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Abstract: In this study, the effects of fly ash (FA) on the
setting time, compressive strength, and hydration evolu-
tion of calcium sulphoaluminate (CSA) cement-based mate-
rials with high water content were investigated, targeting
the design of a modified high-water material to delay exces-
sively rapid setting time and enhance later-age strength.
This was investigated using a combination of X-ray diffrac-
tion (XRD), Fourier transform infrared resonance (FTIR)
spectroscopy, and Thermogravimetric Analysis (TGA). The
results showed that the setting time of the high-water mate-
rials was delayed by increasing the FA content, with 15%
being the optimal dosage for the setting time. A 5-10% con-
tent of FA is conducive to the development of later-age com-
pressive strength and has a slight adverse effect on the
early-age compressive strength of high-water materials.
The microscopic test results show that FA mainly acts as a
microaggregate in the early-age hydration process, whereas
in the later-age hydration process, it promotes gypsum con-
sumption and C,S hydration to form ettringite. The incor-
poration of FA effectively promotes ettringite formation in
CSA cement-based materials with high water content.
Therefore, the addition of FA can enhance the overall
performance of high-water materials to a certain extent,
and the long-term strength development of the material
can satisfy engineering requirements.
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1 Introduction

With the rapid development of economic, scientific, and
technological activities, the scale of coal exploitation and uti-
lisation as one of the primary energy sources is increasing
worldwide [1-3]. Coal mining provides raw materials for
metallurgical, chemical, iron, and steel industries but also
causes several problems, such as waste of resources, surface
damage caused by security risks, and environmental pollu-
tion. The environmental damage caused by coal mining in
underground goafs can be effectively mitigated using backfill
materials. However, backfilling materials are still mainly
Portland cement, and there are drawbacks in the complex
process and high cost [4,5]. The calcium sulphoaluminate
(CSA) cement developed in China in 1970 is characterised
by environmental protection, early strength and quick set-
ting, and low drying shrinkage [6,7]. It is widely used in repair
materials, low-temperature construction, precast concrete
products, anti-seepage materials, and other construction
fields [8-10], providing conditions for developing high-water
materials.

High-water material is a new type of double-liquid
backfill material with a high water-solid ratio of up to
1.5-3.0, and the volume water content in the system can
reach 85-90%. High water materials include high alumi-
nium, sulphur aluminium, and iron aluminium types.
Sulphur-aluminium-based high-water materials are rela-
tively affordable and widely used [11-14]. The sulphonate-
based high-water material is composed of slurries A and
B. Slurry A includes CSA cement, a suspension agent,
a retarder, and a dispersant. Slurry B is composed of
gypsum, lime, an accelerator, an early strength agent,
and a suspension dispersant. Slurries A and B can stand
for a prolonged period without setting before stirring,
and rapid solidification and early strength are achieved
after stirring [15]. The hydration reaction formulas of sul-
phonate-based high-water material are as follows [16,17]
(using simplified naming, C = Ca0, S = Si0,, A = Al,03, S =
SOs3, H = H,0):
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C4AsS + 18H — C3AS3Hy; + 2AH3, M
3C4A3S + 2CSH, + 34H — 3C¢AS3Hs, + 4AH3, @)
C4A3S + 2CSH, + 6Ca0 + 80H — 3CzAS3Hs, 3

2GS+ 2H - CSH + CH, 4

GS + AH; + 5H — G,ASHg, (5)

C4A3S + 8CSH, + 6CH + 74H — 3C¢AS3Hay, (6
AH; + 3CH + CSH, + 24H — 3CzAS;3Hs,. (7

The above reaction formulas show that in a high-water
system, the CSA cement quickly reacts with anhydrite and
lime and generates substantial acicular ettringite crystals,
forming a dense microstructure. Gypsum is necessary for
the formation of ettringite in the system, and lime accel-
erates ettringite formation during the hydration reaction.
The role of C,AsS in CSA cement is to rapidly convert a
large amount of free water in the system into the ettringite
crystal water, rapidly setting the mixed slurry [18]. The
hydration of B-C,S in cement produces calcium silicate
hydrates. Once the high-water material is transported to
the underground goaf, it rapidly solidifies and forms a
backfill of a certain strength, thereby reducing the degree
of damage caused by resource mining on the surface. High-
water materials have broad application prospects in mine
engineering, tunnel support, gob backfill, oil well plugging,
port engineering, and other fields [19-21].

