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Abstract: Current conventional cement materials are no longer able to meet the actual usage needs
of geotechnical engineering. In order to improve the workability of cement materials used in
geotechnical, transportation, and mining engineering, it is necessary to improve the formulation of
cement materials. Polypropylene fibers (PVAF), polyvinyl alcohol fibers (PPF), and fly ash (FA) are
used in this study to modify Portland–sulfoaluminate composite cement to improve the workability of
the cement material system. Meanwhile, the microstructure that affects the system performance was
also studied. The research results indicate that adding FA to the composite cement system can improve
its fluidity. In the later stage of hydration, due to the volcanic ash reaction, the production of hydration
products will increase, but it will not affect the type of hydration products. Adding PPF-PVAF can
effectively improve the strength performance of the cement system. The compressive strength reached
24.61 MPa after 28 days of curing, which was 13.8% higher than the blank sample. Adding calcium
hydroxide powder and FA to the system can improve the fluidity of the cement system to a certain
extent and positively impact the later strength. After 28 days of curing, the compressive strength of
experimental group 9 reached 30.21 MPa, which increased by 70.5% compared to after 7 days These
results were found at the microscopic level, based on analyses via XRD, TG, and SEM. The Mix-EXP
cured for 28 days has better hydration product content and composition arrangement of cement
slurry than the O-S-C cured for 28 days.

Keywords: cement-based material; cement performance; fly ash; fiber additives; microstructure

1. Introduction

With the advancement of development projects in western China, underground
projects such as tunnel construction and mining development are gradually moving to-
wards tunnel construction and mining development in the central and western regions. The
more complex geological environment and the increasing difficulty of geological disaster
prevention and control have put forward new requirements for engineering technology
and material properties.

Grouting technology is widely used in tunnel construction, mining, and geotechnical
engineering to prevent water inrush, reinforce broken surrounding rocks, etc. [1–4]. The
sulfoaluminate cement (SAC) invented by Chinese researchers in the 1960s has the char-
acteristics of high early strength, corrosion resistance, and shrinkage compensation [5–7],
which was initially promoted and used as a material to compensate for the shrinkage
performance of ordinary Portland cement (OPC). Now, it has been actively used as a com-
mon grouting material in various construction sites [8–10]. At present, SAC is gradually
exposed to problems such as difficulties in controlling the setting time and a decrease in the
strength of cement in the middle and later stages, which limits its stability in engineering

Coatings 2024, 14, 989. https://doi.org/10.3390/coatings14080989 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings14080989
https://doi.org/10.3390/coatings14080989
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-1023-9280
https://doi.org/10.3390/coatings14080989
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14080989?type=check_update&version=1


Coatings 2024, 14, 989 2 of 16

applications. In underground engineering, such as tunnels and geotechnical engineering,
the later strength reduction in grouting materials will lead to problems such as faults,
tunnel leakage, and reduced efficiency of mine gas extraction, seriously affecting the project
quality [11,12]. In addition, with the proposal of the “dual carbon” theory, in the context of
carbon peaking and carbon neutrality, according to the initiatives of relevant departments
and industry associations, China’s construction materials industry is expected to fully
achieve carbon peaking by 2025, including the cement industry [13,14].

In recent years, to improve the issues above, many researchers have attempted to
improve the performance of the sulfoaluminate cement system by adding fibers, limestone
powder, and other substances as well as by partially replacing cement with fly ash (FA) to
reduce carbon emission faults [15–17].

In the production process of Portland cement clinker, the use of limestone will emit
a large amount of CO2, while the calcination temperature of SAC lowers by 100–150 ◦C
compared to Portland cement, which can reduce energy consumption by 27% to 37% and,
correspondingly, reduce CO2 emissions by 18% to 48% [18]. Therefore, the appropriate
application of SAC can reduce CO2 emissions in the production process and positively
affect overall sustainable development.

