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Abstract: Basalt fiber has a great advantage on the mechanical properties and durability of reactive
powder concrete (RPC) because of its superior mechanical properties and chemical corrosion resistance.
In this paper, basalt fiber was adopted to modified RPC, and plain reactive powder concrete (PRPC),
basalt fiber reactive powder concrete (BFRPC) and steel fiber reactive powder concrete (SFRPC)
were prepared. The mechanical properties and freeze-thaw durability of BFRPC with different
basalt fiber contents were tested and compared with PRPC and SFRPC to investigate the effects
of basalt fiber contents and fiber type on the mechanical properties and freeze-thaw durability of
RPC. Besides, the mass loss rate and compressive strength loss rate of RPC under two freeze-thaw
conditions (fresh-water freeze-thaw and chloride-salt freeze—thaw) were tested to evaluate the effects
of freeze—thaw conditions on the freeze-thaw durability of RPC. The experiment results showed
that the mechanical properties and freeze-thaw resistance of RPC increased as the basalt fiber
content increase. Compared with the fresh-water freeze—thaw cycle, the damage of the chloride-salt
freeze-thaw cycle on RPC was great. Based on the freeze-thaw experiment results, it was found
that SFRPC was sensitive to the corrosion of chloride salts and compared with the steel fiber, the
improvement of basalt fiber on the freeze—thaw resistance of RPC was great.

Keywords: reactive powder concrete; basalt fiber; chloride-salt corrosion; freeze—thaw durability;
mechanical properties

1. Introduction

In the practical application of concrete structural engineering, the deterioration of concrete and the
shortening of its service life are related to freeze-thaw damage, chloride ion penetration, sulfate attack
and carbonization [1,2]. Accordingly, it is important to improve the durability of concrete structures
in practical applications, which is a crucial factor to reduce the cost of infrastructure construction
and maintenance. In cold areas, most concrete structures appear in the natural environment, and
the freeze—thaw cycle reduces the service life and becomes one of the main sources of damage to the
concrete structure [3]. Especially in cold areas, where de-icing salt has been adopted, the concrete
damage caused by the coupling action of chloride corrosion and freeze-thaw cycle is serious [4].
The destruction of concrete structures caused by freeze—thaw cycle has aroused widespread concern.
The durability of concrete is closely related to the internal pore structure. Concrete structure with
low-porosity could effectively reduce the pore solution inside the concrete, thus reducing the internal
water pressure caused by the freezing of the pore solution and improving the freeze—thaw resisrance of
concrete [5]. Besides, the compact concrete structure could hinder the transmission of chloride and
greatly reduce the damage caused by chloride ion penetration [6,7].
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Reactive powder concrete (RPC), proposed in the 1990s, is an ultra-high-performance concrete
characterized by dense microstructure and uniform concrete matrix [8]. The traditional RPC is
developed through microstructure enhancement technology and the main improvement is related to
matrix uniformity, porosity and microstructure, including eliminating coarse aggregates and reducing
the water—binder ratio to improve matrix uniformity [9], optimizing particle gradation to decrease matrix
porosity [10] and increasing the silica component by adding silica fume to improve the microstructure
of the matrix structure [11]. RPC is seen as a potential material for the field of special prestressed
and precast concrete components due to its low permeability, superior mechanical properties and
durability [12,13]. Although the manufacturing cost of RPC is generally high, the thickness of concrete
component is possible to be reduced due to its ultra-high mechanical properties, resulting in materials
and costs saving. Therefore, RPC has certain economic advantages in practical applications [14].
However, RPC still has the characteristics of high brittleness of ordinary concrete and the brittleness of
RPC increases as the strength increase. Therefore, the addition of fiber is usually adopted to increase
the toughness of RPC [15].

Adding fiber into brittle concrete is a widely used technology. The bridging and pulling
effects of fiber could improve the brittleness and impact resistance of the mixture [16,17], and the
three-dimensional randomly scattered fiber could effectively inhibit the generation and propagation
of cracks [18]. Previous reports have found that polypropylene fiber [19], carbon fiber [20] and steel
fiber [21] can be used as reinforcing materials for RPC, and the fiber commonly used to reinforce
concrete is steel fiber [22]. To improve the flexural strength, compressive strength, elastic modulus and
ductility of RPC, the recommended content of steel fiber is 2% volume fraction [23]. Moreover, adding
steel fiber into concrete is judged as an effective method to prevent spalling. However, steel fiber with
high content will converge into a spherical shape and the steel fiber is sensitive to chemical corrosion,
which results in a decrease in properties of concrete. Besides, adding steel fiber into the concrete will
reduce the workability and increase the cost [24].