The various components and curing conditions of high-
water materials affect their performance and engineering
applications. Xia et al [22] indicated that high-water mate-
rials exhibited the optimal compressive strength and highest
hydration heat release when the content of gypsum and
lime is in the ranges of 80-85% and 20-15%. Regarding the
external conditions, the water temperature and curing tem-
perature mainly affect the early and late performance of
high-water materials [23], and increasing the water—cement
ratio prolongs the setting time of materials and reduces the
compressive strength [24]. The rapid solidification of high-
water materials leads to difficulties in pumping, late
strength improvement, and high economic cost; therefore,
optimisation of admixtures is the most used method [25-27].
Although lithium carbonate, slag, silica fume, and other
auxiliary materials have been used to improve high-water-
content materials, they are generally scarce and expensive.
In summary, the main reason for defects in high-water
material is closely related to the performance of CSA cement
[28]. The use of additional silica-aluminium solid waste to
optimise the performance of CSA cement-hased materials is
more environmentally friendly and cheaper than chemical
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admixtures [29,30]. Xiao [31,32] and Zhou et al. [33] showed
that the dissolution rate of silica-aluminium solid waste with
low content in the CSA system was slow but gradual, and the
strength increase was delayed. CSA cement also effectively
reduces the overall shrinkage of hardened slurry. This not
only achieves the purpose of energy saving and carbon
reduction but also improves the performance of CSA
cement-based materials.

Fly ash (FA) is a typical silica-aluminium solid waste
material, which is commonly used as a precursor material
to produce alkali-activated material (AAM) [34-37]. Abdul-
rahman et al. [38] and Qin et al. [39] used FA to improve the
quality defects of recycled aggregate and limitations of
brittle concrete materials in geopolymer recycled aggre-
gate concrete. Xiao et al. [40] compared the reaction degree
of coal gasification fly ash with OPC, CH, and alkali-binary
systems, which increased sequentially and slowly with curing
time. The cost of a CH-FA sample is much lower than that of
an OPC-FA/alkali-excited sample. The main function of slurry
B in high-water material is to provide a calcium source to
generate CH. In addition, the strength of CSA cement mortar
decreases with the increase of FA, and the reaction degree of
FA in CSA cement is approximately 20-30% [41].

Some researchers have also studied the effects of FA
on high-water materials. Li et al. [42] showed that FA with
a higher calcium content exhibited the highest strength
among high-water materials. Sun et al. [43,44] substituted
60% FA for the high-water material prepared using CSA
cement, and the hydration heat release peak and cost
were reduced by 22.9 and 54.6%, respectively. Although
incorporating FA reduces the hydration rates and costs,
excessive incorporation of FA results in excessive early-
strength reduction incompatible with engineering applica-
tions. Most existing studies on the application of FA in
high-water materials focused on the properties of FA and
improving the macroscopic properties of high-water mate-
rials. There is a lack of comprehensive analysis of the
physicochemical properties and quantitative summary of
the hydration mechanism of high-water materials after
replacing CSA cement with low-content FA.

This study investigated the influence of FA content on
the setting time and compressive strength of CSA cement-
based high-water materials with a water-to-solid ratio of
3.0. The hydration products of the modified high-water
materials were qualitatively and quantitatively analysed
using XRD, TG, and FTIR, and the changes in hydration
process were clarified. These results provide a theoretical
basis for practical engineering applications and the eco-
nomic benefits of using FA in high-water materials.
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2 Materials and methods

2.1 Material

In this study, CSA cement, FA, dihydrate gypsum, and
hydrated lime were used as binder materials to prepare
high-water materials. The high-water materials consisted
of A, AA, B, and BB. Component A consisted of CSA cement
and FA, and AA represented compound retarder. Component
B is a mixture of dihydrate gypsum and hydrated lime in a
ratio of 4:1 [45], and BB represents an early strength agent
and suspension agent. The chemical compositions of the
binder materials are listed in Table 1. The particle size dis-
tributions of the CSA cement and FA are shown in Figure 1. As
shown in Figure 1, the average particle size of the FA (d90)
was 46.8 um. The average particle size of CSA (d90) was 87.7
um, and the specific surface area was 534.8 m>kg . The initial
and final setting times of the CSA cement were 17 and 35 min,
respectively, and the compressive strength was 45.2 MPa
when the hydration time was 3 days. Composite additives
for high-water-content materials include retarders, quick-set-
ting agents, suspension agents, and early-strength agents.

