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Abstract: The backfill in the stope usually forms a composite structure with the surrounding rock
in order to bear pressure together to support the goaf and ensure the safe mining of subsequent
ores. Based on laboratory tests and theoretical analysis, the energy and damage evolution of the
rock–backfill composite materials (RBCM) are studied deeply. The results show that: (1) The σp

(peak stress), εp (peak strain), and E (elasticity modulus) decreased with the increase of the internal
backfill diameter. When the diameter of the backfill increases from 10 mm to 40 mm, σp decreases
from 50.15 MPa to 18.14 MPa, εp decreases from 1.246% to 1.017%, and E decreases from 7.51 GPa to
2.33 GPa. The UT shows an S-shaped distribution, the UE shows an inverted U-shaped distribution,
and the UD first increases slowly and then increases rapidly. The UT

p, UE
p, UD

p, UE
p/UD

p, and
UE

p/UT
p decrease by 67.38%, 97.20%, 58.56%, 32.64% and 13.64% respectively, and the UD

p/UT
P

increases by 20.93% with the increases of the backfill diameter. (2) A damage constitutive model of
the RBCM is established based on the energy consumption characteristics. The damage evolution
curve shows an S-shaped distribution, and the damage rate evolution curve shows an inverted
U-shaped distribution. (3) The AE correlation fractal dimension decreases with the increase of the
strain gradient and damage value, and the AE correlation fractal dimension presents linear and
exponential functions with them, respectively. With the increase of stress, microcracks first appear
and gather in the internal backfill of the RBCM, and then microcracks appear and gather in the
peripheral rock, which together lead to the macro penetration failure of the RBCM.

Keywords: rock–backfill composite materials (RBCM); energy dissipation mechanism; damage
constitutive model; microcrack evolution

1. Introduction

The filling mining method involves mixing the tailings solid waste produced by ore
mining with cement and other cementing agents, and transporting it to the underground
goaf through pipelines. Therefore, its safety is significantly improved, and it has green
and environmentally protective characteristics, which are widely used in metal mines at
home and abroad, and there is an increasing trend of its use [1–6]. The stope is divided
into the one-step room and the two-step pillar. The room is mined first, then the goaf is
filled with cemented paste backfill, and then the pillar is mined. In this way, the pillar is
mined under the support of the composite structure composed of cemented paste backfill
and the surrounding rock. Therefore, the stability of the composite structure of the backfill
and surrounding rock is the premise of safe pillar mining. Based on the above reasons,
the stability of the pressure-bearing mechanism composed of cemented paste backfill
and the surrounding rock must be analyzed in order to ensure safety in the whole pillar
mining process.
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Fruitful research results have been obtained regarding the stability research of intact
rock and backfill [7–13], which not only greatly promoted the development and progress of
mine rock mechanics and backfill mechanics but also laid a solid theoretical foundation
for future generations to carry out relevant scientific research. Unlike the intact rock and
backfill, the RBCM is composed of two different materials, in which the rock is a strong
structure and the backfill is a weak structure. Under the load, the two structures interact
and depend on each other to jointly resist the external load, and their mechanical properties
and damage evolution mechanism will become very complex. However, at present, the
research on the bearing mechanism of the rock–backfill composite structure is relatively
sparse, but it has gradually attracted the attention of scholars [14–16]. Wang et al. [17]
studied the influence of interface roughness and inclination on the strength and failure
mode of the rock–backfill composite model. Wu et al. [18] suggested that the failure of
the backfill–rock combination was largely caused by the shear failure of the interface.
Xiu et al. [19] reported that the dry and wet degree of the interface between the rock and
backfill had an important impact on the stability of the interface. Zhao et al. [20] introduced
the KCC model, and comprehensively analyzed the influence of backfill inclination on
damage initiation and propagation. Yu et al. [21] conducted a triaxial compression test
on rock–backfill samples, and CT scanned the samples before and after compression to
explore the role of the interface. The lack of basic theoretical research on the rock–backfill
composite structure greatly limits its effective application in engineering.

