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Abstract
The most economical, environmental, and friendly method for recycling gangue is filling mining with cemented waste
rock backfill (CWRB), which solves the environmental problems caused by gangue discharge and reduces the mining
damages. Evaluating the mesoscopic structure of CWRB is of great significance for maximizing the utilization of gangue
recycling and improving the economic benefits of filling mining. This paper constructed the particle flow model of
cemented waste rock backfill (CWRB) considering particle size distribution (PSD) of aggregates and hydration of
cementing material to investigate the effect of the PSD of aggregates on its mesoscopic structural evolution. The strain
energy, crack, force chain, and particle fragment of CWRB during the whole loading were discussed. The binary pro-
cessing and calculation on the crack image were performed to analyze the fractal dimension of crack distribution by
compiling program. The influencing mechanism of the PSD of aggregates on the strength of CWRB is revealed from
the mesoscopic levels of crack evolution, force chain structure, and particle fragment. The results show that the strain
energy increases firstly and then decreases with the PSD fractal dimension, while the crack number decreases firstly and
then increases with that. The cracks with less number and more uniform distribution present the smaller fractal dimension,
CWRB with a low fractal dimension of crack distribution has higher strength, the fractal dimension of crack distribution
exhibits a correlation with the PSD of aggregates. CWRBs with the PSD fractal dimensions of 2.4–2.6 have the largest
strain energy and the smallest crack number, performing the superior structural evolution during loading. This study
presents the huge potential of optimizing PSD in CWRB application from a new perspective, it is of great significance
for strengthening the internal structure of CWRB and reducing engineering cost.
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Fractal dimension

List of symbols
CWRB Cemented waste rock backfill
di Size of aggregate particles
dmax Maximum size of aggregate particles

D PSD fractal dimension
Dc Fractal dimension of crack distribution
Mi Mass of aggregate particles in size below or equal to

d, Mi ¼ M t
di

dmax

� �3‐D

Mt Total mass of aggregate particles
Ni Crack number
Nb Box count
Nc Cumulative crack number
Nt Total boxes
Pi Mass ratio of aggregate particles,

Pi ¼ Mi
M t

¼ di
dmax

� �3−D

PSD Particle size distribution
U Strain energy
SEM Scanning electron microscope
UCS Uniaxial compressive strength
XRD X-ray diffraction
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σ1 Axial stress
σ1c Peak stress, σ1c = UCS
ε Axial strain
ε1c Peak strain

Introduction

Gangue produced by coal mining causes environmental pollu-
tion, releasing harmful elements to the air and water resources
(Li et al. 2020). A large amount of gangue accumulates to form
the waste mountains occupying land, which seriously damage
sustainable development (Li et al. 2017). Especially in the
development of coal resources under buildings, railways, and
waters, the problem of coordination between human and nature
is particularly severe (Bian et al. 2012; Ma et al. 2021). In
China, more than 4.5 billion tons of gangue accumulated about
1600 waste mountains, it is urgent to recycle gangue (Ma et al.
2019a). The most economical, environmental, and friendly
method is to use the gangue as the aggregate of cemented
waste rock backfill (CWRB) to filling mining.

The structural stability of CWRB under the action of sur-
rounding rock pressure is the key to ensure the stope safety
(Cao et al. 2018; Shi and Zhao 2020). If its structure fails, it
will cause the underground dynamic disaster, groundwater
loss, and destruction of surface structures (Cao et al. 2021;
Liu et al. 2018; Ma et al. 2019b, 2020). Most of the previous
studies focused on the influence of cementing materials and
auxiliary additives on the strength property of CWRB
(Benzaazoua et al. 2002; Cao et al. 2019; Cui and Fall
2016). It is believed that the key to the strength of CWRB is
the hydration products that constitute its loading structure.
The internal structure of CWRB was directly or indirectly
investigated from the point by optimizing the hydration pro-
cess or hydration products (Deng et al. 2017; Yilmaz et al.
2015). However, the types and dosages of cementing mate-
rials and auxiliary materials are always restricted by engineer-
ing conditions and economic benefits (Cihangir et al. 2012;
Ercikdi et al. 2009a; Wu et al. 2016; Yilmaz 2018). The cost
of cementing materials that can be used for backfill mining is
usually limited, which enforces us to explore ways to improve
the structure of CWRB from other directions (Chen et al.
2018; Ercikdi et al. 2009b; Wu et al. 2020). The particle size
distribution (PSD) of high mass fraction aggregates in CWRB
determines whether the pores among the coarse aggregates
inside can be fully filled with fine aggregates and slurries,
whether the hydration products and aggregates with a more
suitable PSD can form a more stable framework structure
(Ercikdi et al. 2014; Sari and Pasamehmetoglu 2005). The
differences in aggregate particle size spans, multiplicities of
aggregate mass distributions, and various test conditions cause
lots of entirely different research results in the current (Fall
et al. 2005; Jiang et al. 2020). There is still no consensus on

