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Abstract: Chloride ion penetration frequently leads to steel corrosion and reduces the durability
of reinforced concrete. Although previous studies have investigated the chloride ion permeability
of some fiber concrete, the chloride ion permeability of the basalt fiber reinforced concrete (BFRC)
has not been widely investigated. Considering that BFRC may be subjected to various exposure
environments, this paper focused on exploring the chloride ion permeability of BFRC under the
coupling effect of elevated temperatures and compression. Results demonstrated that the chloride
ion content in concrete increased linearly with temperature. After exposure to different elevated
temperatures, the chloride ion content in BFRC varied greatly with increasing stress. The compressive
stress ratio threshold for the chloride ion penetration was measured. A calculation model of BFRC
chloride ion diffusion coefficient under the coupling effect of elevated temperatures and mechanical
damage (loading test) was proposed.

Keywords: basalt fiber reinforced concrete (BFRC); elevated temperature; compression experiment;
chloride ion penetration

1. Introduction

Elevated temperatures and chloride ion erosion are affecting the durability of concrete
structures [1]. Elevated temperatures cause the micro-structure of concrete to deteriorate
and decrease impermeability. It is necessary to evaluate the chloride ion penetration
resistance of structural concrete after a disaster.

The permeability of chloride ions into concrete is mainly related to the pore structure
and cracks [2]. Further, the chloride ion penetration of concrete increases with the increase
in the water/cement ratio [3]. Adding fly ash and slag to concrete could improve pore
structure and resistance to chloride ion penetration [4]. Djerbi [5] studied the effect of
crack width on the chloride ion diffusion coefficient. Wang considered crack tortuosity
and orientation and suggested that effective crack width and effective crack density were
correlated with the chloride ion diffusivity of cracked concrete [6]. The chloride ion
diffusion coefficient, under the action of elevated temperatures, gradually increased with
the increase in heating temperature. Additionally, thermal damage reduced the penetration
resistance of concrete [7,8].

The load changes the size of concrete pores, and the size of concrete pores, in turn,
affects concrete permeability. The chloride ion content decreases as the compressive stress
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ratio increases and gradually increases after exceeding the critical stress level [9,10]. Cor-
rosion tests under compressive stress found that concrete’s threshold stress ratio at room
temperature is about 0.3 [11]. Concrete mixed with glass fiber has a higher resistance to chlo-
ride ion permeability than ordinary concrete [12]. Current studies have found that fibers’
diameter and volume fraction influences the diffusion of chloride ions in concrete [13].
Incorporating basalt fiber could improve the toughness and impermeability of concrete to
a certain extent. Basalt fiber has excellent resistance to alkaline erosion and is suitable for
reinforcing the alkaline concrete matrix [14]. Sim et al. [15] and High et al. [16] conducted
experimental studies on the high-temperature performance of BFRC and found that the
basalt fiber can improve the performance of concrete exposed to elevated temperatures.
However, the law of chloride ion penetration under the thermal-load coupling effect of
BFRC has yet to be studied.

To clarify the permeability of BFRC under long-term axial load after elevated tem-
peratures, a chloride ion penetration test of BERC specimen under axial compression was
conducted. Fick’s second law is widely used to analyze the diffusion law of chloride ions
in concrete [17]. A chloride ion diffusion model that considers the influences of different
factors was developed by introducing parameters into the formula [18,19]. Based on the
results, a calculation model for the chloride ion diffusion coefficient of BFRC under the
coupling effect of elevated temperatures and loads was proposed to provide a basis for
evaluating the durability and service life of BFRC.

2. Experimental Programs
2.1. Materials

The prismatic specimen with a size of 100 x 100 x 300 mm was selected in this
experiment. Additionally, C40 grade concrete mixed with basalt fiber was used. According
to the standard (FGJ]55-2011) [20], the amount of each component was calculated and
determined after trials and adjustments. The mix proportions of the concrete are listed in
Table 1.

Table 1. The mix proportions of the concrete.

