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Abstract: The corrosion of concrete structures by chloride salt is very significant in coastal environ-
ments. In order to improve the durability of marine concrete structures, cement-based materials
with high durability need to be developed. In this investigation, the influence of NaCl freeze–thaw
cycles (FT-C) and NaCl dry-wet alternations (DW-A) on the flexural and compressive strengths of
reactive powder concrete (RPC) with an assembly unit of basalt fibers and steel fibers is studied.
Additionally, the mass loss rate, the relative dynamic modulus of elasticity (RDEM), the chloride
ion migration coefficient (CMC) and the impact toughness are measured after the NaCl FT-C and
DW-A action. Our findings show that the RDEM, mass loss, and mechanical strength loss of RPC are
increased by the ascending NaCl FT-C and DW-A. Meanwhile, the RDEM and the impact toughness
are decreased by the NaCl FT-C and DW-A. The RPC with 0.5% basalt fibers and 1.5% steel fibers
by volume of RPC shows the optimum mechanical performance and resistance to NaCl FT-C and
DW-A. However, RPC with 3% steel fibers shows the worst resistance to NaCl erosion. The maximum
mass loss rates, RDEM, flexural strength loss rate, compressive strength loss rate, CMC and impact
toughness of all specimens after 300 NaCl FT-C and 30 NaCl DW-A are 4.5%, 91.7%, 28.1%, 29.3%,
3.2 × 10−12 (m2/s) and 2471 J. Meanwhile, the corresponding minimum values are 1.62%, 83.2%,
20.4%, 15.7%, 1.1 × 10−12 (m2/s) and 625 J. The researching findings will provide an optimum mix
ratio of RPC with an assembly unit of basalt fibers and steel fibers, which can be applied in the marine
engineering environment.

Keywords: mechanical strength; assembly unit; basalt fibers; steel fibers; reactive powder concrete;
NaCl erosion action; impact toughness

1. Introduction

Cement concrete is one of the most widely used materials [1,2]. Reactive powder con-
crete (RPC) is a kind of cement-based material which is manufactured with cement, mineral
admixtures, quartz sand, water and high-performance water-reducing agent (WRA) [3,4].
This kind of material shows high compactness and mechanical performance. When the
cement concrete is used in the coastal urban environment, serious deterioration in the
concrete occurs. For coastal civil engineering construction materials, the chloride erosion
effect is the most severe. Ordinary cement concrete is prone to corrosion during service in
the marine environment. Meanwhile, the application of RPC can improve the service life of
construction buildings [5–9].

Steel fibers, plant fibers, basalt fibers, carbon fibers, and carbon nanotubes have been
applied in reinforcing the performance of RPC. However, steel fibers are easy to corrode
when applied in the marine environment [10,11]. The freeze–thaw cycles and dry-wet
alternations of seawater can accelerate the deterioration of cement concrete [12–14]. When
the steel fibers are mixed in RPC, the corroded steel fibers can induce more serious cracks in
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the cement concrete, thus decreasing the mechanical performance of cement concrete. The
carbon fibers and carbon nanotubes show positive excellent corrosion resistance [15–17].
These fibers are extremely expensive, and not suitable for application in cement-based
materials. The plant fibers shows low cost and good corrosion resistance. However, their
reinforcing effect on mechanical performance is limited.

Basalt fiber is a kind of continuous fiber manufactured by natural basalt after melting
in a high temperature environment of 1450~1500 ◦C and drawing at high speed through
a platinum rhodium alloy wire drawing bushing. The tensile ratio of basalt fiber is as
high as 15%~18%, which can be uniformly distributed in cement concrete. The addition
of basalt fibers can prevent the sink of aggregate and improve the uniformity of RPC.
Moreover, the segregation can be decreased and the workability can be improved through
the addition of basalt fibers [18–20]. Additionally, the tensile strain of cement concrete can
be limited by basalt fibers; meanwhile, concrete shrinkage can be decreased by basalt fibers.
Li et al. [2], reported that 0.5% of the total volume of RPC is the optimum fiber volume of
basalt fibers. Furthermore, basalt fibers can effectively improve the impact toughness and
provide excellent resistance to freeze–thaw and carbonation of RPC. The copper-plated
fine steel fibers exhibit high corrosion resistance and perfect mechanical performance. The
RPC with an assembly unit of basalt fibers and copper-plated fine steel fibers may exhibit
better mechanical and durable properties. However, little attention has been paid to the
effect of NaCl erosion on the performances of RPC with assembly units of basalt fibers and
copper-plated fine steel fibers [21,22].

