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Abstract: As a low-carbon ecological cement-based material, SAC (sulfoaluminate cement) has
become a research hotspot. This study developed a SAC-based high-performance concrete material
with good durability and high toughness. The mechanical properties of different scales of MSF
(macro steel fiber) and mSF (micro steel fiber) reinforced sulfoaluminate cement-based composites
were mainly studied, including their compressive strength, flexural strength, toughness index, and
toughness ratio, and their resistance to sulfate erosion was characterized. The results show that
adding MSF and HSF (hybrid steel fibers) can significantly improve concrete’s compressive and
flexural strength compared with the Plain group. The compressive strength of SSF1 (1% MSF) and
SSF2 (1.5% MSF) increased by 10.9%, 19.6%, and the compressive strength of HSF1 (0.1% mSF, 1.4%
MSF), HSF2 (0.2% mSF, 1.3%MSF), HSF3 (0.3% mSF, 1.2% MSF), and HSF4 (0.5% mSF, 1.0% MSF)
increased by 23.9%, 33.7%, 37.0%, 29.3%, respectively, while the flexural strength of HSF1, HSF2,
HSF3, and HSF4 groups increased by 51.4%, 84.9%, 88.1%, and 64.2%. Compared with the single
steel fiber (SSF) group, the HSF group has higher initial crack strength, equivalent flexural strength,
toughness index, and toughness ratio. Hybrid fibers have a higher synergistic effect when mSF
content is 0.2–0.3% and MSF content is 1.2–1.3%. The mechanism of multi-scale reinforcement of
hybrid-steel-fiber-enhanced sulfoaluminate cement-based composites was researched. MSF bridges
macro-cracks, mSF bridges micro-cracks, and these two different scales of steel fibers, through filling,
bridging, anchoring, pulling off, and pulling out, improve the toughness of composite materials. The
mechanism of sulfate corrosion resistance of sulfoaluminate cement-based composites was obtained.
SO4

2− entered the matrix and reacted and formed AFt, filling the matrix’s pores. The whole process
is similar to the self-healing process of concrete.

Keywords: sulfoaluminate cement; toughness; reinforcing mechanism; resistance to sulfate erosion

1. Introduction

Concrete is widely used in the construction industry due to its low price and easy
availability of raw materials [1]. The high brittleness and low tensile strain of ordinary con-
crete seriously restricts its development and cannot meet increasing engineering needs [2].
Along with the continuous development of the construction industry, higher requirements
are being placed on cement and concrete materials [3–6]. On the one hand, cement and con-
crete materials are developing towards functionalization, intelligence, and high strength [7].
As a multi-phase material, the destruction of concrete is a complex process. The destruction
of concrete starts from the appearance of microscopic cracks and gradually develops into
macroscopic cracks, which eventually leads to the destruction of concrete. Therefore, there
is a need to improve concrete properties and reduce and retard the development of concrete
cracks. Improving crack resistance of concrete is usually accomplished via both micro-scale
and macro-scale factors [8]. On the micro-scale, this is accomplished by adding micro–nano
materials, such as carbon nanotubes (CNTs) [9–11], graphene nanoplates (GNPs) [12–15],
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whiskers [16], or carbon fibers [17–20], and on the macro scale, by the addition of ma-
terials including steel fibers [21,22], PVA (polyvinyl alcohol fiber) fibers [23], and basalt
fibers [24–26]. Usually, using a single fiber or material can only improve the performance of
the concrete at its respective level. Therefore, it is necessary to use multi-scale, multi-type,
and multi-performance materials to jointly enhance the toughness of concrete from both
microscopic and macroscopic aspects.

Hybrid-fiber-reinforced concrete can prevent cracks at multiple scales and improve
the mechanical properties of concrete and has been widely studied in recent years. Li et al.
studied the flexural toughness of several different steel fiber and polypropylene fiber,
tested the toughness test of 51 specimens, and concluded that the straight steel fiber and
polypropylene fiber showed an obvious synergistic effect. The residual load deflection is
significantly improved, the fullness of the curve is dramatically enhanced, and the bending
toughness is improved significantly [27]. Huang et al. studied the seismic performance
of steel fiber and polypropylene fibers. They found that the synergistic effect of hybrid
fibers improved the ductility and energy dissipation capacity of fiber-reinforced concrete,
and the axial compression improvement rate reached 15–20% [28]. Banthia et al. compared
the flexural properties of two macroscopic steel fibers and plain concrete. They concluded
that the hybrid fibers could effectively improve the performance of concrete, resulting in
a significant synergistic effect [29]. Wu et al. studied the impact of different shapes of
steel fibers on the bonding properties of UHPC; the flexural strength of corrugated steel
fibers and hooked steel fibers increased by 8–28% and 17–50% [30]. Gao et al. studied
the flexural toughness of steel-fiber-reinforced recycled concrete and found that when
the content of steel fiber is less than 0.5%, the improvement of bending toughness is not
apparent. When the content of steel fiber is 0.5–1%, the improvement effect of flexural
toughness is obvious [31].

