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In recent years, with the rapid development of the construction industry, the demand for natural river sand has become increasingly
prominent. Development of alternatives to river sand has become an interesting direction for concrete research. In this paper, coal
gangue was proposed to replace part of the river sand to produce coal gangue fine aggregate concrete, while waste polyethene
terephthalate (PET) bottles were used as raw materials to make PET fibers to improve the mechanical properties of coal gangue
fine aggregate concrete. There were two parts of the test conducted. In the first part, the compressive strength of the gangue fine
aggregate concrete cube, splitting tensile strength, axial compressive strength, and static elastic modulus were studied when the
substitution rate of coal gangue increased from 0% to 50%. Referring to the equation of the full stress-strain curve of plain
concrete, the stress-strain constitutive equation of coal gangue fine aggregate concrete was analyzed and studied. By comparing
with plain concrete, it was found that the coal gangue concrete with a replacement rate of 50% had higher compressive strength
and tensile strength, but its brittleness was significantly greater than that of plain concrete in the later stage. In the second part,
by studying the effect of different PET fiber content on the mechanical properties of coal gangue fine aggregate concrete with a
replacement rate of 50%, it was found that when the addition of PET fiber was 0.1% and 0.3%, not only were compressive
strength, splitting tensile strength, static elastic modulus, and flexural strength of the gangue fine aggregate concrete effectively
improved but also the brittleness of concrete can be significantly reduced. The study found that after adding 0.3% PET fiber, the
coal gangue fine aggregate concrete with a replacement rate of 50% has better mechanical properties and less brittleness.

1. Introduction

Coal gangue is a kind of solid waste with low carbon content
and hard texture produced in the process of coal mining [1].
In the long-term coal production process, China has depos-
ited about 5 billion tons of coal gangue, and it is still increas-
ing rapidly at a rate of about 200 million tons per year [2–4].
If a large amount of coal gangue cannot be used reasonably
and efficiently, not only will a large amount of mountains
and farmland be occupied, causing serious environmental
pollution and resource waste, but also it is easy to cause nat-
ural disasters such as fires and mudslides [4, 5]. Coal gangue
contains a certain amount of active SiO2 and Al2O3 [6], and
its main chemical composition is similar to a natural aggre-
gate [7, 8], indicating that coal gangue can be used as a sub-
stitute for a concrete fine aggregate [2]. The active SiO2 and

Al2O3 in cement can produce secondary hydration reaction
with cement to further improve the microstructure of con-
crete [9, 10]. Coal gangue instead of a natural aggregate for
concrete production is an interesting research field. Scholars
domestically and internationally have done some related
research in this field and achieved certain results, which have
made great contributions to promoting the application of
coal gangue in the construction field. For example, adding a
certain amount of fine coal gangue to cement can signifi-
cantly increase the slump and pumpability of the cement
[11], but when the amount of fine coal gangue in the cement
gangue backfill increases from 40% to 60%, the strength of
the cement coal gangue backfill decreases with the increase
in the fine coal gangue content [12]. Li et al. applied the
cleaned and crushed coal gangue material to the railway sub-
grade and found that the dynamic stiffness K30 of the coal
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gangue was greater than 130MPa·m-1, which met the require-
ments of high-speed railway subgrade [13]. Zhang et al. [14]
found that the particle size distribution of the coal gangue
coarse aggregate has limited influence on the mechanical
properties of concrete. When coal gangue is used to replace
all concrete coarse aggregates, the compressive strength of coal
gangue coarse aggregate concrete was reduced by 19.4% com-
pared with that of plain concrete. As the percentage of coal
gangue replacement increases, the axial compression failure
mode of coal gangue coarse aggregate concrete will change
from shear failure to longitudinal split failure [8]. When
studying the influence of coal gangue calcination temperature,
calcination time, and fineness modulus on the mechanical
properties of concrete, Dong et al., Yang et al., and Wang
and Zhao found that the gangue fineness modulus is 1.9, and
when the calcination temperature is 700°C, the gangue is fine.
Aggregate concrete mortar has the highest compressive
strength [4]; coal gangue is calcined at a temperature of
750°C for 10 minutes, and the 28d compressive strength of
coal gangue aggregate concrete is about 39% higher than that
of natural coal gangue concrete [15]. When the gangue aggre-
gate Fuller gradation curve index (n) is 0.62, the porosity of
concrete is the lowest and the density is the highest. The com-
pressive strength of 28d coal gangue aggregate concrete can
reach 37MPa, which meets the strength requirements of C30
ordinary concrete [16]. Qiu et al. [17] studied the influence
of coal gangue coarse aggregate replacement rate on concrete
freeze resistance and established a CGC freeze-thaw damage
evolution model. They found that when the coal gangue
replacement rate is less than 40%, CGC can better meet the
freeze. It is required that the freeze-thaw damage evolution
model is in good agreement with the actual experimental
data, which can effectively reflect the freeze-thaw damage
development process of CGC in the freeze-thaw environ-
ment. However, Guan et al. [18] found that when the gangue
replacement rate increased from 0% to 60%, the frost resis-
tance of coal gangue concrete was significantly reduced, and
the physical and mechanical properties of coal gangue con-
crete decreased with the extension of the freeze-thaw cycle
time [19]. At the same time, Luo et al. [20] studied the influ-
ence of steel fiber content and shape on the compressive
strength and split tensile strength of coal gangue concrete
after freezing and thawing. They found that when the volume
of corrugated steel fiber is 1%, the compressive and tensile
strength of the coal gangue concrete decreases the least after
freezing and thawing. After freezing and thawing, the reduc-
tion in compressive and tensile strength is the smallest. Wang
et al. [21] found that the water-cement ratio, sand ratio, and
steel fiber content have a certain effect on the brittleness of
coal gangue ceramsite lightweight aggregate concrete. When
the water-cement ratio and sand ratio are greater than 0.32
and 0.38, the brittleness increases with the decrease in the
water-cement ratio and sand ratio, and when the steel fiber
content is less than 1.5%, the brittleness decreases with the
increase in the steel fiber content.