Basalt fiber is an environmentally friendly and high-performence fiber made of natural volcanic
basalt rock, which can be used to reinforce concrete. Due to its excellent acid and alkali resistance,
great mechanical properties and high temperature stability, the application prospect of basalt fiber
as fiber-reinforced material is broad [25]. Basalt fiber can not only effectively increase the strength
and durability of concrete but also has a positive effect on the toughness and crack resistance [26,27].
The excellent reinforcement effect of basalt fiber promotes its application in RPC. Wang et al. [28]
researched the effect of basalt fiber on the mechanical properties of high-performance concrete.
The results showed that the strength of high-performance concrete increased with the increase in basalt
fiber content, and the compressive improved slightly, while flexural strength increased significantly.
Grzeszczyk et al. [29] evaluated the effect of basalt fiber content on the mechanical properties of RPC;
their results showed that the flexural strength of RPC increased with the increase in basalt fiber content.
Liu et al. [30] reported that the basalt fiber could increase the toughness and bending strength of basalt
fiber RPC beams, and improve the resistance to steel-concrete interface damage. Most research is about
the mechanical properties of basalt fiber-reinforced reactive powder concrete. There is not enough
research about the freeze-thaw durability of fiber-reinforced RPC, and the most common fiber in the
freeze—thaw durability research of fiber-reinforced RPC is steel fiber [2,31]. Therefore, there are few
studies were reported on the effect of basalt fiber on freeze-thaw durability of RPC. Moreover, in cold
regions, where de-icing salt has been adopted, the coupling effect of chloride corrosion and freeze—thaw
poses a challenge to the application of RPC and, because of the excellent corrosion resistance of
basalt fiber, the improvement of basalt fiber on the freeze—thaw durability of RPC is worth exploring.
Therefore, it is necessary to investigate the enhancement effect of basalt fiber on the performance
of RPC.

In this paper, the mechanical properties and freeze-thaw durability of basalt fiber reactive powder
concrete (BFRPC) with different basalt fiber contents (4, 8 and 12 kg/m3) were tested and compared with
plain reactive powder concrete (PRPC) and steel fiber reactive powder concrete (SFRPC) to investigate
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the impacts of basalt fiber contents and fiber type on the mechanical properties and freeze-thaw
durability of RPC. Moreover, the freeze—thaw resistance of RPC under the fresh-water freeze—thaw
cycle and the chloride-salt freeze-thaw cycle was tested to investigate the effects of freeze—thaw
conditions on the freeze—thaw durability of RPC. The purpose of this paper is to provide a reference
for the practical application of BFRPC in cold regions.

2. Materials and Methods

2.1. Materials

Type P.O Portland cement with a strength of 42.5 MPa, manufactured by Yatai Cement Co., Ltd.,
Jilin, China, was used in this paper. The properties of this cement are given in Table 1. The SF93
silica fume with a specific surface area of 18,100 m?/kg obtained from Si’ao Technology Co., Ltd.,
Changchun, China, was used in this study. Table 2 shows the chemical composition of silica fume
and cement. Three types of quartz sand, with sizes of 20-40, 40-80 and 80-120 mesh, manufactured
by Zhenxing quartz sand factory, Luoyang, were used. The proportion of three types of quartz sand
was 2:2:1. The quartz powder (400 mesh) was used to fill micro pores. The chemical composition of
quartz sand is given in Table 3. HPWR-Q8011 polycarboxylic superplasticizer (water reduction rate
25%) obtained from Qinfen Building Materials Co., Ltd., Shanxi, China, was used to prepare all tested
concrete. Chopped basalt fiber, produced by Anjie Composite Material Co., Ltd., Haining, China, was
used to reinforce RPC in this study and the properties of basalt fiber are shown in Table 4. Steel fiber
with a length of 13 mm and a diameter of 200 um was adopted in this paper, obtained from Daxing
Matel Fiber Co., Ltd., Ganzhou, China, which had a tensile strength of 2850 MPa. The appearance of
basalt fiber and steel fiber is given in Figure 1. The tap water was used as mixed water.

