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Abstract: To address the poor characteristics of low strength and poor toughness in phosphogypsum-
based construction material, this study investigates the influence of different diameters, lengths,
and dosages of polyvinyl alcohol (abbreviated as PVA) fibers on the workability and mechanical
properties of phosphogypsum-based construction material. The results show that as the length and
dosage of PVA fibers increase, the flowability of the slurry gradually decreases, and the setting time
also shortens. With an increase in the diameter of PVA fibers, the rate of decrease in flowability slows
down, and the rate of shortening of setting time also gradually slows down. Moreover, the inclusion
of PVA fibers significantly improves the mechanical strength of the specimens. When PVA fibers
with a diameter of 15 pm, length of 12 mm, and dosage of 1.6% are used, the phosphogypsum-based
construction material reinforced with PVA fibers exhibits optimal performance. Under this mixing
ratio, the strength values of the specimens for flexural strength, bending strength, compressive
strength, and tensile strength are 10.07 MPa, 10.73 MPa, 13.25 MPa, and 2.89 MPa, respectively.
Compared to the control group, the strength enhancements are 273.00%, 164.29%, 15.32%, and
99.31%, respectively. SEM scanning of the microstructure provides a preliminary explanation for the
mechanism of how PVA fibers affect the workability and mechanical properties of phosphogypsum-
based construction material. The findings of this study can provide a reference for the research and
application of fiber-reinforced phosphogypsum-based construction material.

Keywords: phosphogypsum-based construction material; PVA fiber; workability; mechanical properties;
SEM analysis

1. Introduction

Phosphogypsum, a prevalent solid waste product with large stockpiles and severe en-
vironmental pollution, is one of the most common bulk solid waste products currently [1—4].
China produces a huge amount of phosphogypsum annually, with an average annual emission
of over 80 million tons from 2020 to 2022, but the utilization rate is less than 50%. According to
China Building Materials News, the current stockpile of phosphogypsum in China is about
600 million tons, and the storage capacity of phosphogypsum sites is nearing saturation. The
emission and stockpile of phosphogypsum are increasing year by year, which not only occupies
a large amount of land resources but also causes severe pollution to water sources in nature
due to the presence of free phosphorus, fluoride, and other elements, leading to ecological prob-
lems [5,6]. Utilizing phosphogypsum in the production of phosphogypsum-based construction
materials and its application in the construction industry is a crucial approach to address the
resource utilization of phosphogypsum [7,8]. However, the poor toughness and low strength
of phosphogypsum-based construction materials hinder the effective implementation of this
approach [9-11].
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In order to enhance the toughness and strength of construction gypsum, numerous
scholars both domestically and internationally have conducted extensive research, discov-
ering that the incorporation of fibers can effectively improve the mechanical and physical
properties of composite materials. At present, most researchers have primarily investi-
gated the reinforcing effects of polypropylene fibers [11-16], glass fibers [17-22], basalt
fibers [18,23-26], and plant fibers [27-29] on various types of construction gypsum. PVA
fibers, a type of synthetic organic fiber with remarkable properties such as high strength
and good toughness, are widely employed in the preparation of ECC materials. How-
ever, research on the impact of PVA fibers on the workability and mechanical properties
of phosphogypsum-based construction materials is limited. Zhu [30] and colleagues ex-
amined the influence of PVA and PP fibers on the flexural strength and toughness of
gypsum-based composites, finding that compared to PP fibers, PVA fibers significantly
reduced the workability of hardened gypsum-based composites, accelerated the hydration
process, and increased flexural strength and toughness. Li [18] et al. investigated the effects
of BF, GF, and PVA fibers on the setting time, fluidity, water absorption rate, and flexural
strength of gypsum-based composites. Their research revealed that as fiber length and
volume increased, setting time and fluidity decreased, water absorption rate increased, and
flexural strength improved by over 50%. Thus, it can be concluded that the incorporation
of PVA fibers effectively enhances the mechanical and physical properties of gypsum-based
composites. However, most current studies primarily focus on the influence of fiber length
and dosage on the workability and mechanical properties of composites, while fiber di-
ameter is also an essential factor that has been scarcely reported in the phosphogypsum
construction field. Moreover, most researchers predominantly concentrate on the compres-
sive and flexural strengths of composite materials to evaluate their mechanical performance,
while tensile strength is also a crucial indicator for assessing the mechanical properties of
fiber-reinforced composites, offering a comprehensive reflection of a composite material’s
plastic deformation performance [31-34]. Nevertheless, this parameter has received limited
attention in the phosphogypsum construction field.