By consulting domestic and foreign research literature, it
is found that the current research is mainly concentrated on
coal gangue aggregate concrete. The related research focused
on the mechanical properties of coal gangue fine aggregate

concrete and how to further improve the basic mechanical
properties and toughness of coal gangue fine aggregate con-
crete. There is little and no application of PET fiber in coal
gangue fine aggregate concrete. In order to analyze and study
the effect of PET fiber on the mechanical properties of coal
gangue fine aggregate concrete, we have conducted relevant
understanding of PET materials by reading literature and
other methods. It was discovered that PET is a compound
polymer with strong corrosion resistance, fatigue resistance,
and flexural properties. If a large number of PET packaging
products cannot be recycled well, it is not only a waste of
resources but also serious environmental pollution [22, 23].
Processing PET packaging products into fibers to make
PET fiber concrete not only can increase the utilization rate
of PET but also has a certain effect in improving the mechan-
ical properties of concrete. Related research is as follows: Per-
eira et al. [24] studied the influence of length and content of
fiber on the mechanical properties of concrete and found that
when the volume ratio of PET was 0.2%, the concrete tensile
strength decreased with the increase in PET length.When the
length was increased from 10mm to 20mm, the concrete
tensile strength decreased by 3.09MPa. Moreover, the incor-
poration of PET can enhance the compressive strength of
concrete, which is similar to the results of Irwan et al. [25].
At the same time, the research results of Pereira et al. also
showed that with the addition of 0.1% and 0.2% PET fibers,
the compressive strength of concrete increased by about
15% and 10%, respectively. But Nematzadeh et al. [26] proc-
essed PET material into fragments to replace part of the river
sand and found that the compressive strength of concrete
would be reduced. The research results of Jawad et al. [27]
showed that PET powder was ground into powder and added
to GFRP steel bars. It was found that PET powder can be used
as a strength additive to increase the compressive strength of
the reinforced concrete. Blanco et al. [28] studied the effect of
replacing part of river sand with different amounts and
shapes of PET materials on the electrochemical properties
of steel bars in concrete and found that the samples with
PET had a higher potential value than the control. Ochi
et al. [29] studied the influence of fiber content on the work-
ability and compressive strength of concrete under different
water-cement ratios. It was found that when W/C = 0:6, the
compressive strength of concrete was about 13.8% higher
than that of ordinary concrete after adding 1% of PET.
0.3% of PET can increase the workability of concrete and
PET. Taghreed and Mohammed [30] added PET fiber to
the concrete beam and found that the failure mode of the
concrete beam changed from shear to bending. When the
volume of PET fiber was 1%, the shear capacity of the rein-
forced concrete beam increased by 11.1%, And when the
PET content is 1.25%, the direct shearing capacity is
increased by 43.5%. But Khalid et al. [31] found that adding
PET fiber to concrete does not significantly change the failure
mode of reinforced concrete beams but only improves the
results of the first crack load. Alani et al. [32] found that add-
ing 1% PET fiber to concrete can increase the flexural
strength of GUHPPCC beams by about 63.24% compared
with 90-day-old ultra-high-performance concrete, and
adding PET fiber can significantly improve the bending
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resistance and ductility of GUHPPCC flat panel. The research
results of Al-Hadithi et al. [33] also showed that the incorpo-
ration of PET fiber into the SCC board can significantly
improve the energy absorption capacity of the board and
increase the compressive strength and flexural strength of
the SSC board. At the same time, Fadadu et al. [34] found that
compared with plain concrete, PET concrete exhibits higher
ductility under cyclic loading. However, Mohammed et al.
[35] found that the addition of PET fiber could not improve
the ultimate bearing capacity of concrete beams but only
improved the crack resistance of the beams. Through the
above research results, it can be found that the reasonable
use of PET materials in the concrete field can improve some
physical properties of concrete to a certain extent.