On the other hand, cement and concrete materials must be green, low-carbon, and
environmentally friendly and reduce environmental pollution. Cement and concrete
materials should develop in a sustainable fashion. In addition, China proposes to achieve a
peak in carbon dioxide emissions by 2030 and to achieve carbon neutrality by 2060 [2]. The
main ways to reduce carbon dioxide in the cement and concrete industry are to reduce and
replace fossil fuels, such as using industrial by-product waste to prepare fuel, and reducing
and replacing calcium carbonate raw materials, such as using steel slag and recycling
aggregates, developing low-carbon cementitious materials, reducing energy consumption,
researching and developing technologies such as carbon capture and utilization, and
developing low-calcium clinker minerals, such as sulfoaluminate cement. SAC has high
early strength, is fast-setting and -hardening, and has excellent durability. In addition,
SAC is a low-carbon ecological cement, which is in line with the development of green
building materials.

The above discussion shows that there are many types of research on hybrid-fiber-
reinforced concrete at present, mainly on compressive strength, flexural toughness, and
synergistic effects. The primary research material is OPC (ordinary Portland cement); there
is a lack of research on the durability of hybrid-fiber-reinforced concrete, especially against
sulfate attack. In addition, the research on the flexural toughness of low-carbon ecological
SAC is exceptionally scarce, which severely limits the application of SAC. There is an urgent
need to study the mechanical properties and flexural toughness and to explore the sulfate
corrosion resistance of hybrid-fiber-reinforced sulfoaluminate cement-based materials.

This paper mainly studies the mechanical properties of hybrid-steel-fiber-reinforced
sulfoaluminate cement-based materials, including compressive strength, flexural strength,
and ratio of flexural strength to compressive strength. The toughness and sulfate-attack
resistance of hybrid-steel-fiber-reinforced sulfoaluminate cement-based composites were
investigated. The hybrid fibers’ enhancement mechanism and sulfate-attack resistance
mechanism on SAC-FRC were revealed.
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2. Materials and Methods
2.1. Materials

Tangshan Polar Bear Co., Ltd. provided SAC. Elkem Materials Co., Ltd. provided SF
(silica fume). Table 1 shows the chemical compositions of SAC and SF. A polycarboxylate
superplasticizer (SP), produced by Chongqing Sansheng Building Material Co., Ltd., was
used. The particle size of the sand was 0.12–0.83 mm, and two steel fibers, namely macro
steel fibers (MSF) and micro steel fibers (mSF), were used. Figure 1 shows the morphologies
of the two steel fibers.

Table 1. Chemical compositions of SAC and SF (wt%).

Type Fe2O3 Al2O3 CaO SO3 MgO SiO2 TiO2

SAC 2.15 16.34 46.08 12.45 2.52 19.15 1.31
SF 0.64 0.71 0.11 0.15 0.13 94.36 –
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2.2. Mix Proportions and Methods

The mix design is shown in Table 2. A sulfate corrosion resistance test of concrete
was carried out according to the GB/T 50082-2009 and GB/T 749-2008 standards, and
the full-immersion method was used. The evaluation indicators included the change in
concrete strength, corrosion resistance coefficient evolution, and mass-loss rate.

Table 2. Mix design of mixtures.