In the process of the compression failure of rock, backfill, and other materials, internal
cracks gradually sprout and expand, and release energy in the form of AE. The energy
evolution mechanism and the AE characteristic parameters can characterize the damage
process to a certain extent. Therefore, there is important significance in the study of the
energy consumption and AE characteristics of materials in order to master their damage
and instability mechanism [11,22–25]. Hou et al. [26] revealed the influence of the curing
age on the energy dissipation characteristics of CPB. Wang et al. [27,28] carried out a triaxial
compression test on CPB with different layers, and discussed the influence law of layered
numbers and confining pressure on elastic energy and dissipation energy. With the help
of numerical technology, Xin et al. [29] studied the influence of waste rock content on the
energy evolution characteristics of CPB, and considered that the compressive and tensile
energy absorbed by CPB decreased and the interface transition region increased with the
increase of waste rock content. Zhao et al. [30] obtained the AE parameter curve by carrying
out the uniaxial compression AE test, and deeply studied the change characteristics of
the AE correlation fractal dimension during the compression failure of CPB with the help
of fractal theory. Zhou et al. [31] deduced the AE energy fractal dimension based on the
AE energy counting characteristics, and analyzed the internal relationship between the
AE energy fractal dimension and the damage variable. He et al. [32] made rock–backfill
combination models and discussed the influence of the cement–tailings ratio on the AE
correlation fractal dimension of the combination model.

The failure and instability of CPB and other materials under compression is essentially
a process of continuous damage accumulation. In order to understand the damage and
instability mechanism of CPB materials, it is very important to establish a reasonable and
reliable damage evolution model. Wang et al. [33] obtained the basic mechanical parameters
of rock-encased backfill (REB), constructed the damage constitutive model of REB, and
deeply discussed the damage evolution mechanism. Ma et al. [34] conducted numerical
simulation research on the coal–rock composite structure, established the damage constitu-
tive model of a coal–rock composite structure based on energy consumption theory, and
discussed the damage evolution law. Liu et al. [35] studied the damage evolution charac-
teristics of backfill at different temperatures, and considered that the damage evolution
process of backfill can be divided into four stages: the nondestructive stage, the initial
damage stage, the accelerated damage stage, and the stable damage stage. Cui et al. [36]
developed an evolutive elasto-plastic model, and established a damage constitutive model
of cemented backfill based on this model; the important role of cemented hydrate in its
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damage evolution was studied. Sun et al. [12] introduced the disturbance element, con-
nected Burges model, nonlinear viscous damper, and strain trigger, and established the
creep disturbance constitutive model of backfill. Scholars have also established many other
damage constitutive models of backfill [37–40]. These model construction ideas provide a
great reference for the derivation and construction of the damage evolution equation in
this paper.

In this paper, a uniaxial compression AE monitoring test of rock–backfill composite
materials (RBCM) with different backfill diameters is carried out. Firstly, the stress–strain
behavior and mechanical properties of the RBCM are analyzed, and the internal functional
relationship between the peak stress, peak strain, elastic modulus and backfill diameter is
revealed. Secondly, the energy dissipation law, the AE correlation fractal dimension, the
AE events’ location characteristics, and the microcrack temporal and spatial evolution of
the RBCM are deeply studied. Finally, the damage evolution equation is introduced, and a
damage constitutive model of the RBCM is established.

2. Materials and Methods
2.1. Research Background

The room of the filling mining method was first stoped, and then the goaf was filled
with tailings cementation. At this time, the cemented paste backfill was surrounded by
the surrounding rock, and formed a composite structure (Figure 1) with the surrounding
rock to bear pressure together to support the goaf and ensure the safety of the ore mining.
Unlike the intact backfill and rock materials, the composite materials were formed by the
mutual wrapping of two different media. Their mechanical properties, energy consumption
mechanism, and damage evolution need to be further studied.

Figure 1. Field model of rock–backfill composite materials.

2.2. Materials

The tailings used for the cemented paste backfill were from a mine in Shandong
Province, China, and ordinary Portland cement (OPC) 32.5R was used as a cementing agent.
The PSD curve of the tailings was obtained using an LS-POP (9) laser particle size analyzer,
as shown in Figure 2. Figure 3 shows the chemical composition of the tailings and OPC
obtained by X-ray fluorescence.
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Figure 2. The PSD curves of the tailings.

Figure 3. The chemical composition: (a) tailings; (b) OPC.

