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The mechanical properties of cemented paste backfill (CPB) are crucial for stope safety. Some mining areas in the Yellow River
basin face a shortage of coal gangue, and these areas have abundant river sand (RS) resources. The use of RS as a fine aggregate can
optimize the particle gradation of the material and improve the strength of the material. The effects of different fly ash (FA) and RS
ratios on uniaxial compressive strength (UCS), elastic modulus, and microstructure of CPB were studied using uniaxial compres-
sion test and scanning electron microscopy. The results showed that with increasing FA content, UCS gradually increased at 7 and
14 days of CPB. However, at 28 days, the UCS of CPB first increased and then decreased. When the FA content was 40%, UCS at
28 days of backfill material reached its highest value of 14.76MPa. The elastic modulus decreased as FA content increased and
reached its maximum value of 1.54GPa when FA content was 40%. FA optimized particle composition, promoted hydration
reaction, and improved CPB strength; however, when FA content was more than 40%, it hindered cement hydration, thus
deteriorating UCS. Based on Weibull distribution and prepeak correction factor, a damage constitutive model was established
to describe the stress–strain process of CPB under load. The results of this research will provide a theoretical and experimental basis
for CPB engineering design.

1. Introduction

Traditional coal mining methods have been associated with var-
ious environmental challenges and ecological impacts, including
surface subsidence [1–4], groundwater loss [5–7], land desertifi-
cation, and other problems. In addition, the accumulation of a
large amount of coal gangue (CG) on the ground reduces land
resources and causes environmental pollution [8–10]. The use of
CG, fly ash (FA), and other solid waste materials to produce
cemented paste backfill (CPB)material is an effective strategy for
managing the goaf stability, controlling the movement of over-
lying strata, and reducing surface settlement. Such a strategy can
also promote the recycling of solidwaste resources, includingCG
and FA, and reduce environmental pollution caused by solid
waste [11–13].

CPB usually comprises tailings, slag, excavation waste rock,
CG, FA, and other solid waste materials with binder and water
mixed in a certain proportion [14–16]. Feng et al. [17] studied

the mechanical properties and failure characteristics of
cement–gangue–fly ash backfill material (CGFB) under differ-
ent FA and cement ratio conditions (F/C) using cement, CG,
and FA as raw materials. The brittleness of CGFB decreased
with the increase in F/C. The optimumdesign range of F/C was
0.5–2, and the strength limit of CGFB was 15.35MPa. Yin et al.
[18] used cement, waste rock, and FA as raw materials to
produce cemented waste rock–FA backfill (CWFB) and inves-
tigated the slump, bleeding rate, and uniaxial compressive
strength (UCS) of CWFB under different FA ratios, solid con-
centrations, and cement-sand ratios. The result showed that FA
significantly improved the grading of coarse aggregate, and the
grading coefficient of the mixture decreased from 0.45 to 0.31.
The short-term strength (3–7 days) of CWFB increased with
the increase in FA content, while the long-term strength and
slump initially increased and then decreased. Sun et al. [19]
used cement, CG, slag, and FA as raw materials to produce
paste backfill materials. They analyzed the effects of solid mass
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concentration, fine gangue ratio, and FA ratio on the fluidity
and mechanical properties of paste backfill materials. The opti-
mal ratio was as follows: solid mass concentration was 79.65%,
where FA and fine gangue accounted for 15.67% and 57.19% of
total mass, respectively. Fu et al. [20] used white cement, tail-
ings, and FA as raw materials to study the early hydration
process of the backfill body using low-field nuclear magnetic
resonance, uniaxial compression test, and scanning electron
microscopy (SEM) test. The results showed that the appropri-
ate proportion of FA (10%) reduced the porosity of the backfill
material, and excessive FA reduced the gelling product,
increased the proportion of unreacted FA, increased the surface
roughness and porosity, and decreased the strength. Yang et al.
[21] used cement, tailings, and FA as rawmaterials to study the
mechanism of FA content in cemented tailings backfill (CTB)
from a molecular perspective. The addition of FA initially
increased the strength of CTB and then decreased. FA strength-
ens the silicon chain of C-S-H and improves the strength of the
matrix. However, excessive FA weakens this strengthening
effect. Cheng et al. [22] studied the workability and mechanical
properties of backfill under different FA/coal bottom ash
(CBA) ratios using raw materials, such as cement, FA, and
CBA. As the FA/CBA ratio increased, the strengths of the early
and final stages decreased and increased, respectively. When
the ratio of FA/CBA was greater than 50%, the strength
decreased. Wang et al. [23] used cement, tailings, and FA as
rawmaterials to study the effects of FA content and curing time
on the mechanical strength of CTB. As the FA content
increased, the UCS of CTB first increased and then decreased,
and the elastic modulus of CTB at different ages first increased
and then decreased.