Group w/b Cement Silica Fume Water Sand mSF (%) MSF (%) SP

Plain 0.34 1 0.15 0.391 1.1 0 0 2%
SSF-1 0.34 1 0.15 0.391 1.1 0 1% 2%
SSF-2 0.34 1 0.15 0.391 1.1 0 1.5% 2%
HSF-1 0.34 1 0.15 0.391 1.1 0.1% 1.4% 2%
HSF-2 0.34 1 0.15 0.391 1.1 0.2% 1.3% 2%
HSF-3 0.34 1 0.15 0.391 1.1 0.3% 1.2% 2%
HSF-4 0.34 1 0.15 0.391 1.1 0.5% 1.0% 2%

For the sulfate corrosion resistance test, a 4 × 4 × 16 cm3 test block was used, the
formed specimen was placed in a standard curing room for curing for 28 days, and then
the sulfate corrosion resistance test was started. The initial weight was measured, the test
piece of the erosion group was placed into a prepared 5% Na2SO4 solution, the test piece of
the Plain (control) group was placed into a clear water solution, the solution was changed
every 30 days, and quality tests were conducted every 7 days for the erosion group and
strength tests after curing for 28 days, 60 days, 90 days, 120 days, 150 days, and 180 days.
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3. Results and Analysis
3.1. Compressive Strength

Figure 2 shows the compressive strength of FRC after curing for 28 days. FRC’s
compressive and flexural strengths can be improved to different degrees by adding a single
MSF group and a hybrid fiber group (mSF, MSF). The compressive strengths of SSF1 and
SSF2 increased by 10.9% and 19.6%, and the compressive strengths of HSF1, HSF2, HSF3,
HSF4 increased by 23.9%, 33.7%, 37.0%, 29.3%, respectively. The increase in the compressive
strength of the HSF (hybrid fiber group) was greater than that of the Plain group and the
SSF (single fiber group). Since the volume of mSF was smaller than that of MSF, under the
same mass fraction, there were more mSF; mSF filled the pores of the matrix, improving
the matrix’s compactness. It can also be seen that when the mSF content exceeded 0.3%,
the increase in the compressive strength of the hybrid fiber group decreased: at this point,
MSF dominated and had a greater impact on the compressive strength.
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Figure 2. Compressive strength of FRC.

3.2. Flexural Strength

It can be seen from Figure 3 that the flexural strength and compressive strength have
similar trends. Compared with the Plain group, the flexural strength of the FRC group was
improved to varying degrees. The flexural strength of the SSF1 group increased by 10.7%,
and the flexural strength of the SSF2 group increased by 42.2%. The enhancement effect of
MSF content of 1.5% was better than that of MSF content in the 1.0% group. The flexural
strength of the hybrid fiber group HSF1, HSF2, HSF3, and HSF4 increased by 51.4%, 84.9%,
88.1%, and 64.2%, respectively. It can be seen that the increase in the flexural strength of the
HSF group was significantly greater than that of the Plain and SSF groups. ith the increase
of mSF content, the increasing trend of flexural strength increases and decreases. When the
mSF content is 0.3%, it reached the maximum. The synergistic effect of the hybrid fibers is
greater than that of the single-doped MSF group: when the content of mSF exceeded 0.3%,
the increase in flexural strength decreased. There are two main reasons for this. First, the
small volume of mSF and the large content of mSF increased the amount of it in the matrix,
which can easily lead to agglomeration in the body, thereby affecting the flexural strength
of the matrix. Second, as the amount of MSF decreased, MSF’s impact on the outcome
became dominant. The amount of MSF significantly improves the matrix’s crack resistance,
such that the reduction of the amount of MSF reduces the flexural strength of the matrix.



Buildings 2022, 12, 1243 5 of 15

Buildings 2022, 12, x FOR PEER REVIEW 5 of 16 
 

of mSF exceeded 0.3%, the increase in flexural strength decreased. There are two main 
reasons for this. First, the small volume of mSF and the large content of mSF increased the 
amount of it in the matrix, which can easily lead to agglomeration in the body, thereby 
affecting the flexural strength of the matrix. Second, as the amount of MSF decreased, 
MSF’s impact on the outcome became dominant. The amount of MSF significantly im-
proves the matrix’s crack resistance, such that the reduction of the amount of MSF reduces 
the flexural strength of the matrix. 

 
Figure 3. Flexural strength of FRC. 