To study the effect of FA on the properties of high-water
materials, the experiment adopted the method of internal
mixing using FA to replace the A component of high-water
materials in the same amount with a fixed water-to-solid ratio

Table 1: Chemical composition of materials (%)

Materials Ca0 Si0, AlLO; SO; MgO Fe,0; Loss
CSA cement  48.03 9.93 29.75 6.65 1.92 1.4 2.31
FA 7.84 5374 2483 060 240 9.32 1.27
Gypsum 4665 1.80 020 4765 257 0.06 1.07
Lime 8713 134 0.75 0.15 8.97 0.13 1.53
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Figure 1: FA and CSA particle size distribution.
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of 3.0. The mix proportions of the high-water material are
shown in Table 2, and a sample preparation flowchart is
shown in Figure 2. The following process was used: The masses
of components A, B, and water were weighed according to the
specified proportions. The mixture was poured into the two
blenders, respectively in the order of adding water first and
then adding the powder materials and was stirred for 3 min.
Notably, the mixing order was important; first, the group B +
BB was mixed, and then group A + AA was mixed. The stirred
group A + AA slurry was poured into the mixing pot containing
group B + BB slurry and stirred for 5min to complete the
preparation of the high-water slurry system. Finally, the slurry
was poured into 70.7mm x 70.7mm x 70.7mm moulds for
mechanical properties testing and microscopic test sampling.

2.2 Test methods
2.2.1 Macroscopic performance tests

2.2.1.1 Setting time and bleeding

Workability and setting time of high water materials were
tested according to MTT 420-1995 “High Water Filling
Materials.” As shown in Figure 2, after mixing the two
slurries into a mould, a group of samples was collected
and poured into a beaker to observe the water secretion
of the slurry. Simultaneously, the container was tilted every
1-5min to observe the fluidity of the paste. The testing time
could be reduced, and the tilting angle increased as the
fluidity decreased. The setting time was defined when the
angle was tilted to 45° and the slurry lost its fluidity.

The phenomenon of bleeding is mainly used to judge
the stability of liquid A in two-liquid high-water materials.
The specific operation is as follows. To begin, measure out
a specific quantity of slurry and carefully transfer it into a
beaker. Add the slurry until it reaches the 400 mL mark.
Afterwards, seal the container to prevent water loss and
monitor the liquid level every 15min. Bleeding can be

Table 2: Mix design of high-water materials

Test No. A (%.wt) B (%.wt) Compound
additive (%.wt)

CSA FA Gypsum Lime AA BB
Cement

1 100 0 80 20 0.1 0.1

2 95 5 80 20 0.1 0.1

3 90 10 80 20 0.1 0.1

4 85 15 80 20 0.1 0.1

5 80 20 80 20 0.1 0.1
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Figure 2: Sample preparation flow chart.

detected when there is a noticeable separation between
sediment and clear water.

2.2.1.2 Compressive strength

The compressive strengths of the high-water materials
were tested using a TYE-300B pressure testing machine.
Three samples for each mixing ratio were tested at the
hydration age of 2h, 1, 7, 28, and 90 days, and the compres-
sive strength was taken as the average of the three samples.
The loading speed of the testing machine was controlled in
the range of (1,000 + 50) N-s™.

2.2.2 Microstructure tests

To further explore the influence of FA on the properties of
high-water materials, specific samples for microscopic testing
were selected based on the macroscopic test data. From the
central region of the bulk sample, a cubic sample with a side
length of approximately 6-15mm was selected. Absolute
ethanol was used as the displacement solution to terminate
sample hydration. The samples with terminated hydration
were dried in an oven (40°C, 24 h) and ground into powder
form (<45 um) for XRD, FTIR, and TG tests. XRD was con-
ducted using a Bruker AXS D8 X-ray diffractometer with a
copper target and a scanning speed of 5°min". FTIR testing
was performed using an SDT Q600 V20.9 Build 20 instrument,
and the test range was 400-4,000 cm ™. TG testing was per-
formed using a PE STA8000. The temperature range was set
from room temperature to 800°C, and nitrogen gas was used
as the testing atmosphere, with a heating rate of 10°C-min ™.

3 Results

3.1 Setting time and bleeding characteristics

The effect of the FA content on the setting time and
bleeding characteristics of high-water materials is shown

-8 )

Mixed and poured into the mold
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in Figure 3, which shows that the FA content was positively
correlated with the setting time and time when bleeding
stopped in the material. When the FA content was <10%,
there was no notable effect on the setting time. As the FA
content increased, the setting time of the high-water mate-
rials increased significantly. When the content reached
20%, the setting time exceeded 20 min. The setting time
of high-water-content materials is also an indication of
their fluidity. The micromorphology of FA presents a sphe-
rical glass body with a smooth surface and a ball effect in
the material-mixing slurry [46-48], which can disperse
agglomerated CSA cement, gypsum, and hydrated lime
particles, thereby increasing the fluidity of the slurry. Con-
sequently, the setting time of the material increases. By
contrast, FA exerts a microaggregate effect, better filling
the pores between the materials. Because of the small par-
ticle size of FA, its lubrication effect can be enhanced [49,50].
However, the binder accounted for only one-quarter of the
high-water materials, and this effect was not significant
when the fly ash content was relatively low.