SAC has specific expansion characteristics, and the degree of expansion can be con-
trolled by adding Portland cement to the sulphoaluminate cement system [19]. The mixture
of sulfoaluminate cement and Portland cement (OPC–SAC mixture) is also known as
type-K cement [20]. According to the relevant research, adding 10% SAC to the Portland
cement system does not affect the hydration mechanism of tricalcium silicate. However,
the increase in sulfate content in the system will delay the tricalcium silicate reaction and,
to some extent, increase the amount of ettringite [21]. The increase in ettringite content
will shorten the overall early hardening time of the composite cementitious system and
enhance the early strength of the system.

Fly ash (FA) mainly comes from the solid waste generated by coal-fired power gen-
eration in thermal power plants and is a potentially valuable artificial volcanic ash re-
source [22–24]. Scholars have found that the rational use of high-quality FA in concrete can
benefit concrete systems. At present, a large number of experts and scholars have incorpo-
rated FA into cement-based materials to improve the relevant properties of cement-based
materials, achieving the goals of reducing costs, improving workability, and increasing
strength and durability [25,26]. When fly ash is present in the system, adding calcium
hydroxide can significantly shorten the setting time of the composite cement slurry. When
mixed with FA, it can improve the compressive strength of the cementitious material in the
composite cement–fly ash system. Moreover, with the increase in calcium hydroxide con-
tent, the strength of the composite material gradually increases. In alkaline environments,
the hydration process of cement will accelerate, with an increase in the amount of ettringite
in the early stages of hydration. Additionally, calcium hydroxide can react with aluminum
silicate glass in fly ash to generate more C-S-H cementitious materials, fill harmful pores in
hardened cement paste, and improve the structure of cement paste [27,28].

Polyvinyl alcohol fiber (PVAF) material has a strain-hardening effect and high ultimate
tensile strain [29–32]. Adding fibers to cement can improve the early mechanical properties
of the cement matrix but may, to some extent, weaken the compressive strength of a 28-day-
old cement matrix [33]. Some scholars have also studied the influence of fiber length on the
dispersion amounts of fibers in the medium system with fibers added. Their studies found
that fiber length affects the dispersion amounts of fibers in the medium system. The longer
the fiber, the smaller its dispersion amount in the dispersion medium is and the easier it is
to aggregate, resulting in a decrease in the fluidity of the slurry [34]. Another type of fiber,
polypropylene fiber (PPF), has the characteristics of high strength, high toughness, stable
chemical properties, chemical corrosion resistance, and easy uniform dispersion in cement
concrete systems [35,36].

The main objective of this study is to combine OPC with SAC and add materials
such as FA, PPF, and PVAF to the composite cement system to improve the compressive,
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flowability, and setting properties of cement materials. At the same time, micro testing and
analysis methods are used to explore the reasons for the differences between the mixed
cement system and ordinary cement.

2. Experimental Study
2.1. Raw Materials

This study used 42.5 grade OPC and low-alkalinity SAC, with fly ash (FA) added
as the substrate. The PPF (polypropylene fiber) and PVAF (polyvinyl alcohol fiber) used
as additives come from Shanghai Chenqi Chemical Technology Co., Ltd., Nanqiao Town,
China, and the calcium hydroxide comes from Xilong Chemical Co., Ltd., Shantou, China.
The chemical composition of SAC, OPC, and FA is shown in Table 1, and the performance
parameters of cement and fibers used in the experiment are shown in Tables 2 and 3.

Table 1. Chemical composition of OPC, SAC, and FA.

Components SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O TiO2 Loi

OPC/wt.% 18.81 4.71 2.71 60.21 2.21 3.55 0.732 0.63 3.78
SAC/wt.% 7.1 17.83 4.11 3.71 0.49 18.81 0.86 1.49 2.21
FA/wt.% 57.4 28.6 3.86 1.44 2.71 0.45 3.66 - 0.33

Table 2. Physical properties of cements.