3.3. Flexural Strength to Compressive Strength Ratio 
The ratio of flexural strength to compressive strength is important for measuring fi-

ber-reinforced concrete’s flexural strength. The flexural strength of concrete materials is 
usually positively correlated with compressive strength. The growth rate of the flexural 
strength is lower than the compressive strength. It can be seen from Figure 4 that the ratio 
of flexural strength to compressive strength of the Plain group is 0.118. After adding MSF, 
FRC’s flexural strength to compressive strength ratio increases. The flexural strength to 
compressive strength ratio of SSF1 is 0.119, and that of SSF2 is 0.141. SSF1 and SSF2 groups 
increased by 0.08% and 19.5%, compared with the Plain group. Along with the increase of 
MSF content, the ratio of flexural strength to compressive strength increased, indicating 
that MSF’s flexural strength enhancement effect on FRC was greater than the compressive 
strength effect. When msF was added, the ratios of flexural strength to compressive 
strength of HSF1, HSF2, HSF3, and HSF4 were 0.145, 0.164, 0.163, and 0.15, respectively. 
Compared with the SSF2 group, the ratio of flexural strength to compressive strength of 
HSF1, HSF2, HSF3, and HSF4 were increased by 2.8%, 17.0%, 15.6%, and 6.3%, respec-
tively, indicating that the mixing of mSF and MSF on the flexural strength of FRC was 
significantly better than the SSF group. The hybrid fibers significantly improved the 
toughness of the FRC. In addition, it can be concluded that with the increase of mSF con-
tent, the specimen’s flexural strength to compressive strength ratio increases first and then 
decreases. HSF2 (mSF is 0.2%, MSF is 1.3%) has the highest ratio of flexural strength to 
compressive strength; HSF4 (mSF is 0.5%, MSF is 1%), compared with the HSF2 group, is 
reduced by 8.5%, which indicates that when the mSF is less than 0.3%, the enhancement 
effect of mSF on the flexural strength is dominant in the HSF group. When mSF is greater 
than 0.3%, MSF’s enhancement effect is greater than mSF, and MSF plays a dominant role 
in flexural strength. From the changing trend of the ratio of flexural strength to 

Plain SSF-1 SSF-2 HSF-1 HSF-2 HSF-3 HSF-4
0

5

10

15

20

25

64.2%
88.1%84.9%

51.4%
42.2%

10.7%
Fl

ex
ur

al
 st

re
ng

th
 (M

Pa
)

Samples
Figure 3. Flexural strength of FRC.

3.3. Flexural Strength to Compressive Strength Ratio

The ratio of flexural strength to compressive strength is important for measuring
fiber-reinforced concrete’s flexural strength. The flexural strength of concrete materials is
usually positively correlated with compressive strength. The growth rate of the flexural
strength is lower than the compressive strength. It can be seen from Figure 4 that the ratio
of flexural strength to compressive strength of the Plain group is 0.118. After adding MSF,
FRC’s flexural strength to compressive strength ratio increases. The flexural strength to
compressive strength ratio of SSF1 is 0.119, and that of SSF2 is 0.141. SSF1 and SSF2 groups
increased by 0.08% and 19.5%, compared with the Plain group. Along with the increase of
MSF content, the ratio of flexural strength to compressive strength increased, indicating
that MSF’s flexural strength enhancement effect on FRC was greater than the compressive
strength effect. When msF was added, the ratios of flexural strength to compressive strength
of HSF1, HSF2, HSF3, and HSF4 were 0.145, 0.164, 0.163, and 0.15, respectively. Compared
with the SSF2 group, the ratio of flexural strength to compressive strength of HSF1, HSF2,
HSF3, and HSF4 were increased by 2.8%, 17.0%, 15.6%, and 6.3%, respectively, indicating
that the mixing of mSF and MSF on the flexural strength of FRC was significantly better
than the SSF group. The hybrid fibers significantly improved the toughness of the FRC. In
addition, it can be concluded that with the increase of mSF content, the specimen’s flexural
strength to compressive strength ratio increases first and then decreases. HSF2 (mSF is 0.2%,
MSF is 1.3%) has the highest ratio of flexural strength to compressive strength; HSF4 (mSF
is 0.5%, MSF is 1%), compared with the HSF2 group, is reduced by 8.5%, which indicates
that when the mSF is less than 0.3%, the enhancement effect of mSF on the flexural strength
is dominant in the HSF group. When mSF is greater than 0.3%, MSF’s enhancement effect
is greater than mSF, and MSF plays a dominant role in flexural strength. From the changing
trend of the ratio of flexural strength to compressive strength, it can be concluded that the
synergistic effect of the HSF group is significantly better than that of SSF, which significantly
improves the toughness of FRC.
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3.4. Toughness