2.3. Test Scheme

In this paper, four different types of rock–backfill composite materials (RBCM) were
designed and made. The complete rock center was hollowed out by drilling, and the
internal backfill was prepared according to the designed ratio to fill the interior of the rock,
which was preserved in a standard maintenance box to a specified age. According to the
design requirements, the diameter of the peripheral rock was dr = 50 mm and the height
was hr = 100 mm. The diameters of the internal backfill were db = 10 mm, 20 mm, 30 mm,
and 40 mm respectively, and the height of the internal backfill was hb = 100 mm. The test
scheme and sample number are shown in Table 1. Each group prepares 3 samples, a total
of 12 RBCM samples, and the RBCM samples designed and manufactured are shown in
Figure 4.

Table 1. UCS and elastic modulus of different kinds of samples.

Sample ID Backfill Diameter
db (mm) c/t Ratio Peak Stress

(MPa)
Peak Strain

(%)
Elastic Modulus

(GPa)

RBCM-10 10 1:4 50.15 1.246 7.51
RBCM-20 20 42.47 1.106 5.72
RBCM-30 30 28.73 1.040 3.88
RBCM-40 40 18.14 1.017 2.33
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Figure 4. Uniaxial compressive AE test devices.

2.4. Test Devices

The Gaw-2000 system (Figure 4) was used to carry out uniaxial compression AE tests
on the RBCM samples. The displacement control mode was adopted, and the loading rate
was maintained at 0.5 mm/min. A PCI-2 AE monitoring system was adopted. A total of
6 sensors were used. The sensor frequency was 140 khz and the noise threshold was set to
45 dB. The sensors’ layout position is shown in Figure 4. During compression, the stress,
strain, and AE data were recorded and exported in Excel format.

3. Results and Analysis
3.1. Mechanical Properties

Figure 5 shows the stress–strain curves of four RBCM samples. The curves can be
divided into five different stages. Stage I: The internal pores and cracks of the RBCM are
compacted and closed, the sample becomes denser, and the stress–strain curve is concave.
Stage II: With the increase of stress, the cracks are almost all closed, the strain increases
linearly, the RBCM produces elastic deformation, there is almost no new crack damage, and
the stress–strain curve increases linearly. Stage III: The stress gradually exceeds the yield
stress of the RBCM, the sample begins to produce plastic deformation, and new cracks and
damage are generated; the stress–strain curve is concave, and the RBCM samples’ strength
begins to approach the peak. Stage IV: When the stress reaches and exceeds the bearing
limit of the RBCM, many new cracks and damages sprout on the sample’s surface, the
macro failure begins to form, and the stress–strain curve reaches the peak and begins to
decrease. Stage V: At this stage, the peripheral rocks gradually lose their bearing capacity,
but due to the certain bearing capacity of the backfill wrapped in the center, the RBCM has
residual stress. It slows down the rate of RBCM deformation and its complete failure, and
some samples have double peaks; the stress–strain curve will extend slowly forward.
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Figure 5. Stress–strain curves of the RBCM samples.

The mechanical properties of the RBCM are closely related to the size of the central
backfill. Figure 6 shows the relationship between the peak stress σp, peak strain εp, elastic
modulus E, and the backfill diameter of the RBCM. Figure 6a shows that the σp of the
RBCM decreases with the increase of the backfill diameter. When the backfill diameter is
10 mm, the σp is 50.15 MPa. When the backfill diameter increases to 40 mm, the σp of the
RBCM decreases to 18.14 MPa. Figure 6b shows that the εp of the RBCM also decreases
with the increase of the backfill diameter. When the backfill diameter increases from 10 mm
to 40 mm, the εp of the RBCM decreases from 1.246% to 1.017%. Figure 6c shows that the E
of the RBCM also decreases with the increase of the backfill diameter. When the backfill
diameter increases from 10 mm to 40 mm, the E decreases from 7.51 GPa to 2.33 GPa.

Figure 6. The relationship between the mechanical properties and backfill diameter: (a) the σp;
(b) the εp; (c) the E.