Because high-water materials are commonly used for
underground filling with a high water-to-solid ratio, the
occurrence of bleeding in the filling area could adversely

35
20 [ Setting time
- |—=— Stop bleeding / 8
250 )
./é\ /./
520 o= "
£15¢
10} H H
5 L
. . . . , .

FAO0O FAS5 FA10 FAIS
Sample types
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Figure 3: Effect of FA on the setting time and bleeding characteristics.
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affect the filling effectiveness. Therefore, it is necessary to
control the bleeding of high-water-content materials to
ensure that slurries A and B fully react and form a com-
pacted and solidified filling body. The effects of the FA
content on the termination time of bleeding and the setting
time of the material were similar. When the FA content
was <10%, the results were like those in the FAO group. As
shown in Figure 4, the group with an FA content not
exceeding 20% had less bleeding, which is prone to reacting
with materials and is easily absorbed. This indicates that
high-water materials exhibit good water-retaining capacity
at this point. Shrinkage was not observed in groups with no
more than 15% FA content.

3.2 Compressive strength

The effect of FA content on the compressive strength of
high-water materials is shown in Figure 5. The results
showed that the FA content significantly influenced the
compressive strength development of the high-water mate-
rials. When FA was added to the high-water materials, the
strength at 2h and 1 day of hydration was lower than that
of the control group, and it gradually decreased with an
increase in FA content. Although the strength of the mod-
ified high water materials containing FA with a hydration
time of 2h decreased significantly, the strength of the FA5
group with a hydration time of 1 day was only 8% lower
than that of the control group. When the hydration time
reaches 7 days, the compressive-strength trend of the high-
water materials changes. The compressive strength of the
high-water materials with 5% FA content was higher than
that of the control group, whereas the high-water materials
with 10% FA content demonstrated a compressive strength

Effect of FA on properties and hydration of CSA cement-based materials
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Figure 5: Effect of FA on the compressive strength.

equivalent to that of the control group. The compressive
strength of the high-water materials became lower than
that of the control group as the FA content increased. With
an increase in hydration time, the compressive strengths of
the FA5 and FA10 groups increased significantly, and the
compressive strength of the FA10 group exceeded that of
the FA5 group. Compared to the control group, the compres-
sive strengths of the FA5 and FA10 groups increased by 18.1
and 20.2%, respectively, after 28 days of hydration. At day 90,
the FA5 and FA10 groups showed an increase of 31.3 and
38.7%, respectively.

Figure 6 shows the fitting results of the compressive
strength of the modified high-water materials and hydra-
tion time for different FA contents. Combined with the
influence of FA content on the compressive strength of
high-water materials, predictive Eqgs. (9)-(13) based on

(b) FA20

Figure 4: Bleeding characteristics of modified high-water material: (a) FA15, (b) FA20.
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Figure 6: Strength trend fitting curve of high-water materials containing
different FA contents.

Eq. (8) were established for the compressive strength of
high-water materials with different FA contents.

Y, =a-Db-In(x+c), 8
where y, is the compressive strength of high-water mate-

rial (a = 0, 5, 10, 15, 20% of FA), x is the curing time of high-
water materials (days), and a—c is the regression coefficient.

Yy = 2359 + 0.156 - In(x - 0.082), ©)
s = 2.035 + 0.424 - In(x - 0.010), (10)
Yy = 1.803 + 0518 - In(x + 0.099), a1
Yy5 = 1619 + 0.327 - In(x + 0.027), (12)
Yy = 1582 + 0.232 - In(x - 0.039). (13)

When the FA content was 0, 5, 10, 15, and 20%, the R?
corresponding to the equation were 0.993, 0.982, 0.972,
0.958, and 0.956, respectively. From this, it can be con-
cluded that the curve fitting results are good, indicating
that although the strength of the modified high-water
material fluctuates, the overall strength of the high-water
material shows a logarithmic trend. The regression coeffi-
cient, a, in the fitting formula, approximately illustrates the
proportion of the initial strength of the high-water mate-
rial, and the absolute value of b represents the expected
rate of strength development of the high-water material in
the later stage. Egs. (9)-(13) shows that the regression coef-
ficient decreases with an increase in the FA content. The -b
values of the high-water group containing FA were higher
than those of the control group, and the maximum value
was observed for the high-water group containing 10% FA
(-b = 0.518). In summary, the optimal content of FA in
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modified high-water materials is 5-10%, which not only
has a small loss rate of strength in the early stage of the
material but also increases the strength in the later stage.
The addition of an appropriate amount of FA to high-water
materials is beneficial for ensuring the long-term safety of
the filling body.