the relationship between structural parameters of CWRB and
its PSD of aggregates, the influencing mechanism of PSD on
the backfill structure is so vague (Ke et al. 2016; Wu et al.
2019). The root is the understanding lack of the internal struc-
ture of CWRB, especially for its structural evolution under
deformation during loading (Sun et al. 2019). The difference
in the damage of structural evolution inevitably affects the
performance of CWRB. It is so difficult to capture the struc-
tural evolution of CWRB in the whole experimental process in
real-time, the damage and fracture of the weak cementing
boundary in framework structure and the propagation and
coalescence of the crack in pore structure are not identified
by existing test technology (Wu et al. 2018). At present, the
simulation study on the mesoscopic structural evolution of
CWRBwas not considered the difference in PSD of highmass
fraction aggregates (Liu et al. 2017). Moreover, most studies
still use a single mesoscopic contact model to describe the
internal particles of CWRB; there is no distinction between
the frictional slip of the aggregate particles and the bond frac-
ture of the cementing particles (Liu et al. 2020), thereby re-
vealing the control mechanism of optimizing PSD on the
structure of CWRB from the level of mesoscopic structural
evolution impossible.

In this paper, the particle flow model of CWRB consider-
ing the PSD of aggregates and hydration of cementing mate-
rial was constructed. The effects of the PSD of aggregates on
the strain energy, crack, force chain, and particle fragment of
CWRB during the whole loading were investigated. The bi-
nary processing and calculation on the crack image were per-
formed to obtain the fractal dimension of crack distribution by
compiling the program. The influencing mechanism of the
PSD of aggregates on the structure and strength of CWRB is
revealed from the mesoscopic levels of crack evolution, force
chain structure, and particle fragment. This research is a
pioneering work that presents the huge potential of optimizing
PSD in CWRB application from a new perspective, it is of
great significance for strengthening the internal structure of
CWRB and reducing engineering cost.

Materials and methods

Experimental materials

The physical and chemical properties of aggregates and
cementing materials determine the processability of CWRB.
In this test, the gangue with a density of 2.55 g/cm3 was used
as the aggregates, the composite Portland cement (PCC
32.5R) was used as the cementing materials, Table 1 gave
their main chemical compositions. The gangue containing sil-
ica at 67.75% has enough matrix strength as aggregates, the
cement with Ca/Si of 4.4:1 ensures abundant hydration prod-
ucts to provide sufficient strength.
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Preparations of CWRB specimens

The material design parameters of CWRB such as PSD of
aggregates, dosage of cementing material, and water-cement
ratio determine its processability, which affects engineering
economy and filling efficiency. In this study, CWRB is main-
ly used for the filling mining of coal resources under three of
buildings, railways, and waters, so its cement mass percentage
at 14.8% is higher than previous situations, its water/cement
ratio is 0.75. This test focuses on the effect of the PSD of
aggregates on the structure of CWRB to optimize the PSD
of gangue in filling mining. The maximum particle size of
aggregate is determined as 10 mm to eliminate the size effect
for a standard cylindrical specimen in size of ϕ50 × 100 mm
with a ratio of height to diameter at 2:1 (ASTM 2013). The
PSD of aggregates in CWRB satisfies the formula (1), the
fractal dimension is used to describe the PSD. Figure 1 shows
the PSD of gangue aggregates used in this test and its corre-
sponding fractal dimension. It can be seen from Fig. 1 that the
larger the PSD fractal dimension, the more fine particles are
contained in the aggregates, while the aggregates with smaller
PSD fractal dimension have the more coarse particles.