The purpose of this experiment is to develop a new type
of concrete by taking the place of concrete fine aggregate with
coal gangue and optimizing with recycled PET fiber. The test
includes two parts: the first part mainly studied the influence
of coal gangue replacement rates of 10%, 20%, 30%, 40%, and
50% on the compressive strength, splitting tensile strength,
axial compressive strength, and static elastic modulus. In
the second part, in order to reduce the brittleness of concrete,
three groups of coal gangue fine aggregate concrete with dif-
ferent amounts of PET fiber were designed to study the effect
of the amount of PET fiber on the mechanical properties and
brittleness of the concrete. Finally, the relationship between
split tensile strength and axial compressive strength and the
relationship between axial compressive strength and cubic
compressive strength were discussed and analyzed. The
research results showed that the coal gangue replacement
rate of 50% had better mechanical properties and less brittle-
ness after adding 0.3% PET fiber.

2. Test Material and Method

2.1. Test Material. In this paper, the P.O42.5 ordinary Port-
land cement produced by China Huaxin Co., Ltd. was
adopted, and its chemical composition complies with China’s
GB175-2007 standard [36]. The coarse aggregate was
crushed with a continuous grading mechanism, the particle
size range is 5-25mm, and the water absorption rate is
1.81%. The fine aggregate is natural river sand, and the fine-
ness modulus is 2.92; the moisture content and the water
absorption rate are 2.51% and 7.58%, respectively. Both the
coarse aggregate and the fine aggregate meet the require-
ments of the Chinese GB50086-2001 standard [37]. The
water used for mixing and curing is local drinking water with
a pH value of 6.7 and a chloride and sulfate content of
250mg/L, which meets the Chinese JGJ 63-2006 standard
[38]. The coal gangue used in this experiment was produced
at the Woyang Mineral Processing Plant in Lingshou
County, China, and its diameter ranges from 2 to 4 cm. In
order to make coal gangue stones into coal gangue fine aggre-
gates, the coal gangue stones were firstly crushed with a jaw
crusher; then, coal gangue particles with a diameter less than
4.75mm were screened by using a vibrating sand screen, and
finally, the coal gangue fine aggregate with a fineness modu-
lus of 3.42 was manually made, as shown in Figure 1. The
PET materials come from bottles of China Resources C’est-

bon Beverage Co., Ltd., which were hand-cut into PET fibers
with a length of 14-16mm and a width of 3-5mm, and they
were washed and dried (Figure 2).