3.3 XRD analysis

Figure 7 shows the XRD patterns of the hydration products
of the modified high-water materials at different hydration
ages. Figure 7 shows that the hydration products of the
modified high-water materials were mainly composed of
ettringite (AFt) and aluminium gel (AHs). Some non-hydrated
Si0, and gypsum diffraction peaks were also observed, and
stratlingite formed in some modified high-water material
groups.

Figure 7(a) and (b) shows the effect of different FA
contents on the hydration products of high-water materials
at 1 and 28 days hydration time. It can be seen from the
figure that AFt is the most abundant hydration product
in high-water material systems and the main source of
mechanical properties. On the first day of hydration, the
AFt peaks of the FA-5 and FA-10 groups were comparable to
those of the control group, and the AFt diffraction peaks
decreased with increasing FA content. On day 28 of hydra-
tion, the AFt peaks were similar in all groups, and the
materials containing 10% FA had the highest AFt peaks.
Compared to AFt, the diffraction peak of AH; was weaker
during the entire hydration process of the high-water
materials, and no calcium hydroxide (CH) crystals were
detected during hydration. This is because CH was con-
sumed by gypsum and FA, and the reaction of gypsum
and CH with C,A;S or AH; produces AFt. As the hydration
process progressed, the active ingredient in FA underwent
a secondary hydration reaction with CH to further con-
sume CH [51]. A new hydration product, stratlingite, was
also observed in the high-water material group when the
FA content exceeded 10%. Stratlingite is the hydration pro-
duct of the reaction of C,S in CSA cement with AH;. Weak
diffraction peaks of SiO, and dihydrate gypsum were also
observed at diffraction angles of 27.6° and 29.46°, respec-
tively, indicating that the FA, which is a major component
of Si0,, did not fully react with gypsum.

Figure 7(c) shows the XRD patterns of the hydration
products of high-water materials containing 10% FA at dif-
ferent hydration times. The peak value of AFt increased
significantly with increasing hydration time. This indicates
that hydration reactions between the chemical components
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1-Ettringite, 2-Strétlingite, 3-Dihydrate gypsum,
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Figure 7: XRD Patterns of modified high-water material under different conditions: (a) curing time of 1 day, (b) curing time of 28 days, and (c) FA

content of 10%.

continue to occur as the hydration time increases, resulting
in a continuous increase in the strength of the modified
high-water materials. Notably, strétlingite appeared in the
XRD pattern at 28 days of hydration, whereas no stratlingite
was present in the control group (Figure 7(b)). This is related
to the FA content of the high-water materials.

3.4 FTIR analysis

FTIR testing was conducted to analyse the changes in the
hydration product content of the modified high-water
materials at 1 and 28 days of hydration, as well as high-
water materials containing 10% FA at different hydration
times. The experimental results in Figure 8 show that the
hydration products of the hydration process of modified
high-water materials were mainly composed of AFt, AH;,
and C-(A)-S-H. Table 3 is the reference table of infrared
absorption peaks corresponding to the hydration products

of high-water materials [52-54]. By observing the infrared
spectra of the hydration products of high-water materials
with different FA contents at different hydration ages,
ettringite was mainly characterised by the 3,635cm™
[OH] absorption band and 1,110 cm™ [SO,*] absorption
band. Aluminium gel is amorphous, its absorption band is
usually flattened and elongated, and the absorption peak
at 520 cm™ is used to characterise aluminium gel. The
[S10,27] symmetrical contraction vibration occurs at
970 cm™* and is the main characteristic peak of C—(A)-S—H.
The absorption bands at 3,400-3,440 and 1,670 em™? are
caused by H,O asymmetric telescopic vibration absorption
bands. Although the changes in these absorption bands
are more evident, they are also related to the stretching
vibrations of structural water in AFt, AH;, and C-S-H.
However, owing to the very close absorption band posi-
tions of AFt and monosulphate hydrate (AFm) and the
small amount of AFm generated, AFm was not identified
in the FTIR spectrum.
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Figure 8: FTIR curves of modified high-water materials under different
conditions: (a) curing time of 1 day, (b) curing time of 28 days, and (c) FA
content of 10%.