In this study, PVA fiber-reinforced phosphogypsum-based composite materials (ab-
breviated as PVAEGC) were prepared with fiber diameters of 15 pm, 19 pm, and 31 pm;
lengths of 3 mm, 6 mm, 9 mm, and 12 mm; and volume dosages of 0.4%, 0.8%, 1.2%,
1.6%, and 2.0%. The effects of PVA fiber diameter, length, and dosage on the workability
and mechanical properties of phosphogypsum-based composites were assessed. Addi-
tionally, the dispersion uniformity of PVA fibers in phosphogypsum-based construction
materials was evaluated through SEM scanning, providing a preliminary explanation of
the mechanisms underlying the influence of PVA fibers on phosphogypsum construction
material performance. The findings of this study can provide a reference for the research
and application of fiber-reinforced phosphogypsum-based construction material.

2. Experiment
2.1. Raw Materials
2.1.1. Phosphogypsum-Based Construction Material

The phosphogypsum-based construction material used in this study was provided by
Yunnan Xuangan Environmental ProtectionTechnology Co., Ltd. (Kunming, China), After
a series of pretreatment, such as impurity removal and neutralization, phosphogypsum raw
materials are dehydrated at 140 °C for 6 to 8 h in an electric blast drying oven to produce
phosphogypsum-based construction, as shown in Figure 1, and the XRF analysis results in
Table 1.

2.1.2. PVA Fibers

The PVA fibers used in this study were produced by Jiangsu Tianyi Engineering Fiber
Co., Ltd. (Changzhou, China), with their physical and mechanical properties detailed in
Table 2. The PVA fibers used in the experiment had lengths of 3 mm, 6 mm, 9 mm, and
12 mm, and diameters of 15 um, 19 um, and 31 um.
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Figure 1. Phosphogypsum-based Construction Material.

Table 1. XRF analysis.

Component SiO, Al,O3 Fe, O3 MnO CaO K,O P,0s5 SO;3 SO0
Content (%) 6.758 0.395 0.052 0.102 37.993 0.082 1.021 53.524 0.073

Table 2. Physical properties of PVA fibers.

Monofilament Tensile Elastic

. . 0, . 3
Fiber Type Diameter/um Elongation/% Strength/MPa Modulus/GPa Density/g/em
15 6.9 1830 40 1.29
PVA fiber 19 10 1660 40 1.3
31 14 1500 38 1.3
2.2. Mix Proportion Design
In this study, three commonly used diameters and four different lengths of PVA fibers
in engineering applications were selected as the research objects. The fiber volume fraction
was determined based on the experience of other scholars [8], and the water dosage was
determined using a standard consistency test, as shown in Table 3. For each mixing ratio,
six cubic specimens with dimensions of 40 mm x 40 mm X 160 mm (as shown in Figure 2)
and three dog-bone-shaped specimens (as shown in Figure 3) were cast in the experiment.
In total, 366 cubic specimens and 183 dog-bone-shaped specimens were cast in this study.
Table 3. Mix Proportion Design.
Fiber . o Monofilament Phosphogypsum-Based
Type Length/mm Fiber Length/% Diameter/um Water/g Construction Material/g
Control group - 0 _
P-15/19/31-3-0.4% 0.4
P-15/19/31-3-0.8% 0.8
P-15/19/31-3-1.2% 3 1.2
P-15/19/31-3-1.6% 1.6 195 300
- -3~ 00 .
P-15/19/31-3-2.0% 2.0 15/19/31
P-15/19/31-6-0.4% 0.4
P-15/19/31-6-0.8% 0.8
P-15/19/31-6-1.2% 6 1.2
P-15/19/31-6-1.6% 1.6

P-15/19/31-6-2.0% 2.0
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Table 3. Cont.

Fiber . o Monofilament Phosphogypsum-Based

Type Length/mm Fiber Length/% Diameter/um Water/g Consfmctgi}(,)fl Material/g
P-15/19/31-9-0.4% 0.4
P-15/19/31-9-0.8% 0.8
P-15/19/31-9-1.2% 9 12
P-15/19/31-9-1.6% 1.6
P-15/19/31-9-2.0% 2.0
P-15/19/31-12-0.4% 0.4
P-15/19/31-12-0.8% 0.8
P-15/19/31-12-1.2% 12 1.2
P-15/19/31-12-1.6% 1.6
P-15/19/31-12-2.0% 2.0

Note: “P-15/19/31-3-0.4%" indicates that under the condition of maintaining the length of PVA fibers at 3 mm
and the volume fraction at 0.4%, PVA fibers with diameters of 15 um, 19 um, and 31 um were selected for the
experiment, and the remaining numbers are the same.