Type of Component Amount (kg/m3) Volume Content
Concrete Cement  Water Sand Stone Water Reducer Basalt Fiber (%)
BFRC 400 175 703.06 1054.59 0.64 0.15

2.2. Experimental Program

The BFRC specimens were first heated to 200 °C, 400 °C, and 600 °C at a heating rate
of 10 °C/min, and then cooled in the air to room temperature.

After the heating test, a non-casting surface of the concrete was selected as the chloride
ion penetration surface. The remaining five surfaces were sealed with epoxy resin to ensure
that the chloride ions was penetratinging in a one-direction. Chlorine salt solution with a
concentration of 5% was used to accelerate the natural erosion process. The erosion days of
the specimens were 28, 56, and 84 days.

The water-soluble chloride ion content of different depth layers of the concrete speci-
men was measured after the erosion process. The concrete powder for depth layers from
the surface counts: 0-5 mm, 5-10 mm, 10-15 mm, 15-20 mm, 20-25 mm, and 25-30 mm
were measured by the DY-2501B chloride ion meter.

2.3. Loading System

To test the mechanism of chloride ion penetration in concrete under continuous axial
load, the natural diffusion method was used. Three compressive stress ratios of 0.1, 0.2,
and 0.3 times that of the axial compressive strength of the concrete prism were selected.
The specimens were soaked in the solution and, at the same time, placed under a constant
compressive load supplied by the hoisting jack on top. The hoisting jacks were supported
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by a portal frame. In between each hoisting jack and the portal frame, there was a pressure
sensor to measure the load and keep it constant during the chloride erosion days. The
loading system is shown in Figure 1.

Pressure sensor

Hoisting jack

Test specimen

Water tank

Figure 1. Loading system.

3. Results and Discussion
3.1. Influence of Stress Levels on Chloride Ion Penetration in BFRC

To analyze the influence of stress levels on the chloride ion penetration in BFRC, the
chloride ion content of different depth layers of the concrete specimens with respect to
different compressive stress ratios were compared. All the selected specimens were soaked
for 28 days after being submitted to elevated temperatures (20 °C, 200 °C, 400 °C, 600 °C).
The comparisons among the chloride ion content of concrete penetrated under different
compressive stress are shown in Figure 2a—d.

Figure 2 shows that, as the compressive stress ratio increased from zero to 0.3, the
chloride ion concentration in the same layer decreased continuously. For example, at depth
2.5 mm, the chloride ion content was decreased by 3.85%, 13.7% and 16.9% at stress ratios
0.1, 0.2, and 0.3, respectively. In general, the bigger the stress ratio, the more significant
the decrease in chloride ion content, implying that a stress ratio of 0.3 and below, inhibit
chloride ions” invasion.

However, chloride ion concentration of BFRC under different compressive stress
ratios after exposure to high temperatures are quite different. The difference in chloride ion
content in concrete that was soaked under compression after 28 days can be clearly found.
lustrations for each figure is shown below:

(1) Figure 2b shows that, after being heated to 200 °C, the chloride ion content in BFRC fol-
lowed almost the same changing rule as for that at the normal temperature. From the
outside to the inside layers, the chloride ion concentration presented a fast diminish-
ing trend. However, the chloride ion content after 200 °C was much higher than that
at room temperature, because at higher temperatures, the chloride ions are more likely
to enter the concrete matrix and the permeability resistance of concrete decreased.

(2) Figure 2c shows that compared to the normal temperature and 200 °C, the content of
chloride ions at 400 °C significantly increased. After 400 °C, calcium hydroxide and
gel in concrete began to decompose. High-temperature cracks also provided more
channels for chloride ion diffusion, and the permeability resistance of the concrete
significantly reduced. From the outside to the inside layers, the chloride ion content
first decreased before it went up again with increased stress. The chloride ion content
was lowest when the stress ratio is 0.1. At stress ratio 0.2, it recovered to that of the no-
stress condition. At stress ratio 0.3, it increased again and was higher than that of the
no-stress condition. This indicates that the chloride ion concentration in the concrete
surface layer suddenly increased when compressive stress was more significant than
a certain level. This value is known as the chloride ion penetration compressive stress
ratio threshold of concrete [21]. The current study shows that concrete’s chloride
ion penetration compressive stress ratio threshold at normal temperature is about
0.5. However, after being exposed to a high temperature of 400 °C, the chloride ion
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penetration compressive stress ratio threshold is between 0.1 and 0.2. This result has
significant implications for concrete structures after a fire disaster.