Pi ¼ Mi

M t
¼ di

dmax

� �3−D

ð1Þ

D ¼ 3−
lg Mi=M tð Þ
lg di=dmaxð Þ ð2Þ

where Pi is the ratio of the mass Mi of the aggregate particles
having a particle size of less than or equal to di to the total
mass Mt, dmax is the maximum particle size of the aggregate
particles, D is the PSD fractal dimension.

Table 2 gives the preparation program of CWRB, in which
the percentage is the mass ratio. The cement and water were
mixed for 10 min; the prepared aggregates with different
PSDs were stirred with this slurry for 10 min to produce the
CWRB specimen (Zuo et al. 2018). After finally setting, the
CWRB specimen was placed in a curing box maintained at
95% humidity and 25 °C for 84 days (Belem and Benzaazoua
2008).

Experimental devices

The uniaxial compression test of CWRB was carried out on
the MTS815 electrohydraulic servo-controlled rock mechan-
ics test system (ASTM 2015). The circumferential extensom-
eter was connected to the middle of the specimen, the prestress
on the specimen was set to 0.25 kN, the rate of 1 mm/min was
used to load. The MTS system automatically records the axial
stress, axial strain, circumferential strain, and volumetric
strain.

Particle flow model of CWRB

CWRB is a porous medium formed by hydration products and
aggregates. The construction of its particle flow model must
take into account the differences in its internal components
and PSD of aggregates. So the QuantaTM 250 from FEI
Corporation in USA was used to conduct the scanning elec-
tron microscope (SEM) test on CWRB to illustrate its micro-
structure. Figure 2 shows the microscopic characteristics of
CWRB with a PSD fractal dimension of aggregates of 2.6,
Fig. 2a presents × 100 magnifications, Fig. 2b reveals ×
4000 magnifications. The aggregates encapsulated by the

Table 1 Chemical compositions of experimental materials

Compound Cement (%) Gangue (%)

Al2O3 4.67 13.21

CaO 62.19 3.91

Fe2O3 3.69 5.27

K2O 0.68 0.02

MgO 2.87 2.87

Na2O 0.21 –

SiO2 21.56 67.75

SO3 1.91 –

TiO2 0.16 –

Fig. 1 PSD of gangue aggregates
in CWRB
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hydration products can be seen in Fig. 2a. The cementing
material reacts with water to produce various hydration prod-
ucts, including ettringite, calcium silicate hydrate (C-S-H),
and calcium hydroxide, as presented in Fig. 2b. It is difficult
to distinguish these complex hydration products in the numer-
ical model, so the particles with bonding property are used to
characterize the hydration products uniformly; its density and
volume satisfy the cement slurry parameters. Bulk aggregate
does not have bonding property, but it can still load by friction
and slippage. Its density, volume, and PSD obey the actual
parameters of gangue, as shown in Fig. 3a. Then a “two media
- three boundaries” mesoscopic model was established to de-
scribe two components (hydration products and aggregates)
and three boundaries (aggregate-aggregate, aggregate-cement,
and cement-cement), as illustrated in Fig. 3b. It is believed that
only in the existence of cementing particles did it have
cementing property; the aggregate-aggregate behavior is only
friction and slippage. Too many particles are not conducive to
calculate particle flow model of CWRB, but the fact that the
cementing slurry fully packs the aggregate should be satisfied.
So the cementing particles are uniformly generated within the
size range of 0.05 and 0.2 mm, the corresponding PSD fractal
dimension is 2. The aggregate particles are generated accord-
ing to the formula (1) within the size range of 0.4 and 10 mm,
the corresponding PSD fractal dimension is consistent with
the test, as given in Fig. 4.

In the uniaxial compression test, the experimental system
compresses the specimen at a quasi-static loading rate of
0.1 mm/min. To match the model to the experiment, the

loading plate loads the specimen at a constant rate of
0.05 m/s in the particle flow program, the time step of the
model is about 1.3–1.6 × 10−8 s to ensure that the specimen
maintains quasi-static equilibrium throughout the compres-
sion. It means that loading a specimen of 1 mm in the model
requires performing a numerical calculation at 1.25–1.55 ×
106 steps. According to the calibration method of mesoscopic
parameters (Huang et al. 2019; Tian et al. 2020), the axial
stress-axial strain, compressive strength, and peak strain of
CWRB are matched with the experimental results, Table 3
and Table 4 give the particle parameters and mesoscopic pa-
rameters of the particle flow model.