2.2. Test Method. This study mainly includes two parts:
first, a preliminary evaluation of the effect of replacing part
of river sand with coal gangue and then a series of tests on
PET fiber-reinforced coal gangue concrete. According to
the Chinese GB/T 50081-2002 standard [39], the concrete
test block for the first part of the test was made into two
kinds of size of 100mm × 100mm × 100mm and 100mm
× 100mm × 300 ×mm, in which the cube specimen was
used to test cube compression and split tensile strength
and the prism specimen was used for axial compression test
and static pressure modulus test (Figure 3). At the same
time, in order to draw the axial compressive stress-strain
curve of concrete, it is necessary to use a displacement
meter to collect the vertical deformation of the prism spec-
imen (Figure 4). In the second part, in order to study the
effect of PET fiber on the flexural properties of concrete,
the flexural test of concrete was conducted on the specimen
with the size of 100mm × 100mm × 400mm (Figure 5);
other tests were the same as the first part. All the specimens
need to be cured for 28 days in an environment with a tem-
perature of 20 ± 2°C and a relative humidity more than 95%
in advance.

3. Test Design and Results of the First Part

In order to study the impact of coal gangue on the mechani-
cal properties of concrete, six fine aggregate replacement
rates of 0%, 10%, 20%, 30%, 40%, and 50% were designed
in the first part of the experiment. The detailed mixing ratio
is shown in Table 1.

3.1. Cube Compressive Strength and Split Tensile Strength. 36
cube specimens were equally divided into two parts to carry
out the compressive test and split tensile strength test, respec-
tively, whose variation is shown in Figure 6.

As shown in Figure 6, when the gangue replacement rate
changed from 10% to 40%, the compressive strength of con-
crete cubes first decreased and then increased with the
increase in the gangue replacement rate, which was smaller
than that of plain concrete. When the replacement rate
increased from 40% to 50%, the compressive strength was
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Gangue stone Coal gangue
fine aggregate
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Figure 1: Screening process of coal gangue.
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increased by 8.7% compared to that of plain concrete, which
is mainly because SiO2 in coal gangue can promote the sec-
ondary hydration reaction of cement and the calcium silicate
produced made the interior of the concrete more compact
[40]. At the same time, because of the high water absorption
rate of coal gangue, the water-cement ratio of concrete
decreased with the increases in the replacement amount of
coal gangue, and appropriately reducing the water-cement
ratio can increase the strength of concrete [41]. The splitting
tensile strength of CGC tended first to decrease and then
increase with the increase in coal gangue replacement rate.
When the coal gangue replacement rate was 50%, the CGC

tensile strength reached the highest value of 3.8MPa, which
was about 1.2 times that of plain concrete. T1he main reason
is similar to the compressive strength of the CGC cube.

3.2. Axial Compressive Strength and Static Elastic Modulus.
36 prism specimens were equally divided into two parts to
carry out the axial compression test and static compression
elastic modulus test, respectively. At the same time, in order
to more directly reflect the influence of the coal gangue
replacement rate on the static elastic modulus of concrete,
the elastic modulus of each group of the gangue fine aggre-
gate concrete was compared with the elastic modulus of the
plain concrete with a 0% replacement rate; their variation
trend is shown in Figure 7.

As shown in Figure 7, the axial compressive strength of
concrete decreased first and then increased with the increase
in coal gangue replacement rate. When the replacement rate
of coal gangue was 10%~40%, the axial compressive strength
was smaller than that of plain concrete. When the replace-
ment rate increased from 40% to 50%, the compressive
strength of concrete significantly increased and was greater
than that of plain concrete, and the main reason was similar
to the compressive strength of concrete cubes. When the
replacement rate of coal gangue increased from 10% to
50%, the elastic modulus of concrete was lower than that of
plain concrete. When the replacement rate reached 50%,
the elastic modulus was the smallest. At the same time, as
the axial compressive strength of coal gangue fine aggregate
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Figure 2: Cutting PET bottles for PET fiber.
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concrete increased, its elastic modulus decreased continu-
ously; this is contrary to the characteristic that the elastic
modulus of plain concrete increases with the increase in
compressive strength. The main reason is that the texture
of coal gangue is soft, with the increase in the coal gangue
replacement rate; the number of hard river sand particles
decreased, resulting in a relatively large deformation of

CGC when the concrete was subjected to equivalent pressure
changes. According to the elastic modulus calculation (Equa-
tion (1)), when the pressure value of (Fα − F0) remained
unchanged, the larger the Δn, the smaller the elastic modulus.

Ec =
Fα − F0ð ÞLn
A × Δn

, ð1Þ

Flexural strength test

Force

Test block

Test
machine 

Support

After compression

Test machine

Figure 5: Test of flexural strength.