Figure 2. Cubic specimens.

Figure 3. “Dog-bone” shaped specimen.
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2.3. Experimental Test Methods

The fluidity and setting time of the PVAEGC slurry were measured according to the
method specified in “Measurement of Physical Properties of Construction Gypsum Paste”
(GB/T 17669.4-1999) [35]. The compressive, flexural, and bending strengths of PVAEGC were
measured according to “Measurement of Mechanical Properties of Construction Gypsum”
(GB/T 17669.3-1999) [36]. The loading devices are shown in Figures 4-6, respectively.

}‘

o - " i i
! X i Y Jd !
nlln'nt.-ﬂamm. 60 40 00 g 20 4 M0 M0 K00 WD 10K 80 0 20 M

Figure 5. Flexural test loading apparatus.

Figure 6. Bending test loading apparatus.
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The tensile strength of PVAEGC was measured using “dog-bone” shaped specimens,
with detailed dimensions shown in Figure 3. A universal testing machine was used for
tensile testing, and the loading device is illustrated in Figure 7. The loading rate was
0.15 mm/min, controlled by displacement, with a sampling frequency of 10 Hz.

Figure 7. Tensile test loading apparatus.

The microscopic morphology of the PVAEGC cross-section was observed using a scan-
ning electron microscope (SEM). Prior to testing, the specimen surfaces were coated with
gold. The equipment model used was VEGA3.

3. Results and Discussion

3.1. The Influence of PVA Fibers on the Working Properties of PVAEGC

3.1.1. The Influence of PVA Fibers on the Fluidity of Phosphogypsum-Based
Construction Material

Figure 8 shows the effect of PVA fibers on the fluidity of PVAEGC slurry. In the figure,
the fluidity value of 60 mm indicates that the fluidity of the PVAEGC slurry cannot be
measured. It can be seen from the figure that, with constant PVA fiber content and diameter,
the fluidity of the PVAEGC slurry decreases as the length of the PVA fibers increases; with
constant PVA fiber length and diameter, the fluidity of the PVAEGC slurry decreases as
the PVA fiber content increases; with constant PVA fiber length and content, the decrease
in the fluidity of the PVAEGC slurry gradually slows down as the diameter of the PVA
fibers increases.

In the case of a PVA fiber diameter of 15 um, when the fiber content reaches 1.6%,
the slurry of the experimental group with a fiber length of 12 mm loses its fluidity. When
the fiber content reaches 2.0%, the slurry of all experimental groups with different fiber
lengths loses its fluidity. In the case of a PVA fiber diameter of 19 um, when the fiber
content reaches 2.0%, the slurry of the experimental groups with fiber lengths of 9 mm
and 12 mm loses its fluidity. In the case of a PVA fiber diameter of 31 um, when the fiber
content reaches 2.0%, the slurry of the experimental groups with fiber lengths of 9 mm and
12 mm loses its fluidity.
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Figure 8. The influence of PVA fibers on the fluidity of PVAEGC.

3.1.2. The Influence of PVA Fibers on the Setting Time of Phosphogypsum-Based
Construction Material

(1) The influence of PVA fibers on the initial setting time of PVAEGC

Figure 9 shows the effect of PVA fibers on the initial setting time of PVAEGC. For the
experimental groups with slurry losing fluidity (the fluidity value is 60 mm in the figure),
the setting time measurement will no longer be carried out. It can be seen from the figure
that, with constant PVA fiber content and diameter, the initial setting time of PVAEGC
slurry gradually shortens as the length of PVA fibers increases; with constant PVA fiber
length and diameter, the initial setting time of PVAEGC slurry gradually shortens as the
PVA fiber content increases; with constant PVA fiber length and content, the shortening
speed of the initial setting time of PVAEGC slurry gradually slows down as the diameter of
the PVA fibers increases.

For PVA fibers with a diameter of 15 um, when the fiber content reaches 1.6% and the
length reaches 9 mm, the initial setting time of the slurry is shortened from 8 min 50 s of
the blank group to 3 min 25 s. For PVA fibers with a diameter of 19 pm, when the fiber
content reaches 2.0% and the length reaches 6 mm, the initial setting time of the slurry is
shortened from 8 min 50 s of the blank group to 4 min. For PVA fibers with a diameter of
31 um, when the fiber content reaches 2.0% and the length reaches 6 mm, the initial setting
time of the slurry is shortened from 8 min 50 s of the blank group to 4 min 33 s.

