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ABSTRACT
Based on aluminum sulfate, a ﬂuorine-free and alkali-free liquid accelerator (FF-AF-A) was prepared in this
study. The setting time and compressive strength of three cement types with different FF-AF-A dosages were fully
investigated. The compatibility of the FF-AF-A with the superplasticizers were also investigated, and the early
hydration behavior and morphology of the hydration products of reference cement paste with the FF-AF-A were
explored by hydration heat, X-ray diffractometry (XRD), and scanning electron microscopy (SEM). Test results
indicated that adding the FF-AF-A at 8 wt% of the cement weight resulted in 2 min 35 s initial setting time and
6 min 30 s ﬁnal setting time. The 1-day compressive strength of the cement mortar with 8 wt% of FF-AF-A
reached 13.5 MPa, which represents an increase of 35% as compared to the strength of cement mortar without
the FF-AF-A, and the 28-day compressive strength ratio was 119%. In addition, the FF-AF-A also showed good
compatibility with different superplasticizer dosages. The results show that, when the FF-AF-A was added to the
cement paste, it promoted the formation of ettringite crystals due to the aluminum ions (Al3+) and sulfate ions
(SO42-) reacted with gypsum in the cement, as well as promoted the hydration of tricalcium aluminate (C3A) and
tricalcium silicate (C3S) leading to the overall structure becomes more compact. As a consequence, the hydration
heat rate of the cement sharply increased, the cement paste setting time is shortened, and the compressive
strength of cement mortar is improved.
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1 Introduction
Shotcrete is widely used in the construction of mines, subways, automobile tunnels, and other
underground systems, in addition to dams and other water structures, with a primary role as a
reinforcement of the building surface [1,2]. Concrete accelerators are chemical admixtures that play an
essential role in producing shotcrete, in which the admixtures accelerate the setting and hardening of the
cement-based materials and improve the early strength development of the shotcrete by accelerating the
hydration rate of the cement paste [3].
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Different types of accelerators had different impacts on the setting and hardening, strength development,
and durability of shotcrete. An et al. [4,5] found that the addition of aluminum sulfate introduced by alkali-free
accelerator contributed to the rapid formation of ettringite crystals, as well as to early hydration of C3S. And the
addition of sodium aluminate introduced by alkaline accelerator accelerated the consumption of gypsum and
the transition from ettringite crystals to calcium mono sulfoaluminate hydrate (AFm), which suppressed the
C3S further hydration. Zeng et al. [6] found that compared to the alkaline accelerator, the alkali-free
accelerator has a higher later compressive strength of concrete. Zhang veriﬁed that the alkaline accelerator
reduced the frost resistance and impermeability of concrete, which is not beneﬁcial to the durability of
concrete; while the alkali-free accelerator has little effect on the durability of shotcrete [7]. Thus, the
properties of the accelerator determine to a large extent the quality of shotcrete [8]. In general, accelerators
are divided into liquid and powder according to their morphological properties. However, a shotcrete with a
powder accelerator has several disadvantages, including high rebound ratio, high dust pollution, and low
ﬁnal strength [9]. Therefore, the powder accelerators were gradually replaced by the liquid accelerators. The
liquid accelerators are divided into alkaline and alkali-free depending on the different alkali contents [5].
The primary component of the alkaline liquid accelerator is sodium aluminate or sodium silicate. However,
due to higher alkali contents, alkaline accelerator is not only hazardous to construction workers, but also
induces alkali-aggregate reaction, which adversely affects the growth of strength and durability of concrete