3.2. Energy Dissipation Mechanisms

The essence of the deformation and failure of the RBCM under load is the process of
the continuous input of external energy and conversion into elastic energy and dissipative
energy. According to energy conservation [41,42]:

UT = UE + UD (1)

where UT is the total energy input to the RBCM from the outside, and UE and UD are the
releasable elastic energy and dissipative energy of the RBCM, respectively.
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The total energy UT absorbed by the RBCM from the outside under uniaxial compres-
sion can be expressed by the following formula:

UT =
∫ ε

0
σdε (2)

The release elastic energy UE of the RBCM can be expressed by the following formula:

UE =
σ2

2E
(3)

where E is unload elastic modulus of the RBCM.
According to Equations (1)–(3) and the stress–strain curves of the RBCM, the energy

evolution law of the RBCM with different backfill diameters can be obtained. The results
are shown in Figure 7.

Figure 7. Energy evolution of the different samples: (a) RBCM-10; (b) RBCM-20; (c) RBCM-30;
(d) RBCM-40.

Figure 7 shows that the total energy input to the RBCM is first converted into releasable
elastic energy and stored in the sample, and the releasable elastic energy begins to increase
(the red curve begins to rise). At this time, the sample only has elastic deformation, no
damage and almost no energy dissipation. Then, the released elastic energy accumulates
continuously and gradually exceeds the energy storage limit of the RBCM, the sample
begins to produce damage and energy dissipation, and the dissipated energy begins to
increase (the blue curve begins to rise). Finally, the released elastic energy decreases, and
the dissipated energy increases rapidly until the sample is destroyed.

Figure 8 shows the energy evolution laws of the RBCM. Figure 8a shows that the total
energy evolution curve of the input of the RBCM shows an S-shaped distribution. The
black line is at the top, indicating that the RBCM-10 sample has the fastest total energy
accumulation rate and the largest total energy. The pink line is at the bottom, indicating that
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the RBCM-40 sample has the slowest total energy accumulation rate and the smallest total
energy. Overall, the larger the backfill diameter, the slower the total energy accumulation
rate and the smaller the total energy accumulation amount. Figure 8b shows that the
releasable elastic energy stored in the RBCM first increases and then decreases, and the
releasable elastic energy curve presents an inverted U-shaped distribution. The smaller
the backfill diameter, the greater the energy storage limit of the RBCM. It can be seen from
Figure 8c that the dissipated energy of the RBCM first increases slowly, and then increases
rapidly until the sample is destroyed. The smaller the backfill diameter, the greater the
energy dissipation of the RBCM.

Figure 8. Different types of energy evolution: (a) total energy; (b) elastic energy; (c) dissipation energy.

Figure 9 and Table 2 show the relationship between different types of energy, the
energy rate of the RBCM at the peak stress point, and the backfill diameter. Figure 9a shows
that the released elastic energy at the peak point is greater than the dissipated energy. In
addition, the total energy UT

p input to the RBCM, the releasable elastic energy UE
p stored

in the RBCM, and the dissipation energy UD
p all decrease with the increase of the backfill

diameter. When the backfill diameter increases from 10 to 40 mm, the UT
p, UE

p, and UD
p

decrease from 0.325 KJ/m3 to 0.106 KJ/m3, from 0.214 KJ/m3 to 0.060 KJ/m3, and from
0.111 KJ/m3 to 0.046 KJ/m3, respectively. As can be seen from Figure 9b, the UE

p/UD
p and

UE
p/UT

p decrease with the increase of the backfill diameter. When the backfill diameter
increases from 10 to 40 mm, the UE

p/UD
p and UE

p/UT
p decrease from 1.93 to 1.30, and

from 0.66 to 0.57, respectively. In addition, the UD
p/UT

P increases with the increase of the
backfill diameter. When the backfill diameter increases from 10 to 40 mm, the UD

p/UT
P

increases from 0.34 to 0.43.

Figure 9. Energy and energy ratio at the peak point: (a) energy; (b) energy ratio.
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Table 2. The UT
p, UE

p, and UD
p of the RBCM at the peak stress point.