Results and discussions

Simulation verification

The “two media - three boundaries” mesoscopic model and
particle flow model of CWRB considering PSD of aggregates
need to be verified to investigate the match between numerical
simulation and experiment. Figures 5 and 6 show the differ-
ence between simulation and experiment in stress-strain be-
havior, uniaxial compressive strength (UCS), and peak strain
of CWRB. In terms of UCS, peak strain and stress-strain be-
havior before the peak, the simulation is almost consistent
with the experiment. The stress-strain behavior after the peak
shows a certain difference between simulation and experi-
ment. In the particle flow model, due to the application of
circular particle elements and parallel bonding model, the
bonding particles fracture and slip, resulting in the stress
dropping. In the experiment, CWRB performs a certain resid-
ual strength and ductility after the peak caused by the frame-
work composed of hydration products and interlaced aggre-
gates. In this paper, the focus is on the mesoscopic structural
evolution of CWRB before the peak; the consistency of the
simulation and experiment indicates the reliability of the con-
structed model.

Table 2 Preparation program of CWRB specimen

D Cement/CWRB (%) Aggregate/CWRB (%) Water/Cement (%)

2.2 14.8 74.1 75

2.4 14.8 74.1 75

2.6 14.8 74.1 75

2.8 14.8 74.1 75

(a). 100 magnifications

Hydration products

Ettringite

C-S-H gel

Microvoids

Microcracks

(b). 4000 magnifications

Aggregate

Fig. 2 Microstructure of CWRB
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Crack and energy evolution

Figure 7 shows the effect of the PSD of aggregates on the
stress, strain energy, and crack evolution of CWRB through-
out the compression. The strain energy and crack increase
with the stress, but the increase in stress does not completely
translate into the strain energy stored in CWRB. All the pore
compaction, particle fracture and crack initiation in CWRB
have energy dissipation, so the variation of strain energy pres-
ent nonlinear. The peak stress basically corresponds to the
peak strain energy. When the stress drops, the stored strain
energy is also suddenly released, thereby generating a large
number of tensile and shear cracks. It should be noted that the
CWRBs with PSD fractal dimensions of 2.2 and 2.8 produce
cracks earlier than those of 2.4 and 2.6, they showed a denser
crack propagation during loading. This indicates that the PSD
of aggregates affects the crack development of CWRB during
loading to transform its internal structure evolution, the worse
PSD causes the early crack initiation and the accumulation of
crack development.

It is easy to find in Fig. 6 that the UCS of CWRB basically
has a quadratic polynomial relationship with the PSD fractal
dimension, indicating that a superior PSD of aggregates can
improve the strength of CWRB. However, the single strength
index does not reflect the deformation performance of

CWRB, so the energy feedback of CWRB under the action
of goaf roof should pay more attention. Figure 8 reveals the
effect of the PSD of aggregates on the strain energy and crack
number of CWRB at the peak point. The strain energy in-
creases firstly and then decreases with the PSD fractal dimen-
sion, while the crack number decreases firstly and then in-
creases with that. The CWRBs with the PSD fractal dimen-
sions of 2.4 to 2.6 show the largest strain energy and the
smallest crack number. It proves that the CWRB with a supe-
rior PSD of aggregates performs less damage during loading;
it can also store more strain energy, meaning that the CWRB
having optimal PSD of aggregates can absorb more energy
released by the roof.