at a later age [10,11]. Compared to alkaline liquid accelerators, the advantages of the alkali-free liquid
accelerators (dominated by aluminum sulfate) are low rebound ratio, low shrinkage, high ﬁnal strength of
hardened shotcrete, and more environmentally friendly. Therefore, the alkaline liquid accelerator is
gradually replaced by the alkali-free liquid accelerator [12].
To further improve of the accelerator performance, it is often required the addition of other synergistic
components, many scholars have done a great deal of research on it. A type of alkali-free liquid accelerator
was synthetized [13], where the setting time can be shortened by adding large amounts as high as about 9% of
triethanolamine (TEA). This is because TEA can chelate with the Al3+, which accelerates the hydration
process of C3A and formation of the ettringite crystals [14]. Nevertheless, the TEA impact on the cementbased materials is closely associated with its content [15]. When the TEA substitution rate is too high, it
is disadvantageous to the C3S hydration and to the early strength development of the cement [16,17].
Another type of synthetic alkali-free liquid accelerator consists mainly of aluminum sulfate and ﬂuorinecontaining compounds, since the ﬂuoride ions (F-) can chelate with the Al3+ to form an ﬂuorinealuminum complex solution. The effects of different dosages of ﬂuorine-aluminum complex solution on
the performance of accelerator have been studied in the literature [18]. Previous studies suggest that
ﬂuorine-aluminum complex solution can effectively improve the stability of the accelerator and shortens
the cement setting time. However, one drawback was noted as the early-age strength of the cement
mortar was signiﬁcantly reduced [18,19]. This is because the F- in the ﬂuorine-aluminum complex
solution, can damage the structure of the calcium silicate hydrates (C-S-H) gels and the overall structure
of the cement mortar [20,21]. Ultimately, this will result in a decrease in the early-age strength of the
cement mortar [17]. More importantly, excessive use of ﬂuorine-containing compounds may cause
harmful effects on the human body [19].
The problem of early strength reduction of concrete caused by high levels of TEA and F- content needs
to be overcome, therefore, the preparation of an alkali-free liquid accelerator with no F-, low levels of TEA,
excellent quick-setting effect, high early strength, and high later strength retention rate is important for the
shotcrete industry. The main objective of this study is to develop a ﬂuorine-free and alkali-free liquid
accelerator, and investigate its impact on the cement paste such as setting time and compressive strength.
Moreover, the compatibility of the FF-AF-A with different dosages of polycarboxylate superplasticizers
will be studied, the early hydration behavior of cement with the FF-AF-A will be studied by using
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hydration heat, the morphological characteristics of hydration products at different age stages will be
analyzed by XRD and SEM.
2 Experimental Method
2.1 Materials
Reference cement and two types of Portland cement (Jidong cement and Conch cement) were used in
this experiment. The reference cement was produced by China building materials academy, the Jidong
cement was produced by Tangshan Jidong Cement Co., Ltd., Tangshan, China and the Conch cement
was produced by Xing ’an Conch Cement Co., Ltd., Guilin, China; the main physical properties are
shown in Tab. 1, and the chemical compositions of cement are shown in Tab. 2. The sand used in this
experiment was ISO standard sand from Xiamen ISO Standard Sand Co., Ltd., Xiamen, China. Two
types of polycarboxylate superplasticizers were used. The powder polycarboxylate superplasticizer was
purchased from Shanghai Qinhe Chemical Co., Ltd., Shanghai, China the liquid polycarboxylate
superplasticizer was purchased from Henan SiTong New Materials Co., Ltd., Nanyang, China and its
solid content is 25%.
Table 1: Physical properties of cement
Setting time Flexural strength Compressive
Cement type Speciﬁc surface Water requirement of
normal consistency (%)
(min)
(MPa)
strength (MPa)
area (m2/kg)
Reference
Jidong
Conch