The typical load–deflection curve of fiber-reinforced concrete is shown in Figure 5. It
mainly includes three stages corresponding to the OA, AE, and EJ sections in Figure 5. The
OA section is the elastic stage. When the sample is loaded, the load–deflection curve of the
sample is a straight line. In the AE section, the load on the sample continues to increase
until the first crack occurs. Point A is the initial crack point, and the AE section is the
deflection-hardening stage. At this stage, the crack gradually increases and develops from
a micro-crack to a macro-crack. The presence of fibers will play a role in preventing cracks,
and the sample will exhibit multi-crack cracking. As the load increases, the crack expands
to the main crack, and the fiber begins to be pulled out or broken from the matrix. At this
time, it enters the third stage, the EJ section, which is the deflection-softening stage. As
the load continues to increase, the cracks in the sample continue to extend until the cracks
penetrate the entire sample, the sample is destroyed, and the test is ended.
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It can be seen from Figure 6 that after the load of the Plain group reached the peak
value, the corresponding deflection reached the maximum value, and then the specimen
failed suddenly, which is a brittle failure. After adding MSF, the load–deflection curve of the
specimen is a full curve. As the load reached the peak, the specimen deflection continued
to increase until the specimen was destroyed. It can be seen that after the specimen reaches
the peak, the load–deflection curve appears smaller; floating fluctuations are caused by the
continuous pulling or breaking of fibers. After adding fiber, the specimen changed from a
brittle failure state to a ductile failure state; when the MSF content increased from 1% to
1.5%, the peak load, deflection, and load–deflection curve of the specimen all increased.
After adding the hybrid fiber, compared with the Plain group and the SSF group, the peak
load and deflection of the HSF group increased. It can be seen that with the increase of
the mSF content, the peak load of the sample increased first and then decreased; when
the content of mSF was 0.3% and the content of MSF was 1.2% in the HSF3 group, the
peak load reached the maximum value; the peak load of the HSF4 group was reached
with 0.5% mSF content and 1% MSF content, which was smaller than that of HSF2 and
HSF3, and the residual deflection curve after the peak is also smaller of HSF2 and HSF3
groups. This is because the MSF content was 1%, compared with HSF1. In HSF2 and
HSF3 group, the amount of MSF was lower, and the effect of MSF on fiber-cracking was
dominant. When the load was applied to the specimen, the amount of MSF was lower, and
the cracking resistance ability of the fiber was weakened. After the peak load was exceeded,
the residual deflection decreased rapidly, and it can be seen that the curve is not smooth
and has different degrees of fluctuation, which shows that the MSFs were constantly being
pulled off or pulled out.
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Figure 6. Load–deflection of FRC.

Flexural toughness was calculated according to the standard (Standard for Fiber Con-
crete Test Methods) CECS13-2009, which includes flexural toughness index and equivalent
compressive strength.

fcr =
FcrL
bh2 (1)

where, fcr is the initial crack strength, Mpa, Fcr is the initial load, N, L is the span, mm. The
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toughness index of the specimen was calculated according to Formulas (2)–(4).

I5 =
Ω3δ

Ωδ
(2)

I10 =
Ω5.5δ

Ωδ
(3)

I20 =
Ω10.5δ

Ωδ
(4)

fe =
ΩkL
bh2δk

(5)

Re =
fe

fcr
(6)

Figure 7 shows the initial crack strength of the specimen. It can be seen that after
adding mSF, the initial crack strength of the HSF group is significantly greater than that
of the SSF2 group, and the initial crack strengths of SSF1, SSF2, HSF1, HSF2, HSF3, HSF4
are 7.01 MPa, 6.86 MPa, 9.28 MPa, 7.74 MPa, 8.97 MPa, 7.87 MPa, respectively. Compared
with the SSF2 group, the initial crack strengths of the HSF1, HSF2, HSF3, and HSF4 groups
were increased by 35.3%, 12.8%, 30.8%, and 14.7%, respectively, indicating that the HSF
groups have higher loads and deflections. It can be seen that the HSF4 group has the
largest increase in initial crack strength, indicating that the HSF group exhibits a significant
synergistic effect.

Buildings 2022, 12, x FOR PEER REVIEW 9 of 16 
 

largest increase in initial crack strength, indicating that the HSF group exhibits a signifi-
cant synergistic effect. 

 
Figure 7. Different strengths of FRC. 

Figure 8 shows the toughness index of the specimen. Due to the use of hybrid fibers, 
the toughness index of the HSF group is greater than that of the SSF1 and SSF2 groups. 
When the content of mSF is 0.2% and the content of MSF is 1.3%, I5, I10, and I20 reach the 
maximum value, which is 7.6, 17.87, and 39, respectively. It can be concluded that mSF 
played an important role in improving the toughness of concrete within a reasonable con-
tent range. 