In this study, the mass loss rate, the relative dynamic modulus of elasticity (RDME),
the flexural loss rate, the compressive strength loss rate and the impact toughness of RPC
with an assembly unit of basalt fibers and copper-plated fine steel fibers are measured.
Freeze–thaw cycles (FT-C) and the dry-wet alternations (DW-A) of NaCl are exerted on
the RPC specimens. This research will provide a new high-performance concrete material
which may be applicable to coastal environment.

2. Materials and Methods
2.1. Raw Materials

Ordinary Portland cement (OPC) provided by Aosheng Construction Co., Ltd., Yanchen,
China is selected. The cement has a density of 3.05 g/cm3, a compressive strength of
42.5 MPa, and an initial setting time and final setting time of 107 min and 361 min. The
blast furnace slag (BFS) shows a density of 2.89 g/cm3, a specific surface area of 437.5 m2/g
and a thermogravimetric loss rate of 2.3%. Silica fume (SF) with a specific surface area and
density of 15 m2/g and 2.2 g/cm3 is used for this research. SF is produced by the Shanggao
Mingzheng Plastic Factory, Yichun, China. Meanwhile, the ultra-fine fly ash (FA) exhibits a
density of 2.11 g/cm3 and a specific surface area of 387 m2/g. The chemical composition
and the particle size distributions of the binder materials are shown in Tables 1 and 2.
Quartz sand with particle sizes of 1.1~0.70 mm, 0.61~0.34 mm and 0.148~0.298 mm is used
as the aggregate in this experiment. Liquid poly-carboxylic acid water-reducing agent
(WRA) with a 40% water-reducing rate is used for adjusting the working performance
of fresh RPC paste. Calcium formate, polyether surfactants and dry powdered DF-04
defoamer are used as early strength agent and defoamer. Basalt fibers (BFs) with excellent
acid and alkali resistance are provided by Shandong Taicheng Fiber Factory, Taian, China,
showing a density of 2.71 g/cm3, a length of 15–18 mm, and a diameter of 18–48 µm,
a the fracture strength of 1050 MPa, and an average modulus of elasticity of 3781 MPa.
Copper-plated steel fibers (SFs), offered by Anshan Cobit, Anshan, China, with an average
length of 1.5 cm, a diameter of 0.2 mm, a density of 7.85 g/cm3 and a tensile strength of
2812 MPa are used in the measurement.
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Table 1. Particle passing percentage of raw materials (%).

Types’
Particle Size (%) 0.3 µm 0.6 µm 1 µm 4 µm 8 µm 64 µm 360 µm

OPC 0 0.3 2.7 15.0 28.8 93.6 100
BFS 0.04 0.11 3.6 19.7 35.1 98.0 100

Sand 0.01 0.02 0.02 0.02 0.04 20 100
FA 12.3 41.7 66.2 100 100 100 100
SF 31.3 58.4 82.2 94.6 99.4 99.4 100

Table 2. The compositions (%).