OPC
W/C

Setting time/min Compressive strength/MPa Flexural strength/MPa

Initial Final 3 d 28 d 3 d 28 d

0.5 213 280 14.5 45.8 6.0 8.9

SAC
W/C

Setting time/min Compressive strength /MPa Flexural strength /MPa

Initial Final 1 d 7 d Initial Final

0.5 25 36 10.6 50.4 6.4 7.9

Table 3. Physical properties of PPF and PVAF.

Product Name Diameter/µm Fiber
Length/mm

Tensile
Strength/MPa

Elastic
Modulus/GPa

PPF 48 6 450 8
PVAF 20 6 1600 35

2.2. Sample Mix Proportion Plan and Specimen Production

The water–cement ratio used in this experiment was 0.5, and the blank control group
was made of an OPC–SAC mixture. FA at 10% and 20% was used to replace cement
to make cement mortar. In addition, experimental groups with different fiber dosages
were set up based on the blank group. The experimental plan is shown in Table 4. The
production steps of the specimen are as follows: First, weigh the cement, FA, and water
reducer and pour them into a mixer. Stir at low speed (140 ± 5 r/min) for one and a half
minutes, mix evenly, add sufficient tap water, continue stirring at low speed for 90 s, and
mix at high speed (285 ± 10 r/min) for 90 s. Finally, pour the evenly mixed cement mortar
into a 70 mm × 70 mm × 70 mm cement test mold and place it in a curing box. Set the
temperature to 20 ± 2 ◦C and humidity to 90 ± 5% for the corresponding curing time. After
reaching the expected curing time (1 d, 7 d, 14 d, and 28 d), take it out for testing. The
preparation process of cement samples is shown in Figure 1.
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Table 4. Cement mix proportion of specimens.

Experiment Group Number Specimen Code
Weight/g

OPC SAC FA PPF PVAF Water

1 O-S-C(control) 700 300 0 0 0 500
2 O-S-FA0.1 630 270 100 0 0 500
3 O-S-FA0.2 560 240 200 0 0 500
4 O-S-PPF1.0 700 300 0 1.0 0 500
5 O-S-PPF2.0 700 300 0 2.0 0 500
6 O-S-PVAF1.0 700 300 0 0 1.0 500
7 O-S-PVAF2.0 700 300 0 0 2.0 500
8 O-S-PP&PVA 700 300 0 1.5 0.5 500
9 Mix-EXP 630 270 100 1.5 0.5 500
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2.3. Test Methods
2.3.1. Setting Time and Fluidity

According to the requirements of GB/T1346-2011 (ISO 9597:2008), the setting time
of the cement mortar material prepared in this experiment was measured using a Vicat
apparatus [37]. Before measuring the setting time, it is necessary to check whether the
movement of the metal rod is restricted and adjust the test needle of the zeroing caliper.
Inject the cement slurry into the test mold, shake and scrape it flat, and cure it. The initial
time for measuring the setting time is the time when water is added to the cement and
stirred. The main steps of the setting time test are as follows: after counting for 30 min, take
the specimen out of the curing box for the first test. Install the initial setting test needle,
place the test piece horizontally under the test needle, adjust the needle tip of the initial
setting test needle to just touch the surface of the test piece, tighten the screw, wait for 1–2 s
to quickly relax the test piece, let the test needle fall freely into the test piece, and read the
scale after the test needle stops sinking or is released for 30 s. When the test needle sinks
to a distance of 4 mm ± 1 mm from the glass plate and no longer changes, the specimen
reaches the initial setting state. The time from the start of stirring is the initial setting time
of the specimen. After measuring the initial setting time, replace the final setting test needle
and flip the mold 180◦ onto the glass plate to continue curing. Conduct a test every 15 min,
and be careful not to let the test needle repeatedly fall into the pinhole left by the previous
test. When the final setting test needle sinks to the surface of the specimen by 0.5 mm or no
longer leaves any circular marks, the specimen reaches the final setting state.
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The fluidity test of cement slurry was conducted in accordance with the relevant
requirements of the “Method for Determining the Fluidity of Cement Mortar” (GB/T2419-
2005) [38]. The main experimental steps are as follows: before testing, wipe the mold, glass
plate, and other testing tools with a wet towel to keep them moist, place the truncated cone
round mold in the center of the glass plate, and prepare the cement slurry according to
the standard. Quickly inject the prepared cement slurry into the truncated cone mold and
compact it with a scraper to level the surface. Lift the truncated cone mold vertically to
allow the cement slurry to flow freely on the glass plate. When the cement slurry begins to
flow, use a stopwatch to time it. After the slurry flows for 30 s, use a ruler to measure the
maximum diameter in two perpendicular directions and calculate the average value. Each
test is conducted three times, and the arithmetic average value is taken as the fluidity test
value of the cement slurry.