(2) The influence of PVA fibers on the final setting time of PVAEGC

Figure 10 shows the effect of PVA fibers on the final setting time of PVAEGC. From
the figure, with constant PVA fiber content and diameter, the final setting time of PVAEGC
slurry gradually shortens as the length of PVA fibers increases; with constant PVA fiber
length and diameter, the final setting time of PVAEGC slurry gradually shortens as the
PVA fiber content increases; with constant PVA fiber length and content, the shortening
speed of the final setting time of PVAEGC slurry gradually slows down as the diameter of
the PVA fibers increases.
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Cotrol group [l 15um 0] 19um 31um‘

. T T
i Il
iber length/cm| 0 316[(9]112]13([6]9](12

Fiber volume [0% 0.4% 0.8% 1.2% 1.6% 2%

Setting time/min

Figure 9. The influence of PVA fibers on the initial setting time of PVAEGC.
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Figure 10. The influence of PVA fibers on the final setting time of PVAEGC.
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For PVA fibers with a diameter of 15 um, when the fiber content reaches 1.6% and the
length reaches 9 mm, the final setting time of the slurry is shortened from 12 min 40 s of the
blank group to 7 min 5 s. For PVA fibers with a diameter of 19 um, when the fiber content
reaches 2.0% and the length reaches 6 mm, the final setting time of the slurry is shortened
from 12 min 40 s of the blank group to 7 min 15 s. For PVA fibers with a diameter of 31 pum,
when the fiber content reaches 2.0% and the length reaches 6 mm, the final setting time of
the slurry is shortened from 12 min 40 s of the blank group to 7 min 45 s.

3.2. The Influence of PVA Fibers on the Mechanical Properties of PVAEGC
3.2.1. The Influence of PVA Fibers on the Flexural Strength of PVAEGC

Figure 11 shows the effects of PVA fiber length, content, and diameter on the flexural
strength of PVAEGC. From the figure, it can be seen that, with constant PVA fiber content
and diameter, as the length of PVA fibers increases, the flexural strength of PVAEGC
specimens generally shows a gradually increasing trend; with constant PVA fiber length and
diameter, as the PVA fiber content increases, the flexural strength of PVAEGC specimens
shows a trend of increasing first and then decreasing; with constant PVA fiber length and
content, as the diameter of PVA fibers increases, the rate of the increase in flexural strength
of PVAEGC specimens gradually slows down.

11

| —— 15um I | Cotrol group- 15pm- 19um | |31um‘
10 F —— 19um
31pum

o]

Flexural Strength/MPa

Fiber length/em [0 | 3 [6 ]9 (1213 |6[9|12]3 [6]|9(12(3 |6]9|12]3 |6[9]|12
Fiber volume [0% 0.4% 0.8% 1.2% 1.6% 2%

Figure 11. The influence of PVA fibers on the flexural strength of PVAEGC.

Under the condition of PVA fiber diameter being 15 um, when the fiber content is 1.6%
and the length is 12 mm, the flexural strength of the specimen reaches its maximum value,
with a strength value of 10.07 MPa, an increase of 273.00% compared to the blank group.
Under the condition of PVA fiber diameter being 19 um, when the fiber content is 1.6% and
the length is 12 mm, the flexural strength of the specimen reaches its maximum value, with
a strength value of 6.86 Mpa, an increase of 154.11% compared to the blank group. Under
the condition of PVA fiber diameter being 31 um, when the fiber content is 1.6% and the
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length is 12 mm, the flexural strength of the specimen reaches its maximum value, with
a strength value of 6.32 Mpa, an increase of 133.93% compared to the blank group.

In summary, the incorporation of PVA fibers can significantly improve the flexural
strength of the specimens. The flexural strength of PVAEGC specimens is optimal when
the diameter of PVA fibers is 15 pm, the content is 1.6%, and the length is 12 mm.

3.2.2. The Influence of PVA Fibers on the Compressive Strength of PVAEGC

Figure 12 shows the effects of PVA fiber length, content, and diameter on the com-
pressive strength of PVAEGC. With constant PVA fiber content and diameter, as the length
of PVA fibers increases, the compressive strength of PVAEGC specimens generally shows
a gradually increasing trend; with constant PVA fiber length and diameter, as the PVA
fiber content increases, the compressive strength of PVAEGC specimens shows a trend
of increasing first and then decreasing; with constant PVA fiber length and content, as
the diameter of PVA fibers increases, the rate of the increase in compressive strength of
PVAEGC specimens gradually slows down, and when the fiber diameter is too large and
the content is small, the compressive strength of the specimens is lower than that of the
blank group.