SSF-1 SSF-2 HSF-1 HSF-2 HSF-3 HSF-4
0

2

4

6

8

10

12

St
re

ng
th

(M
Pa

)

Samples

 First crack strength
 Equivalent flexural strength

Figure 7. Different strengths of FRC.

Figure 8 shows the toughness index of the specimen. Due to the use of hybrid fibers,
the toughness index of the HSF group is greater than that of the SSF1 and SSF2 groups.
When the content of mSF is 0.2% and the content of MSF is 1.3%, I5, I10, and I20 reach
the maximum value, which is 7.6, 17.87, and 39, respectively. It can be concluded that
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mSF played an important role in improving the toughness of concrete within a reasonable
content range.
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Figure 8. Toughness index of FRC.

The equivalent flexural strength of the specimen was calculated according to Equation (5)
and the flexural toughness ratio of the specimen was calculated according to Equation (6).
The equivalent flexural strength is shown in Figure 7. The equivalent flexural strengths of
SSF1, SSF2, HSF1, HSF2, HSF3, HSF4 are 7.5 MPa, 8.3 MPa, 10.5 MPa, 9.6 MPa, 11.6 MPa,
10.9 MPa, respectively. After adding mSF fiber, the equivalent compressive strength of
the HSF group was improved to different degrees. Compared with the SSF2 group, the
equivalent compressive strengths of HSF1, HSF2, HSF3, and HSF4 increased by 26.5%,
15.7%, 39.8%, and 31.3%, respectively. It can be seen that when the mSF content is 0.3%, the
MSF content is 1.2%. When the equivalent compressive strength of the HSF3 group reached
the maximum value, the HSF group showed an obvious synergistic effect compared with
the SSF group. The calculation results of the toughness ratio are shown in Figure 9. The
toughness ratios of each group are 1.07, 1.21, 1.31, 1.24, 1.29, and 1.39, respectively. It can
be seen that after adding mSF, the toughness ratio of the HSF group is improved to varying
degrees. Compared with the SSF2 group, the toughness ratios of HSF1, HSF2, HSF3, and
HSF4 were increased by 9.2%, 3.3%, 7.7%, and 15.4%, respectively, and the toughness
ratio of the HSF4 group was the largest. Combining the changes in initial crack strength,
equivalent flexural strength, toughness index, and toughness ratio, it can be concluded that
the HSF group showed a significant synergistic effect, and the toughness and strength of
the FRC were improved significantly more than those of the SSF group.
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3.5. Resistance to Sulfate Erosion

1. Corrosion resistant coefficient:

Ks =
fs

fw
(7)

where Ks is the corrosion resistant coefficient, fs is the flexural strength after sulfate erosion,
fw is the flexural strength curing in water.

2. Mass-loss rate:

Ws =
mb −ms

mb
(8)

where Ws is mass-loss rate, mb is the mass of the sample before sulfate erosion, ms is the
mass of the sample after sulfate erosion.

The sulfate corrosion resistance coefficient of the specimen can be calculated according
to Equation (7). As shown in Figure 10a, each specimen’s sulfate corrosion resistance
coefficient increases with the corrosion time, and the higher the corrosion coefficient, the
higher the sulfate resistance., and the better the erosion performance. After 28 days, 56 days,
90 days, 120 days, 150 days, and 180 days of erosion, the erosion resistance coefficients of the
Plain group were 1.01, 1.04, 1.07, 1.09, 1.11, 1.12, respectively, indicating that sulfoaluminate
cement has excellent resistance to sulfuric acid salt erosion. The sulfate corrosion resistance
coefficients of the SSF group and the HSF group at each erosion age were larger than those
of the Plain group. Along with the increase of mSF content, the sulfate corrosion resistance
coefficient of the HSF group at the same time increased first and then decreased. The sulfate
corrosion resistance coefficient of the HSF3 group reached the maximum value of 1.08, 1.1,
1.16, 1.18, 1.19, and 1.22, respectively. Hybrid fibers within a suitable fiber content range
are beneficial to improving the ability of sulfoaluminate cement to resist sulfate attack.
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Figure 10. Corrosion resistance coefficient and mass loss rate of FRC.