Types’
Compositions SiO2 Al2O3 FexOy MgO CaO SO3 K2O Na2O Ti2O Loss on

Ignition

OPC 20.9 5.5 3.9 1.7 62.2 2.7 - - - 3.1
BFS 34.1 14.7 0.2 9.7 35.9 0.2 3.5 - - -

Sand 99.6 - 0.02 - - - - - - -
FA 55.00 20.00 6.00 10.20 4.50 0.11 1.26 2.13 0.06 0.74
SF 90.0 0.2 0.6 0.2 0.4 0 7.4 - - -

2.2. Sample Preparation and Measurement Methods
2.2.1. Sample Manufacturing

The samples are prepared with the mixing proportions shown in Table 3, including
water, OPC, FA, SF, BFS, quartz sand, WR, BFs and SFs. All dry powder materials are
mixed in a UJZ-15 mortar mixer for 30 s. Then, the steel fibers and basalt fibers are
mixed evenly in the dry materials for another 30 s. Finally, the water-reducing agent and
water are stirred uniformly for the last 5 min. After the stirring, the fresh RPC paste is
poured, forming specimens with sizes of 40 × 40 × 160 mm3, 100 × 100 × 400 mm3 and Φ
100 × 50 mm3. All the specimens are cured in the standard curing environment for 28 days
before measurement. The standard curing environment can be divided into two steps.
Firstly, specimens are cured in the environment with a temperature of 20 ± 2 ◦C and a
relative humidity of 60% for 1 day before demolding. Then, the specimens are moved
to the standard curing room with a temperature of 20 ± 2 ◦C and a relative humidity of
98% ± 1%. Figure 1 shows the manufacturing and measuring processes.
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Table 3. Mix proportion of RPC per unit volume (kg/m3).

Water OPC FA SF BFS Sand WR BFs SFs

183.3 740.7 148.12 222.18 111.1 977.9 16.3 0 157
183.3 740.7 148.12 222.18 111.1 977.9 16.3 0 235.5
183.3 740.7 148.12 222.18 111.1 977.9 16.3 54.2 0
183.3 740.7 148.12 222.18 111.1 977.9 16.3 81.3 0
183.3 740.7 148.12 222.18 111.1 977.9 16.3 13.55 117.75

2.2.2. Measurement of Mechanical Strengths

Specimens with a size of 40 × 40 × 160 mm3 are made for measuring the flexural
and compressive strengths. The mechanical strengths are measured with a YDW-100C
microcomputer full-automatic universal tester provided by Jinan Xulian Instrument and
Equipment Co., Ltd., Jinan, China. The loading speeds for the flexural and compressive
strengths are 0.05 and 2.4 kN/s. Figure 2 shows the measuring process of flexural and
compressive strengths.
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2.2.3. Measurement of Impact Toughness

The JLW-100 drop weight impact test measured impact toughness. The test method
proposed by the American Concrete Institute (ACI) 544 committee is used to measure the
impact toughness of concrete beams. The specimen is 100 × 100 × 400 mm3 in size, the
drop hammer weighs 1.5 kg, the clear span of the beam is 360 mm, and the span of the
upper loading section is 120 mm.

A four-point loading mode is adopted to apply impact load on the specimen. The
measuring equipment is exhibited in Figure 3. In the study, three replicates are used for
each group. The average impact toughness is considered as the index of concrete impact
resistance. The strain gauge is fixed at the axial position of the bottom center of the beam,
and the dynamic strain gauge is used to monitor the concrete. If a sudden increase in strain
happens during impact, cracks may start to generate in the beam. With an increase in
impact times, the number of impact times virtually stays the same. The impact toughness
can be calculated by Equation (1).
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Figure 3. The test process and loading mode of the impact test.

The specimen is simply supported, and its calculated span is 340 mm. In this sec-
tion, the impact toughness index and impact energy dissipation performance of different
beams are obtained using a drop weight bending impact test for nine groups of different
mixing proportions.

In this impact test, a 2.5 kg drop hammer (5 kg rod weight) is used to impact the side of
the forces specimen from a height of 400 mm. The crack propagation width of the specimen
surface is observed by the specimens’ crack width detector (as shown in Figure 2), which is
used to determine the impact times at the initial crack. The impact test is repeated until the
specimen fails.