—
3

[ Cotrol group [ 15pm [ 19um [ 31pm| —— 15um
—— 19um

3lum

—_
(@)}
T

Compressive Strength/MPa
SZTS0 % RO

— N W R N N 0 O

Fiber length/em | O [ 3 [6 (9|12 3 [6[9[12(3 [6|9(12(3 [6[9|12(3|6[9]|12
Fiber volume (0% 0.4% 0.8% 1.2% 1.6% 2%

Figure 12. The influence of PVA fibers on the compressive strength of PVAEGC.

Under the condition of the PVA fiber diameter being 15 um, when the fiber content
is 0.8% and the length is 9 mm, the compressive strength of the specimen reaches its
maximum value, with a strength value of 15.48 MPa, an increase of 34.73% compared to
the blank group. Under the condition of the PVA fiber diameter being 19 um, when the
fiber content is 1.2% and the length is 12 mm, the compressive strength of the specimen
reaches its maximum value, with a strength value of 14.61 MPa, an increase of 27.15%
compared to the blank group. Under the condition of the PVA fiber diameter being 31 pum,
when the fiber content is 1.6% and the length is 12 mm, the compressive strength of the
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specimen reaches its maximum value, with a strength value of 12.52 MPa, an increase of
8.96% compared to the blank group.

In summary, the influence of PVA fibers on the compressive strength of PVAEGC is
relatively small. The compressive strength of the specimens is optimal when the diameter
of PVA fibers is 15 um, the content is 0.8%, and the length is 9 mm.

3.2.3. The Influence of PVA Fibers on the Bending Strength of Phosphogypsum-Based
Building Materials

Figure 13 shows the effects of PVA fiber length, content, and diameter on the bending
strength of PVAEGC. With constant PVA fiber content and diameter, as the length of PVA
fibers increases, the bending strength of PVAEGC specimens gradually increases; with
constant PVA fiber length and diameter, as the PVA fiber content increases, the bending
strength of PVAEGC specimens shows a trend of increasing first and then decreasing; with
constant PVA fiber length and content, as the diameter of PVA fibers increases, the rate of
the increase in bending strength of PVAEGC specimens gradually slows down.

11 L —— 15um I Cotrol group [ 151m 0] 19um | |3lpm‘
| | 19um
10 31um

Bending Strength/MPa
(o)

Fiber length/em | 0 | 3 |69 (12| 3 |6(9[12]13[6]9]12(3 69123 |6]|9(12
Fiber volume [0% 0.4% 0.8% 1.2% 1.6% 2%

Figure 13. The influence of PVA fibers on the bending strength of PVAEGC.

Under the condition of the PVA fiber diameter being 15 um, when the fiber content is
1.6% and the length is 12 mm, the bending strength of the specimen reaches its maximum
value, with a strength value of 10.73 MPa, an increase of 164.29% compared to the blank
group. Under the condition of the PVA fiber diameter being 19 pm, when the fiber content
is 1.6% and the length is 12 mm, the bending strength of the specimen reaches its maximum
value, with a strength value of 7.38 MPa, an increase of 81.77% compared to the blank group.
Under the condition of the PVA fiber diameter being 31 um, when the fiber content is 1.6%
and the length is 12 mm, the bending strength of the specimen reaches its maximum value,
with a strength value of 6.83 MPa, an increase of 68.23% compared to the blank group.
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In summary, PVA fibers can significantly improve the bending strength of PVAEGC.
The bending strength of the specimens is optimal when the diameter of PVA fibers is 15 pm,
the content is 1.6%, and the length is 12 mm.

3.2.4. The Influence of PVA Fibers on the Tensile Strength of PVAEGC

Figure 14 shows the effects of PVA fiber length, content, and diameter on the tensile
strength of PVAEGC. With constant PVA fiber content and diameter, as the length of PVA
fibers increases, the tensile strength of PVAEGC specimens generally shows a gradually
increasing trend; with constant PVA fiber length and diameter, as the PVA fiber content
increases, the tensile strength of PVAEGC specimens presents a trend of increasing first
and then decreasing; with constant PVA fiber length and content, as the diameter of PVA
fibers increases, the rate of the increase in tensile strength of PVAEGC specimens gradually
slows down.

—— 15um “ | Cotrol group [ 15um [0 19um)| |31um‘
- 19um
31um

3.0

- g 0
W o W

Tensile Strength/MPa

—_
[e)

0.5

Fiber length/em | 0 [ 3 |6 (9 |12( 3 |6(9|12(3 |6(9|12(3]6]9]12
Fiber volume 0% 0.4% 0.8% 1.2% 1.6% 2%

Figure 14. The influence of PVA fibers on the tensile strength of PVAEGC.