Figure 8(a) shows the effect of FA content on the
infrared vibration band of high-water materials at 1 day
of hydration. The peak intensities of S-O and H-O bonds
in the vibration bands at 1,110 and 3,635cm™ gradually
decrease with increasing FA content. This indicates that in
the early stages of curing, the higher the FA content, the
lower the content of the hydration product AFt, with the
control group having the highest AFt content. The vibration
band at 520 cm™ also gradually decreases in strength with
the increase of FA content. By observing the vibrating band
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Table 3: Characteristics of main absorption peaks of FTIR spectrum

Mode of vibration of functional =~ Wavelength
groups
AFt [OH]™ stretching vibration 3,635cm™’
[SO4]*" antisymmetric vibration 1,110 cm™
[SO41*” bending vibration 616cm™", 420 cm™
AH; Al-O 520 cm™
0-H 3,462cm™
C-(A)-S-H  [Si04]*” Symmetric contraction 970 cm™
vibration
CaCOs [COs]?™ Vibration of tension 1,417 cm™

at 970 cm™, it can be observed that the Si-O-Si bond
strength shows no notable change with increasing FA con-
tent. This indicates that the FA content slightly affected the
amount of C-S-H gel formed at the initial stage of hydration.
Figure 8(b) shows the effect of FA content on the infrared
vibration band of high-water materials at 28 days hydration.
It can be seen from the figure that the peak intensities of the
S-0 and H-O bonds in the vibration bands at 1,110 and
3,635cm ™! increased with increasing FA content and then
decreased. The vibrating bands of 5 and 10% FA groups
were significantly sharper than those of other groups, and
the same changes were observed at 520 cm ™. This indicates
that adding 5-10% FA in the later stage of hydration is ben-
eficial for forming AFt and AH; in high-water materials. The
[Si0,*"] asymmetric telescopic vibration at 970 cm ™" increased
with the increase of FA content. The strengths of the absorp-
tion bands of the 10, 15, and 20% FA groups showed no notice-
able difference, indicating that a limiting value exists for the
hydration reaction of FA in high-water materials. The effect of
the hydration time on the infrared vibration of high-water
materials containing 10% FA is shown in Figure 8(c). The
results showed that the peak areas of the vibration bands
at 520, 1,110, and 3,635 cm™ increased as the hydration reac-
tion continued, particularly at 28 days. This indicated that the
effect of FA on the hydration characteristics of high-water
materials became increasingly evident as the hydration age
increased.

3.5 TG analysis

Figure 9(a) and (b) shows the TG and differential thermo-
gravimetric (DTG) curves of the modified high-water mate-
rials at 1 and 7 days hydration age. Figure 9(c) shows the TG
and DTG comparison curves of the high-water materials
with 10% FA modification at different hydration times.
Three endothermic peaks appeared in all TG-DTG curves.
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Figure 9: TG-DTG Curves of modified high-water materials under dif-
ferent conditions: (a) curing time of 1 day, (b) curing time of 28 ds, and (c)
FA content of 10%.

The first endothermic peak occurred in a temperature
range of 50-120°C, and the material mass loss was evident
in the TG curve. This temperature range corresponded to
the hydrolysis of AFt, which is the main hydration product
in high-water materials. The second endothermic peak
at ~190°C represents the formation of AFm. The third
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endothermic peak at 220-260°C corresponds to the dehy-
dration of AH;. The mass loss of the sample during contin-
uous heating corresponding to the ordinate on the left in
the figure can be divided into two stages, namely 35-170°C
(interlayer free water and AFt bound water detachment)
and 170-260°C (AFm and AHj3 dehydration). As shown in
Figure 8, the FA content and hydration time of the high-
water material samples affected the amounts of AFm, AFt,
and AHj; generated.