The impact toughness index (β) for drop hammer impact testing is defined as the
ratio of the difference between the failure impact number (N2) and the initial crack impact
number (N1) to the initial crack impact number (N1). The impact toughness index represents
the ratio of the impact energy consumption after the crack appears to the impact energy
consumption before the initial crack, and reflects the toughness of the material after the
crack. Among them, the impact times of the initial crack are the initial stage of impact.
For each test, the experimental steps are carried out as follows. Firstly, the bottom of the
specimen is wiped with alcohol, and then the impact times are recorded and detected.
The impact times of failure are recorded as soon as the crack width detector identifies
the first crack that has a width of 0.05 mm. In the whole impact test, the impact energy
consumption (W) of the specimen is the work accumulation of each impact. It can be
calculated as follows:

W = mghN (1)

where N represents the total number of impact failures, m notes the mass of the whole
drop-weight, which in this study is 7.5 kg, h is the dropping height, in this case 400 mm, g
stands for gravitational acceleration, in this case 9.8 m/s2. The impact toughness index (β)
can be calculated by Equation (2) as follows:

β = (N2 − N1)/N1 (2)

2.2.4. NaCl Erosion Environment

Previously, NaCl (FT-C) and NaCl (DW-A) specimens with sizes of 40 × 40 × 100 mm3

were immersed in 3% NaCl solution for 4 days after standard curing for 24 days. Then, the
specimens are subjected to the experiments of NaCl FT-C by the concrete rapid FT-C test
box. A DW-A can be described following these steps. The specimens immersed in NaCl
solution for 4 days are air dried at room temperature for 2 h. Then, the specimens are dried
in the vacuum drying oven for 36 h and moved to room temperature and cooled for 2 h.
Finally, all specimens are immersed in NaCl solution for the residual 10 h.
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3. Results and Discussion
3.1. Action of NaCl FT-C
3.1.1. Mass Loss Rate and RDEM after Different NaCl FT-C

Figure 4 shows the mass loss rate of specimens during FT-C. It can be observed from
figure that the mass loss rate of RPC increases with the increasing number of FT-C. The
mass loss rate of RPC with 2% steel fibers is lower than that of RPC with 3% steel fibers.
Meanwhile, the RPC with 3% basalt fibers shows a lower mass loss rate than the RPC with
2% basalt fibers and 3% steel fibers, but higher than that with 2% steel fibers. The RPC
with an assembly unit of basalt fibers and steel fibers shows the lowest mass loss rate of
all mix proportions. The main reason for this result is that the frost-heaving stress inside
the RPC and the crystallization stress of NaCl during freezing and thawing cycles cause
the RPC to bulge and crack, resulting in peeling. Therefore, the mass of RPC continues to
decline during freezing and thawing. However, excessive steel fibers (3%) can accelerate
the corrosion of steel fibers, and the corroded steel fiber is prone to cause cracking and
peeling of RPC, thus accelerating its mass loss. Therefore, when the steel fiber content is
3%, the mass loss rate of RPC is the highest. The reinforcement effect of RPC mixed with
0.5% basalt fiber and 1.5% steel fiber is the best, leading to an optimum crack resistance
effect of RPC. Consequently, the mass loss rate of RPC during FT-C is the smallest. The
mass loss rates after 300 FT-C vary from 1.62%~4.5%. It can be observed from Figure 4 that
the mass loss of RPC is less than 5%, which indicates that this type of RPC has excellent
anti-NaCl freeze–thaw effect [23].

Coatings 2023, 13, x FOR PEER REVIEW 7 of 15 
 

 

0 50 100 150 200 250 300
0

1

2

3

4

5

NaCl FT-C

RPC-F-1
RPC-F-2
RPC-F-3
RPC-F-4
RPC-F-5

M
as

s 
lo

ss
 ra

te
(%

)

 
Figure 4. Mass loss rate during NaCl FT-C. 