The above studies mainly focus on the influence of the
ratio of FA to cement on the mechanical properties of CPB
materials. When river sand (RS) is added to the CPBmaterial,
in the process of hydration of materials, FA cannot only par-
ticipate in the hydration reaction to generate hydration pro-
ducts such as C-S-H but also play a role in filling the voids of
RS and increasing the strength of CPB. FA and RS have a
coupling effect during the interaction. Therefore, FA and RS
are studied as a whole to explore the interaction between the
two and their further effects on CPB intensity. In this study,
CPB was prepared with cement, CG, FA, RS, and water as raw
materials. Through uniaxial compression and SEM tests, the
effects of different FA and RS ratios on the mechanical prop-
erties and microstructure of CPB were studied, and the dam-
age constitutive model of CPB was established.

2. Materials and Methods

2.1. Test Materials. In this study, the CPB sample was pre-
pared with P.O42.5 ordinary Portland cement (OPC), CG,
FA, RS, and water. OPC was obtained from a cement factory
in Xuzhou City, and its main mineral components were
plagioclase, gypsum, calcite, potassium feldspar, and kaolin-
ite. The main chemical components of OPC were CaO, SiO2,
and Al2O3. CG was collected from a mine in Shaanxi Prov-
ince, and its main mineral composition was quartz, illite,

kaolinite, and pyrite. The particle size of CG was 5–10mm,
and the main chemical compositions were SiO2, Al2O3, and
CaO. FA was obtained from a coal-fired power plant in
Shaanxi Province. The main mineral components of FA
were mullite and quartz, and its main chemical components
were SiO2, Al2O3, and CaO [24]. RS was obtained from the
Yellow River basin. The main mineral components were
quartz, feldspar, calcite, and illite, and its main chemical
components were SiO2 and Al2O3 [25]. Table 1 shows the
RS gradation [24]. Ordinary tap water was used for the
experiment. Table 2 shows the chemical composition of
the material.

2.2. Sample Preparation. After many tests, the CPB ratio was
determined to be OPC : FA+RS : CG: water, which is 1 : 4 : 2 :
1.2 [26]. The solid mass concentration was maintained at
85%, which met the requirements of coal mine backfill with
a slump greater than 150mm [27–29]. The test was divided
into four groups according to the proportion of FA to the total
mass of FA and RS: 0%, 20%, 40%, and 60%. Each group
produced nine samples, each age of three samples, a total of
36 samples. The grouping andmatching are shown in Table 3.
After thematerial was configured, it was stirred with a blender
and poured into a mold of 100mm× 100mm× 100mm.
After the sample was stored at room temperature for 24 hr,
it was demolded, and the sample number was expressed by
combining letters and numbers. Taking F0.2–4 as an example,
“F0.2” indicates that the content of FA accounts for 20% of the
total mass of FA and RS, and “4” indicates the fourth sample
with the same ratio. The demolded CPB samples were placed
in the standard constant temperature and humidity curing
room for constant temperature and humidity curing. The
curing temperature was 20Æ 2°C, and the relative humidity
was greater than 95% [30].

2.3. Uniaxial Compression Test. An Mechanical Testing and
Simulation (MTS) electrohydraulic servo universal testing
machine was used as a uniaxial compression test instrument.
The test loading mode was displacement control mode, and
the loading rate was 0.6mm/min. The samples were tested at
7, 14, and 28 days after curing. Three samples were tested in
the same group at each age.

