called dam-
age. In the late 1970s, Lemaitre et al. proposed continuous 
damage mechanics based on the material damage process 
and established a damage model (Wang et al. 2020):

where � is the effective stress, D is the damage variable, E 
is the elastic modulus, and � is the strain.

Based on the Weibull statistical distribution function 
(Liu et al. 2018), the damage evolution equation of mate-
rial can be written as

where m and � are constants associated with dimensions 
and scale of the sample, respectively.

Under the uniaxial compression, the constitutive model 
parameters are determined by the following method (Deng 
et al. 2006): 

where �p is the peak stress, MPa; �p is the peak strain; and 
E is the elastic module, MPa.

Therefore, the damage variable D can be defined as

Based on the above, the damage constitutive model of 
CGBB under uniaxial compression can be expressed as

(2)�=E(1 − D)�

(3)D − 1 − exp(−
�
m

�
)

(4)m = 1∕ ln

(

E�p

�p

)

, � = m�m
p

(5)D = 1 − exp

[

−
1

m

(

�

�p

)m]

Fig. 10   Influence of length-
height ratio on the strength of 
the strip cemented gangue back-
fill body. (a) The stress–strain 
curve under different length-
height ratios; (b) the number 
of cracks per unit volume of 
backfill body with different 
length-height ratios

Fig. 11   The relationship between length-height ratio and uniaxial 
compressive strength of strip cemented gangue backfill body
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According to the stress–strain curves of strip and col-
umn CGBBs obtained in the experiment, the elastic modu-
lus, peak strain, peak stress, etc. are calculated, as shown in 
Table 2. Substituting the parameters in Table 2 into Eq. (6), 
the damage constitutive equations of strip and column 
CGBBs under uniaxial compression can be obtained. The 
model and experimental stress–strain curve and the change 
process of damage factor with strain are shown in Fig. 12. 
It can be seen that, in general, this model could depict the 
stress–strain curve and damage model both of the strip and 
column CGBBs.

Stability monitoring model of cemented 
gangue backfill body

The stability of the supporting components in construc-
tional backfill mining determines the stability of the goaf; 
therefore, monitoring the stability of the strip and column 
CGBBs is essential for the design of the constructional 
backfill mining. According to the analysis in the “Acoustic 
emission characteristics” section, the change of the AE 
ring counts can characterize the entire process of insta-
bility and destruction of the strip and column CGBBs. 
In addition, according to the analysis in the “Resistivity 
characteristics” section, before the peak stress, with the 
increase of the stress, the resistivity also increases gradu-
ally. When the peak stress is reached, the resistivity of 

(6)� = E�

{

exp

[

−
1

m

(

�

�p

)m]} the CGBB suddenly increases to the maximum value. The 
above characteristics can be regarded as the feature points 
of the instability of the CGBB to realize the stability moni-
toring of the strip and column CGBBs in constructional 
backfill mining. In the process of monitoring the stability 
of the CGBB, the accumulative AE ring counts, and resis-
tivity could be used to judge the stress, strain, and damage 
state of the CGBB, to realize the stability monitoring of 
the strip and column CGBBs in the goaf. Therefore, it is 
necessary to establish the relationship between cumula-
tive ring counts, resistivity and stress, strain, and damage.

The damage constitutive model of the rock based on the 
cumulative AE ring counts can be established (Wu et al. 
2015). This uniaxial compression test adopts the displace-
ment loading method, and the relationship between strain 
and time is linear. Therefore, the relationship between 
strain � and time t  is

where k is the strain rate and �0 is the initial strain.
As shown in Fig. 5b and Fig. 6b, the cumulative AE 

ring counts increase gradually at the compaction stage, and 
increase rapidly at the elastic stage, and finally the increase 
rate will decrease gradually. Therefore, the relationship 
between cumulative AE ring counts N  and time t  can be 
expressed by the index function:

where A1 , A2 , and B are determined by the fitting results 
of experimental results.

(7)�=kt + �0

(8)N = A1 exp(−
t

B
) + A2

Table 2   Measured parameters 
and equation of damage 
constitutive models under 
uniaxial compression

Sample �p �p E m Damage constitutive model

Strip 5.716 0.0235 369.7 2.398
� = 369.7�exp

[

−
1

2.398

(

�

0.0235

)2.398
]

Column 5.281 0.00963 959.1 1.788
� = 956.1�exp

[

−
1

1.789

(

�

0.00963

)1.798
]

Fig. 12   Experimental and 
calculation results of damage 
constitutive model and the 
damage factor—strain curve. (a) 
Strip cemented gangue backfill 
body; (b) Column cemented 
gangue backfill body 

(a) Strip cemented gangue backfill body (b) Column cemented gangue backfill body
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The relationship between cumulative AE ring counts N 
and strain � can be obtained by combining formulas (7) and 
(8).

The increase of strain is closely related to the damage 
evolution of the CGBBs. Therefore, according to formula 
(3) and formula (9), the damage variable can be defined as

Finally, according to formula (2) and formula (10), the 
relationship between cumulative AE ring counts N and stress 
� of the CGBB is

The model parameters were fitted by the column CGBB, 
and the fitting results are shown in Table 3. The relationship 
between the stress, strain, and damage factors of the theory 
is plotted in Fig. 13a.