The relative dynamic modulus of elasticity (RDME) after exposure to a different 
number of FT-C is shown in Figure 5. As illustrated in Figure 5, the RDME decreases with 
the increasing FT-C. This is mainly because the cracks in the inner RPC increase with the 
increase of FT-C, and therefore the RDME of RPC decreases gradually during FT-C [24]. 
After suffering FT-C, the RDME is in accordance with the following order: 0.5% basalt 
fiber + 1.5% steel fiber RPC > 2% steel fiber RPC > 2% steel fiber RPC > 3% steel fiber RPC 
> 3% basalt fiber RPC > 2% basalt fiber RPC. This is due to the fact that the reinforcing 
effect of steel fibers on RPC is higher than that of basalt fibers, and the RDME of steel 
fiber-reinforced RPC with the same content is higher than that of the RPC with basalt 
fibers [25]. However, steel fibers will rust under the action of NaCl FT-C, which will cause 
acceleration of cracking, thus reducing the RDME of RPC. The fiber-reinforced effect of 
the RPC mixed with 0.5% basalt fibers and 1.5% steel fibers is the best, hence the RDME 
of RPC is the highest at this time. The RDME after 300 NaCl FT-C ranges from 
84.1%~91.7%, which is higher than 80%, thus showing excellent resistance to NaCl FT-C. 

0 50 100 150 200 250 300
82
84
86
88
90
92
94
96
98

100

RPC-F-1
RPC-F-2
RPC-F-3
RPC-F-4
RPC-F-5

NaCl FT-C

RD
EM

 (%
)

 
Figure 5. The RDEM of RPC during NaCl FT-C. 

Figure 4. Mass loss rate during NaCl FT-C.

The relative dynamic modulus of elasticity (RDME) after exposure to a different
number of FT-C is shown in Figure 5. As illustrated in Figure 5, the RDME decreases with
the increasing FT-C. This is mainly because the cracks in the inner RPC increase with the
increase of FT-C, and therefore the RDME of RPC decreases gradually during FT-C [24].
After suffering FT-C, the RDME is in accordance with the following order: 0.5% basalt
fiber + 1.5% steel fiber RPC > 2% steel fiber RPC > 2% steel fiber RPC > 3% steel fiber
RPC > 3% basalt fiber RPC > 2% basalt fiber RPC. This is due to the fact that the reinforcing
effect of steel fibers on RPC is higher than that of basalt fibers, and the RDME of steel
fiber-reinforced RPC with the same content is higher than that of the RPC with basalt
fibers [25]. However, steel fibers will rust under the action of NaCl FT-C, which will cause
acceleration of cracking, thus reducing the RDME of RPC. The fiber-reinforced effect of
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the RPC mixed with 0.5% basalt fibers and 1.5% steel fibers is the best, hence the RDME of
RPC is the highest at this time. The RDME after 300 NaCl FT-C ranges from 84.1%~91.7%,
which is higher than 80%, thus showing excellent resistance to NaCl FT-C.
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3.1.2. Mechanical Strength Loss Rates after NaCl FT-C

Figure 6 shows the flexural strength and compressive strength loss rates after different
NaCl FT-C. It can be observed from Figure 6 that the mechanical strength loss rates of RPC
gradually increase with the ascending number of FT-C. The mechanical strength loss rates
of all specimens increase in the following order: RPC with 0.5% basalt fibers + 1.5% steel
fibers < RPC with 2% steel fibers < RPC with 3% basalt fibers < RPC with 2% basalt
fibers < RPC with 3% steel fibers. This is because the increased cracks during the FT-C lead
to decreased mechanical strength [26]. Therefore, the increased number of FT-C will cause a
continuous decrease in RPC strength. We can see from our results that a certain number of
steel fibers and basalt fibers can enhance the mechanical and resistance of FT-C. However,
excessive steel fibers will aggravate their corrosion, thus reducing the tensile property of
steel fiber and leading to the reduction in mechanical strength. Additionally, steel fibers’
corrosion leads to RPC expansion cracking, further reducing the mechanical strength. The
assembly unit of basalt fibers and steel fibers possesses the advantages of two kinds of
fibers, thus weakening their shortcomings. Therefore, the mechanical strength loss of RPC
with 0.5% basalt fiber + 1.5% steel fiber is at a minimum. It can be seen in Figure 6 that the
loss of compressive strength is lower than the flexural strength loss. This is because the
cracks of RPC increase and widen due to FT-C. The crack growth rate of RPC in tension is
higher than that in compression. Therefore, the reduction rate of flexural strength is higher
than that of compressive strength. The flexural and compressive strengths loss rates are
22.3%~36.7% and 15.7%~28.1%.
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Figure 6. Mechanical strength loss rates after NaCl FT-C. (a) Flexural strength loss rate (b) Compres-
sive strength loss rate.

