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Abstract: The rapid development of modern society has increased the demand for high-performance
geo-materials. As an advanced cementitious composite, fiber-reinforced concrete has attracted
much attention and has been widely applied to various buildings and civil infrastructure. A basalt
fiber-reinforced concrete is proposed as an advanced geo-material and the mechanical and thermal
properties were investigated in this study. The basalt fiber-reinforced concrete was compared with
ordinary concrete to confirm its superiority by determination of the physical parameters, static
compressive test, and dynamic compressive test. The static compressive test was performed using
the YAW-2000C constant stress pressure experimental machine under different heating temperatures
and cooling methods, while the dynamic compressive test was performed using the 75-mm split-
Hopkinson pressure bar under different loading rates, heating temperatures, and cooling methods.
For the basic physical parameters, it was found that the mass loss and wave velocity of concrete
decrease with the increase of the temperature. In the static compressive test, the static compres-
sive strength for both the ordinary concrete and the fiber-reinforced concrete decreased with the
increase of the temperature, and greater strength was observed with the air-cooled compared to the
water-cooled method. It was found that the strength of basalt fiber-reinforced concrete is greater
than that of ordinary concrete. In the dynamic compressive test, the strength increased with an
increasing loading rate and descended with an increasing temperature, while for the same heating
temperature and loading rate, water cooling produced more irregular and smaller fragments than air
cooling. The dynamic compressive strength of basalt fiber-reinforced concrete was bigger than that
of ordinary concrete.

Keywords: basalt fiber-reinforced concrete; high temperature; cooling methods; static compressive
test; dynamic compressive test

1. Introduction

As one of the most promising advanced geo-materials, concrete is widely used in
geoengineering owing to its wide material availability, good workability, high strength,
and low cost. The earliest use of concrete can be traced back to Roman times, when concrete
consisted of aggregates, such as pieces of rocks, bricks, or ceramic titles, with gypsum
and quicklime as binding materials, and volcanic dust [1]. In the 20th century, concrete
was extensively developed and became one of the most frequently used materials in con-
struction [1]. However, this structure is susceptible to fire and dynamic loading. In recent
years, the occurrence of fire, explosions, and earthquakes is frequently reported. Thus, it
is imperative to study the thermal and dynamic behaviors of concrete with various high-
temperature treatments. Nowadays, ultra-high-performance concrete (UHPC) technology
is implemented to develop advanced concrete, which has superior mechanical properties
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and better durability than normal or traditional concrete. In addition, many concretes
incorporate fibers to increase the tensile strength and crack resistance.

Lie, Nagy et al. carried out an experiment with regard to the thermal performance
of concrete, including the thermal conductivity, density, and specific heat capacity. It was
found that the changes of concretes’ thermal conductivities were mainly determined by the
density of concrete [2,3]. Nagy, Liang et al. regarded steel-fiber concrete as a compound
material consisting of concrete matrix and fibers and simulated its thermal conductivity by
using the finite-element method. They found that the addition of steel fiber significantly
impacted the distributions of the heat flux and temperature. The effect of the fiber diameter
on thermal conductivity is greater than that of the fiber length [3,4]. Zheng, Aslani et al.
summarized the effects of high temperatures on the compressive strength, tensile strength,
flexural strength, elastic modulus, peak strain, and stress–strain curves of steel-fiber con-
crete based on a large number of studies. Further, they proposed the constitutive mod-
els [5,6]. Zheng et al. added glass fiber, polypropylene fiber, and polyacrylonitrile fiber into
concrete and investigated its axial compression performance. His research found that the
axial compressive strength of concrete increases first and then decreases while the peak
strain increases continuously [7]. Huang et al. added steel fiber into ultra-high-performance
concrete (UHPC) and found that both the tensile strength and strain of UHPC are enhanced
with the increase of the fiber content. Besides, the number of cracks on the surface of the
specimen increased simultaneously [8]. Ali et al. added glass fiber into recycled aggre-
gate concrete and found that the bending resistance of concrete improved [9]. Guo et al.
found the fracture mechanical behaviors of concrete would be enhanced [10]. Kodur et al.
(2003) [11] observed the strength change of concrete with and without the addition of fiber
into concrete after it was exposed to high temperatures. They found that concrete with
fiber effectively enhanced the fire resistance. At the same temperature, the strength of fiber
concrete is greater than that of plain concrete. Many researchers have reached a similar
conclusion in that the material strength, ductility, and impact resistance can be significantly
improved by adding randomly distributed steel fibers into concrete [12–15]. In the devel-
opment and application of fiber-reinforced concrete, Kearsley and Wainwright (2002) [16]
showed that the compressive strength of fiber-reinforced concrete decreases exponentially
with the decrease of the density. Ismail et al. (2010) [17] conducted experimental research on
the mechanical properties of ordinary concrete after the application of high temperatures.
When the temperature did not exceed 300 ◦C, the compressive strength of high-temperature
concrete changed little or even increased. With the further increase of the temperature,
the compressive strength of concrete decreased rapidly. When the temperature reached
800 ◦C, the concrete basically lost its bearing capacity. Ren, xue et al. (2016) [18] found that
an increasing temperature generally leads to a decrease in the dynamic strength and impact
toughness of basalt fiber-reinforced concrete for a given impact velocity, while the dynamic
strength and impact toughness increase with the impact velocity for a given tempera-
ture. Novák and Kohoutková (2017) proposed the procedure of testing hybrid-reinforced
concrete and found that both the tensile and compressive strength of hybrid-reinforced
concrete decrease with increasing temperature [19]. The effect of the loading rate on the
concrete behavior has also been extensively studied [20–24], and the split-Hopkinson bar
might be the most widely used experimental equipment. Khosravani and Weinberg (2018)
reviewed the dynamic characteristic of concrete under dynamic loads induced by using a
split-Hopkinson bar [20].