BFRC specimens which were heated to 600 °C, under different stress levels (Figure 2d)
shows that the chloride ion content of BFRC as a whole was significantly higher com-
pared with that of lower temperatures. After 600 °C, a large amount of calcium hy-
droxide and gel in the concrete decomposed, density decreased, and high-temperature
cracks continued to expand and penetrate, providing more channels for chloride ion
diffusion. The chloride ion penetration compressive stress ratio threshold for BEFRC
disappeared after experiencing a high temperature of 600 °C, and regardless of the
load, this had a negative impact on the chloride ion diffusion resistance of concrete.

e

0.08

0.04

& 0.08 —¢—2.5mm 7.5mm _ 0.08 ——2.5mm 7.5mm
et —&— 12.5mm 17.5mm S —4&— 12.5mm 17.5mm
£ 006 - —e—225mm --0---27.5mm = 0.06 —&—22.5mm -=<0---27.5mm
E 5
S "\o\‘\‘ i
= 004 | \ S 0.04
(=]
2 -
2 S
E % 0.02
= )
© =
S 0
0 0.1 0.2 0.3
Axial compressive stress ratio (¢) Axial compression ratio (o)
(a) (b)
0.16
——2.5mm 7.5mm 0.28
—a—12.5mm 17.5mm S oz | o omm
0.12 + —*—22.5mm ---0---27.5mm < v -Smm
o ° § 0.2
0.08 § 0.16
g0.12
5]
£
E
=
=
@)

Chlorine ion content (%)

0 0.1

Axial compression ratio (o)

(0)

=

0.2 0.3

Axial compression ratio (o)

(d)

Figure 2. Chloride ion content of concrete with respect to different compressive stress ratios. (a) Specimen not heated,
(b) Specimen soaked after 200 °C, (c) Specimen soaked after 400 °C, (d) Specimen soaked after 600 °C.

3.2. Effect of Elevated Temperatures on Chloride lon Diffusion Coefficient

The chloride ion diffusion coefficient can reflect the chloride ion penetration speed in

concrete. Additionally, it is generally considered to comply with the analytical solution
of Fick’s second law. The equation shows the chloride ion content of concrete under
various working conditions. By analyzing the chloride ion content of concrete under
various working conditions, the chloride ion diffusion coefficient D is obtained, as shown
in Table 2.

C=0¢C; [1 —erf 1

/5)
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Table 2. Chloride ion diffusion coefficient of concrete.

Axial Compression Ratio (x10~11)

Temperature Erosion Time
0 0.1 0.2 0.3
20°C 3.51 3.27 3.54 3.16
200 °C 5.28 5.36 5.60 5.54
28 days
400 °C 7.37 6.68 7.20 8.64
600 °C 9.42 11.1 13.3 15.6
20°C 2.03 1.95 1.98 1.96
200 °C 3.96 3.71 3.37 3.31
56 days
400 °C 5.81 4.61 5.41 6.66
600 °C 7.88 9.53 11.8 144
20°C 1.29 1.18 1.33 1.31
200 °C 2.66 2.30 2.70 2.52
84 days
400 °C 4.59 4.05 4.90 5.71
600 °C 7.24 8.93 11.3 13.9

The chloride ion diffusion coefficient of concrete subjected to different elevated tem-
peratures after 28 days of erosion was explored. The changes of the coefficient with
different temperatures are shown in Figure 3. The diffusion coefficient of chloride ions
increased exponentially with the increase of temperature, and the chloride ions penetrated
comparatively faster when the specimen was under stronger compression.

20
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= X
g
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=
=
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Figure 3. Chloride ion diffusion coefficients with different temperatures after 28 days of erosion.