2.4. SEM Test. The microstructure of CPB was examined
using SEM (VEGA 4, TESCAN). The cured sample was
placed into a drying oven at 40°C to dry, and the sample
with a flat surface was cut from the inside. Then, the sample
was glued to the test tray using a conductive adhesive. In
addition, the sample was sprayed with gold to improve its
electrical conductivity for easy observation. Finally, the sam-
ple and test tray were tested. The specific test process is
shown in Figure 1.

TABLE 1: Grading table of river sand, in weight %.

Particle size (mm) 2–4.75 1.5–2 1–1.5 <1 Total

Percentage 3% 4% 9% 84% 100%

2 Advances in Civil Engineering



3. Results and Discussion

3.1. Analysis of Strength Characteristics at Different Ages. The
UCS of samples at different ages was measured, and the
results are shown in Table 4. The UCS of the sample at
each age was averaged, and the change law of UCS of CPB
with different proportions of FA at different ages is shown in
Figure 2.

As shown in Figure 2(a), as the curing time increased, the
UCS of materials with the same proportion increased, and the
UCS growth from 7 to 14 days was greater than that from 14 to
28 days. The CPB sample achieved its optimal strength at
14 days of curing. When the content of FA in CPB was 0%,
the UCS grew from 7 to 14 days. At 14 days, UCS was 1.80
MPa, which increased by 29.17%. The UCS growth from 14 to
28 days was 0.88MPa, which increased by 11.04%. When the
content of FA was 20%, the UCS growth from 7 to 14 days was
4.44MPa, which increased by 68.10%, and the UCS growth

from 14 to 28 days was 0.56MPa, which increased by 5.09%.
When the content of FA was 40%, UCS growth from 7 to
14 days was 6.04MPa, representing an 86.66% increase, and
the increase in UCS from 14 to 28 days was 1.75MPa, repre-
senting a 13.45% increase. When the content of FA was 60%,
theUCS growth from 7 to 14 days was 4.06MPa, representing a
49.32% increase, and the UCS growth from 14 to 28 days was
0.86MPa, representing a 6.52% increase. As the content of FA
increased from 0% to 60%, the UCS of the sample gradually
increased at the same time, indicating the strength generation
speed was accelerated. However, when the content of FA was
60%, the UCS growth from 7 to 14 days was lower than that of
the F0.2 and F0.4 groups, while that from 14 to 28 days was
lower than that of the F0.4 and F0 groups. In the early stage of
the sample (7 days), the hydration reaction was mainly partici-
pated by cement, and the hydration reaction of FA was fol-
lowed (7–14 days). Due to the constant content of cement, the
strength of the sample is not much different at 7 days, and the

TABLE 2: Chemical composition of raw materials, in weight %.

Raw materials SiO2 Al2O3 K2O Fe2O3 CaO MgO Na2O Others

OPC 16.54 17.16 0.11 10.12 49.46 1.03 0.57 5.01
CG 40.36 24.3 0.94 4.97 22.7 — — 6.73
FA 47.24 16.49 0.19 12.4 9.73 1.88 0.95 11.12
RS 65.6 12.33 3.01 2.55 3.26 1.59 1.12 10.54

TABLE 3: Experimental scheme design (mass ratio).

Groups OPC FA RS CG Water

F0 1 0 4 2 1.2
F0.2 1 0.8 3.2 2 1.2
F0.4 1 1.6 2.4 2 1.2
F0.6 1 2.4 1.6 2 1.2

Gangue

Fly ash

UCS test

Demolding

Molding

MixingExperimental material

CementRiver sand

Gangue

CuringSEM

River sand

Fly ash

Source of materials

FIGURE 1: The experimental procedure in this study.
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strength of the sample is positively correlated with the FA
content at 14 days. There was no obvious pattern in the
strength growth of the sample from 14 to 28 days, and it
only increased significantly when the FA content was 40%.

As shown in Figure 2(b), the changes in UCS of CPB
samples at different ages varied with the change in FA con-
tent. After 7 days of curing, the UCS of the sample increased
by 0.35, 0.45, and 1.87MPa, with the increasing content of
FA by 5.67%, 6.90%, and 26.83%, respectively. When the FA
content was between 20% and 30%, the UCS of the backfill
sample significantly enhanced, while when the FA content
was between 0% and 40%, the UCS of the CPB sample
remained unchanged. FA slightly enhanced the UCS at the
early stage (7 days) of the CPB sample. However, when the
content of FA was in excess in the sample, the enhancement
effect became significant.