Similarly, as shown in Fig. 7, the relationship of the resis-
tivity � and time t can be expressed as

where D1 , H1 , and F are determined by the fitting results of 
experimental data.

(9)�=�0−Bk ln(
N − A2

A1

)

(10)D = 1 − exp

{

−
1

�

[

�0 − Bkln

(

N − A2

A1

)]m}

(11)

� = E

[

�0 − Bkln

(

N − A2

A1

)]

exp

{

−
1

�

[

�0 − Bkln

(

N − A2

A1

)]m}

(12)� = D1exp

(

−
t

H1

)

+ F

Combination of formula (7) and formula (12), the rela-
tionship between resistivity � and strain � is

Combination of formula (13) and formula (3), the rela-
tionship between damage variable and resistivity and the 
relationship between stress and resistivity are:

Combination of formula (14) and formula (2), the rela-
tionship between stress � and resistivity � can be expressed 
as

The horizontal resistivity monitoring result of the strip 
CGBB sample was selected to verify the stability moni-
toring model of resistivity. Table 3 shows the calculation 
parameters. This model calculation results and experimen-
tal data are shown in Fig. 13b.

It can be seen from Fig. 13 that the experimental data 
and the model calculation results are in good agreement 
as a whole, while the consistency is not very high in the 
compaction stage of the strip and column CGBBs. There-
fore, these models can be used in the stability monitoring 
of CGBB in constructional backfill mining.

(13)�=�0−H1k ln(
� − F

D1

)

(14)D = 1 − exp

{

−
1

�

[

�0 − H1k ln(
� − F

D1

)m
]}

(15)

� = E

[

�0 − H1k ln(
� − F

D1

)

]

exp

{

−
1

�

[

�0 − H1k ln(
� − F

D1

)

]m}

Table 3   The parameters of acoustic emission cumulative ring counts model and resistivity model

Acoustic emission 
cumulative ring

�P/MPa �P E/MPa � m k �
0

A
1

B A
2

Parameter value 5.1223 0.00992 1137.8 3.686E-3 1.265 8.886E-5 1.869E-4  − 4102.72 39.66 3996.32
Resistivity �P/MPa �P E/MPa � m k �

0
D

1
H

1
F

Parameter value 5.854 0.0298 373.7 6.594E-3 1.555 1.3324E-4 0.0024 11.392  − 34.58 26.193

Fig. 13   Relationship between 
stress, strain, damage factor, and 
accumulative acoustic emission 
ring counts and resistivity. (a) 
Accumulative AE ring counts; 
(b) Resistivity

(a) Accumulative AE ring counts (b) Resistivity

Environmental Science and Pollution Research (2022) 29:51411–51426 51423



1 3

Conclusions

The mechanical properties of strip and column CGBBs 
were compared and analyzed. The effect of the length-
height ratio on the mechanical properties of the strip 
CGBB was investigated through the discrete element 
method. The AE and resistivity technology were used to 
monitor the damage of CGBBs. The following conclusions 
were drawn:

(1)	 The strength and peak strain of strip CGBB is 1.14 
times and 2.69 times those of column CGBB, respec-
tively. The strip CGBB shows stronger ductility than 
the column CGBB. Both strip and column CGBBs 
have a core bearing area under uniaxial compression. 
The decline rate of the stress of column CGBB after 
the peak stress is significantly greater than that of strip 
CGBB, and the strip CGBB can still bear a large load 
under the large deformation. During the failure process, 
the strip CGBB peels off from both sides inward layer 
by layer and is severely damaged by extrusion on the 
free surface, and the column CGBB will form an oppo-
site hyperbolic failure surface.

(2)	 The strength and ductility of the strip CGBB increase 
with the increase of the length-height ratio. The growth 
rate of the crack number per unit volume of the column 
CGBB is higher than that of the strip CGBB, and the 
larger the length-height ratio of the strip CGBB is, the 
slower the crack growth rate will be. With the increase 
of axial strain, both ends of the strip CGBB are dam-
aged firstly, and gradually expand to the center, the core 
bearing area decreases correspondently.

(3)	 The AE evolution process of strip and column CGBBs 
under uniaxial compression before the peak stress can 
be divided into three stages, respectively. Compared 
with column CGBB, the AE ring counts, and energy 
of strip CGBB at the peak stress will not increase 
sharply. The resistivity monitoring effect of the con-
ductive mesh arranged horizontally symmetrically is 
better than that of the axial. The horizontal resistivity 
increases slowly in the compaction and elastic stages, 
increases rapidly in the plastic stage and increases sud-
denly at the peak stress, and then drops rapidly after the 
peak stress.

(4)	 According to the stress–strain curves of the strip and 
column CGBBs under uniaxial compression, the dam-
age constitutive models of the strip and column CGBBs 
are established. Meantime, the stability monitoring 
models of the CGBBs under uniaxial compression are 
established based on the cumulative AE ring counts and 
resistivity, respectively.

These results are related just to the strip and column sam-
ples in the laboratory; the real cemented gangue backfill 
body in the goaf is very large. Hence, the size effect of the 
strip CGBB should be investigated. Although the horizontal 
resistivity can monitor the damage process of the CGBB, 
the effect of distance of the conductive meshes arranged 
horizontally symmetrically should be investigated.
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