To describe the influence of high temperatures on the diffusion coefficient of chloride
ions, the influence coefficient « is introduced in this paper in Equation (2).

a:DT/DZOOC (2)

For the conditions without load, the calculation formula of the chloride ion diffusion
influence coefficient at high temperatures of concrete is obtained:

w= 3.5734¢%0017T (3)
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3.3. Effect of Stress Level on Chloride Ion Diffusion Coefficient

Taking the 28-day-eroded concrete as the research object, the chloride ion diffusion
coefficient under different compressive stress ratios was determined, as shown in Figure 4.
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Figure 4. Chloride ion diffusion coefficient with respect to different compressive stress ratios.

Figure 4 shows that the chloride ion diffusion coefficient at 20 °C and 200 °C followed
basically the same trend. As the compressive stress ratio increased, the chloride ion
diffusion coefficient of concrete under the action of 0.1¢ and 0.20 was slightly lower than
that under no stress at 400 °C. However, it was higher under the action of 0.3¢. The chloride
ion diffusion coefficient increased linearly at 600 °C.

The compression influence factor  on the chloride ion diffusion coefficient was ob-

tained:
B = Ds/Ds=o 4)

The calculated value of the compression influence factor 8 on the chloride ion diffusion
coefficient at different temperatures is shown in Table 3. The compression influence factors
of other compressive stress ratios can be obtained by linear interpolation.

Table 3. The compression influence factor 8 on chloride ion diffusion coefficient.

Temperature/°C
Axial Compression Ratio
20 200 400 600
0.1 1 1 1 1.105
0.2 1 1 1 1.412
0.3 1 1 1.173 1.656

3.4. Effect of Erosion Time on Chloride Ion Diffusion Coefficient

Figure 5 shows the evolution of the chloride ion diffusion coefficient of concrete after
different temperatures. Concrete’s chloride ion diffusion coefficient at different elevated
temperatures exhibits a gradual attenuation law with erosion days.
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Figure 5. Chloride in diffusion coefficient with erosion days.

Based on the diffusion coefficient of the chloride ion proposed by Mangat and Mol-
loy [21], the recovery factor (1) on the chloride ion diffusion coefficient of concrete after

heating was introduced:
Dy

_ ("
Dy (t) ©

Using 28 days as the reference for erosion days, the linear relationship between the
recovery factor and the temperature was obtained by fitting Figure 5.

mr = —0.0011T + 0.8901 (6)

Chloride ion diffusion coefficient of concrete of different erosion days with respect to
different compressive stress ratios are shown in Figure 6. It was evident that the influence
was minimal when the stress ratio was 0.2 and below, at 20 °C, 200 °C, and 400 °C. The
curves differed significantly when the stress ratio was 0.3 at 400 °C and for all the stress
ratios at 600 °C if only the chloride ion diffusion recovery coefficient was considered.
To make sure the model was accurate, the compressive stress ratio correction factor n,

was proposed:
Dy to mT e
Zt_ (2 7

Dyo ( t > 7

As shown in Figure 7, the value of tTO at 400 °C and 600 °C for each stress was

obtained by a fitting method according to Equation (7), and divided by the value under no
stress. The compressive stress ratio correction factor ny is listed in Table 4.

Table 4. Compressive stress ratio correction factor for chloride ion diffusion coefficient.

Temperature/°C
Axial Compressive Ratio 20 200 400 600
ng ne ng ne
0.1 1 1 1 0.902
0.2 1 1 1 0.629

0.3 1 1 0.893 0.445
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Figure 6. Chloride ion diffusion coefficient of different erosion days with respect to different compressive stress ratios.
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Figure 7. Influence coefficient of the compressive stress ratio. (a) 1, after 400 °C, (b) n, after 600 °C.