Table 1. Basic properties of cement.

Density Specific Surface Setting Time (min) Compressive Flexural
(kg/m3) Area (m?/kg) Initial Setting  Final Setting Strength (MPa) Strength (MPa)
3160 385 91 145 62.2 9.1

Table 2. The chemical composition of cement and silica fume.

Chemical Composition (%)

Material
Si02 A1203 Fe203 CaO MgO SO3
Cement 22.60 5.60 4.30 62.70 1.70 2.50
Silica fume 93.3 0.73 0.49 0.85 1.21 1.02

Table 3. The chemical composition of quartz sand.
Chemical Composition (%)

Material
Si02 Fe A1203 Kzo Na20 HZO
Quartz Sand 99.68 0.0062 0.0122 0.0011 0.002 0.02

Table 4. The performance indicator of basalt fiber.

Leneth Diameter Linear Tensile Elastic Breaking Elongation
Type (mri ) (um) Density Strength Modulus Strength ((f‘/;)
H (tex) (MPa) (GPa) (N/tex) °

Basalt fiber 22 23 2392 2836 62 0.69 3
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Figure 1. Fiber: (a) Basalt fiber (b) Steel fiber.
2.2. Mixture Proportion and Specimen Preparation

The best mixture proportion of RPC was obtained from the response surface method in our group’s
previous study [32], and based on the optimal mixture proportion; basalt fiber and steel fiber were
added into RPC with an external mixing method. The content of basalt fiber was 4, 8 and 12 kg/m?,
respectively. The content of steel fiber was 2% volume fraction [23]. Moreover, PRPC specimens
without fiber were prepared as the control group to investigate the effects of basalt fiber and steel fiber
on the mechanical properties and freeze-thaw durability of RPC. The mixture proportion of BFRPC
and SFRPC is shown in Table 5.

Table 5. The mixture proportion of basalt fiber reactive powder concrete (BFRPC) and steel fiber
reactive powder concrete (SFRPC).

Basalt Steel Quartz Silica Quartz Water
. . . Cement Water

Mix ID Fiber Fiber (kg/m®) Sand Fume Powder (kg/m®) Reducer
(kg/m3) (%) (kg/m3) (kg/m3) (kg/m3) (kg/m3)

R - - 834.73 939.03 208.68 308.85 166.95 52.17

BF4 4 - 834.73 939.03 208.68 308.85 166.95 52.17

BF8 8 - 834.73 939.03 208.68 308.85 166.95 52.17

BF12 12 - 834.73 939.03 208.68 308.85 166.95 52.17

SF - 2 834.73 939.03 208.68 308.85 166.95 52.17

All RPC mixtures were prepared by using an ISO 679 mixer with a capacity of 5 L. The degree of
dispersion of basalt fiber and steel fiber in the mixture has a significant impact on the properties of RPC.
During the process of mixing, the fibers were put into the mixer step by step to ensure the dispersion
of fibers. The specific of mixing were as follows. (1) Put the quartz sand and fiber into the mixer
and mix for 2 min. The friction between the quartz sand particles makes the fiber evenly dispersed.
(2) Put the cement, quartz powder and silica fume into the mixer and mix for 3 min. (3) Dissolve the
polycarboxylic superplasticizer into the water and add the solution into the mixer in two lots, mixing
for 3 min each time. After stirring, the mixture was filled into a metal mold with a size of 40 x 40 X
160 mm, immediately, and compressed by vibrating on the ZT-96 vibrator table. The specimens were
placed in an environment of 95% humidity and 20 °C for 24 h and then de-moulded. The specimens
were cured for 48 h under the condition of 90 °C steam curing, the heating speed was 12 °C/h and the
cooling speed was 15 °C/h.
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2.3. Testing Methods

2.3.1. Flexural Strength

According to the three-point flexural test described in Chinese national standard GB/T
17671-1999 [33] to evaluate the flexural strength of RPC. The distance between the two fulcrum
points was 100 mm. The specimens were placed with the side face up in the testing machine and align
the center line of the specimens with the upper fixture. The loading speed was set to 50 N/s. Three
specimens with volumes of 40 x 40 x 160 mm were maded in each group for testing and the mean of
the three measured results was used as the flexural strength. The specific calculation process is shown
in Formula (1). The specific experimental device of flexural strength is shown in Figure 2.