On the basis of the literature review above, high temperatures can damage the micro-
and meso-structure and result in a generalized mechanical decay. Eventually, it results
in detrimental effects at the structural level due to concrete spalling in the case of fire.
Thus, this study proposes a basalt fiber-reinforced concrete, and the thermal and dynamic
mechanical behavior was studied after thermal and cooling treatments were applied.



Appl. Sci. 2021, 11, 8729 3 of 29

2. Materials and Methods

Compared with traditional concrete, basalt fiber-reinforced concrete has the advan-
tages of higher tensile strength and less cracking. The main mechanism is that after basalt
fiber is added, basalt fiber exerts its high tensile strength characteristics, and then shows the
overall strength of basalt fiber-reinforced concrete. At the same time, basalt fiber-reinforced
concrete has better anti-cracking advantages compared with traditional concrete, and its
thermal and chemical properties are also different from traditional concrete. In addition,
as mentioned in the literature section, i.e., introduction section, concrete has been used in
many scenarios with high temperatures in modern society. Thus, this study focused on the
development of a fiber-reinforced concrete, and then the proposed fiber-reinforced concrete
was tested with high temperatures, cooling methods, and dynamic loading to obtain its
thermal and dynamic behaviors.

2.1. The Main Component of Basalt Fiber-Reinforced Concrete

Basalt fiber-reinforced concrete is made up of constituent materials, like Portland
cement, coal ash, aggregates, silica fume, water superplasticizer, and basalt fiber.

(1) Portland cement
Portland cement is produced by a local company in Yunnan Province, China. The

density of the Portland cement is 2908 kg/m3 while the other parameters are listed in
Table 1.

Table 1. The component of the Portland cement.

Chemical Component SiO2 CaO MgO3 Fe2O NaO K2O

% 20.7 64.0 1.82 4.41 0.2 1.2

(2) Silica fume
When silica fume meets water, it will quickly dissolve. The solution is rich in SiO2.

When the solution is added to concrete, it will hydrate with the calcium ions in the concrete
and produce CSH gel with the Ca(OH)2 in the concrete. The silicon powder used in this
experiment was produced by Zhengzhou Rongchangsheng Silicon Powder Co., Ltd., from
Zhengzhou City, China, and its particle size is 0.15~0.2 µm.

(3) Fly ash
Fly ash can reduce the use of cement, increase the fluidity of concrete, reduce the

reaction heat of the hydration reaction, and fill the gap of concrete, and then improve the
strength of concrete. The fly ash was produced by Zhengzhou Borun Refractory Material
Co., Ltd. from Zhengzhou City, China (Figure 1a). The density is 2 g/cm3, and the main
chemical components include SiO2, Al2O3, Fe2O3, CaO, etc.
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The selected Kunming limestone crushed stone has a particle size of less than 20 mm,
a density of 2737 kg/m3, and a mud content of 0.35%.