After 14 days of curing, the UCS of CPB samples increased
by 2.99, 2.05, and 0.19MPa, as the FA content increased, and

the UCS of CPB increased by 37.52%, 18.70%, and 1.44%,
respectively. The increase in UCS of samples was consistent
before reaching the 40% FA content, and the UCS in samples
remained unchanged from 40% to 60%. The enhancement
effect of FA ratio on CPB samples was significant from 7 to
14 days. However, the enhancement effect disappeared when
excessive FA (60%) was added to the sample.

After 28 days of curing, as FA content increased, theUCS of
CPB samples increased by 2.67, 3.24, and −0.70MPa, which
increased by 30.17%, 28.13%, and −4.74%, respectively. The
appropriate increase in FA content significantly enhanced the
UCS of CPB samples. However, the enhancing effect dimin-
ished as FA content increased. When the content of FA was
60%, the UCS of the CPB sample decreased compared with
other groups. Itmay be due to the fact that excessive FAhinders
the progress of hydration products, and the material produces
fewer hydration products. Given the enhanced UCS of CPB at
28 days, the optimal proportion of FA was about 40%.

TABLE 4: UCS of uniaxial compression test at different ages.

Groups
UCS of 7 days

(MPa)
Average UCS of
7 days (MPa)

Groups
UCS of

14 days (MPa)
Average UCS of
14 days (MPa)

Groups
UCS of

28 days (MPa)
Average UCS of
28 days (MPa)

F0-1 6.72
6.17

F0-4 8.23
7.97

F0-7 9.16
8.85F0-2 6.27 F0-5 8.45 F0-8 9.19

F0-3 5.52 F0-6 7.23 F0-9 8.21

F0.2-1 7.31
6.52

F0.2-4 10.54
10.96

F0.2-7 11.00
11.52F0.2-2 6.94 F0.2-5 10.78 F0.2-8 11.63

F0.2-3 5.31 F0.2-6 11.56 F0.2-9 11.92

F0.4-1 7.64
6.97

F0.4-4 13.97
13.01

F0.4-7 15.14
14.76F0.4-2 6.73 F0.4-5 12.94 F0.4-8 13.69

F0.4-3 6.54 F0.4-6 12.12 F0.4-9 15.46

F0.6-1 9.67
8.84

F0.6-4 12.35
13.20

F0.6-7 13.47
14.06F0.6-2 8.46 F0.6-5 12.13 F0.6-8 12.86

F0.6-3 8.39 F06-6 15.12 F0.6-9 15.86
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FIGURE 2: Average UCS of CPB with different proportions of FA. (a) UCS comparison of CPB samples of the same group at 7, 14 and 28 days;
(b) UCS comparison between CPB samples of different groups at 7, 14 and 28 days.
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3.2. Stress–Strain Curve Analysis. The CPB sample cured for
28 days was taken as the research object, and the stress–strain
curve is shown in Figure 3. The stress–strain curves of the
samples were divided into five stages: pore compaction, lin-
ear elastic deformation, elastoplastic deformation, progres-
sive rupture, and postrupture.

In the pore compaction stage (OA), the curve of this
stage is concave, the coupling degree of different components
in the sample is limited, and there are some microcracks and
micropores. In the process of uniaxial compression, these
microcracks and micropores are gradually compressed and
closed. Due to the change in FA content, the porosity of CPB
samples was different. The curves of the F0 and F0.4 groups
were similar at this stage, while the deformation of F0.2 and
F0.6 was larger.

In the online elastic deformation stage (AB), the CPB
sample transforms from a discontinuous medium to a con-
tinuous medium after the compaction stage under continu-
ous load. As the load increases, the stress–strain curve at this
stage is nearly linear. This stage is mainly due to the differ-
ence in hydration products and material density, resulting in
different elastic modulus of the sample.

The F0.4 group exhibits a steep slope, indicating strong
resistance to deformation. The slope of the other groups is at
the same level, assuming that the slope at this stage is the
elastic modulus of the material, the elastic modulus of F0.4 is
significantly enhanced, and the FA ratio of the other groups
has little influence on the elastic modulus.