Table 1: Concrete mix proportion.

Specimen
Replacement rate

(%)
Cement
(kg·m-3)

Water
(kg m-3)

Coarse aggregate
(kg·m-3)

Fine aggregate
Water reducer

(kg·m-3)
River sand
(kg·m-3)

Coal gangue
(kg·m-3)

CGC-0 0 379.6 205 1151.31 619.9 0 1.63

CGC-1 10 379.6 205 1151.31 619.9 59.56 1.63

CGC-2 20 379.6 205 1151.31 619.9 119.13 1.63

CGC-3 30 379.6 205 1151.31 619.9 178.69 1.63

CGC-4 40 379.6 205 1151.31 619.9 238.25 1.63

CGC-5 50 379.6 205 1151.31 619.9 297.81 1.63
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Figure 6: Cube compressive strength and splitting tensile strength of coal gangue fine aggregate concrete.
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where Ec is the elastic modulus of concrete, Fα is the load
when the stress equals to 1/3 of the axial compressive
strength, F0 is the initial load when the stress is 0.5MPa, Ln
is the gauge distance, A is the bearing area of the specimen,
and Δn is the deformation difference when the specimen is
loaded from F0 to Fα.

3.3. Axial Compressive Stress-Strain Curve. The study of the
axial compressive stress-strain curve of 100mm × 100mm ×
300mm specimens includes three main steps. First, measure
the vertical compression variable and relative pressure value
of the concrete; then, calculate the stress and strain of the
concrete by Equation (2); finally, the stress and strain of coal
gangue fine aggregate concrete were processed in a dimen-
sionless manner by using σ/σc and ε/εc (σc and εc represent
the peak stress and peak strain, respectively; σ and ε repre-
sent the real-time stress and real-time strain, respectively)
[42, 43], and the stress ratio and strain ratio were
calculated. The processing results are shown in Figure 8.

σ = F
A
,

ε = ΔL
L

,
ð2Þ

where σ is the stress, ε is the strain, F is the axial compres-
sion (MPa), A is the area of the compression surface of the
specimen (mm2), ΔL is the vertical compression variable
(mm), and L is the vertical height of the original test piece
(mm).

As shown in Figure 8, when the coal gangue replacement
rate increased from 10% to 50%, the stress-strain curve of the
rising section of CGC fitted well with that of ordinary con-
crete, indicating that in the elastic and elastoplastic stage,
the deformation mechanism of CGC was similar to that of
plain concrete. However, the descending curve of CGC was

relatively scattered. When the replacement rate was 50%,
the downward trend was the steepest and the brittleness
increased sharply. When the replacement rate was 10% and
20%, the curve trend of CGC basically coincided with that
of plain concrete. At the same time, it can be seen from
Figure 8 that the stress-strain curve of CGC was similar to
that of ordinary concrete; they all gone through the stages
of elasticity, elastoplasticity, and yield failure [43]. Therefore,
the approximate constitutive equation of CGC can be estab-
lished according to the equation of full stress-strain curve of
plain concrete [42, 43] (see Equation (3)). Through nonlinear
fitting analysis, it was found that when α = 1:02 and β = 8:64,
the stress-strain constitutive equation of CGC was basically
consistent with the experimental data. Therefore, α = 1:02
and β = 8:64 can be used as the value of parameter of the
stress-strain constitutive equation of coal gangue fine
aggregate concrete. The fitting curve of the axial compressive
stress-strain constitutive equation of coal gangue fine
aggregate concrete can be obtained, as shown in Figure 9.

y = αx + 3 − 2αð Þx2 + α − 2ð Þx3  0 ≤ x ≤ 1ð Þ,
y = x

β x − 1ð Þx2 + x
  x ≥ 1ð Þ, ð3Þ

where y is the stress ratio, x is the strain ratio, and α and β are
the parameters of the curve equations of concrete rising and
falling sections, respectively, where α = E0/Ep, in which E0
and Ep are the secant elastic modulus at 0.5 f c and at peak
stress, respectively; the value range of αis generally ½1, 3�,
and the value range of β is generally ½5, 10� [44, 45].