2.3.2. Mechanical Strength Testing

After curing the specimens in a standard curing box for 1 day, 7 days, 14 days, and
28 days, according to GB/T17671-2021, the YAW-300A microcomputer-controlled electro-
hydraulic servo pressure testing machine was selected to test the compressive strength of
the experimental specimens, and the sample size was set at 70 mm × 70 mm × 70 mm [39].
The maximum test load was set to 300 KN, and the loading rate was fixed at 1 mm/s. Three
specimens were tested in each group to ensure the authenticity of the data.

2.3.3. X-ray Diffraction Analysis

X-ray diffraction is a widely used and validated crystallographic analysis method.
X-ray has a short wavelength and strong penetration ability, which can analyze materials
based on their composition and composition. Crystal materials are generally composed of
crystal cells with regular atomic arrangement. X-ray diffraction can be used to analyze the
phase and crystal structure of crystal materials. Perform X-ray diffraction analysis on the
specimen and analyze the products of cement hydration reaction through Cu Ka radiation,
with the radiation range set to 2θ (5–70◦) [40,41]. After the specimen reaches the curing age,
soak the raw material sample in anhydrous ethanol for one week, terminate the hydration
reaction of the sample, and prepare the powder for scanning. When preparing the sample
powder, an appropriate amount of anhydrous ethanol can be added for wet grinding and
placed in an oven to dry at 40 ◦C for 48 h. After drying, use the instrument to scan the
sample powder.

2.3.4. Thermogravimetric Analysis

Thermogravimetric analysis is a method of measuring the relationship between mate-
rial mass, temperature, and time by controlling temperature through a program. By heating
the test sample at high temperature and recording the mass loss in the sample, it is possible
to study the composition of the material and its possible products and further obtain the
thermal stability of the sample as well as the relationship between the composition of the
sample and the pyrolysis quality [42,43]. The sample preparation process for thermogravi-
metric analysis is similar to that of X-RD (X-ray diffraction) samples. The analysis steps are
as follows: N2 is used as the protective gas during the analysis process, and 5–20 mg of the
sample is placed in an empty crucible until the substance stabilizes and is weighed. The
experimental heating temperature range is set to 25–700 ◦C, and the heating speed is set to
10 ◦C/min.

2.3.5. Scanning Electron Microscopy

At present, scanning electron microscopy (SEM) analysis is widely used in the study
of cement materials. By observing cement samples using SEM, the microstructure, product
morphology, and material distribution of cement specimens can be analyzed. At the same
time, other methods such as X-ray diffraction or infrared spectroscopy can also be used to
qualitatively analyze the hydration reaction rate of samples. This experiment used a field
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emission scanning electron microscope to observe multiple sets of cement slurries designed
for the experiment and compare the micromorphology and microstructure of the materials.
Terminate the hydration reaction of cement samples cured to a certain age using anhydrous
ethanol, and then, dry them in a 40 ◦C oven for 7 days. Finally, fix the samples on a reagent
kit and observe the microstructure of the samples after vacuum plating using a scanning
electron microscope.