3.1.3. CMC during NaCl FT-C

The CMC of RPC during different FT-C is exhibited in Figure 7. It can be seen in
Figure 7 that the CMC decreases in the following order: RPC with 3% steel fibers > RPC with
2% steel fibers > RPC with 2% basalt fibers > RPC with 0.5% basalt fibers + 1.5% steel fibers,
before the NaCl FT-C. As shown in Figure 7, the CMC descends obviously with the increas-
ing number of NaCl FT-C. This is mainly ascribed to the fact that the cracking expansion
of RPC is accelerated by the FT-C, leading to an increase in the CMC. Consequently,
the CMC of RPC increases with the increasing FT-C [27]. After the FT-C, the CMC de-
scends in the same order as that before NaCl FT-C. The CMC after 300 FT-C ranges from
1.1 × 10−12 (m2/s)~3.2 × 10−12 (m2/s).
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Figure 7. The CMC of RPC during NaCl FT-C.

3.1.4. Impact Toughness during NaCl FT-C

Figure 8 shows the impact toughness of RPC after different NaCl FT-C. As depicted in
Figure 8, the initial impact toughness (impact toughness before NaCl corrosion) of RPC
increases with the increasing fiber contents. The RPC with steel fibers shows higher impact
toughness than the RPC with basalt fibers. This is mainly attributed to the fact that the fibers
can consume the impact energy during the impact process. Besides, the fibers’ pullout effect
limits the extension of RPC cracks during impact; therefore, the impact toughness of RPC
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is increased by adding fibers [28]. Meanwhile, the tensile toughness of steel fibers is higher
than that of basalt fibers, leading to the result that the RPC with steel fibers shows higher
impact toughness than the RPC with basalt fibers. RPC with 0.5% basalt fibers + 1.5% steel
fibers performs the highest impact toughness. This is because this combination of fibers
performs the highest the mechanical strength and the fiber dispersion, thus improving the
impact toughness [29]. Moreover, as depicted in Figure 8, increasing NaCl FT-C results
in decreasing impact toughness. This is attributed to increased cracks in the inner RPC
during NaCl FT-C action [30]. Hence, the impact toughness is reduced by the NaCl FT-C.
The impact toughness of RPC after being subjected to NaCl FT-C decreases in the following
order: RPC with 3% steel fibers > 2% steel fibers RPC > 2% basalt fibers RPC > 3% basalt
fibers > 0.5% basalt fibers mixed with 1.5% steel fiber RPC. When 300 NaCl FT-C are
finished, the impact toughness is 625~2456 J.
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Figure 8. The impact toughness of RPC during NaCl FT-C.

Comparing our results with those of other researchers [25,27], the mass loss rates,
RDEM, mechanical strengths loss rates and CMC of RPC with an assembly unit of steel
fibers and basalt fibers after 300 NaCl FT-C are 77.1%~85.3%, 118.4%~126.7%, 82.5%~86.2%,
and are 91.1%~92.3% in the RPC with mono-doped basalt fibers or steel fibers.