354
351
378

24.60
27.85
25.00

Initial Final 3d

28d

3d

28d

98
140
168

8.4
7.7
8.3

27.6
24.4
28.2

53.8
51.0
47.0

157
230
205

6.2
5.2
5.9

Table 2: Chemical compositions of cement/%
Cement type

CaO

SiO2

Al2O3

Fe2O3

MgO

SO3

Loss

Reference
Jidong
Conch

63.32
64.40
64.13

20.58
21.00
19.65

5.03
5.40
5.16

3.38
3.45
3.69

2.01
1.37
1.60

2.06
2.08
2.64

1.76
1.29
0.3

Aluminum sulfate (Al2(SO4)3·18H2O), magnesium sulfate (MgSO4, anhydrous), triethanolamine, and
maleic acid were all analytical reagent. The amorphous Al2O3 gel was industrial grade reagent, Al2O3
content is greater than 50%.
2.2 Synthesis of FF-AF-A
The preparation process of FF-AF-A was divided into four steps. First, aluminum sulfate was dissolved
in water by stirring on magnetic stirrer at the rate of 150~200 rpm at 70°C~90°C. Second, the amorphous
Al2O3 was added to the solution after the aluminum sulfate was dissolved completely. Third, the
triethanolamine and the magnesium sulfate were mixed in the solution and stirred for 30-50 min to obtain
the mother liquor of FF-AF-A. Finally, maleic acid was added and dissolved in the mother liquor. The
proportions of mother liquor were 50% aluminum sulfate, 8% amorphous Al2O3, 3% triethanolamine, 4%
magnesium sulfate, and 35% water, meanwhile, the content of maleic acid is 2% of the mother liquor.
The FF-AF-A was prepared as shown in Fig. 1. The solid content of FF-AF-A was 48%.
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Figure 1: The FF-AF-A
2.3 Measurements
2.3.1 Setting Time
The test of setting time of cement paste was conducted according to the standard of GB/T 35159-2017
(Flash setting admixtures for shotcrete). The cement was weighted at 400 g, the water cement ratio (w/c) was
0.35 (including water in the FF-AF-A), and the FF-AF-A was added in different dosages by cement
weight (%). The test of setting time ambient temperature was 20 ± 2°C.
2.3.2 Strength Test
The strength test of cement mortar was conducted according to the standard of JGJ/T70-2009 (Standard
for test method of basic properties of construction mortar). Therefore, the mortar was prepared using 900 g
cement, 1350 g standard sand, and 450 g of water (including water in the FF-AF-A). The mortar mixture was
loaded into the 40 × 40 × 160 mm3 moulds and cured under the ambient temperature of 20 ± 2°C and a
relative humidity of 95%.
2.3.3 Hydration Heat
The hydration heat and exothermic rate were characterized with the isothermal calorimeter (I-Cal
8000 HPC, Calmetrix Inc.,). Keep raw material temperature, instrument temperature and room
temperature at 20 ± 2°C. The reference cement was weighted at 20 g, the water cement ratio (w/c) was
0.35, the FF-AF-A was added at 4 wt% and 8 wt% of the cement weight (%). When cement paste were
mixed, added the FF-AF-A and stir quickly for 10 s, then place it in the sample cell.
2.3.4 XRD and SEM Test
The samples of reference cement pastes without and with 8 wt% FF-AF-A were hydrated at 7 min, 6 h,
24 h, and 28 days curing ages, then a few pieces of sample from the uncarbonized and unpolluted parts were
immersed into ethanol for 24 h to terminate hydration, then sample were placed in a vacuum drying box and
dried up to constant weight at 45°C. After cooling to room temperature, a small amount of the sample
materials with 3 mm~5 mm diameter size were analysed by SEM (S-4800 type ﬁeld emission scanning
electron microcopy; Hitachi). The other samples were grinded and sieved to 74 µm, the powder samples
were used for XRD (X’Pert PRO, PANalytical).
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3 Results and Discussions
3.1 Effects of Different FF-AF-A Dosages and Cements on the Setting Time
The effect of the FF-AF-A on the setting time of different cement types was investigated, since the type
of cement has a signiﬁcant impact on the performance of shotcrete [22]. The effects of different the FF-AF-A
dosages and cements on the setting time of the cement paste are shown in Fig. 2.