4. Test Design and Results of the Second Part

In the first part of the test, it was found that when the replace-
ment rate of coal gangue was 50%, the cubic compressive

35

40

A
xi

al
 co

m
pr

es
siv

e s
tr

en
gt

h 
(M

Pa
)

30

20

15

25

10

5

10

Axial compressive strength
Relative value of elastic modulus

0
Replacement rate of coal gangue (%)

3020 40 50
0

1.2

1.0

0.8

0.6

0.4

Re
la

tiv
e v

al
ue

 o
f e

la
sti

c m
od

ul
us

Figure 7: Axial compressive strength and elastic modulus of coal gangue fine aggregate concrete.

6 Geofluids



strength, axial compressive strength, and splitting tensile
strength of coal gangue fine aggregate concrete were all
higher than those of plain concrete, but after the compressive
strength and splitting tensile strength reached the peak point,
the compressive and tensile properties in the later period
dropped sharply. The brittleness of plain concrete increased
significantly, which did not meet the low brittleness require-
ments of the Chinese GB50010-2010 specification [46–54].
However, adding an appropriate amount of fiber to concrete
can enhance the strength and ductility of the concrete. There-

fore, in the second part, based on the coal gangue fine aggre-
gate concrete with a replacement rate of 50%, three groups of
coal gangue fine aggregate concrete with different PET fiber
content of 0.1%, 0.3%, and 0.5% were designed, respectively,
to study the effect of PET fiber content on the mechanical
properties and brittleness of coal gangue fine aggregate con-
crete. The concrete mix ratio is listed in Table 2.

4.1. Cube Compressive Strength and Split Tensile Strength. By
conducting the compressive test and split tensile test on 24
cube specimens, the cubic compressive strength and split ten-
sile strength of PET fiber-reinforced coal gangue fine aggre-
gate concrete increased with the increase in PET fiber. The
change trend chart is shown in Figure 10.

As shown in Figure 10, when the amount of PET fiber
was 0.1% and 0.3%, the cubic compressive strength and split-
ting tensile strength were both higher than those of CGC-5.
When 0.1% PET fiber was added, the cubic compressive
strength and split tensile strength were increased by 7.2%
and 7.9%, respectively, and increased by 13.1% and 32.2%
compared to those of the plain concrete in Figure 6. How-
ever, when the amount of PET fiber increased from 0.3% to
0.5%, the cubic compressive strength and split tensile
strength of coal gangue fine aggregate concrete showed a
downward trend, which was 9.1% and 26.3% lower than
those of CGC-5.

4.2. Axial Compressive Strength and Static Elastic Modulus.
By conducting the axial compression test and testing static
elastic modulus of 24 prism specimens, the trend of the axial
compressive strength and relative elastic modulus of PET
fiber-reinforced coal gangue fine aggregate concrete was
obtained and is shown in Figure 11.

As shown in Figure 11, when the PET fiber content was
0.1%, the axial compressive strength and relative elastic mod-
ulus of concrete increased by 3.2% and 19.2%, respectively,
compared with those of CGC-5. When the amount of PET
fiber was 0.3%, the axial compressive strength of concrete
was equal to that of CGC-5, but when the amount of fiber
reached 0.5%, the axial compressive strength of concrete
decreased to be 8.9% lower than that of CGC-5. At the same
time, when the amount of PET fiber was 0.1%~0.5%, the rel-
ative elastic modulus of concrete was larger than that of
CGC-5. It can be seen that PET fiber can increase the elastic
modulus of concrete.

4.3. Flexural Strength. In order to study the effect of PET fiber
content on the flexural performance of concrete, three groups
of coal gangue fine aggregate concrete with different PET
fiber content were designed. In the flexural test, the change
trend of the flexural strength of PET fiber-reinforced coal
gangue fine aggregate concrete with the increase in PET fiber
and the pressure-displacement curve of concrete were
obtained, as shown in Figures 12 and 13.

As shown in Figure 12, the flexural strength of concrete
increased first and then decreased with the increase in PET
fiber content. The addition of 0.3% PET fiber can effectively
increase the flexural strength of coal gangue fine aggregate
concrete, which is 6.7% higher than that of CGC-5. However,
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when the fiber content increased from 0.3% to 0.5%, the com-
pressive strength of concrete was reduced by about 8.1%
compared with that of CGC-5. At the same time, it can be
found from Figure 13 that with the increase in the PET fiber,

the slope of the pressure-displacement curve continuously
decreased, which indicated that PET fiber could obviously
improve the ductility of coal gangue fine aggregate concrete
before the concrete was broken. Among them, the 0.5%

Table 2: Concrete mix proportion.