ID RBCM-10 RBCM-20 RBCM-30 RBCM-40

UT
p (KJ/m3) 0.325 0.237 0.134 0.106

UEp (KJ/m3) 0.214 0.154 0.085 0.06
UD

p (KJ/m3) 0.111 0.084 0.049 0.046
UE

p/UD
p 1.93 1.83 1.73 1.30

UE
p/UT

p 0.66 0.65 0.63 0.57
UD

p/UT
p 0.34 0.35 0.37 0.43

3.3. Damage Constitutive Model
3.3.1. Model Constructed

According to the energy dissipation characteristics of the coal–rock combination, Ma
et al. [34] considered that all of the energy dissipation generated by materials under load
is not used to produce damage, proposed a modified damage variable, and verified the
rationality of the damage variable through experimental research:

D = (1− σr

σp
) · UD

UD
max
· (1 +

UD
p

UT
p
) (4)

where D is the damage variable of the RBCM, σr is the residual stress of the RBCM, σp is the
peak stress of the RBCM, UD is the dissipation energy, UD

max is the cumulative dissipated
energy, UD

p is the dissipation energy at the peak point, and UT
p is the total energy input to

the RBCM at the peak point.
The damage constitutive model of the RBCM at uniaxial compression is

σ = (1− D)Eε (5)

σ =

[
1− (1− σr

σp
) · UD

UD
max
· (1 +

UD
p

UT
p
)

]
Eε (6)

3.3.2. Model Validation

Figure 10 shows the comparison results between the test curve and the model curve.
Figure 10a shows that the coincidence degree of the two curves is poor in the compaction
closing stage, but the overall change trend is highly similar. Figure 10b–d show that the
model curves are highly consistent with the sample curves.

Figure 10. Comparison of the test, model, and simulation curves: (a) RBCM-10; (b) RBCM-20;
(c) RBCM-30; (d) RBCM-40.

3.3.3. Damage Evolution Analysis

In order to analyze the damage evolution law of the RBCM under load, the damage
evolution curves and damage rate evolution curves of the RBCM can be obtained according
to Equation (4), and the results are shown in Figure 11. Figure 11a shows that, in the
compaction and closing stage, the RBCM has almost no damage, and the damage curve
extends forward close to the X-axis. In the linear elastic stage of the RBCM, only a small
amount of damage occurs, and the damage curve rises slowly. After exceeding the yield
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limit of the RBCM, the damage initiates and expands rapidly, and the damage curve rises
rapidly. In general, the damage curve first extends horizontally forward, then rises slowly,
and finally rises rapidly. Figure 11b shows that the damage rate evolution curves of the
RBCM present an inverted U-shaped distribution, which first increases and then decreases.
The results indicate that the damage accumulation rate of the RBCM first increases and
then decreases.

Figure 11. Damage and damage ratio evolution curves: (a) damage curve; (b) damage ratio curve.

3.4. AE Characteristics
3.4.1. AE Fractal Dimension

Fractal dimension is a parameter that quantitatively describes fractal characteristics
and represents the complexity of the fractal body [43,44]. The correlation fractal dimension
is used to describe the AE fractal characteristics of the RBCM in the failure process under
uniaxial compression. The common calculation method of the correlation fractal dimension
is the G-P algorithm. The G-P algorithm takes the AE parameter sequence as its research
object, and each AE parameter sequence corresponds to a sequence set Xn with a capacity
of n:

Xn = {x1, x2 · · · xn} (7)

where xi is the AE parameter, i = 1, 2, · · · n. Take the first m points in Equation (8) to form
the first m-dimensional vector space, which is recorded as

X1 = {x1, x2 · · · xm} (8)

Then move one point backward and take m points to form the second m-dimensional
vector space. By analogy, Equation (7) can form a total of N = n − m + 1 m-dimensional
vector spaces:

X =


x1 x2 · · · xm
x2 x3 · · · xm+1
...

... · · ·
...

xn−m+1 xn−m+2 · · · xn

 (9)

The correlation function C(r) is

C(r) =
1

N2

N

∑
i=1

N

∑
j=1

H(r−
∥∥Xi − Xj

∥∥) (10)

where H is the Heaviside function, Xi and Xj are the ith and jth vector spaces respectively,
and r is the given scale:

H(x) =
{

1, x > 0
0, x ≤ 0

(11)
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r = k
1

N2

N

∑
i=1

N

∑
j=1

∥∥Xi − Xj
∥∥ (12)

where k is coefficient. For a given r, there is always a corresponding correlation function
C(r). By substituting the C(r) and r into the double logarithmic coordinate system, the
coordinate points (lgC(r), lgr) can be obtained. Taking different k values, respectively,
multiple coordinate points can be obtained in the double logarithmic coordinate system.
The obtained coordinate points are subjected to univariate linear regression, and the slope
of the regression function is the AE correlation fractal dimension Df.