Figure 2: Effect of the dosage of FF-AF-A on setting time of cement paste (a) Initial setting time (b) Final
setting time
Test results indicated a gradual reduction in the initial and ﬁnal setting times of the cement paste with
increased FF-AF-A dosages. When the FF-AF-A dosage was 7 wt%, the initial and ﬁnal setting times of
reference cement pastes were 3 min 10 s and 9 min 35 s, respectively, which met the “Flash setting
admixtures for shotcrete” requirements of the Chinese National Standard [GB/T 35159-2017]. This implies
that the FF-AF-A has an excellent effect of accelerating setting. Moreover, the initial and ﬁnal setting times
of Conch cement and Jidong cement pastes with 7 wt% FF-AF-A were less than 5 and 12 min, respectively.
This implies a very good compatibility between the FF-AF-A and different cement types.
3.2 Effects of Different FF-AF-A Dosages and Cements on the Compressive Strength
Besides the setting time, the compressive strength of cement mortars with the accelerator is another
signiﬁcant criterion in developing and selecting the accelerator. The early strength of concrete mixed with
alkaline accelerator usually increases rapidly, but the ﬁnal strength loss rate is relatively large [23].
Therefore, it is necessary to test the effect of the FF-AF-A dosage on the early and ﬁnal compressive
strength of different cement types.
The effects of the FF-AF-A on the compressive strength of different types of cement at different dosages
are shown in Fig. 3. It is evident from the Fig. 3 that the compressive strengths of various cement mortars
with the FF-AF-A are improved compared to cement mortars without the FF-AF-A. At 8 wt% FF-AF-A
dosage, the 1-day compressive strength of the reference cement mortar reached 13.5 MPa, and the 28-day
compressive strength ratio was 119%. This illustrates that the FF-AF-A not only improves the early
compressive strength of the cement mortars, but also contributes to the development of the ﬁnal
compressive strength. Meanwhile, FF-AF-A addition to Conch and Jidong cements yields a signiﬁcant
improvement in the 1-day compressive strength, with an increase of around 50% with 8 wt% and 7 wt%
FF-AF-A dosage for Conch cement and Jidong cement, respectively. In addition, the 28 d compressive
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strength ratio of Conch cement and Jidong cement mortar with FF-AF-A were more than 100%. This also
implies a very good compatibility between the FF-AF-A and different cement types.

Figure 3: Effect of the dosage of FF-AF-A on compressive strength of cement mortar (a) 1 d compressive
strength (b) 28 d compressive strength ratio
3.3 Compatibility of FF-AF-A with Different Superplasticizer Dosages
Superplasticizer addition to the concrete mix enhances its ﬂuidity, mechanical strength, and durability
[24]. However, most superplasticizers contain some retarding ingredients, which have retarding effects on
cement paste setting time; therefore, it is necessary to study the compatibility of the FF-AF-A with
different dosages of superplasticizer.
As shown in Tab. 3, with the increase of superplasticizer dosage, the initial setting times of the reference
cement paste increased as well, while the range of increase was not very large. The ﬁnal setting time of the
reference cement paste decreased except with 2% the liquid superplasticizer content. This indicates that the
FF-AF-A showed good compatibility with different superplasticizer dosages considering the cement paste
setting time.
Table 3: The compatibility of the FF-AF-A with superplasticizer
Type of
superplasticizer
The powder
superplasticizer
The liquid
superplasticizer

Content of
superplasticizer

Water cement
ratio

Dosage of
FF-AF-A

Initial setting
time

Final setting
time

0
0.3%
0.4%
0.5%
1%
1.5%
2%

0.35

8%

2:35
2:50
3:37
4:00
2:35
3:10
3:46

6:30
5:20
5:36
5:45
6:00
6:10
7:30

3.4 Hydration Heat Analysis
The hydration exothermic rate and hydration heat of reference cement with different dosages of
FF-AF-A were tested with the isothermal calorimeter, and the results are presented in Fig. 4. The
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hydration process of cement is divided into 5 periods, i.e., the earlier induction period (0–0.5h), the induction
period (0.5–2.5), acceleration period (2.5–10.5), deceleration period (10.5–22.5), and stabilization period
(22.5-) according to the change regulation of hydration heat release rate of cement [25].