3.2. Action of NaCl DW-A
3.2.1. Mass Loss Rate and RDEM after Different NaCl DW-A

The mass loss rates of RPC specimens after exposure to 0, 10, 20 and 30 NaCl DW-A
are shown in Figure 9. As depicted in Figure 9, the mass loss rates of RPC increase with
the rising number of DW-A. This is mainly due to the fact that NaCl will continuously
crystallize and precipitate when the NaCl DW-A are exerted on the specimens [31]. As
a result, the internal cracking and surface peeling of RPC will increase the mass loss
of RPC. As found in Figure 9, the mass loss rates increase in the following order: RPC
with 0.5% basalt fibers + 1.5% steel fibers < RPC with 2% steel fibers < RPC with 3% basalt
fibers < RPC with 2% basalt fibers < RPC with 3% steel fibers. This is mainly because the
addition of basalt fibers and steel fibers can limit crack propagation in the inner RPC, while
steel fiber has a stronger limiting ability. However, during the process of DW-A, more
Cl− and O2 will enter the RPC to accelerate the corrosion of steel fibers, thus accelerating
the crack propagation and peeling of the RPC [32]. Therefore, RPC with 3% steel fibers
has the highest mass loss rate. Compared with steel fibers, basalt fibers have higher
corrosion resistance. Therefore, the assembly unit of steel fibers and basalt fibers combine
the advantages of the excellent mechanical properties of steel fibers and the high corrosion
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resistance of basalt fibers. Consequently, the RPC with 0.5% basalt fibers + 1.5% steel fibers
shows the lowest mass loss rate. The mass loss rate after 30 NaCl DW-A is 2.1%~3.2%,
indicating high resistance to NaCl DW-A.
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Figure 9. Mass loss rate during NaCl DW-A.

The RDEM of RPC after suffering from 0, 10, 20, and 30 NaCl DW-A is illustrated in
Figure 10. It can be observed in Figure 10, the RDEM descends with the increasing number
of NaCl DW-A. The main reason is attributed to the increasing and widening of cracks in
the inner RPC by NaCl DW-A resulting in the decreased RDEM [33]. After the NaCl DW-
A, the RDEM decreases in the following order: RPC with 0.5% basalt fibers + 1.5% steel
fibers > RPC with 2% steel fibers > RPC with 3% basalt fibers > RPC with 2% basalt
fibers > RPC with 3% steel fibers. This is mainly because the mechanical properties of
steel fibers are higher than basalt fibers [34]. However, excessive steel fibers will accelerate
the steel fibers’ corrosion and increase cracks, leading to decreasing the RDEM. There-
fore, when the steel fiber content is 3%, the RDEM of RPC is the lowest, while the RPC
with 0.5% basalt fibers + 1.5% steel fibers shows the highest RDEM. The RDEM of RPC
after suffering 30 NaCl DW-A is 82.1%~90.2%, showing perfect performance after NaCl
DW-A action.
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3.2.2. Mechanical Strength Loss Rates after NaCl DW-A

The mechanical strength loss rates after different NaCl DW-A are shown in Figure 11.
As observed in Figure 11, mechanical strength loss rates increase with the number of NaCl
DW-A. The mechanical strengths’ loss rates are in accordance with the following order:
RPC with 0.5% basalt fibers + 1.5% steel fibers < RPC with 2% steel fibers < RPC with
3% basalt fibers < RPC with 2% basalt fibers < RPC with 3% steel fibers. The reason for
this phenomenon is that the assembly unit of basalt fibers and steel fibers is the best for
reinforcing the mechanical strengths of RPC. The tensile strength of steel fibers is higher
than that of basalt fibers. However, massive dosages of steel fibers accelerate the corrosion
of steel fibers, leading to a reduction in the RPC’s mechanical strength. As can be observed
from Figure 11, the flexural strength loss rate of RPC is higher than the compressive strength
loss rate of RPC. Comparing the mass loss rates and mechanical strength loss rates of the
RPC exposed to NaCl DW-A with that of the RPC exposed to NaCl FT-C, the RPC shows
higher resistance to NaCl FT-C than resistance to NaCl DW-A. The flexural and compressive
strength loss rates are 20.4 %~28.5% and 18.2 %~22.1%.
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Figure 11. Mechanical strength loss rates after NaCl DW-A. (a) Flexural strength loss rate (b) Com-
pressive strength loss rate.