3.5. Chloride lon Diffusion Coefficient Model and Its Validation

According to Formulas (2), (4), (5), and (7) and the relevant results of the test data, the
calculation model of the chloride ion diffusion coefficient of concrete after high temperature-
load coupling erosion was proposed. It is shown as follows:

t0\ "M
Dy1o = a-B-Dyo- () 8)

t
Presently, there are no reports on the chloride ion penetration mechanism in BFRC
under the coupling effect of elevated temperatures and loads. In order to verify the accuracy
and availability of this model, experimental data from Chen [22] and Ma et al. [23] was
utilized. Variation between the chloride ion diffusion coefficients using the proposed model
and the chloride ion diffusion coefficients from the test results in the two aforementioned
studies for erosion days and temperature changes is shown in Figure 8a,b.
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Figure 8. Variation of chloride ion diffusion coefficients using the proposed model in comparison with
the test results in the literature: (a) compared with the test results of Chen et al. [22]; (b) compared
with the test results of Ma et al. [23].

In comparison with the references, we focused on the consistency of the changing
trend of chloride ion diffusion coefficient, and the differences between them are reasonable.
It can be seen that the model differs slightly from the result of Chen [22] and Ma et al. [23]
due to fiber addition and experimental methods.

Chen [22] studied the chloride ion penetration of concrete with slag. Due to the
excellent stick effect of basalt fiber, the calculated data from the model was slightly lower
than the experimental data. Figure 8a shows a better chloride ion penetration resistance of
BFRC than slag concrete.

Ma et al. [23] analyzed the chloride ion penetration of recycled aggregate concrete
after elevated temperatures. The increasing trend shown in the model and the test results
coincided. However, reasonable deviations appeared at elevated temperatures, especially
after 300 °C. This is because the model was proposed based on BFRC, which greatly
diminishes cracks in concrete when submitted to high temperatures.

4. Conclusions

This paper introduced the research results on the chloride ion penetration mechanism
in BFRC and a corresponding calculation model under a thermal-load coupling effect. The
following conclusions are drawn:
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(1) Chloride ion content at the same depth shows an increasing linear trend with an
increase in the heating temperature. Additionally, the chloride ion penetration resis-
tance of concrete decreases significantly between 400 °C and 600 °C.

(2) The chloride ion content in BFRC after being exposed to different elevated tempera-
tures varies significantly with increasing stress:

(@)

(b)

(©

The compressive stress of 0.30 and less can inhibit the entry of chloride ions
into concrete and improve the impermeability of concrete at 20 °C and 200 °C.
In this instance, the compressive stress ratio threshold of concrete is more
significant than 0.3;

After heating to the temperature of 400 °C, the chloride ion content of BFRC
at the same depth from the surface layer to the inner layer first decreases
and then increases with the increase in the compressive stress ratio. At this
time, the compressive stress ratio threshold of the concrete under chloride ion
penetration is between 0.1 and 0.2;

After heating to a temperature of 600 °C, the chloride ion content of BFRC
at the same depth from the surface layer to the inner layer increases with an
increase in the compressive stress ratio, and there is no decline stage. The
compressive stress ratio threshold of concrete disappears after heating to the
elevated temperature of 600 °C.

(3) A calculation model for the chloride ion diffusion coefficient of BFRC under elevated
thermal-load coupling effect is proposed, which provides a certain reference for the
durability evaluation of elevated temperature damaged BFRC service with damage.
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Notation

The depth from the surface

The chloride ion concentration

The surface concentration of chloride ion

Chloride ion diffusion coefficient

Elevated temperature influence the coefficient of chloride ion diffusion
Chloride ion diffusion coefficient of concrete at T °C (m2/s)

Chloride ion diffusion coefficient of concrete at 20 °C (m?2/s)

Temperature (°C)

Erosion days

Influence coefficient of Chloride ion diffusion in compression

Chloride ion diffusion coefficient of concrete when the continuous compressive stress
ratio is o (m?/s)

Chloride ion diffusion coefficient of concrete without stress (m?/s)

Chloride ion diffusion coefficient of concrete at erosion in ¢ days (m2/s)
Chloride ion diffusion coefficient of concrete in t0 day (m?/s)

Recovery coefficient of chloride ion diffusion coefficient in concrete after T °C
Modification coefficient of chloride ion diffusion coefficient in concrete under
compressive stress ratio o

Chloride ion diffusion coefficient in t days under thermal-load coupling erosion
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