Figure 9(a) shows that as the FA content increased
from 0 to 15%, the mass loss in Phase 1 decreased from
27 to 23.52%, and the mass loss in Phase 2 decreased from
8.96 to 8.22%. The mass loss was proportional to the corre-
sponding hydration product content at this stage. There-
fore, adding FA in the early stages of hydration reduced the
amounts of AFt and AHj; in the high-water materials. When
the FA content did not exceed 5%, AFm was generated.
There are two main reasons for this. First, the amount of
CSA cement decreased owing to the increase in FA content.
CSA cement exhibits the characteristics of fast hardening
and early strength and is rapidly hydrated in the early
stages. FA mainly plays a filling role. Second, the concen-
tration of calcium sulphate in the environment decreases
with the hydration reaction, such that the generated AFt is
converted to form the AFm phase. Figure 9(b) shows that as
the FA content increased, the mass losses in phase 1 were
25.86, 27.16, 27.53, and 25.5%, respectively, and the FA-10
group exhibited the maximum mass loss. The mass losses
in phase 2 were 8.34, 8.09, 9.75, and 7.44%, respectively, and
AFm generation was performed in all sample sets. There-
fore, it can be inferred that the hydration reaction of FA
promoted the formation of additional AFt in the system,
and gypsum in the system was hydrated to generate
AFm at 28 days of hydration. The change in the AH; content
is related to the FA and C,S in the system. Figure 9(c)
shows that AFt, AFm, and AH; were proportional to the
heat-absorbing peak area and hydration time. The TG
curve shows that with the passage of hydration time, the
mass losses in Phase 1 were 22.53, 24.47, 25.89, and 27.16%,
and the quality losses of AFt between hydration times
were 194, 142, and 1.27%, respectively. This indicates
that although the FA content was only 10%, it also signifi-
cantly influenced AFt generation.

4 Discussion

The relevant properties of the modified high-water mate-
rials were obtained through a series of experiments, and
the hydration mechanism of the modified high-water
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Figure 10: Schematic of reaction process and hydration mechanism of the modified high-water material system.

material system was summarised. The properties of high-
water materials were improved by adding FA. The proper-
ties of high-water materials depend on their compositions.
The main mineral components of CSA cement were C4A3S
and C,S. The main facies of FA are mullite (3A1,05-2Si0,),
quartz (Si0,), and a small amount of haematite (Fe,03). The
main components of the dihydrate gypsum and hydrated
lime were CaSO4-2H,0 and CaO, respectively.

When slurries A and B are fused, the C,A5S in the CSA
cement rapidly reacts with the dihydrate gypsum and
hydrated lime and generates a large amount of AFt and
AH; under the action of a coagulant (Egs. (2), (3), (6),
and (7)). Therefore, the XRD, FTIR, and TG results show
that AFt and AH; were already generated in the samples
at 2h of hydration. Al,0; and SiO, in FA must be excited
in an alkaline environment. The hydration reaction of
gypsum, hydrated lime, and C,S in CSA cement can lead
to the precipitation of $0,°~ and OH", thereby stimulating
the FA activity (Egs. (4), (14), and (15)). FA mainly filled
pores in the early stages of hydration. As the hydration
process continued, the FA activity began to take effect.
Secondary hydration of the FA and CH crystals formed
C-S-H and C-A-H gels (Egs. (16) and (17)), and the C-A-H
gel combines with gypsum to produce AFt (Eq. (18)). This
explains why the AFt content in FA10 group exceeded that
of the control group at 28 days of hydration. Existing studies
have shown that the reaction degree of FA in CSA cement
systems is only approximately 20% at 90 days [41], indicating
that the proportion of the reaction between FA and CH crys-
tals generated by C,S hydration in CSA cement is relatively
small. Therefore, the secondary hydration of FA mainly

originates from the CH crystals derived from the hydrated
lime, and part of the C,S reacts with AH; to form stratlingite
(Eq. (5)). This explains why the TG curve detected a smaller
endothermic peak for AH3 at 28 days in the FA10 group
compared to the endothermic peak at 7 days. Studies have
demonstrated that stratlingite can exist stably in the
absence of silicate [55,56]. XRD showed the presence of
strétlingite in the samples of high-water materials with FA
contents exceeding 10% during later-age hydration. This
indicates that when the CSA cement content was less than
90% after 28 days of hydration, the C,S in the high-water
materials group was hydrated. The active ingredients in FA
are also related to strétlingite and can produce stratlingite
along with AFt (Eq. (19)) [57]. This further confirmed that FA
is beneficial for forming AFt in high-water material systems.
Finally, the hydration product AFm was not detected by XRD
or FTIR. Only a small amount of AFm formation was
observed in the TG curve, which was related to the gypsum
and FA contents in the system [58]. When the gypsum con-
tent in the system was insufficient, the C4AsS in the CSA
cement formed an AFm with water (Eq. (1)). Thus, the
amount of AFm generated in the early stage of hydration
is proportional to the CSA cement. In the later stage of
hydration, the AFm content in the system changed because
of the consumption of AFm by the hydration of the active
components in the FA (Eq. (19)). After the above analysis, a
schematic of the reaction process and hydration mechanism
of the modified high-water material was drawn, as shown in
Figure 10.