The distribution of initiating cracks affects the mesoscopic
structural evolution of CWRB; even small local crack accu-
mulation can lead to the failure of the entire structure; these
crack distributions are affected by the PSD of aggregates.
Figure 9 exposes the crack distribution of CWRB under dif-
ferent stress states, of which the 100% is at the peak stress, the
40%, 60%, and 80% are the percentages of strength before the
peak, the 120% is the point that the stress drops 20% after the
peak. The CWRB with a PSD fractal dimension of 2.8 has a
low mass fraction of coarse aggregates and contains too many
fine aggregates, which results in a weak framework structure.
The upper left part of the structure reveals a weak framework
effect; a large number of cracks initiate at the bonding
boundary of fine aggregates and hydration products; the
coalescence of local tensile and shear cracks cause the
failure of the entire structure. The lower part of the structure
containing coarse aggregates presents a certain framework

Two components

Cementing particle

Aggregate particle

Aggregate-aggregate

Aggregate-cementing

Cementing-cementing

Three boundaries

D=2.8D=2.6D=2.4D=2.2

Fine aggregates increases

Coarse aggregates increases

(a). Particle flow models of CWRB with different PSDs of aggregates (b). Mesostructure model

Fig. 3 Particle flow model of CWRB

Fig. 4 Cumulative PSD curve of aggregates and cementing particles in
model of CWRB

Table 3 Particle parameters of CWRB particle flow model

D Aggregate
particles

Cementing
particles

Total
particles

Balance
steps

2.2 2500 29,677 32,177 50,318

2.4 4029 29,644 33,673 17,006

2.6 6614 29,631 36,245 22,004

2.8 10,048 29,694 39,742 12,348
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effect; the initiation of the tensile and shear cracks is less than
that of the upper left part. In the CWRB with a PSD fractal
dimension of 2.2, the mesoscopic structure formed by a large
number of coarse aggregates and hydration products seems to
exhibit a strong framework effect, but some large pores occur
among the coarse aggregates that the slurry cannot be
completely filled. The cracks are more likely to initiate at the
tip of such large pores to accumulate, thereby coalescing the
framework structure, which is so unfavorable for CWRB. In
contrast, the CWRB with PSD fractal dimensions of 2.4 and
2.6 does not present such severe mesoscopic structural
deterioration, but it also performs the local crack
accumulation to induce the structural instability in a certain
extent. This certifies the benefits of finding the optimal PSD of
aggregates for CWRB. Assi et al. (2018) also indicated that
the PSD could affect the crack distribution in the material,

which in turn caused the differences in its strength and struc-
ture through scanning electron microscope (SEM) tests.
However, the difference between Assi et al. (2018) and this
study is that the crack distribution is not the initial condition of
the material under static conditions. The dynamic crack evo-
lution of the material under loading is illustrated in this paper.
Since the essence of the deformation and failure of material is
the damage evolution of its internal structure, the influencing
mechanism of the PSD of aggregates on the strength of
CWRB is revealed from the difference in the crack evolution,
which provides a new perspective in the current research.

To quantify the effect of the PSD of aggregates on the crack
distribution of CWRB, the fractal dimension Dc is used to de-
scribe the crack distribution in its structure. In this study, the
box counting method was improved to calculate the fractal
dimension of crack distribution. The original image was

Table 4 Mesoscopic parameters
of CWRB particle flow model Boundary Aggregate-aggregate Aggregate-cementing Cementing-cementing

Effective modulus (GPa) 9.0 1.5 3.6

Normal-to-shear stiffness ratio 3.0 1.25 1.0

Tensile strength (MPa) – 20 35

Cohesion (MPa) – 12.5 30

Friction angle (°) – 25 30

Friction coefficient – 0.75 0.65

Fig. 5 Verification of stress-
strain behavior
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transformed into a monochrome image as shown in Fig. 10a,
then a binary image was obtained in Fig. 10b based on the
adaptive grayscale threshold. Figure 10 gives the example hav-
ing a length of 760 pixels and a width of 760 pixels, the value of
each pixel is 1 or 0. The image was covered by a square frame
ranging in size from 760 × 760 pixels (1 frame) to 1 × 1 pixel
(760 × 760 frames). If the pixels in the box are not empty, the
value of the box is 1, otherwise it is 0. A logarithmic figure of
the box countNb and the total boxesNt is plotted in Fig. 10c, the
slope represents the fractal dimension. The calculated results

are compared with the theoretical values, the deviation between
both is less than 0.5%. Therefore, this program is considered to
reliably estimate the fractal dimension.

Figure 11 shows the effect of the PSD of aggregates on the
fractal dimension of crack distribution at the peak stress of
CWRB. The increase in the crack number leads to an increase
in the fractal dimension of crack distribution, but it depends
more on the crack distribution. The crack number of CWRB
with a PSD fractal dimension of 2.8 has reached 3 times that of
2.6, but the difference in both fractal dimensions is only 0.001.