Under the condition of the PVA fiber diameter being 15 pm, when the fiber content
is 1.6% and the length is 9 mm, the tensile strength of the specimen reaches its maximum
value, with a strength value of 2.90 MPa, an increase of 100.00% compared to the blank
group. Under the condition of the PVA fiber diameter being 19 pm, when the fiber content
is 1.6% and the length is 9 mm, the tensile strength of the specimen reaches its maximum
value, with a strength value of 2.67 MPa, an increase of 84.14% compared to the blank group.
Under the condition of the PVA fiber diameter being 31 um, when the fiber content is 1.6%
and the length is 12 mm, the tensile strength of the specimen reaches its maximum value,
with a strength value of 2.19 MPa, an increase of 51.03% compared to the blank group.

In summary, PVA fibers can significantly improve the tensile strength of PVAEGC.
The tensile strength of the specimens is optimal when the diameter of PVA fibers is 15 pm,
the content is 1.6%, and the length is 9 mm.
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3.2.5. The Influence of PVA Fibers on the Flexural-to-Compressive Strength Ratio and
Tensile-to-Compressive Strength Ratio of PVAEGC

The flexural-to-compressive strength ratio and tensile-to-compressive strength ratio
are important indicators for evaluating the toughness of composite materials. The higher
the ratios, the better the toughness of the composite material, and vice versa. Figure 15
shows the influence of PVA fibers on the tensile-to-compressive strength ratio and flexural-
to-compressive strength ratio of PVAEGC. In the legend, “P-15-3” represents the addition
of PVA fibers with a diameter of 15 pm and a length of 3 mm, and the other legends follow
the same pattern.

0.8 0.22
0.21 -
0.7
8 _020F
S EN
<06 )
< 5 0.19
4 151
° 4
E 05 E 0.18
% %
g % 0.17
Eo04 £
3 So.16
Ei = 0.15
a 0.3 £
= =
R~ o2l —=—P-15-3 ——P-15-6 —4—P-15-9 —+—P-15-12 0.14 —=—P-15-3 ——P-15-6 —A—P-15-9 —v—P-15-12
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Figure 15. The influence of PVA fibers on the flexural-to-compressive strength ratio and tensile-to-
compressive strength ratio of PVAEGC: (a) flexural-to-compressive strength ratio and (b) tensile-to-
compressive strength ratio.

As shown in the figure, the addition of PVA fibers can significantly improve the
flexural-to-compressive strength ratio and tensile-to-compressive strength ratio of PVAEGC.
As the diameter of PVA fibers increases, both the flexural-to-compressive strength ratio and
tensile-to-compressive strength ratio of PVAEGC show a downward trend, indicating that
PVA fibers with smaller diameters can better improve the toughness of composite materials.
When the fiber content does not exceed 1.6%, the flexural-to-compressive strength ratio
and tensile-to-compressive strength ratio of PVAEGC show an increasing trend; when the
fiber content continues to increase, the ratios of some specimens decrease.

When the diameter of PVA fibers is 15 pm, the length is 12 mm, and the content is
1.6%, both the tensile-to-compressive strength ratio and flexural-to-compressive strength
ratio of PVAEGC reach their peak values. The peak values of the flexural-to-compressive
strength ratio and tensile-to-compressive strength ratio are 0.760 and 0.218, respectively,
which are 223.40% and 73.02% higher than those of the blank group, respectively.

3.2.6. Potential Research Value and Application Prospect of PVAEGC

Due to the poor characteristics of low strength and poor toughness in phosphogypsum-
based construction materials, they cannot be widely used. Many researchers have attempted
to enhance the performance of phosphogypsum-based construction materials by incorpo-
rating various types of fibers. As shown in Table 4, compared to basalt fibers, carbon fibers,
and polypropylene fibers, PVA fibers can significantly enhance the flexural strength and
bending strength of phosphogypsum-based construction materials, with strength enhance-
ments of 273.0% and 164.3%, respectively, compared to the control group. However, the
enhancement effect on compressive strength is not as significant, with only a 30.5% increase,
while polypropylene fibers achieve a 50.4% increase in compressive strength. Therefore, uti-
lizing PVA fibers to prepare high-toughness PVAEGC and applying them in fields with high
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toughness requirements is an effective way to utilize phosphogypsum-based construction
materials, and it holds promising application prospects.

Table 4. Influence of PVA fiber incorporation and other fiber incorporation on phosphogypsum-based
construction material.