1.5FfL
fr= 03 1)

where f; refers to the flexural strength of specimens (MPa), Fy refers to the failure load (N), L refers
to the distance between the two fulcrum and L= 100 mm, b refers to the cross-sectional width of the
specimens and b = 40 mm.

Compressive
strength loading
system

Figure 2. The specific experimental device.
2.3.2. Compressive Strength

According to the Chinese national standard GB/T 17671-1999 [33] to evaluate the compressive
strength of RPC. The six fracture blocks obtained after the flexural strength test were adopted for the
compressive strength test. Removed the debris on the surface of the fracture blocks and placed it
in the fixture. The two sides of the fracture blocks were used as the compression surface. Adjusted
the position of the specimen so that the compression surface and the fixture were in full contact.
The loading rate was set to 2.4 kN/s. The compressive strength of RPC was the mean of the six measured
results. The specific calculation process is shown in Formula (2). The specific experimental device of
compressive strength is shown in Figure 2.

fc= A ()

where f refers to the compressive strength of RPC (MPa), F refers to the failure load (N), A refers to
the compression surface and A = 1600 mm?.

2.3.3. Freeze-Thaw Cycle

In this paper, the freeze-thaw durability of PRPC, SFRPC and BFRPC under two freeze—thaw
conditions was investigated. The specific freeze—thaw cycle test grouping is shown in Table 6. According
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to the rapid freeze—thaw method described in Chinese national standard GB/T50082-2009 [34] to
investigate the freeze—thaw durability of PRPC, SFRPC and BFRPC. The freezing temperature is —18
+ 2 °C and the freezing time is 3 h. The melting temperature is 5 + 2 °C and the melting time is
greater than one quarter of the entire freezing and melting cycle time. The specific arrangement of the
freeze-thaw cycle test is shown in Figure 3.

Table 6. Freeze—thaw cycle test grouping.

Mix ID WR WBF12 WSF NR NBF4 NBF8 NBF12 NSF

Freeze—-thaw fresh fresh fresh 5 wt% 5 wt% 5 wt% 5 wt% 5 wt%
medium water water water NaCl NaCl NacCl NaCl NaCl

Note: W refers to fresh water, N refers to 5 wt% NaCl solution.

Temperature sensors

Control system

Figure 3. Freeze-thaw cycle test.

The cured specimens were immersed in fresh water and 5 wt% NaCl solution for 48 h. The groups
of WR, WB12 and WS were immersed in fresh water and the groups of NR, NB4, NB8, NB12 and NS
were immersed in 5 wt% NaCl solution. After immersion for 48 h, the the moisture on the surface of
the specimens wiped off; the initial mass of the specimens was weighed and the initial compressive
strength was measured. Then, the remaining specimens were put into the freeze—thaw test machine
and injected fresh water and 5 wt% NaCl solution until the water level was 5 cm above the top surface
of the specimens. The number of freeze-thaw cycle was set to 800, and the mass and compressive
strength of the specimens were measured every 100 cycles. The mass loss rate and compressive strength
loss rate were adopted to investigate the freeze—thaw durability of BFRPC and SFRPC. The specific
calculation formulas are as follows:

M

M; — My
R="""05100%
M o X 100 3)
R = 1610 1000, 4)
fco

where MR refers to the mass loss rate, M; refers to the mass at the Nth cycles, M refers to the initial
mass, CR refers to the compressive strength loss rate, fc; refers to the compressive strength at the Nth
cycles, fp refers to the initial compressive strength.

3. Results and Discussion

3.1. Mechanical Properties

In this paper, the mechanical properties of BFRPC with different basalt fiber contents were tested
and compared with PRPC and SFRPC to evaluate the effects of basalt fiber contents and fiber type on
the mechanical properties of RPC.
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3.1.1. Compressive Strength

Figure 4 shows that the effects of basalt fiber contents and fiber type on the compressive strength
of RPC. It can be known from Figure 4 that the addition of basalt fiber could improve the compressive
strength of RPC and the compressive strength of RPC increases with the increase in basalt fiber content,
which is consistent with the conclusion of Wang et al. [28]. When the basalt fiber content is 12 kg/m?,
the compressive strength of BERPC reaches the maximum value of 149.40 MPa, which is 6% higher
than that of PRPC. Liu et al. [35] pointed out that evenly distributed basalt fiber inside the RPC could
inhibit the initiation of cracks and bear part of the load, thus improving the compressive strength of
RPC. Besides, basalt fiber is composed of oxides such as silica, alumina and magnesia, and its chemical
composition is similar to cement. The bond strength between basalt fiber and cement paste is great [36],
thus improving the compressive strength of RPC. Compared with SFRPC, the compressive strength of
BFRPC with a basalt fiber content of 12 kg/m? is 4.3% lower, which indicates that basalt fiber is not as
effective as steel fiber in improving the compressive strength of RPC.
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Figure 4. Effect of basalt fiber content and fiber type on the compressive strength of RPC.