Fig. 6 Verification of peak parameters

Fig. 7 Stress-energy-crack evolution of CWRB

Fig. 8 Relation between PSD of aggregates and energy and crack at peak
point
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(a)

40% 60% 80% 100% 120%

40% 60% 80% 100% 120%

40% 60% 80% 100% 120%

40% 60% 80% 100% 120%

(b)

(c)

(d)

Fig. 9 Crack evolution of CWRB
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The crack number of CWRB with a PSD fractal dimension of
2.6 is not much different from that of 2.4 as shown in Fig. 8,
while the fractal dimension is different by 0.103. The reason
for this is that the CWRB with a PSD fractal dimension of 2.6
has crack accumulation in the upper left and middle parts of
the structure, while the crack distribution of the CWRB with a
PSD fractal dimension of 2.4 is more uniform. The CWRB
with a PSD fractal dimension of 2.2 has the largest number of
cracks and crack accumulations in multiple locations, so its
fractal dimension of crack distribution is the largest. The UCS
of CWRB given in Fig. 8 can also be found that the CWRB
with a lower fractal dimension of crack distribution has higher
strength. It can be seen that the fractal dimension of crack
distribution is applicative for evaluating the mesoscopic struc-
ture of CWRB. However, this fractal dimension crack distri-
bution does not seem to describe the framework effect of
CWRB during loading. For example, the fractal dimension
of crack distribution in CWRB with a PSD fractal dimension
of 2.2 is the largest, but its UCS is not the lowest, which is
higher than the CWRB with a PSD fractal dimension of 2.8.

This can be understood that the low mass fraction of coarse
aggregates of CWRB with a PSD fractal dimension of 2.8
weakens its framework structure.

Force chain structure

The force chain structure can reflect the framework effect of
CWRB performing by the combinations of hydration products
and different aggregates with different PSDs. Figure 12 presents
the force chain structure of CWRB under different stress states.
The PSDs of aggregates conduct a small effect on the force
chain structure of CWRBbefore the peak stress; it only performs
the difference in the force chain value. It can be observed that the
strength of the force chain of CWRB with a PSD fractal dimen-
sion of 2.6 is the highest. The effect of the PSD of aggregates on
the force chain structure of CWRB began to emerge near the
peak stress. The force chain structures of CWRBs with the PSD
fractal dimensions of 2.4 and 2.6 are more uniform, while the
CWRBs with the PSD fractal dimensions of 2.8 and 2.2 exhibit
a weak force chain structure, the fractures of the local force

Fig. 10 Image processing and fractal dimension of crack distribution

(a)

Dc = 1.4920 Dc = 1.3664 Dc = 1.4694 Dc = 1.4704

(b) (c) (d)

Fig. 11 PSD of aggregates effects on fractal dimension of crack distribution
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(a) 

40% 60% 80% 100% 120%

Unit: N

40% 60% 80% 100% 120%

40% 60% 80% 100% 120%

40% 60% 80% 100% 120%

(b) 

(c) 

(d) 

Fig. 12 Force chain structure of CWRB
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chains deteriorate the framework structure. This characteristic is
more obvious after the peak stress. The CWRB with a PSD
fractal dimension of 2.8 only depends on the local framework
at the upper left and lower right parts to load; a small local
framework at the middle part formed by the hydration products
and coarse aggregates has the loading capacity for the CWRB
with a PSD fractal dimension of 2.2. The opposite is that the
force chain structures of CWRBs with the PSD fractal dimen-
sions of 2.4 and 2.6 present a stronger and wider framework.
This is consistent with the results of Sevim and Demir (2019).
They indicated that the strength of the material also increases
firstly and then decreases with the distribution parameter of the
Funk gradation; there was a maximum strength in the middle of
the gradation range. Wu et al. (2020) proved that this moderate
PSD of aggregates has the superior microstructure for CWRB
through the SEM test. However, this traditional method for
evaluating the microstructure of the material by analyzing the
initial structure cannot reflect the structural evolution of CWRB
under the whole loading process, it is limited to a small range of
microscopic observations that cannot describe the entire struc-
ture, thereby causing the indistinction in the influencing mech-
anism of the PSD of aggregates on the strength of CWRB. The
particle flow simulation was consequently used to reproduce the
mesoscopic structural evolution of CWRB in the current study.
The results show that the CWRBs with different PSDs of ag-
gregates perform the various framework effects through affect-
ing its internal force chain structures, thereby resulting in the
differences in strength parameters.