(5) Fine aggregate
High-quality Kunming River sand was selected, with a density of 2645 kg/m3 and

a mud content of 1.7%.
(6) Water
All water used was laboratory tap water.
(7) Superplasticizer
Shandong Wanshan Chemical Co., Ltd. from Weifang City, China, was selected to

produce a high-efficiency water reducing agent, i.e., superplasticizer, which is a white
powder with a water reduction rate of 20%, as shown in Figure 1b.

(8) Chopped basalt fiber
Chopped basalt fiber produced by Huixiang Co., Ltd. from Kunming City, China,

was selected, with a chopped length of 6mm and a density of 2660 kg/m3, as shown in
Figure 1c.

2.2. Specimen Preparation and Processing
2.2.1. Specimen Preparation

In this experiment, the C30 ordinary concrete and basalt fiber-reinforced concrete were
used to investigate their mechanical properties. The size of the concrete cube specimen
was 100 mm × 100 mm × 100 mm, and the size of the cylinder specimen that was used
in the static experiment was 75 mm in diameter and 100 mm in height, while the size
of the cylinder specimen that was used in the SHPB dynamic experiment was 75 mm in
diameter and 40 mm in height [25]. According to the relevant regulations of countries, the
proportion of concrete is shown in the Table 2.

Table 2. Proportions of concrete mix (unit kg/m3).

Specimens Water Portland
Cement Fly Ash Silica

Fume Sand Aggregation Superplasticizer
Chopped

Basalt
Fiber

Ordinary
concrete C30 190 292.5 135 22.5 680 1110 9 -

Basalt
fiber-reinforced

concrete C30
190 292.5 135 22.5 680 1110 9 4.8

To ensure concrete specimens meet the requirements of the experiment and the rele-
vant documents and regulations in China, production equipment, including an electronic
scale, concrete vibrator, concrete mixer, mold, shovel, mud knife, and sprinkling, were
used in the specimen preparation process.

According to the requirements of the experiment, first, the concrete fibers were soaked
in water so that they were evenly distributed in the concrete, and the required materials
were weighed: cement, fly ash, silica fume, crushed stone, water, river sand, water reducing
agent, and basalt fiber, according to the proportions. Then, the weighed dry aggregate
excluding water and water reducing agent were placed into the mixer and mixed for
3–5 min to obtain a better uniformity. Then, the weighed water and water reducing agent
was placed into the mixer and mixed for 3–5 min. After mixing, the concrete was removed
with a shovel, and placed into a 30 cm × 30 cm × 30 cm mold and a 10 cm × 10 cm × 10 cm
mold, and compacted. Finally, a trowel was used to compact the concrete placed in the
mold to maintain a level top surface. After one day and night, the mold was removed and
the specimen was taken out. The specimen was placed in a 10 cm × 10 cm × 10 cm curing
box for curing, and the wrapped in a 30 cm × 30 cm × 30 cm plastic wrap. The specimen
was sprayed with water for curing every day, and the temperature was maintained for
28 days at 20~25 ◦C. Figure 2 shows the process of preparing the concrete.
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2.2.2. Specimen Processing

(1) Coring process
The coring machine used in this coring was a SC-200 automatic coring machine, and

the drill used was a diamond drill with a diameter of Ø75, as shown in Figure 3a. First, the
cured concrete was fixed in the coring machine, and the drill bit was moved slowly when
it was about to approach the concrete, and automatic work advancement was selected for
coring. The coring speed was 5 mm/min.
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Figure 3. Processing process of the concrete specimen.

(2) Cutting
The cutting machine used in this cutting was a SCQ-300 automatic cutting ma-

chine as shown in Figure 3b, the saw blade adopted a diamond blade, and the cutting
speed was 5 mm/min. Figure 3c,d show the concrete cubic after coring and the concrete
cylinders, respectively.

(3) Polishing
When the cutting of the specimens finished, the specimens were coarse. The specimens’

surface was polished until smooth, in order to ensure these specimens were standard and
thus increased the security in the later experiment.

2.3. Heating and Cooling Treatments

The heating equipment used in this experiment was a xw7L-12 box-type resistance
furnace, the voltage was 220 V, and the power was 3 KW~5 KW. The maximum heating
temperature was 1200 ◦C, and the furnace size was 120 mm × 200 mm × 300 mm. Because
concrete is a thermally inert material, when the heating speed is too fast, the temperature
difference between the inside and outside of the concrete will be too large, and the moisture
in the concrete will not evaporate in time, causing the concrete to burst during the heating
process. Therefore, the heating rate selected was 0.5 ◦C/min, and the temperature was
maintained for 2 h after reaching the predetermined temperature, so that the inside reached
the corresponding temperature. After taking it out with crucible tongs, an infrared detector
(AR872-D) was used to measure the temperature to ensure that the concrete reached a
predetermined temperature.