3.1.2. Flexural Strength

The experiment result of the flexural strength test is shown in Figure 5. Figure 5 shows that
the flexural strength of RPC increases as the basalt fiber content increases, which is the same as the
improvement of basalt fiber on the compressive strength. The increased trend of flexural strength is
a slightly different from that of compressive strength. Compared with compressive strength, when
the basalt fiber is from 8 to 12 kg/m?, a significant increase in flexural strength of BFRPC occurs
and the flexural strength of BFRPC reaches 16.23 MPa, which is 18.5% higher than that of PRPC.
Compared with compressive strength, the improvement of basalt fiber on the flexural strength of RPC is
greater, aggreging with the conclusion conducted by Wang et al. [28]. The improvement of the flexural
strength of BFRPC is related to the uniform distribution of basalt fiber inside the RPC. The uniform
distributed basalt fiber could inhibit the generation and propagation of cracks and bear part of the stress,
reducing the stress concentration near the crack and redistributing the stress [16], thus improving the
flexural strength of RPC. Besides, the basalt fiber inside the RPC submits a three-dimensional random
distribution; this distribution system can limit the deformation of RPC under loading conditions, which
leads to an increase in the flexural strength of RPC. The three-dimensional distribution system of basalt
fiber is gradually improved as the basalt fiber content increase, which is reflected in the significant
increase in flexural strength of BFRPC with a basalt fiber content of 12 kg/m3. Moreover, comparing
the flexural strength of SFRPC with that of BFRPC (12 kg/m?® content), it can be known that the flexural
strength of BFRPC and SFRPC is similar, which indicates that when the basalt fiber content is 12 kg/m3,
the reinforcement effect of basalt fiber on the flexural strength of RPC is about same as steel fiber;
Branston et al. [25] reported a similar conclusion.
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Figure 5. Effect of basalt fiber content and fiber type on the flexural strength of RPC.
3.2. Effect of Fiber on Freeze—Thaw Durability of RPC

3.2.1. Mass Loss

The mass loss of BFRPC with different basalt fiber contents was tested under the chloride-salt
freeze—thaw cycle and compared with the PRPC and SFRPC to evaluate the effects of basalt fiber
contents and fiber type on the freeze-thaw durability of RPC. Figure 6 shows that the effects of basalt
fiber contents and fiber type on the mass loss of RPC. It can be known from Figure 6 that the mass loss
rate of RPC increases with the increase in the number of freeze-thaw cycles. The mass loss of RPC is
mainly caused by surface scaling and the edges of the specimen surface will fall off as the freeze—thaw
cycle test continue, resulting in fiber exposure [2]. It is worth noting that the mass loss rate of BFRPC
(8 and 12 kg/m? content) is negative in the initial part of the freeze-thaw test, which is related to the
water absorption of basalt fiber. In the initial part of the freeze—thaw test, the mass of water absorbed by
the basalt fiber is greater than that of the surface scaling of RPC caused by freeze-thaw damage. When
freeze-thaw cycle levels are the same, the mass loss rate of RPC decreases as the basalt fiber content
increase, which indicates that the basalt fiber could improve the freeze—thaw resistance. When the
number of freeze—thaw cycles is less than 600, the mass loss rate of SFRPC is in a stable increase stage
and the mass loss is mainly caused by surface scaling. When it exceeds 600, a significant increase in the
mass loss rate occurs, and the reason is that the steel fiber exposed to the chloride ion environment
corrodes rapidly, thus leading to more peeling off the edge of the specimen surface. The mass loss rate
of SFRPC reaches 3.03% after 800 freeze—thaw cycles, which is higher than that of BERPC. This indicates
that steel fiber is not as effective as basalt fiber in improving the freeze-thaw durability of RPC.
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Figure 6. Mass loss rate versus freeze—thaw cycles.