In the elastoplastic deformation stage (BC), a new micro-
fracture begins to occur inside the CPB sample, but the
propagation speed of the fracture is relatively slow and stable,
so this stage is also called the stable development stage of
microfracture.

In the progressive fracture stage (CD), the elastoplastic
deformation of the CPB sample starts from point C to plastic
deformation and ends at point D. Point C is the yield point of

the material, and the corresponding stress is called the yield
stress. Point D is the complete rupture point of the material,
and the corresponding stress and strain are the peak strength
and peak strain, respectively. In this stage, the development of
microfracture enters a state of rapid propagation, and the strain
rate increases significantly. Because fracture development in
this stage is extremely unstable, this stage can also be called
the development stage of unstable fracture. Compared with the
four groups of curves, as FA content increased, the peak stress
of the CPB sample first increased and then decreased; the peak
stress of F0.4 was the highest, and the peak strain initially
increased, then decreased, and finally increased.

In the postfracture stage (DE), the stress–strain curve
shows a strain-softening phenomenon in which the stress
decreases with the increase in strain. When the CPB sample
reached the peak bearing capacity at point D, its internal
structure was destroyed, but the sample maintained its integ-
rity. Cracks in the sample continue to develop after point D,
and cracks in the forms of the cross, joint, penetration, and
combination appear in different degrees, forming macro-
scopic or microscopic fracture planes. The development of
cracks stops at point E. Point E is called the complete failure
point, and the stress corresponding to this point is the resid-
ual strength of the material. This stage indicated that CPB
samples did not immediately lose bearing capacity after
reaching the strength limit but showed different degrees of
postpeak bearing capacity. Due to the change in FA content,
the toughness of the specimen is different, and the material
with low strength shows high toughness. It is worth noting
that there is little difference in the residual strength of the
sample, and the law of residual strain and peak strain is
different; the relationship between peak strain is F0< F0.4
< F0.2< F0.6, and the relationship between residual strain is
F0.4< F0.6< F0< F0.2.

3.3. Analysis of Elastic Modulus of Different Proportions of FA
during 28 Days Curing. The elastic modulus of CPB reflects
its ability to resist deformation under compression condi-
tions. Twenty-eight days is considered to be the standard
curing age in cement-based materials. According to the
national standard GB 50010-2010, cement-based materials
have reached 95% of the final mechanical properties at
28 days of curing age. Therefore, the elastic modulus of the
material at 28 days has basically reached the final elastic
modulus of the material. At the same time, when the backfill
material is used in coal mine backfill, we focus on the long-
term (28 days) deformation resistance of the material, so the
sample of 28 days is selected for the study of elastic modulus.
The slope of the sample in the online elastic deformation
stage was taken as the elastic modulus of CPB.

Figure 4 shows the elastic modulus of the sample at 28 days
and the mean value of the elastic modulus of different ratios.
The average value was taken as the research object. The elastic
modulus of the backfill sample is affected by various factors
such as raw material properties, particle type, porosity, and
compactness. As the FA content increased, the elastic modulus
of the CPB sample first decreased, then increased, and finally
decreased. The elastic modulus of F0, F0.2, F0.4, and F0.6
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FIGURE 3: Stress–strain curves of CPB samples with different FA
proportions.
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increased by −2.44%, 43.47%, and −32.27%, respectively. The
elastic modulus of the F0.4 group was the highest, with an
average of 1.54GPa. The average elastic modulus of F0, F0.2,
and F0.6 were 1.1, 1.07, and 1.16GPa, respectively. The analysis
above revealed that the elastic modulus of the CPB sample
containing 40% FA was significantly enhanced, while in most
cases, the elastic modulus of the CPB sample did not signifi-
cantly change. FA can promote the formation of hydration
products and enhance the cementation effect between particles,
but excessive FA can hinder the hydration reaction and cause
the opposite effect. At the same time, excessive FAwill lead to a
decrease in the proportion of RS, which will damage the matrix
properties of the material.