2.3.6. Data Statistical Methods

In this study, each group of experiments was designed with three further subgroups.
After conducting three subgroups of experiments, the average of the three groups of
experimental data was taken as the final written experimental data for presentation.

3. Results and Discussion
3.1. Setting Time and Fluidity

The statistical charts of coagulation time for different experimental groups are shown in
Figure 2. The effect of FA addition on the setting time of cement tends to be consistent, and
as the FA content increases, the setting time of the slurry gradually increases. Comparing
the O-S-C and O-S-FA0.2 in the figure, it can be found that the initial setting time of the
O-S-FA0.2 added with 20% fly ash increased by 298.1% from 55 min to 164 min compared
to O-S-C. The final setting time increased from 84 min to 181 min, an increase of 215.5%.
However, the setting time of samples mixed with PPF and PVAF did not show significant
changes, indicating that the addition of fly ash slowed down the reaction rate in the initial
stage of the hydration reaction, ultimately leading to an extension of macroscopic setting
time, which consistent with Tehsien Wu’s research findings [44].
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The flowability test data of each experimental group are shown in Figure 3. From the
data in the figure, it can be seen that the addition of FA will slightly improve the flowability
of the composite cement system. This is because the spherical particles in fly ash have a
lubricating effect, reducing the bonding force between particles in the concrete system and
increasing the flowability of the system [45,46]. The addition of PPF and PVAF fibers has
no significant effect on the flow rate. Due to the addition of a water reducer, the flowability
of the experimental group has been effectively improved. However, excessive flowability
can decrease viscosity, which may result in poor slurry distribution during hole sealing.
Therefore, comprehensive consideration is needed in practical applications.
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3.2. Compressive Strength

Select the blank control group of composite cement, the control group with only
added fibers, and the experimental group to determine the average compressive strength
at different curing ages, as shown in the control bar chart in Figure 4. The graph shows
that after 1 day of curing, the compressive strength of the control group added with
PVAF was slightly higher than that of the blank group, while the compressive strength
of the experimental group was lower. This may be due to the addition of fly ash in the
experimental group delaying the hydration reaction of the cement system, resulting in a
lack of significant strength improvement in the early stage. After 7 days of curing, the
strength of the experimental group reached over 15 MPa, significantly higher than the
blank control group and better than the two groups of samples with only added fibers.
At 28 days after the hydration reaction, the strength of the experimental group reached
30.21 MPa (±3%~5%), an increase of 39.8% compared to the blank group. This may be
because the fiber bonded with the cement system after being mixed into the cement and
being closely combined with the matrix, which improves the strength of the cement system.
At the same time, the pozzolanic reaction of the fly ash promotes the hydration of the
cement system, generating more hydration products such as ettringite, silica hydrogel,
calcium sulphoaluminate, etc. [45,46]. These hydration products attach to the surface of
PVAF, further improving the cement system’s strength.

3.3. Cement Material Post-Treatment

According to the relevant research, adding polycarboxylate superplasticizers to the
cement system can improve the properties of cement, such as solidification, flow, and
compressive strength [47–49].

Figures 5–7 show the experimental data on the effects of different dosages of water-
reducing agents on the flowability, setting time, and compressive strength of cement
systems. From the experimental data, it can be seen that the flowability of cement slurry
has been improved to some extent after adding water-reducing agents, and the addition of
water-reducing agents has a retarding effect on the cement system.
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Based on the experimental data from Figures 8–10, it can be observed that after adding
the water reducer, the setting time of several cement groups was slightly delayed, at about
10–20 min. When the setting time is prolonged, the early hydration of the cement system is
hindered by the water reducer, resulting in a slight decrease in the early (1 d, 7 d) strength
of several groups of cement. However, adding water reducer to the cement system can
reduce the flocculation effect during the cement hydration reaction, making the distribution
of hydration products more uniform. Therefore, in the later stage of hydration (28 d), the
compressive strength of cement is improved by about 1–2 MPa.