Here Incorporating Basalt Fibers [24] Incorporating Carbon Fibers [37] Incorporalgirﬁgrls’olyﬁjropylene
Index
Control Maximum Amplitude  Control Maximum Amplitude Control Maximum Amplitude  Control Maximum Amplitude
Group Value Increase Group Value Increase Group Value Increase Group Value Increase
Flexural o, o, 0
Strength/MPa 270 10.07 273.0% - - - 4.50 7.90 75.6% 6.46 8.98 30.0%
Bending o o
Strength/MPa 4.06 10.73 164.3% 4.37 7.78 78.2%
SCOmP‘e551ve 1149 14.99 30.5% 34.65 38.35 10.7% 9.90 11.90 20.2% 17.63 26.52 50.4%
trength/MPa
Tensile o
Strength/MPa 145 2.89 99.3% - - - - - -

3.3. Observation of the Microstructure of PVA Fibers and Analysis of Their Influence Mechanism
on PVAEGC

Through SEM analysis of PVAEGC containing PVA fibers with different lengths and
contents, the microstructure and bonding situation between fibers and the phosphogypsum-
based matrix under different influencing factors were obtained, and a preliminary analysis
of the influence mechanism was conducted based on the above experimental results. Due
to the small range that can be observed in SEM scanning, it is not possible to distinguish
the changes in fiber length.

3.3.1. The Influence Mechanism of PVA Fibers on the Workability of PVAEGC

As the length and content of PVA fibers increase, a three-dimensional network struc-
ture is formed in the slurry, which increases the internal friction of the slurry and leads to
a decrease in fluidity. In addition, as shown in Figure 16, the molecular structure of PVA
fibers contains hydroxyl groups, which are hydrophilic groups that can adsorb a part of
free water, causing a change in the water distribution in the slurry and thus making the
PVAEGC slurry lose its plasticity earlier. The black arrow in the figure indicates the moving
direction of water.
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Figure 16. Model of the influence of PVA fibers on the distribution of free water in PVAEGC slurry.

When the fiber length and content are constant, as the diameter of PVA fibers increases,
the number of fibers decreases, and the specific surface area of the fibers gradually decreases.
As a result, the amount of free water adsorbed by PVA fibers in the slurry also decreases,
leading to a slower decrease in fluidity and an increase in setting time. In addition, when
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the fiber length and content are constant, fibers with smaller diameters have more roots,
which makes it easier to form a three-dimensional network structure in the slurry, resulting
in a faster decrease in the fluidity of the slurry.

3.3.2. The Influence Mechanism of PVA Fibers on the Mechanical Properties of PVAEGC

As can be seen from Figure 17a, the hardened phosphogypsum is a porous material
and PVA fibers have good hydrophilicity which can be better combined with the phosph-
ogypsum matrix, making the internal structure of PVAEGC more compact and thereby
improving the strength of PVAEGC. In addition, the addition of PVA fibers can effectively
transfer stress and play a good bridging role. The bridging effect of PVA fibers changes
the internal stress distribution of PVAEGC, limits the extension of stress, and makes the
specimen bear the external load together with the matrix, achieving a toughening effect
and improving the flexural strength [24].
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Figure 17. Microstructure under different PVA fiber contents (a) blank group, (b) 0.4%, (c) 0.8%,
(d) 1.2%, (e) 1.6%, (f) 2.0%.
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From Figures 17 and 18, it can be seen that when the content of PVA fibers is too low,
the fibers cannot be completely and uniformly dispersed in the gypsum matrix, and the
distance between the fibers is relatively large (as shown in Figures 17b and 18a). Although
the bridging effect occurs in the matrix under external force, the strength is improved
but the crack restriction is not significant and the strength improvement is limited. When
the content of PVA fibers is moderate, PVA fibers are evenly distributed in the matrix
without entanglement or agglomeration (as shown in Figure 18b), and the hydrophilic
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hydroxyl groups in PVA fibers are conducive to the precipitation and crystallization of
calcium sulfate dihydrate on their surface, resulting in better adhesion between fibers and
phosphogypsum matrix, making the internal structure of PVAEGC more compact, and thus
improving the bridging effect of fibers [37]. When the content of PVA fibers is excessive,
the dispersion ability of PVA fibers in the slurry is poor, and it is prone to phenomena
such as crossing, entanglement, and agglomeration of uneven distribution (as shown in
Figures 17f and 18c), which will increase the internal pores and defects of the specimens,
leading to an increase in porosity and a decrease in the compactness of the matrix. After
the slurry hardens, the content of phosphogypsum in these unevenly distributed areas
is relatively small, becoming stress concentration areas, which leads to a decrease in the
strength of PVAEGC [37].