This experiment used two cooling methods: natural cooling and water cooling, which
required placing concrete in air and water for cooling.

2.4. Experimental Equipment
2.4.1. Static Compressive Experimental Equipment

The uniaxial compression experiment was carried out on the YAW-2000C constant
stress pressure experimental machine, as shown in Figure 4a. The maximum experimental
force was 2000 kN, the experimental force range was 0~2000 kN, the rated voltage was
380 V/220 V, and the motor power was 1.5 KW. The working environment temperature
was 10~35 ◦C, and there was no vibration, no corrosive media, and no magnetic field
interference in the working environment. The strain instrument adopted is shown in
Figure 4b, with a measuring accuracy of 0.01 mm.
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2.4.2. Dynamic Experimental Equipment

The dynamic compressive experiment used the Split-Hopkinson pressure bar (SHPB)
of the Laboratory of Kunming University of Science and Technology. The Split-Hopkinson
pressure bar system was shown in Figure 5. The diameter of the SHPB is 75 mm. The
length of the incident bar and transmitted bar is 2 m, the density is 7795 kg/m3, the elastic
modulus is 210 GPa, the Poisson’s ratio is 0.286, the loading rate is 0~50 m/s, and the
accuracy is 0.1 m/s. The bullet is spindle shaped. The strain gauge is attached to the center
of the bar, and the distance from the incident bar and the transmission bar is consistent. At
the same time, it is equipped with a strain gauge, oscilloscope, and tachometer.
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3. Experimental Results and Discussion
3.1. Basic Physical Parameters

In this section, the changes of the basic physical parameters including the concrete
mass, wave velocity, and color under various high temperatures (200, 400, 600, and 800 ◦C)
were observed.
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3.1.1. Effect of High Temperature on Mass

Based on the high-temperature treatment, the mass loss of the ordinary concrete and
the basalt fiber-reinforced concrete is presented in Tables 3 and 4.

Table 3. The mass loss of ordinary concrete.

Temperature/◦C Diameter/mm Hight/mm Mass before
Heat/g

Mass
after

Heat/g
Mass Loss/%

200
75 40.0 427 391 0.060702576
75 40.1 429 398 0.052027972
75 40.0 427 395 0.053957845

400
75 40.0 426 385 0.069295775
75 40.3 436 400 0.059449541
75 39.9 422 381 0.069952607

600
75 40.3 438 381 0.09369863
75 39.9 416 360 0.096923077
75 40.0 421 364 0.097482185

800
75 39.8 413 320 0.162130751
75 39.8 415 324 0.157879518
75 39.9 416 333 0.143653846

Table 4. The mass loss of basalt fiber-reinforced concrete.

Temperature/◦C Diameter/mm Hight/mm Mass before
Heat/g

Mass
after

Heat/g
Mass Loss/%

200
75 40.2 429 398 0.052027972
75 40.1 423 398 0.042553191
75 39.8 426 397 0.049014085

400
75 40.4 434 395 0.064700461
75 40.3 433 396 0.061524249
75 40.2 433 399 0.056535797

600
75 40.5 438 381 0.09369863
75 39.8 416 360 0.096923077
75 39.7 421 364 0.097482185

800
75 40.3 441 369 0.11755102
75 40.2 445 375 0.113258427
75 40.1 426 367 0.09971831

The high-temperature treatment test results show that the mass of the two kinds of
concrete decreases with the increase of the temperature. The mass loss of concrete is mainly
due to the evaporation of free water before the temperature reaches 200 ◦C. When the
temperature reaches 400 ◦C, the bound water in the concrete begins to precipitate, while
the CaCO3 in the concrete will resolve into CaO and CO2 when the temperature reaches
800 ◦C.

3.1.2. Effect of High Temperature on Wave Velocity

The wave velocity is usually considered as a typical indicator of the integrity of the
internal physical and mechanical properties of concrete materials. However, the velocity
parameter is directly influenced by the temperature. In this experiment, the ZBL-U510
nonmetallic ultrasonic detector was placed on both sides of the concrete specimen to
measure the wave velocity after the heating temperature treatment. The results are shown
in Table 5.
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Table 5. The wave velocity of concretes after heating.