3.4. X-ray Diffraction Analysis

Historical studies have shown that the addition of PPF and PVAF fibers does not sig-
nificantly impact the hydration of the composite cement system [50]. In order to investigate
the effects of other additives in the experimental group on the hydration products, X-ray
diffraction (XRD) technology was used to characterize the solidified slurry of the early (1 d)
and mid to late (28 d) cement mixtures in this experiment. The X-ray diffraction results
of the O-S-C sample and the Mix-EXP sample are shown in Figure 11. From the 1-day
hydration reaction graph, it can be seen that the hydration products of the O-S-C and the
Mix-EXP are basically the same, but there is a specific difference in hydration progress.
This indicates that the added fly ash and calcium hydroxide are not directly involved in the
hydration reaction. However, due to the addition of fly ash delaying the early hydration
process of the cement system, the O-S-C is at 9◦ (2θ). The diffraction peak intensity of left
and right ettringite is slightly higher than that of the Mix-EXP. As the hydration reaction
progresses, the diffraction peak intensity of the main hydration products in the Mix-EXP,
such as calcium sulfoaluminate and ettringite, is significantly higher than that of the O-S-C
at 28 days, indicating that adding calcium hydroxide to the system can activate fly ash and
induce the cement system to accelerate the hydration reaction. At 30◦ (2θ), the difference in
diffraction peak intensity of left and right calcium carbonate also indicates that the calcium
hydroxide fly ash activation system can improve the carbon fixation effect of the cement
system. Based on the comprehensive X-ray diffraction analysis data, we can find that the
aggregate effect of fly ash and the dispersion effect of water-reducing agents effectively
promote the hydration process of the cement system.



Coatings 2024, 14, 989 11 of 16

Coatings 2024, 14, x FOR PEER REVIEW 11 of 17 

 

 

Based on the experimental data from Figures 8–10, it can be observed that after add-
ing the water reducer, the setting time of several cement groups was slightly delayed, at 
about 10–20 min. When the setting time is prolonged, the early hydration of the cement 
system is hindered by the water reducer, resulting in a slight decrease in the early (1 d, 7 
d) strength of several groups of cement. However, adding water reducer to the cement 
system can reduce the flocculation effect during the cement hydration reaction, making 
the distribution of hydration products more uniform. Therefore, in the later stage of hy-
dration (28 d), the compressive strength of cement is improved by about 1–2 MPa. 

3.4. X-ray Diffraction Analysis 
Historical studies have shown that the addition of PPF and PVAF fibers does not 

significantly impact the hydration of the composite cement system [50]. In order to inves-
tigate the effects of other additives in the experimental group on the hydration products, 
X-ray diffraction (XRD) technology was used to characterize the solidified slurry of the 
early (1 d) and mid to late (28 d) cement mixtures in this experiment. The X-ray diffraction 
results of the O-S-C sample and the Mix-EXP sample are shown in Figure 11. From the 1-
day hydration reaction graph, it can be seen that the hydration products of the O-S-C and 
the Mix-EXP are basically the same, but there is a specific difference in hydration progress. 
This indicates that the added fly ash and calcium hydroxide are not directly involved in 
the hydration reaction. However, due to the addition of fly ash delaying the early hydra-
tion process of the cement system, the O-S-C is at 9° (2θ). The diffraction peak intensity of 
left and right ettringite is slightly higher than that of the Mix-EXP. As the hydration reac-
tion progresses, the diffraction peak intensity of the main hydration products in the Mix-
EXP, such as calcium sulfoaluminate and ettringite, is significantly higher than that of the 
O-S-C at 28 days, indicating that adding calcium hydroxide to the system can activate fly 
ash and induce the cement system to accelerate the hydration reaction. At 30° (2θ), the 
difference in diffraction peak intensity of left and right calcium carbonate also indicates 
that the calcium hydroxide fly ash activation system can improve the carbon fixation effect 
of the cement system. Based on the comprehensive X-ray diffraction analysis data, we can 
find that the aggregate effect of fly ash and the dispersion effect of water-reducing agents 
effectively promote the hydration process of the cement system. 