Figure 10b shows the mass-loss rate of the specimen at different erosion ages, and
the mass-loss rate is negative, indicating that the mass of the specimen increases after
sulfate erosion. It can be seen that the mass of the specimens in each group shows an
increasing trend with the increase of the erosion age. The mass-growth rates of the Plain
group were 0.04, 0.06, 0.09, 0.12, 0.15, and 0.16, and after adding 1.5% MSF, the growth
rates of SSF2 were 0.05, 0.08, 0.11, 0.14, 0.17, and 0.18, respectively. After adding mSF fibers,
the mass-growth rate of the sample first increased and then decreased with the increase
of the mSF content. When the mSF content was 0.3%, and the MSF content was 1.2%, the
mass-growth rate of the sample HSF3 reached the maximum, 0.11, 0.18, 0.21, 0.25, 0.26,
and 0.28, respectively. This shows that after sulfate corrosion, the specimen’s interior is
entered, and a chemical reaction occurs. The specimen generates AFt from the inside to the
outside so that the mass will increase. In addition, in the long-term sulfate attack test, the
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hydration of C2S in sulfoaluminate cement will generate a small amount of CH (Calcium
hydroxide) and sulfate ion, and CH and AH3, which react to generate AFt, which further
fills the pores and increases the compactness of the matrix. Therefore, the flexural strength
of the matrix increases after a sulfate attack. However, with the extension of the erosion
age, AFt is continuously generated, and the pores are filled. When the cement matrix itself
cannot resist the expansion stress of AFt, the internal structure of the cement matrix will
be destroyed. In addition, when the amount of gypsum is insufficient in SAC cement, the
hydration reaction will generate AFm, and AFm will react with sulfate to generate AFt;
the sulfate erosion resistance mechanism of hybrid fiber reinforced concrete is shown in
Figures 11 and 12.
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Figure 13 shows the morphology of mSF in the matrix. When the load plays on the
matrix, the mSF can transmit the stress and redistribute the stress in the matrix, and the
crack development extends to the mSF. The mSF changes and delays the development path
of the crack, dissipates the energy, and improves the flexural toughness of the matrix. It can
be seen that after the mSF is pulled out, cracks appear in the pores, indicating that the matrix
and the mSF are tightly connected. The mSF delays the development of cracks through
filling, bridging, contortion, bonding, pull-off, and pull-out. When the crack develops into
a macro-crack, MSF hinders the development of macro-cracks, forming a multi-scale crack-
stopping mechanism for hybrid fibers. MSF bridges macro-cracks and mSF bridges micro-
cracks, such that two different scales of steel fibers, through filling, bridging, anchoring,
pulling off, and pulling out, improve the toughness of composite materials.
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4. Conclusions

This paper developed a sulfoaluminate cement-based material with good durability
and high toughness. The mechanical properties of different scales of steel-fiber-reinforced
sulfoaluminate cement-based composites were mainly studied, including compressive
strength, flexural strength, toughness index, and toughness ratio, and the resistance to
sulfate erosion was characterized. The main conclusions are shown below.
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1. Adding MSF and HSF can significantly improve concrete’s compressive and flexural
strength compared with the Plain group.

2. Compared with the Plain group, the compressive strength of SSF1 (1% MSF) and SSF2
(1.5% MSF) increased by 10.9%, 19.6%, and the compressive strength of HSF1 (0.1%
mSF, 1.4% MSF), HSF2 (0.2% mSF, 1.3% MSF), HSF3 (0.3% mSF, 1.2% MSF), HSF4
(0.5% mSF, 1.0% MSF) increased by 23.9%, 33.7%, 37.0%, 29.3%, respectively.

3. Compared with the Plain group, the flexural strength of HSF1, HSF2, HSF3, HSF4
groups increased by 51.4%, 84.9%, 88.1%, and 64.2%.

4. Compared with the SSF group, the HSF group has higher initial crack strength and
equivalent flexural strength, toughness index, and toughness ratio. Hybrid fibers
have a higher synergistic effect.

5. The mechanism of multi-scale reinforcement of hybrid steel fibers enhances sulfoa-
luminate cement-based composites: mSF bridges micro-cracks, MSF bridges macro-
cracks, and two different scales of steel fibers, through filling, bridging, anchoring,
pulling off, and pulling out, improve the toughness of composite materials.

6. The mechanism of sulfate corrosion resistance of sulfoaluminate cement-based com-
posites was obtained. SO4

2− entered the matrix and reacted and formed AFt, filling
the matrix’s pores. The whole process is similar to the self-healing process of concrete.
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