D
/ \

- \
A \
Gapsum ceystal (v\p um n\ml
- y < {

A

PVA fibers l‘\ A l|lm\
) o ang "
- 4

A_\ /

]

-_\—ﬁ

\mdi

Figure 18. PVAEGC model under different PVA fiber contents: (a) too little content, (b) moderate
content, and (c) excessive content.

From Figure 19, it can be seen that when short PVA fibers are added, although they
can play a certain bridging role, the length is too short (Figure 19a), making it easy for the
fibers to be pulled out when PVAEGC cracks, so the strength improvement effect is not
very significant. As the length increases, the bonding force between PVA fibers and the
gypsum matrix hinders the pull-out of the fibers, thereby preventing the development of
cracks and improving the strength. When the length of PVA fibers continues to increase,
their dispersion ability in the slurry becomes worse, and it is prone to phenomena such as
crossing, entanglement, and agglomeration of uneven distribution (as shown in Figure 19c).
After the slurry hardens, the content of phosphogypsum in these unevenly distributed
areas is relatively small, becoming stress concentration areas, which leads to a decrease
in the strength of the specimens. In addition, when the length of PVA fiber is too short
to reach the critical length of the fiber, the phosphorus building gypsum base may not be
able to effectively transfer the load to the PVA fiber, resulting in low flexural strength of
the specimen. When the length of PVA fiber is moderate and meets the critical length of
fiber, PVA fiber can effectively share load and provide enough deformation capacity, which
greatly improves the flexural strength of the specimen [39].

The mechanical strength of PVAEGC depends on the strength of the fiber bridging
stress. From the perspective that the bridging stress of the fiber is a function of the fiber
quantity, the finer the fiber, the more the number of fibers under the same content (as shown
in Figure 20), which is more beneficial to the bridging stress, so the strength is higher. In
addition, the strength of PVAEGC is also related to the wrapping force of the fibers [35].
Under the same content, the finer the fiber diameter, the greater the number of fibers, and
the larger the specific surface area of the fibers, which increases the wrapping force of the
fibers, thereby leading to an increase in the strength of PVAEGC [40,41].
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Figure 20. PVAEGC model under different PVA fiber diameters (a) small diameter, (b) medium
diameter, (c) large diameter.

4. Conclusions

This study evaluates the influence of PVA fibers with different lengths, diameters,
and dosages on the workability and mechanical properties of phosphogypsum-based
construction material. Based on the experimental results and analysis, the following
conclusions can be drawn:

PVA fibers can reduce the fluidity of PVAEGC slurry. As the length and content of PVA
fibers increase, the fluidity of the PVAEGC slurry gradually decreases. As the diame-ter
of PVA fibers increases, the rate of decrease in the fluidity of PVAEGC slurry gradually
slows down.

PVA fibers can shorten the setting time of PVAEGC slurry. As the length and content
of PVA fibers increase, the initial and final setting times of the slurry gradually shorten.
As the diameter of PVA fibers increases, the rate of shortening of the initial setting time of
PVAEGC slurry gradually slows down.

PVA fibers can significantly improve the flexural strength, bending strength, and
ten-sile strength of PVAEGC, but the improvement effect on flexural strength is not obvious.
When PVA fibers with a diameter of 15 um, length of 12 mm, and volume fraction of
1.6% are used, the specimens exhibit maximum values for flexural strength, bending
strength, and tensile strength, with strength values of 10.071 MPa, 10.73 MPa, and 2.89 MPa,
respectively. Compared to the control group, the strength enhancements are 273.00%,
164.29%, and 99.31%, respectively. When the fiber diameter is 15 pm, length is 12 mm, and
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volume fraction is 0.8%, the compressive strength of the specimens reaches a maximum of
14.99 MPa, with a strength enhancement of 30.46% compared to the control group.

Considering all performance aspects, the optimal performance of PVARGC is achieved
when PVA fibers with a diameter of 15 pm, length of 12 mm, and dosage of 1.6% are used.
Under this mixing ratio, the strength values of the specimens for flexural strength, bending
strength, compressive strength, and tensile strength are 10.07 MPa, 10.73 MPa, 13.25 MPa,
and 2.89 MPa, respectively. Compared to the control group, the strength enhancements are
273.00%, 164.29%, 15.32%, and 99.31%, respectively.

Based on the experimental results and analysis, it is recommended that engineers and
designers consider the cost-effectiveness of PVAEGC and conduct comprehensive cost-
benefit analyses in specific projects, while balancing cost and performance. Additionally,
it is suggested to conduct more tests in different environments and conditions to ensure
that the optimal mixing ratio provided by the experimental results maintains superior
performance in various situations.
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