Specimens
PET content

(%)
Cement
(kg·m-3)

Water
(kg·m-3)

Coarse aggregate
(kg·m-3)

Fine aggregate
Water reducer

(kg·m-3)
River sand
(kg·m-3)

Coal gangue
(kg·m-3)

CGC-5 0 379.6 205 1151.31 619.9 297.81 1.63

CGC-0.1 0.1 379.6 205 1151.31 619.9 297.81 1.63

CGC-0.3 0.3 379.6 205 1151.31 619.9 297.81 1.63

CGC-0.5 0.5 379.6 205 1151.31 619.9 297.81 1.63
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Figure 10: Cube compressive strength and splitting tensile strength of PET fiber-reinforced coal gangue fine aggregate concrete.
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Figure 11: Axial compressive strength and elastic modulus of PET fiber-reinforced coal gangue fine aggregate concrete.
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fiber-reinforced coal gangue fine aggregate concrete had the
largest displacement of 1.87mm, which was 2.56 times that
of CGC-5.

4.4. Axial Compressive Stress-Strain Curve. While studying
the influence of different amounts of PET fiber on the axial
compressive stress-strain curve of coal gangue fine aggregate
concrete, the test data was processed by the method in the
first part of the test, and the full curve of the axial compres-
sive stress-strain of PET fiber reinforced coal gangue fine
aggregate concrete and the fitted curve of the stress-strain
constitutive equation were obtained and are shown in
Figures 14 and 15.

As shown in Figure 14, when the amount of PET fiber
was 0.1%, 0.3%, and 0.5%, the slope of the descending section
of the stress-strain curve was gentler than that of CGC-5, and

the descending slope of CGC-0.3 was the gentlest. It can be
seen that PET fiber can significantly reduce the brittleness
of coal gangue fine aggregate concrete, and the reduction
effect of 0.3% fiber content was the best. At the same time,
through the nonlinear fitting analysis of the full stress-
strain curve of concrete, it was found that when α = 1:121
and β = 5:517, the axial compressive stress-strain constitutive
equation is basically consistent with the test data. It can be
seen that α = 1:121 and β = 5:517 can be used as the param-
eters of the stress-strain constitutive equation of PET fiber-
reinforced coal gangue fine aggregate concrete.
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5. Correlation Discussion

5.1. The Relationship between Split Tensile Strength and Axial
Compressive Strength. After analyzing the relationship
between the split tensile strength and axial compressive
strength of concrete, the linear equations of the split tensile
strength and axial compressive strength of coal gangue fine
aggregate concrete and PET fiber-reinforced coal gangue fine
aggregate concrete were obtained in Equations (4) and (5),
respectively. The relationship between the split tensile
strength and axial compressive strength is drawn in
Figure 16.

y = 0:2272x − 3:2095, ð4Þ

y = 0:3524x − 7:2929, ð5Þ

where y is the splitting tensile strength (MPa) and x is the
axial compressive strength (MPa).

As shown in Figure 16, the splitting tensile strength of
concrete presented a positive linear relationship with the
axial compressive strength. The determination coefficient
R2 of coal gangue fine aggregate concrete was equal to
0.6522, which was much smaller than 0.9875 of PET fiber-
reinforced coal gangue concrete, which indicated that PET
fiber had an obvious influence on the linear relationship
between split tensile strength and axial compressive strength.

5.2. The Relationship between the Cube Compressive Strength
and the Axis Compressive Strength. By analyzing the relation-
ship between the cube compressive strength and the axial
compressive strength, the linear equations for the compres-
sive strength and axial compressive strength of the coal
gangue fine aggregate concrete and PET fiber-reinforced coal
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Figure 16: Relation between splitting tensile strength and cube compressive strength.
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gangue fine aggregate were obtained in Equations (6) and (7),
respectively. The relationship between the cubic compressive
strength and the axial compressive strength is drawn in
Figure 17.

y = 0:5864x + 4:6358, ð6Þ

y = 0:4935x + 9:0999, ð7Þ
where y is the axial compressive strength (MPa) and x is the
cubic compressive strength (MPa).