Figure 4: Effect of FF-AF-A on the hydration exothermic of cement pastes (a) Hydration exothermic rate of
cement pastes (b) Hydration heat of cement pastes
From Fig. 4a, the addition of FF-AF-A noticeably increased the hydration exothermic rate in the earlier
induction period of cement compared to that without the FF-AF-A, and the higher the FF-AF-A dosage, the
higher the ﬁrst exothermic peak. The ﬁrst exothermic peak of the cement paste without FF-AF-A was only
24.37 mW/g within the earlier induction period of cement hydration reaction. When the FF-AF-A dosages
increased to 4 wt% and 8 wt% of cement weight, the ﬁrst exothermic peaks of hydration were 38.98 and
72.23 mW/g, respectively. This was due to FF-AF-A promoted the hydration of C3A. In addition, SO42and Al3+ from the FF-AF-A also reacted with Ca2+ in the cement paste to produce the ettringite crystals.
Meanwhile, the decrease in the concentration of Ca2+ in the cement paste, which in turn promoted the
dissolution and hydration of other cement minerals. Therefore, the hydration exothermic rate is higher
than the cement without FF-AF-A. This indicates that addition of the FF-AF-A could produce generous
ettringite crystals, resulting in the rapid setting of cement paste and the initial setting state in
approximately 3.0 min.
In addition, compared to cement paste without the FF-AF-A, the second higher exothermic peak of the
cement pastes with the FF-AF-A was observed in advance, as shown in Fig. 4a, and the hydration exothermic
rate was found to be higher. The second higher exothermic peak of the cement paste without FF-AF-A was in
the range of 9.9–10.5 h, and the hydration exothermic rate was 3.06 mW/g. However, when the FF-AF-A is
added at 4 wt% and 8 wt% of cement weight, the second exothermic peaks of hydration were in the range of
8.8 h and 8.1 h, respectively, and the hydration exothermic rate were 3.15 and 3.60 mW/g, respectively. This
was because the second exothermic peak in the cement acceleration period was mainly caused by the C3S
hydration [3]. The generation of ettringite crystals consumes a large amount of Ca(OH)2. The reduced
concentration of Ca(OH)2 promoted the hydration of C3S and C2S and further promoted the setting and
hardening of cement, which was beneﬁcial to the development of mortar strength. Therefore, the
accelerated pastes had higher early compressive strength. This indicates that the FF-AF-A promoted the
hydration reaction of C3S, shortened the induction period of cement and the acceleration period of
cement hydration ahead of schedule [4].
Fig. 4b indicates that the hydration heat of cement with the FF-AF-A clearly increased compared with
the cement without the FF-AF-A within the ﬁrst 0.5 h of cement hydration reaction. Fig. 4b also indicates that
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as the FF-AF-A dosage increases, the hydration heat of cement increases gradually. This was due to the fact
that the FF-AF-A promoted the cement hydration reaction to produce the ettringite crystals, which leads to
release of large amounts of hydration heat. Therefore, the higher the FF-AF-A dosage, the higher amount of
ettringite crystals produced, and the higher amount of the hydration heat released. After 48 h of hydration,
there was little or no difference in the hydration heat between the cement paste without FF-AF-A, cement
paste with 4 wt% FF-AF-A, and cement paste with 8 wt% FF-AF-A. This was because the cement paste
without FF-AF-A has also reached ﬁnal setting and the hydration of cement is in a stable state, therefore,
the hydration heat for three samples is not signiﬁcantly different.
3.5 XRD Test Results
To further illustrate the effect of the FF-AF-A on the hydration of cement, the structure of the reference
cement without FF-AF-A and with 8 wt% FF-AF-A at different curing ages were analyzed by XRD, and the
XRD patterns are shown in Fig. 5.