3.2.3. CMC during NaCl DW-A

The CMC of RPC after 0, 10, 20, and 30 NaCl DW-A is shown in Figure 12. As obtained
from Figure 12, the CMC increases with the increasing NaCl DW-A. It is mainly because the
cracks caused by the NaCl DW-A increase the probability of chloride ion diffusion, leading
to the increase in CMC. The CMC after NaCl DW-A varies in the following order: RPC
with 3% steel fibers > RPC with 2% steel fibers > RPC with 2% basalt fibers > RPC with
3% basalt fibers > RPC with 0.5% basalt fibers + 1.5% steel fibers. When 30 NaCl DW-A are
finished, the CMC is 1.6 × 10−12~3.1 × 10−12 (m2/s).
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3.2.4. Impact Toughness during NaCl DW-A

The impact toughness of RPC after different NaCl DW-A is illustrated in Figure 13. As
depicted in Figure 13, the impact toughness decreases obviously with the increasing NaCl
DW-A. This is mainly because that the cyclic crystallization stress of RPC is generated in the
process of NaCl DW-A [35]. Hence, the cracks in RPC will expand, resulting in reducing the
impact toughness. The reduction rate of impact toughness due to the NaCl DW-A coincides
with the following order: RPC with 3% steel fibers >RPC with 2% steel fibers > RPC with
2% basalt fibers > RPC with 3% basalt fibers > RPC with 0.5% basalt fibers + 1.5% steel
fibers. This is mainly because the passive film of steel fibers is corroded by chloride ions
under the alternating action of NaCl DW-A, which leads to a rapid reduction in impact
toughness [36]. Comparing Figures 8 and 13, the impact toughness of RPC after NaCl
FT-C is higher than that after NaCl DW-A. After 30 NaCl DW-A, the impact toughness is
678~2471 J.
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Figure 13. The impact toughness of RPC during NaCl DW-A.

Comparing the results of our research with those of other researchers [25,27], the mass
loss rates, RDEM, mechanical strength loss rates and CMC of the RPC with an assembly
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unit of steel fibers and basalt fibers after 30 NaCl DW-A are 79.8%~86.1%, 123.1%~135.2%,
83.6%~88.1% and are 92.3%~94.5% in the RPC with mono-doped basalt fibers or steel fibers.

4. Conclusions

The conclusion of the research can be summarized as follows.
The mass loss rates, the mechanical strength loss rates and CMC are increased by the

actions of NaCl FT-C and DW-A. Meanwhile, the NaCl FT-C and DW-A lead to decreased
RDEM and impact toughness.

The addition of BFs and SFs can improve mechanical performances and resistance to
NaCl actions. The NaCl erosion resistance of the RPC accords with the following order:
RPC with 0.5% basalt fibers + 1.5% steel fibers > RPC with 2% steel fibers > RPC with
3% basalt fibers > RPC with 2% basalt fibers > RPC with 3% steel fibers. Specimens with
0.5% basalt fibers and 1.5% steel fibers show the optimum mechanical strength and the
resistance to NaCl erosion.

The mass loss rates, RDEM, flexural strength loss rate, compressive strength loss
rate, CMC and impact toughness of all specimens after 300 NaCl FT-C are 1.62%~4.5%,
83.2%~91.7%, 22.3%~36.7% and 15.7%~28.1%, 1.1 × 10−12~3.2 × 10−12 (m2/s) and 625~2456 J,
while the corresponding parameters of specimens after 40 NaCl DW-A are 2.1%~3.2%,
82.1%~90.2%, 20.4%~28.5%, 18.2%~22.1%, 1.6 × 10−12~3.1 × 10−12 (m2/s) and 678~2471 J.
According to comprehensive comparisons, these properties decay more seriously after
300 NaCl FT-C.

The goal of this study is to provide a kind of concrete material with ultra-high me-
chanical strength and durability for marine structures.
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