CaS0, - 2H,0 — Ca** + S0,% + 2H,0, (149
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Ca0O + H,0 — CH, (15)
Sio, + nlCa(OH)z + mH,0 (16)
- n;Ca0 - SIOZ . mleo(CSH),
Al,0; + ny,Ca(OH), + myH,0 17)
i nzCaO : A1203 : mszo(CgAHg),
CsAH + 20H + 3CSH, — CgAS3Hs,, (18)
3C4A§H12 + 35S + A + 20H - 3GASHg + C6A§3H32. (19)

The contribution of FA content to the main hydration
products was analyzed to quantify the mechanical strength
of the material. The hydration products that mainly con-
tribute to the strength include AFt, AH3, C,ASHg, and C-S-H.
FA reacts with lime to produce C-A-H and C-S-H, and then
to produce AFt at the later hydration period (Egs. (16)—(18)).
The gypsum content in the system is insufficient, so CSA
cement can be hydrated to produce AFm, and FA can pro-
duce AFt and C,ASHg with it (Egs. (1) and (19)). The final
hydration products obtained from the two hydration reac-
tions significantly contributed more to the strength. In addi-
tion, CSA cement content decreases with increasing FA, so
the hydration of CSA cement is also analyzed. The hydration
of CSA cement is related to gypsum and lime in addition to
C4A3S. CSA cement mainly plays the role of early hydration,
and the role of FA gradually manifests in late hydration.
Therefore, CSA cement consumes gypsum and lime first,
and there is an optimal ratio of FA to CSA. The lime did
not react completely with CSA cement at the initial stage
due to the alkaline liquid phase and the morphological effect
of FA. Alkali metal ions attached to the FA surface formed a
coating layer, and FA began to hydrate with the extension of
hydration time. Second, with the consumption of gypsum,
more AFm generated by CSA cement will be converted into
more AFt and C,ASHg. In summary, gypsum/lime and FA/
CSA cement are closely related. The gypsum/lime in the
system is unchanged. Excessive FA content causes a large
amount of quick lime to adhere to the FA surface, which
corresponds to the low alkalinity provided by CSA cement.
The lime hindered a series of hydration reactions of FA (Eqgs.
(16)-(18)) and CSA cement (Egs. (6) and (7)), so FA-modified
high-water materials have poor early and late strength. The
smaller FA content makes the attachment effect of lime weak,
and the hydration of CSA cement is dominant, so it has little
influence on the early strength. The gypsum content is low in
the late hydration stage, and CSA hydration will generate sig-
nificantly AFm (Eq. (1)). However, low content FA cannot be
further transformed with AFm (Eq. (19)), thus restricting the
later strength development of high-water materials. Both
the strength test and the microscopic results show that the
optimum FA content in the high-water system is 10%.
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5 Conclusions

This study investigated the influence of FA content on the
properties of CSA cement-based materials with high water
content, targeting the design of a modified material to improve
the setting time and later-age strength. Properties, including
setting time, mechanical properties, and hydration evolution,
were studied. Based on the obtained results, the following
conclusions were drawn:

a) The influence of the FA content on the setting time of high-
water-content materials is limited, particularly when the
content is less than 15%. The bleeding cessation time
increased with an increase in FA content.

b) The compressive strength of the high-water materials in
the early stages of hydration exhibited a decreasing
trend with increasing FA content. The strength after
28 days exceeded that of the control group when the
FA content was less than 15%. The modified high-water
materials exhibited improved later-age strength.

¢) Microscopic analysis indicated that AFt and AH3; were
generated at 2h of hydration, which provided early
strength to the high-water materials. The FA mainly
exhibited a microaggregate effect in the early stages
of hydration.

d) Inlater-age hydration, FA mainly affects the consumption
of gypsum and the C,S hydration process. Strétlingite was
detected in the hydration products when the FA content
was greater than 10% at 28 days of hydration, further
indicating that the incorporation of FA was conducive to
the formation of AFt in the CSA cement-based high-water
cementitious system, making a greater contribution to the
later-age strength.

This study did not analyse the influence of FA on the
hydration process of a high-water material system from
the perspective of the hydration degree of each compo-
nent, which has certain limitations. This aspect should be
considered in future studies. However, future research on
the pore structure will be beneficial for studying the dur-
ability of high-water materials.
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