Particle fragment

Figure 13 gives the particle fragments of CWRBs with differ-
ent PSDs of aggregates, the greater value represents the more
serious damage to the particles. The failure degrees of
CWRBs with the PSD fractal dimensions of 2.4 and 2.6 are
lower than those of 2.2 and 2.8. Due to the defect in the PSD
of aggregates, all CWRBs inevitably have structural

instabilities induced by local damages. The partial destruction
of CWRB with a PSD fractal dimension of 2.8 is caused by
the lack of a framework structure formed by hydration prod-
ucts and interlaced coarse aggregates. The large pores that are
not fully filled by the slurry lead to the coalescence failure of
the framework structure of CWRB with a PSD fractal dimen-
sion of 2.2. From the mesoscopic level of particle fragment, a
superior PSD of aggregates can effectively weaken the dete-
rioration of CWRB. This indicates that the optimization of the
PSD of aggregates has unprecedented potential for improving
the structure and strength of CWRB. In the future study, the
comprehensive consideration of the crack evolution, force
chain structure, and particle fragment of CWRB under loading
is the key to exploring the optimal PSD of aggregates. This
improvement of the mesoscopic structure can fully illustrate
the optimization mechanism of the PSD of aggregates to
CWRB. Although this method is time-consuming and labori-
ous, it is expected to break through the limitations of existing
evaluation methods. It certainly needs to further improve its
theory; the shape of the aggregates and the difference in pore
structure caused by different PSDs based on this work should
be considered for perfecting this method.

Conclusions

In this paper, the particle flow model of CWRB considering
the PSD of aggregates and hydration of cementing material
was constructed. The effects of the PSD of aggregates on the
strain energy, crack, force chain, and particle fragment of
CWRB during the whole loading were investigated. The bi-
nary processing and calculation on the crack image were per-
formed to obtain the fractal dimension of crack distribution by
compiling the program. The influencing mechanism of the
PSD of aggregates on the structure and strength of CWRB is
revealed from the mesoscopic levels of crack evolution, force
chain structure, and particle fragment.

Fig. 13 Particle fragment of CWRB
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The results show that the strain energy increases firstly and
then decreases with the PSD fractal dimension, while the crack
number decreases firstly and then increases with that. The
CWRBs with the PSD fractal dimensions of 2.4 to 2.6 show
the largest strain energy and the smallest crack number. It
proves that the CWRB with a superior PSD of aggregates per-
forms less damage during loading, it can also store more strain
energy, which means that the CWRB having optimal PSD of
aggregates can absorb more energy released by the roof. The
CWRBs with different PSDs of aggregates perform the various
framework effects through affecting its internal force chain
structures, thereby resulting in the differences in strength pa-
rameters. The CWRBwith a PSD fractal dimension of 2.8 has a
low mass fraction of coarse aggregates and contains too many
fine aggregates, which results in a weak framework structure,
the coalescence of local tensile and shear cracks cause the fail-
ure of the entire structure. In the CWRB with a PSD fractal
dimension of 2.2, the mesoscopic structure formed by a large
number of coarse aggregates and hydration products seems to
exhibit a strong framework effect, but some large pores occur
among the coarse aggregates that the slurry cannot be complete-
ly filled. The local damage is caused by these large pores, which
result in the coalescence of the framework structure. The cracks
with less number and more uniform distribution present the
smaller fractal dimension; the CWRBwith a low fractal dimen-
sion of crack distribution has higher strength; the fractal dimen-
sion of crack distribution exhibits a certain correlation with
PSD of aggregates. The CWRBs with the PSD fractal dimen-
sions of 2.4 to 2.6 perform the more superior structural evolu-
tion during loading, including crack distribution, force chain
structure, and particle fragment. It indicates that the optimiza-
tion of the PSD of aggregates has unprecedented potential for
improving the structure and strength of CWRB from the level
of mesoscopic structural evolution.
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