Figure 5: XRD pattern of early hydration process of cement paste: (a) Without FF-AF-A, (b) With 8%
FF-AF-A
Fig. 5a shows the XRD pattern of the reference cement pastes without FF-AF-A at 7 min, 6 h, and 24 h
curing ages. The hydration products were mainly unhydrated C3S, and C2S, as well as calcium hydroxide
(Ca(OH)2) produced by the hydration of C3S. Ca(OH)2 was observed and ettringite crystals was not
observed at the 7 min curing age. The XRD pattern at 6 h curing age showed the formation of ettringite
crystals, however the peak of the ettringite crystals was relatively weak but the intensity of the peak of
Ca(OH)2 became stronger. In particular, there was an increasing number of Ca(OH)2 over time. The XRD
pattern at 24 h curing age showed no signiﬁcant change in the characteristic peak of the ettringite
crystals. This could be related to the slow hydration of cement which is caused by the C3A surface being
covered with ettringite crystals.
Fig. 5b shows the XRD pattern of the reference cement pastes with 8 wt% FF-AF-A at 7 min, 6 h, and
24 h curing ages. The XRD pattern showed characteristic peak of ettringite crystals at 7 min, which implies
that the hydration of cement generates a certain amount of ettringite crystals; thus, resulting in the setting and
hardening of the cement paste. The XRD pattern at 6 h showed an increase in the intensity of the
characteristic diffraction peak of ettringite crystals, which means that the ettringite crystals amount was
increased over hydration time. The XRD pattern at 24 h showed that the intensities of the characteristic
diffraction peak of ettringite crystals remain strong. While the characteristic diffraction peak of Ca(OH)2
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also appeared, they were weak compared to the cement without FF-AF-A. This is due to the generation of
ettringite crystals consumed a large amount of Ca(OH)2 produced by the hydration of C3S. The reduced
concentration of Ca(OH)2 promoted the hydration of C3S and C2S and further promoted the setting and
hardening of cement, which was beneﬁcial to the development of mortar strength [17]. Meanwhile, the
amount of ettringite in cement paste mixed with FF-AF-A was higher than that in cement paste without
FF-AF-A. Therefore, the accelerated pastes had higher early compressive strength.
Fig. 6 shows the XRD pattern of the reference cement without FF-AF-A and with 8 wt% FF-AF-A at
28 d curing ages. The hydration products were mainly Ca(OH)2 and ettringite crystals. Compared with
cement without FF-AF-A, the characteristic diffraction peak of ettringite crystals of cement with 8 wt%
FF-AF-A was more noticeable, but the characteristic diffraction peak of Ca(OH)2 were weak. This is
because most of the Ca2+ in the cement without FF-AF-A reacted to form Ca(OH)2 crystals, and only a
small part of the Ca2+ formed ettringite crystals. However, FF-AF-A addition accelerated the hydration of
cement and generated a large amount of ettringite crystals, and consumed a large amount of Ca2+; thus,
the amount of Ca(OH)2 generated was small.