Figure 12 shows the relationship curve between the AE ringing count correlation
fractal dimension and the damage variable at different strain stages. With the increase
of the strain, the AE correlation fractal dimension decreases, while the damage variable
continues to increase. At the initial stage of loading, the internal microcracks of the RBCM
are gradually compacted and closed, almost no damage is generated, the AE ringing counts
evolve irregularly, and the correlation fractal dimension of the AE parameters is large.
In the middle of loading, the internal crack began to evolve and expand gradually, the
internal damage began to accumulate slowly, the AE ringing counts were released to the
outside world according to a certain law, and the AE correlation fractal dimension gradually
decreased. In the later stage of loading, the internal meso cracks evolve rapidly and become
macro through failure, the internal damage accumulates rapidly, the AE ringing counts are
released to the outside in an orderly manner, and the AE correlation fractal dimension is
further reduced. This result is similar to the research results of Zhao [30] and Guo [43].

Figure 12. AE average fractal dimension: (a) RBCM-10; (b) RBCM-20; (c) RBCM-30; (d) RBCM-40.

3.4.2. AE Event Location

AE location technology can intuitively show the internal failure process of the RBCM.
Figure 13 shows the AE event location of the RBCM-10 and RBCM-30. At the initial stage of
loading (0%–30% εf), the internal cracks of the RBCM were closed by compression, and only
a few AE events occurred in the internal backfill. With continuous loading (30%–50%εf),
the internal cracks of the RBCM began to evolve gradually, the AE events began to increase
gradually, and they mainly gathered in the internal backfill. When loading to 50%–80% εf,
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the cracks further increase, the AE events also increase, and they gradually appear in the
external rock. When loading to 80%–100% εf, AE events begin to gather in the external rock,
and macro penetration failure also occurs. At the later stage of loading (100%–120% εf), AE
events do not increase significantly. Because the RBCM has not completely lost its bearing
capacity, the macro crack will continue to expand, and a small number of AE events will
appear in the external rock.

Figure 13. Temporal and spatial evolution of the AE events: (a) RBCM-10; (b) RBCM-30.

3.5. Temporal and Spatial Evolution of Microcracks

The laboratory test is the most direct means to study the internal damage evolution of
the RBCM, but experimental research often cannot intuitively show the spatio-temporal
evolution characteristics of internal cracks in the RBCM. At present, scholars at home
and abroad often use Particle Flow Code (PFC) software to reveal the internal damage
mechanism of materials. By establishing a numerical model consistent with the test, and
then giving reasonable parameters, the results can also be very accurate. In addition, by
setting a specific program, the PFC can intuitively show when and where the sample will
be damaged, and can simulate the damage crack shape through a specific module [45,46].
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Unlike other continuous models, PFC software can accurately reveal the basic mechan-
ical behavior of rock-like materials under uniaxial compression, and can intuitively show
the fracture evolution process in the sample. When using PFC-3D software to simulate rock-
like materials, the contact model between particles usually adopts a parallel bonding model
(Figure 14a) [46]. Under axial load, if the local contact force between particles exceeds the
shear strength of the contact model, a shear crack will occur between the two particles. In
the model, the shear crack is represented by a green circle (Figure 14b). If the local contact
force between particles exceeds the tensile strength of the contact model, a tensile crack
will occur between the two particles. In the model, the tensile crack is represented by a red
circle (Figure 14b).

Figure 14. Parallel bonding model: (a) The stress pattern; (b) Failure mode.