 

Figure 11. X-RD patterns of hydrated cement pastes at different curing ages. Figure 11. X-RD patterns of hydrated cement pastes at different curing ages.

3.5. Thermal Gravimetric Analysis

The curves shown in Figure 12 are the thermogravimetric analysis curves of cement
samples from the O-S-C sample and Mix-EXP sample, with curing ages of 1 day and
28 days. According to the thermogravimetric curve in the figure, the process of mass loss
in the thermogravimetric test can be divided into five stages: (1) starting temperature
~170 ◦C: the loss in free water contained in the silica hydrogel and the loss in bound water
in some ettringite; (2) 170~430 °C: further loss in bound water during dehydration of silica
hydrogel; (3) 430~475 ◦C: decomposition of calcium hydroxide crystals; (4) 475~700 ◦C:
loss in bound water during the decomposition of silica hydrogel; (5) temperature greater
than 700 ◦C: the dissociation temperature of calcium carbonate is 705 ◦C, so after further
heating, calcium carbonate will decompose and other hydrates will also be dehydrated;
however, due to objective differences in equipment sensitivity, experimental operations,
and sample preparation, there may be slight fluctuations in temperature at each stage.
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It can be seen from the curve in the figure that the hydration products of the Mix-EXP
and the O-S-C are basically the same, mainly including C-S-H gel, ettringite, calcium
hydroxide, and calcium carbonate formed by carbonization of calcium hydroxide. In
terms of the production of hydration products, the curve of the 1-day-old Mix-EXP was
higher than that of O-S-C. In contrast, the production of calcium hydroxide and calcium
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carbonate in Mix-EXP was lower than in O-S-C. This is because adding fly ash delayed
the early hydration reaction of the cement system [51,52]. At the curing age of 28 days,
the production of ettringite, calcium hydroxide, and calcium carbonate in Mix-EXP was
significantly higher than in O-S-C. The mass loss data in each stage are shown in Table 5.
From the data in the table, it can be seen that when the curing age is 1 day, the Mix-EXP
has a lower production of ettringite than O-S-C due to the delayed early hydration caused
by the addition of fly ash. When the maintenance period reached 28 days, compared
to the benchmark group during the same period, the Mix-EXP showed a 6% increase in
ettringite production and a 95.91% increase in calcium hydroxide production. In the heating
temperature range of 600–750, the loss in mass of this part of O-S-C was higher than that
of Mix-EXP. This is because the free water in the system and the bound water around the
product were also lost on ignition. During the same curing period, the hydration degree
of M ix-EXP was higher than that of O-S-C, consuming most of the free water and bound
water present in the system. This also indicates that the pozzolanic reaction of fly ash can
promote the production of hydration products to a certain extent, but it can also locally
affect the early strength and other properties of the cement system, which is consistent with
the previous X-ray diffraction analysis results.

Table 5. Mass changes obtained via thermal gravimetric analysis.

Specimen Code
Mass Loss/%

30–170 ◦C 430–475 ◦C 600–750 ◦C

O-S-C-1 d 9.13 0.39 5.38

Mix-EXP-1 d 8.90 0.47 5.42

O-S-C-28 d 11.73 0.49 5.43

Mix-EXP-28 d 12.43 0.96 3.67

3.6. Microstructure Analysis

Comparing the scanning electron microscopy images of O-S-C and Mix-EXP with a
hydration age of 1 day, it can be seen that O-S-C at this time contains a blockier distribution
of ettringite and calcium hydroxide compared to Mix-EXP. Although ettringite is produced
in the Mix-EXP, its distribution is relatively scattered, and the structure is not dense.
This may be due to the dispersion effect of fly ash and water reducer added in the Mix-
EXP, resulting in a less concentrated distribution of products in the early stage of cement
hydration. There are relatively large pores, and the structure is not compact, so the strength
is relatively poor. In addition, most of the ettringite produced by early hydration reactions
is wrapped in unreacted cementitious materials, which also delays the progress of early
hydration reactions (Figures 13 and 14).