As shown in Figure 17, the cubic compressive strength of
concrete was positively proportional to the axial compressive
strength, and the determination coefficient of the linear equa-
tion was greater than 0.8, indicating that the linear equation
fitted the actual data well.

6. Conclusions

(1) Through studying the influence of replacing part of
river sand with coal gangue on compressive perfor-
mance, tensile performance, and static elastic modu-
lus of concrete, it was found that with the increase in
the coal gangue replacement rate, the concrete cube
compressive strength, the split tensile strength, and
the axial compressive strength showed a trend of
increasing first and then decreasing, while the static
elastic modulus showed a decreasing trend. But when
the replacement rate of coal gangue was 50%, the
cubic compressive strength, split tensile strength,
and axial compressive strength of concrete reached
their maximum values, which were, respectively,
5.2%, 22.6%, and 13.7% higher than those of plain
concrete. At the same time, when discussing the cor-
relation between concrete axial compressive strength
and cubic compressive strength, the axial compres-
sive strength and the cubic compressive strength
showed a linear relationship with the determination
coefficient R2 of 0.8131

(2) When analyzing the stress-strain curve of coal
gangue fine aggregate concrete, it was found that
when the replacement rate of coal gangue was 10%,
20%, and 30%, the axial compressive stress-strain
curve of coal gangue fine aggregate concrete was sim-
ilar to that of plain concrete. Through fitting analysis,
we found when α = 1:02 and β = 8:64, the fitting
curve obtained according to the standard concrete
stress-strain curve equation was basically consistent
with the test data of CGC. By taking the values α =
1:02 and β = 8:64 as the parameters of the CGC
stress-strain constitutive equation, the stress-strain
constitutive equation of CGC which is similar to that
of concrete can be obtained, and they both included
stages of elasticity, elastoplasticity, and yield failure.
However, when the coal gangue replacement rate
was 40% and 50%, the descending section of the
curve of concrete was steeper, and its brittleness was
significantly greater than that of plain concrete

(3) When studying the effect of PET fiber content on the
mechanical properties of coal gangue fine aggregate
concrete, it was found that after adding 0.1% PET
fiber, the cubic compressive strength, splitting tensile
strength, axial compressive strength, and flexural
strength of concrete are increased by 7.2%, 7.9%,
3.2% and 19.2%, respectively, compared with those
of CGC-5. However, when the content of PET fiber
increased to 0.5%, the cubic compressive strength,
split tensile strength, axial compressive strength,
and flexural strength of concrete decreased, which
were, respectively, 9.3%, 26.3%, 8.9%, and 8.1% lower
than those of CGC-5. When the amount of PET fiber
increased from 0.1% to 0.5%, the static elastic modu-
lus of concrete was higher than that of CGC-5. When
the amount was 0.1%, the static elastic modulus
increased the most, which was 19.2% higher than that
of CGC-5. It can be seen that by adding 0.1% or 0.3%
of PET fiber in the coal gangue fine aggregate con-
crete with a replacement rate of 50%, the mechanical
properties of the concrete can be improved and the
brittleness of the concrete was reduced

(4) According to the axial compressive stress-strain
curve of PET fiber-reinforced coal gangue fine aggre-
gate concrete, it can be found that the addition of
0.1%, 0.3%, and 0.5% of PET fiber can significantly
reduce the brittleness of the concrete, and the result
of the 0.3% fiber was the best. When α = 1:121 and
β = 5:517, the axial compressive stress-strain consti-
tutive equation of PET fiber-reinforced coal gangue
fine aggregate concrete was basically consistent with
the experimental data. It can be seen that α = 1:121
and β = 5:517 can be used as the parameters of the
stress-strain constitutive equation of PET fiber-
reinforced coal gangue fine aggregate concrete

(5) In the discussion of the correlation of concrete
mechanical properties, it was found that the splitting
tensile strength of PET fiber-reinforced coal gangue
fine aggregate concrete had a linear relationship with
the axial compressive strength, the determination
coefficient R2 was 0.9875, and the axial compressive
strength and the cubic compressive strength also
showed a linear relationship with the determination
coefficient R2 of 0.9327. Through comparative analy-
sis with the linear equation of coal gangue fine aggre-
gate concrete, it was found that PET fiber has a
significant effect on the linear relationship between
split tensile strength and axial compressive strength
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