3.4. Microstructure Analysis. SEM was used to examine the
microstructure of CPB samples at 28 days (Figure 5). Cement
in contact with water will undergo hydration reactions to
form colloidal calcium silicate hydrate (C-S-H) and flake
calcium hydroxide (C-H), and gypsum in cement will form
ettringite (Aft) with tricalcium aluminate hydrate [31]. As
the hydration reaction progressed, C-H generated by cement
hydration stimulated and accelerated the volcanic ash reac-
tion of FA, which led to gradual breakage of the surface of FA
to form C-S-H and hydrated calcium aluminate (C-A-H)
[32]. Hydration products, such as C-S-H, bound the compo-
nents together and strengthened the material. According to
the 300x magnification of Figure 5(a)–5(d), as the FA con-
tent increased in the sample, spherical FA particles opti-
mized the particle size gradation of the material, filled the
microholes and microcracks of the material [20], and
reduced the porosity of the CPB sample, making the surface
denser. Figure 5(e)–5(g) shows that as the FA increases,
hydration products increase, and the bond between particles
becomes closer, which is the fundamental reason for improv-
ing CPB strength. However, numerous unreacted FA parti-
cles can be seen in Figure 5(h), with large pores between
component particles. Because FA particles are smaller than
cement particles, they are easy to adhere to the surface of
cement particles, inhibiting the hydration reaction and hin-
dering the generation of hydration products. Therefore,
excessive FA reduces the strength of CPB [23].

4. CPB Damage Constitutive Models with
Different FA Content

4.1. Establishment of Damage Constitutive Model. In the uni-
axial compression process, the damage degree can be used to
represent the damage evolution of the material. Assuming
that the specimen continuously develops failure at each
stage, the damage constitutive equation is established accord-
ing to the Lemaitre strain equivalence principle as follows
[33–35]:

σ0 ¼ σ 1 − Dð Þ ¼ Eε 1 − Dð Þ; ð1Þ

where σ′ is the effective stress, σ is the nominal stress, that is,
the stress of the material during the experiment, E is the
elastic modulus of the material, which can be replaced by
the initial elastic modulus of the material E0, ε is the material
strain, and D is the damage variable.

The failure process of the sample is regarded as the fail-
ure of the microelement body, and the failure probability of
the sample microelement body is represented by Weibull
distribution, which can be expressed as follows [36, 37]:

P Fð Þ ¼ β

μ

F
μ

� �
β−1

exp −
F
μ

� �
β

� �
; ð2Þ

where β and μ are Weibull distribution parameters, and F is
the sample strength distribution variables.

Assuming that the area number of destroyed microele-
ments in a certain section of the sample under load is SDn, the
damage variable D is defined as the ratio of the area number
of destroyed microelements to the total area number of
microelements Sn, namely

D¼ SDn=Sn: ð3Þ

In any interval (F, F + dF), the area number of destroyed
microelements is SnP(Dn)dDn. When the load is loaded to a
certain level F, the area number of destroyed microelements
is as follows:

SDn Fð Þ ¼
Z

F

0
SnP Dnð ÞdDn¼ Sn 1 − exp −

F
μ

� �
β

� �� �
:

ð4Þ

By substituting Equation (4) into Equation (3), the dam-
age variable can be obtained as follows:

D¼ SDn=Sn ¼ 1 − exp −
F
μ

� �
β

� �
; ð5Þ

where the F value is the strength distribution variable of the
cell, different physical values can be used according to the needs
of damage models. In uniaxial compression tests, the failure
process of samples containing fiber is mainly caused by local
tension and shear, and the whole process of sample failure
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FIGURE 4: Elastic modulus of CPB sample after curing for 28 days.
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can be better described using the physical quantity of mate-
rial strain. The damage evolution equation using strain is as
follows:

D¼ 1 − exp −
ε

μ

� �
β

� �
: ð6Þ

By substituting Equation (6) into Equation (1), we get the
following:

σ ¼ εE 1 − Dð Þ ¼ εE0exp −
ε

μ

� �
β

� �
: ð7Þ

The boundary conditions of the sample obtained from
the stress–strain curve are as follows:

ε¼ 0

σ ¼ 0

(
; ð8Þ

ε¼ εm

σ ¼ σm

(
; ð9Þ

dσ
dε ε¼εm

��� ¼ 0

dσ
dε D¼0

�� ¼ E0

8>><
>>: ; ð10Þ

where εm is the peak strain and σm is the peak stress.