After 28 days of hydration reaction, the production of hydration products in both
the O-S-C and Mix-EXP was significantly improved, and the structure developed more
densely. However, thanks to the aggregate effect of the volcanic ash reaction in fly ash,
as the hydration reaction progresses, the hydration products will be concentrated around
the fly ash sphere, which has a certain improvement in the overall strength of the cement
system. At the same time, PVA fibers in the system can improve the damage resistance
characteristics of cement-based materials. The fibers added to the cement system are
interlaced on the network of existing hydration products such as ettringite, making the
hydration products more tightly bound and improving the compactness of the material
system, thereby improving the mechanical properties of the composite material.

Based on the comprehensive scanning electron microscopy imaging results, it can be
concluded that the dispersion characteristics of fly ash have an improvement effect on the
redistribution of cement hydration products. On this basis, adding an appropriate amount
of water-reducing agent can disperse overly concentrated hydration products, optimizing
the interfacial properties of cement.
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4. Conclusions

This paper investigated the effects of fly ash and polypropylene polyvinyl alcohol
mixed fibers on the structural, mechanical properties, and microstructure of a silicate
sulfoaluminate composite cement system. Experiments have shown that fly ash has a
crucial impact on the improvement in the strength of composite cement systems and
the development of hydration. Based on the above experimental results, the following
conclusions can be drawn:

(1) Adding fly ash to the composite cement system can improve the fluidity of the cement
system. Although it will prolong the setting time, the content of hydration products
such as ettringite and calcium hydroxide will increase in the later hydration stage due
to the volcanic ash reaction. The X-RD analysis results show that although adding
fly ash will affect the yield of hydration products, it will not impact the type of
hydration products.

(2) The addition of PVA fibers can effectively improve the strength performance of the
cement system. Compared with experimental group 7 and the blank control group
(experimental group 1), the compressive strength reached 24.61 MPa after 28 days of
curing, which was 13.8% higher than the control group.

(3) Adding fly ash to the composite cement system may prolong the early setting time
of the cement, but it can, to some extent, improve the cement system’s fluidity and
positively impact the later strength. After 28 days of curing, the compressive strength
of experimental group 9 reached 30.21 MPa, which increased by 70.5% compared to
the group at 7 days.

(4) Adding water reducer to the cement system can significantly improve the flowability
of the system with minimal impact on setting performance. Meanwhile, water re-
ducer can make the distribution of cement hydration products more uniform, slightly
improving the compressive strength of cement in the later stage of hydration.

(5) The results of the SEM scanning electron microscopy analysis showed that fly ash
and water reducer played a dispersing role in the early development of the cement
system. At the age of 1 day, the distribution of hydration products such as ettringite in
experimental group 9 was not as concentrated as the blank control group, which may
be the reason for the poor early strength of experimental group 9. After 28 days of
hydration reaction, thanks to the aggregate effect of the added fly ash, as the hydration
reaction progresses, the hydration products will be concentrated around the fly ash
sphere, which has a specific improvement in the overall strength of the cement system.
At the same time, the PVA fibers in the system can improve the damage characteristics
of cement-based materials and, to some extent, enhance the compressive performance
of the cement system.

Compared with traditional cement materials, the composite cement-based material
obtained in this study has better mechanical and durability properties, while also consider-
ing setting time and flowability. Due to the use of fly ash and sulfoaluminate cement, the
carbon emissions during the material production process are further reduced, making it
more environmentally friendly. In future engineering practice, this material can be used
for drilling and sealing in the mining process to improve gas extraction efficiency. It can
also be used for reinforcement and repair projects in geotechnical engineering, but specific
adjustments to the material formula need to be made based on construction conditions. In
future research, researchers may consider using more organic materials or smaller nano
additives to modify cement materials for better workability.
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