The random function in PFC software is used to generate particles with different
diameters in the calculation range, and the balance calculation is carried out to make the
particles fill the whole columnar calculation range. After the initial equilibrium, a parallel
bond model was set for the peripheral rocks and the internal backfill, respectively, and the
loading rate of the model was determined. A monitoring system was arranged to monitor
the number of cracks, stress and strain of the model in real time. The final stress–strain
curve is shown in Figure 9 after multiple corrections of the model’s mesoscopic parameters,
and the evolution process of internal cracks in the RBCM sample is finally obtained. The
results are shown in Figure 15 (RBCM-10 and RBCM-30). At the initial stage of loading, the
local contact force between the RBCM particles is less than its bonding strength, and the
stress and strain of the RBCM increase, but there are almost no cracks. With the continued
loading of the RBCM, the local contact force between the particles is gradually greater than
the bond strength, the bond between some particles is damaged, and cracks are generated.
Because the bond strength between the backfill particles is less than that between the rock
particles, the cracks first appear between the internal backfill particles. In the middle stage
of loading, the bond between most of the backfill particles was destroyed, and the cracks
spread all over the backfill. At the same time, the local contact force between rock particles
begins to exceed its bond strength, and the cracks begin to appear in the surrounding rocks.
In the later stage of loading, the contact force between rock particles is generally greater
than its bond strength. The crack evolves on a large scale in the surrounding rock, and
gradually forms a macro failure through the crack, which eventually leads to the overall
instability and failure of the RBCM.
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Figure 15. Temporal and spatial evolution of a crack: (a) RBCM-10; (b) RBCM-30.

In order to study the spatial distribution of the internal cracks of the RBCM after
compression failure, 10 sections were selected for the numerical model after RBCM model
failure, and the results are shown in Figure 16.

Figure 16. Cont.
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Figure 16. Spatial distribution of the cracks after the samples’ failure.

For the RBCM-10, the cracks of section I are mainly distributed at the top of the sample.
The cracks of section II are mainly distributed at the upper and lower ends of the sample.
Section III contains two parts of rock and backfill; the cracks are mainly distributed in the
internal backfill, and some cracks are also distributed at the bottom of the peripheral rock.
The cracks of sections IV and V are mainly distributed at the bottom of the sample. In
addition, the cracks of sections 1 and 2 are mainly distributed in the internal backfill and
the left and right end of the peripheral rock. The cracks of section 3 are mainly distributed
in the internal backfill, and there are almost no cracks in the peripheral rock. The cracks
of sections 4 and 5 are mainly distributed in the internal backfill and at the top of the
peripheral rock. In general, the cracks of RBCM-10 are mainly distributed in the internal
backfill and the upper and lower ends of the peripheral rock.

For the RBCM-30, the cracks of sections of I and V are mainly distributed at the top of
the rock. The cracks of sections II–IV are mainly distributed in the internal backfill and the
top of the peripheral rock. The cracks of sections 1–3 are mainly distributed in the internal
backfill, and there are few cracks in the peripheral rock. The cracks of section 4 are mainly
distributed in the internal backfill and the left end of the peripheral rock. The cracks of
section 5 are mainly distributed in the internal backfill and the upper and lower ends of
the peripheral rock. In general, the cracks of the RBCM-30 are mainly distributed in the
internal backfill and the top and bottom ends of the peripheral rocks.

Considering the spatial distribution law of cracks in RBCM-10 and RBCM-30, most of
the cracks are distributed in the internal backfill, and a few cracks are distributed at the
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upper and lower ends of the peripheral rock. The evolution of meso tension cracks and
shear cracks in the model leads to macro penetration failure.

4. Discussion

In Section 3.3, the damage evolution equation of the RBCM was established, and
the damage evolution characteristics of the RBCM were studied. In Section 3.4, the AE
correlation fractal dimension of the RBCM was calculated, and the qualitative relationship
between AE correlation fractal dimension, damage evolution characteristics, and strain gra-
dient were analyzed. The analysis results show that the AE correlation fractal dimension is
inversely proportional to the strain gradient, while the damage evolution characteristics are
directly proportional to the strain gradient. The damage directly represents the evolution
process of cracks in the RBCM, and the AE correlation fractal dimension is a summary of
the AE parameters released by the RBCM during loading. Therefore, the AE correlation
fractal dimension can indirectly represent the damage evolution process of the RBCM to a
certain extent. The AE correlation fractal dimension must have some internal relationship
with the damage evolution characteristics.

In order to study the internal functional relationship between the AE correlation fractal
dimension and damage value, the relationship curve between the AE correlation fractal
dimension and damage evolution characteristics was established. The results are shown in
Figure 17. The AE correlation fractal dimension is inversely proportional to the damage
evolution. This is consistent with the research conclusion of reference [31]. Reference [31]
shows that with the increase of stress percentage, the fractal dimension of the CPB decreases
under uniaxial stress, while the damage variable of the CPB increases gradually. In addition,
the damage variable increases more rapidly. When the fractal dimension decreases to a
certain level, the fractal dimension no longer decreases significantly, and the CPB damage
variable increases rapidly.