Simultaneous equations can be obtained as follows:

β ¼ 1

ln E0εm
σm

� � ; ð11Þ

μ¼ εm
1=βð Þ1=β ; ð12Þ

D¼ 1 − exp −
1
β

ε

εm

� �
β

� �
; ð13Þ

σ ¼ E0ε exp −
1
β

ε

εm

� �
β

� �
: ð14Þ

4.2. Modification of Damage Constitutive Model. To accu-
rately simulate the stress–strain process before the peak of
CPB samples with different contents of FA and RS, the logarith-
mic function of strain was used as the prepeak correction coeffi-
cient α [38]. The expression of α is shown in Equation (15);
when the strain of the sample reaches the peak strain εm, the
value of α is 1.

α¼ logω
ω − 1ð Þε
εm

þ 1

� �
;                       ε<εm

1; ε ≥ εm

8<
: ; ð15Þ

where ω is the constant obtained by fitting experimental
data. The prepeak correction factor α is the ratio of the slope
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magnified by 5,000 times F0–F0.6.
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of the stress–strain curve and elastic modulus of CPB sam-
ples with different proportions of FA, and its value increases
in the form of a logarithmic function. By substituting the

correction coefficient into Equation (14) to obtain a modified
constitutive model as follows:

σ ¼
logω

ω − 1ð Þε
εm

þ 1

� �
E0ε exp −

1
β

ε

εm

� �
β

� �
;               ε<εm

E0ε exp −
1
β

ε

εm

� �
β

� �
;                                               ε ≥ εm

8>>><
>>>:

: ð16Þ
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4.3. Damage Evolution and Constitutive Model Verification.
As shown in Figure 6, the damage curve of the CPB sample
can be divided into three stages. The OA stage is the initial
damage stage, in which the pores and cracks in the material
are compacted before entering the elastic deformation stage.
As the strain increases, the damage development speed is
accelerated, and the final sample of this stage reaches the
elastic limit. The AB stage represents the damage stable
development stage, and the damage growth rate tends to
be stable at this stage, corresponding to the plastic deforma-
tion stage and the progressive postpeak fracture stage of the
sample. The microcrack growth rate in the sample is rela-
tively stable at this stage. The BC stage represents the residual
damage stage, corresponding to the postrupture stage of the
sample. In this stage, the damage development rate retards,
the damage tends to a fixed value, the sample is completely
destroyed, and the residual strength is low.

The classical constitutive model (Equation (14)) largely
deviated from the test curve in the prepeak stage. However,
the revised constitutive model (Equation (16)) could be used
to solve this problem. The modified curve was consistent with
the peak strength of the test curve, but there was a slight
deviation in the postpeak stage, and the overall fit of the curve
was high. The modified model curve can better reflect the
variation of the stress–strain curve of the sample under load.

5. Conclusions

In this study, the effects of different FA and RS ratios on the
peak strength, elastic modulus, and microstructure of CPB
were studied using uniaxial compression and SEM tests. The
following findings were obtained from this study:

(1) As the FA content in CPB increased, UCS at 7 and
14 days of CPB gradually increased, while UCS at
28 days initially increased and then decreased.
When the content of FA was 40%, the UCS of CPB
at 28 days reached the maximum value of 14.76MPa.

(2) As FA content increased, the elastic modulus of CPB
first decreased, then increased, and finally decreased.
When FA content in CPB was 40%, the elastic mod-
ulus reached its highest value of 1.54GPa.

(3) The incorporation of FA improved particle gradation,
filled the pores between particles, reduced porosity,
promoted the generation of hydration products, and
thus increased CPB strength. When the content of FA
exceeded 40%, the number of unreacted FA particles
increased, thus inhibiting the generation of hydration
products and increasing the porosity of the material,
thereby deteriorating CPB strength.

(4) Based on Weibull distribution, the damage constitutive
model of CPB was constructed by introducing the pre-
peak correction factor, and the logarithmic function of
strain was used to modify the model prepeak. Themod-
ified model better described the whole stress–strain
curve process of CPB under load. This model will pro-
vide a theoretical reference for CPB design.
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