Figure 6: XRD pattern of 28 days of cement paste
Overall, test results indicated that the addition of the FF-AF-A to cement paste accelerated the hydration
process and changed the amount of cement hydration products, but it did not change the type of hydration
products as shown in Figs. 5 and 6.
3.6 SEM Microanalysis
In order to study the accelerating mechanism of the FF-AF-A, the microstructure SEM analysis was
conducted on the hydration products of the reference cement with and without the FF-AF-A. Fig. 7
shows the SEM images of the hydration products of the reference cement paste at 7 min, 6 h, 24 h, and
28 d curing ages.
Figs. 7a–7d show the microstructure and morphology of the hydration products of the reference cement
paste without the FF-AF-A. Ca(OH)2, C-S-H gels, and ettringite crystals were not visible at 7 min of cement
hydration, and only some crystal whiskers were deposited on the surface of the cement particles, as shown in
Fig. 7a. At the 6 h hydration time shown in Fig. 7b, it can be seen that the hydration products became denser,
but there was no clear ettringite crystals production and at this time the structure of the cement paste is ﬂuffy.
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Figure 7: SEM image of the cement paste. (a) Cement paste hydration for 7 min. (b) Cement paste hydration
for 6 h. (c) Cement paste hydration for 24 h. (d) Cement paste hydration for 28 d. (e) Cement paste mixed
with FF-AF-A 7 min. (f) Cement paste mixed with FF-AF-A 6 h. (g) Cement paste mixed with FF-AF-A
24 h. (h) Cement paste mixed with FF-AF-A 28 d
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At the 24 h hydration time shown in Fig. 7c, little needle-like ettringite crystals appeared on the surface of the
cement particles to reduce the voids in the cement paste, but they did not form a relatively compact hydrated
structure. Finally, at the 28 d hydration time shown in Fig. 7d, almost no ettringite crystals were discerned,
and only a large number of Ca(OH)2 were stacked together running through the C-S-H gels.
Figs. 7e–7h show the microstructure and morphology of the hydration products of the reference cement
paste with 8 wt% FF-AF-A. At the 7 min hydration time shown in Fig. 7e, a certain amount of short rod-like
ettringite crystals were interdigitated, but the overall structure is not yet dense. This indicates that the
FF-AF-A is used to shorten the cement setting time by accelerating the hydration reaction of C3A. At the
6 h hydration time shown in Fig. 7f, and when compared with the cement paste without FF-AF-A, it is
clear that hydration products increased signiﬁcantly, and not only ettringite crystals became longer and with
higher quantities, but also a few petaloid Ca(OH)2 interpenetrating in the hydrogel also appeared. Cement
particles were densely packed together without visible voids and the overall structure was more tightened.
At the 24 h hydration time shown in Fig. 7g, a large number of rod-like ettringite crystals intricately ﬁlled
with cement paste. Moreover, some C-S-H gels and hydration products grew on the surface of the cement
particles, forming a very dense internal structure that substantially strengthens the early strength of the
cement. Finally, at the 28 d hydration time shown in Fig. 7h, and in addition to the small amount of
Ca(OH)2 that can be seen, a large number of rod-shaped ettringite crystals can be seen running through the
C-S-H gels, which effectively ensures the ﬁnal strength of the cement paste.
All things considered, test results demonstrate that the proposed FF-AF-A signiﬁcantly increased Al3+
and SO42- contents, and produced a large number of ettringite crystals. More importantly, these needles and
rod-like ettringite crystals copuriﬁed with other hydration products which resulted in forming a complex
three-dimensional space structure, densiﬁed cement paste structure, shortened the cement paste setting
time, and improved the compressive strength of the cement mortar.
4 Conclusion
Based on the results of the study, the following conclusions are drawn:
1. A FF-AF-A for shotcrete was prepared. the addition of 8 wt% of the FF-AF-A to the reference cement
paste resulted in 2 min 35 s and 6 min 30 s of initial setting time and ﬁnal setting time, respectively. In
addition, the FF-AF-A has shown good compatibility with different cement types and
superplasticizer dosages.
2. The FF-AF-A efﬁciently increased the early and ﬁnal compressive strength of the cement mortar. The
1-day compressive strength of reference cement mortar with 8 wt% FF-AF-A reached 13.5 MPa,
which represents an increase of 35% as compared to the strength of reference cement mortar
without FF-AF-A. The 28-day compressive strength ratio reached 119%.
3. The FF-AF-A accelerated the hydration reaction of the C3A through the reaction of Al3+ with Ca2+
and SO42- forming ettringite crystals, increased the early hydration exothermic rate and hydration
heat of cement, and shortened the cement setting time. In addition, rod-like ettringite crystals
formed the space network structure, densiﬁed cement paste structure, and improved the
compressive strength of the cement mortar.
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