Appl. Sci. 2020, 10, 5682 90f13

3.2.2. Compressive Strength Loss

The compressive strength of BFRPC with different basalt fiber contents was tested under the
chloride-salt freeze—thaw cycle and the compressive strength loss rate was calculated by Formula (4),
and compared with the PRPC and SFRPC to evaluate the impacts of basalt fiber contents and fiber
type on the freeze—thaw durability of RPC.

The compressive strength and compressive strength loss rate vs. freeze-thaw cycles are shown in
Figure 7. It can be seen from Figure 7a that, for all RPC specimens, the compressive strength of RPC
decreases as the freeze-thaw test continues, which indicates that the freeze-thaw durability of RPC
gradually deteriorates under the chloride-salt freeze-thaw cycle. During the freeze-thaw test, the frost
expansion of the pore solution inside the RPC leads to the initiation of micro cracks, thus reducing
the compressive strength of RPC, which is consistent with the conclusion reported by An et al. [31].
Comparing the compressive strength of SFRPC with that of BFRPC (12 kg/m? content), it can be known
that the decline in the compressive strength of SFRPC is higher and the compressive strength of SFRPC
and BFRPC is almost the same after 800 freeze—thaw cycles, which indicates that the corrosion of steel
fiber not only increases the mass loss of RPC, but also has a negative effect on the compressive strength
of RPC. It can be seen from Figure 7b that, for PRPC, BFRPC and SFRPC specimens, the compressive
strength loss rate increases as the freeze-thaw test continues. At all freeze—thaw cycle levels, the
compressive strength loss rate of BFRPC is lower than that of PRPC, and the higher the basalt fiber
content, the lower the compressive strength loss rate of BERPC, which indicates that adding basalt fiber
could improve the freeze-thaw durability of RPC. This is because the addition of basalt fiber increases
the number of harmless pores which could effectively reduce the freezing pressure of the pore solution,
thus improving the freeze-thaw durability of RPC [37]. Moreover, comparing the compressive strength
loss rate of SFRPC with that of BFRPC, the compressive strength loss rate of BFRPC (8 and 12 kg/m?3
content) is lower than that of SFRPC throughout the freeze—thaw cycle test. It indicates that steel fiber
is not as effective at enhancing the freeze-thaw resistance of RPC as basalt fiber.

160 —>%—NR —8—-NBF4 26 r

NBF8 —%— NBF12 24 NR NBE
» L NBF$ —%—NBF12

s S
S 150 ~6—NSF P
< s 20
go 140 E 1?
2 % 14
] 130 @ -
.% 120 % 10
& z 8
£ 2 6
S 10 | =
£ 2
100 L ! —t U L L L L L L L !
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Freeze-thaw cycles (times) Freeze-thaw cycles (times)
(a) (b)

Figure 7. Compressive strength and compressive strength loss rate versus freeze-thaw cycles:
(a) Compressive strength; (b) Compressive strength loss rate.

3.3. Effect of Freeze—Thaw Condition on the Freeze—Thaw Durability of RPC

3.3.1. Mass Loss

The mass loss of RPC was tested under two freeze-thaw conditions and the mass loss rate was
calculated by Formula (3) to evaluate the effects of freeze-thaw conditions on the freeze—thaw durability
of RPC. The mass loss rate vs. freeze-thaw cycles is shown in Figure 8. This figure shows that the
mass loss rate of RPC increases as the freeze-thaw cycle test continues, and the presence of basalt
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fiber water absorption leads to a negative value of the mass loss rate of BFRPC in the early stage of
the freeze—thaw test; as the density of the 5-wt% NaCl solution is greater than that of fresh water,
when the number of freeze—thaw cycles is less than 300, the mass loss rate of BFRPC (chloride-salt
freeze-thaw) is lower than that of BFRPC (fresh-water freeze—thaw). Compared with the fresh-water
freeze—-thaw cycle, the mass loss rate of RPC is higher under the chloride-salt freeze-thaw cycle, it can
be known that chloride-salt freeze-thaw cycles causes more surface scaling, which indicates that the
chloride-salt freeze-thaw cycle accelerates the deterioration of the freeze-thaw durability of RPC.
After 800 freeze-thaw cycles, the mass loss rate of BFRPC under two freeze—thaw conditions is less
than 1%. Besides, at all freeze—thaw cycle levels, the difference in mass loss rate of BERPC under
two freeze-thaw conditions is less than 0.25%. This indicates that the basalt fiber could significantly
improve the freeze-thaw durability and chloride ion resistance of RPC.
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Figure 8. Mass loss versus freeze—thaw cycles.
3.3.2. Compressive Strength Loss

The compressive strength of RPC was tested under two freeze—thaw conditions and the compressive
strength loss rate was calculated by Formula (4) to evaluate the effects of freeze-thaw conditions on
the freeze-thaw durability of RPC.