Figure 17. The relationship between the damage variable and the average fractal dimension.

Take the RBCM-20 as an example; when the AE correlation fractal dimension is 1.72,
the damage value is 0.37. When the AE correlation fractal dimension increases to 1.85,
1.89, and 2.06, respectively, the damage values decrease to 0.34, 0.10, and 0.01, respectively.
A variety of functions are used to fit the relationship between the AE correlation fractal
dimension and damage value. The results show that the exponential function can better
characterize the relationship between them:

D = a4 + b4 · exp(c4 · D f ) (13)

where D is the damage variable of the RBCM, Df is the AE correlation fractal dimension of
the RBCM, and a4, b4, and c4 are relevant parameters.
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Under the action of a load, the internal stress of the RBCM increases continuously
and gradually exceeds the bond strength between the particles. Cracks are generated
between the particles, resulting in damage accumulation, and releasing energy to the
outside in the form of acoustic emission. Therefore, during compression, stress behavior,
damage characteristics, AE events, and microcracks must be interrelated. Figure 18 shows
the composite diagram of the stress–strain, damage value, AE event, and cracks of the
RBCM-30. When the internal stress of RBCM-30 increases to 4.57 MPa, its damage value
evolves to 0.01, the number of microcracks increases to 60, and the AE events are mainly
concentrated in the internal backfill. When the internal stress increases to 12.42 MPa, the
damage value evolves to 0.02, the number of microcracks increases to 2987, and the AE
events accumulate rapidly in the internal backfill. When the internal stress increases to
21.92 MPa, the damage value evolves to 0.06, the number of microcracks increases to 17,535,
and the AE event begins to expand from the internal backfill to the surrounding rock. When
the internal stress increases to 28.63 MPa, the damage value evolves to 0.34, the number
of microcracks increases to 75,309, and the increment of the microcracks is the largest at
this stage; the AE events accumulate rapidly in the surrounding rocks. When the internal
stress reaches the peak and decreases to 26.83 MPa, the damage value evolves to 0.65, the
number of microcracks increases slightly to 79,457, and the AE events increase slightly in
the whole sample.

Figure 18. The composite diagram of the stress, damage, AE events, and cracks of the RBCM-30.

5. Conclusions

In this paper, firstly, the macroscopic mechanical behavior of the RBCM was analyzed,
and the damage constitutive model of the RBCM was established. Secondly, the AE
ring counting correlation fractal dimension was deduced. Finally, with the help of PFC
software, the microcrack distribution was dynamically displayed. The main conclusions
are as follows:

(1) The stress–strain curve of the RBCM can be divided into five stages: the pore com-
paction closure stage, the linear elasticity stage, the yield stage, the peak strength
stage, and the residual stress stage; some stress–strain curves show double peaks. The
σp, εp, and E decreased with the increase of the internal backfill diameter.
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(2) The UT shows an S-shaped distribution. The UE shows an inverted U-shaped distribu-
tion. The UD first increases slowly and then increases rapidly. The UT

p, UE
p, and UD

p
all decrease with the increase of the backfill diameter. The UE

p/UD
p and UE

p/UT
p

decrease and the UD
p/UT

P increases with the increases of the backfill diameter.
(3) A damage constitutive model of the RBCM was established. The damage evolution

curves and damage rate evolution curves of the RBCM show S-shaped and U-shaped
distributions, respectively.

(4) The AE correlation fractal dimension of the RBCM was deduced and calculated. The
AE correlation fractal dimension decreases with the increase of the strain gradient
and damage value, and the AE correlation fractal dimension presents a linear and
an exponential function with them, respectively. The AE events’ localization results
show that the damage first accumulates in the internal backfill. Then, the damage
extends into the surrounding rock. Finally, the damage accumulates rapidly in the
surrounding rock.

(5) The internal microcracks of the RBCM are caused by the local tensile stress or shear
stress between particles exceeding the bond strength between particles. With the
increase of stress, microcracks first appear and gather in the internal backfill of the
RBCM, and then microcracks also appear and gather in the peripheral rock, which
together leads to the macro penetration failure of the RBCM.
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