The compressive strength and its loss rate vs. freeze-thaw cycles are shown in Figure 9. Figure 9a
shows that, for all RPC mixtures, the compressive strength of RPC decreases with the freeze—thaw
test continues. Before the freeze-thaw test, the compressive strength of RPC soaked in 5 wt% NaCl
solution for 48 h is lower than that of RPC soaked in water, which shows that the immersion of 5 wt%
NaCl solution has a certain negative effect on the compressive strength of RPC. When the number of
freeze—thaw cycles is the same, the compressive strength of RPC under chloride-salt freeze-thaw cycle
is lower than that of RPC under fresh-water freeze-thaw cycle, which indicates that compared with the
fresh-water freeze-thaw cycle, chloride-salt freeze-thaw cycle causes greater damage to RPC, similar
conclusion is reported by Vaitkevicius et al. [38]. It can be seen from Figure 9b that the compressive
strength loss rate of RPC increases as the freeze—thaw cycles increase. At all freeze-thaw cycle levels,
compared with the RPC under fresh-water freeze-thaw cycle, the compressive strength loss rate of
RPC under chloride-salt freeze-thaw cycle is higher. Due to freeze-thaw cycle, the pore cracked
and the microcracks generated provide channels for further penetration of chloride ions. Therefore,
the coupling effect of freeze—thaw cycle and chloride ion erosion has more aggressive impact on the
durability of RPC [2,39]. After 800 freeze-thaw cycles, the compressive strength loss rate of BERPC
under two freeze-thaw conditions is less than 20% and the difference in compressive strength loss rate
of BFRPC under two freeze-thaw conditions is less than 0.9%. It indicates that the basalt fiber could
significantly improve the freeze-thaw durability and chloride ion resistance of RPC and the conclusion
is consistent with the mass loss rate test.
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Figure 9. Compressive strength and Compressive strength loss rate versus freeze—thaw cycles:
(a) Compressive strength; (b) Compressive strength loss rate.

4. Conclusions

In this paper, the mechanical properties and freeze-thaw durability of BFRPC with different basalt
fiber contents were tested and compared with PRPC and SFRPC to investigate the effects of basalt
fiber contents and fiber type on the mechanical properties and freeze-thaw durability of RPC. Besides,
the freeze—thaw durability of RPC under two freeze-thaw conditions was tested to investigate the
effects of freeze-thaw conditions on the freeze—thaw durability of RPC. Based on the results of the
experiment, the conclusions are as follows:

1.  The compressive strength and flexural strength can be improved by adding basalt fiber into
RPC, and the compressive and flexural strength of BFRPC increase as the basalt fiber content
increases. Compared with PRPC, the compressive strength and flexural strength of BFRPC
(12 kg/m3 content) are increased by 6% and 18.5%, respectively; the improvement of basalt fiber
on the flexural strength of RPC is greater than compressive strength.

2. The freeze-thaw durability of BFRPC increases as the basalt fiber content increases. After 800
freeze—thaw cycles, the mass loss rate and compressive strength loss rates of BFRPC with a basalt
fiber content of 12 kg/m? are 0.85% and 19.17%, respectively, which are lower than that of PRPC.
The addition of basalt fiber could significantly improve the freeze-thaw durability of RPC.

3. Compared with the fresh-water freeze-thaw cycle, the mass loss rate and compressive strength
loss rate of RPC are higher under the chloride-salt freeze—thaw cycle, and the damage of the
chloride-salt freeze-thaw cycle on RPC is great.

4. After 800 freeze-thaw cycles, the mass loss rate and compressive strength loss rates of SFRPC are
greater than 2% and 20%, respectively, which are higher than that of BFRPC. Steel fiber is not as
effective at enhancing the freeze-thaw durability of RPC as basalt fiber.
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