Type 25 ◦C 200 ◦C 400 ◦C 600 ◦C

Ordinary concrete wave velocity 2243 m/s 2196 m/s 2013 m/s 1997 m/s
Basalt fiber-reinforced concrete wave velocity 2365 m/s 2226 m/s 2078 m/s 2047 m/s

It can be seen from the above experimental results recorded in the Table 5 that the
wave velocity of ordinary concrete and basalt fiber-reinforced concrete is descending with
the temperature rise. Thus, it can be seen that the high temperature produces a detrimental
effect for the mechanical property of concrete.

3.1.3. Effect of High Temperature on Color

Figures 6 and 7 illustrate the ordinary concrete and basalt fiber-reinforced concrete
heated to 200, 400, 600, and 800 ◦C, respectively.
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A color change of the specimen was observed after natural cooling, as shown in
Figures 6 and 7. It can be seen from Figures 6 and 7 that the specimen was dark blue
at room temperature (25 ◦C). As the temperature increased, the color of the specimen
gradually turned red. When the temperature reached 600 ◦C, the specimen changed from
dark blue to pink. When the temperature continued to rise, the test piece gradually began
to turn white-brown, because as the temperature increased, the additives in the concrete
underwent physical and chemical changes.

3.1.4. Comparison between Ordinary Concrete and Basalt Fiber-Reinforced Concrete

As shown in Tables 3 and 4, the density of basalt fiber-reinforced concrete is higher
than ordinary concrete. In addition, as can be seen in Figure 8, although the overall mass
loss rate declined, the mass loss rate of basalt fiber-reinforced concrete was lower at every
temperature compared with ordinary concrete.
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Figure 9 shows, at the same temperature, that the wave velocity of basalt fiber-
reinforced concrete is higher than ordinary concrete. Here, the compactness of basalt
fiber-reinforced concrete is better than ordinary concrete and the effect of the high tempera-
ture on the basalt fiber-reinforced concrete is more slight than ordinary concrete.
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Figures 6 and 7 show that, compared with ordinary concrete, the change of color in
basalt fiber-reinforced concrete performed a little hysteresis after heating. In addition,
during heating, the number of cracks of basalt fiber-reinforced concrete increased more
than ordinary concrete.

3.2. Static Compressive Strength

The research on the static mechanical properties of concrete is the most important
and basic research on the properties of concrete. Its failure pattern is simple, the failure
mechanism is clear, and it is easy for researchers to analyze. In addition, the research on
the static mechanical properties of concrete is an important index to measure the strength
and bearing capacity of concrete.
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In this research, ordinary concrete (PC) and basalt fiber-reinforced concrete (fiber
volume parameter is 0.2%), with a diameter of Ø75 mm and height 100 mm, were heated to
200, 400, 600, and 800 ◦C, respectively, to carry out a static mechanical contrast experiment
and compare it with the static compressive strength of concrete at room temperature, and
carry out a comparative study on its broken form. This paper will analyze and discuss the
strength variation trend of basalt fiber in concrete under the action of high temperatures,
and briefly describes the strengthening mechanism of basalt fiber on concrete strength. At
the same time, two cooling methods were adopted to analyze the influence of different
cooling methods on the concrete strength under high-temperature conditions.

3.2.1. Effect of High Temperature on Static Compressive Strength

The trend of the two concretes’ strength at a high temperature is similar. For air
cooling, the experiment results are shown in Tables 6 and 7.

Table 6. The static compressive strength of ordinary concrete in air cooling.

Temperature/◦C Hight/mm Mass/g Strength/Mpa

25
100.0 1072 32.3
99.8 1067 30.8
99.7 1064 31.6

200
100.4 978 36.9
100.3 995 34.7
99.7 987 37.8

400
99.5 962 23.9

100.3 1003 19.6
99.3 952 23.6

600
99.2 948 16.1
99.7 900 15.7
99.5 910 14.9

800
100.4 807 8.6
99.6 810 7.4
100.5 836 7.5

Table 7. The static compressive strength of basalt fiber-reinforced concrete in air cooling.

Temperature/◦C High/mm Mass/g Strength/Mpa

25
100.3 1072 37.5
99.6 1057 35.7
99.9 1065 34.8

200
99.8 995 43.0

100.7 995 42.6
99.4 992 39.7

400
99.9 987 30.6

100.0 990 32.1
100.6 997 25.8

600
99.7 977 17.6
99.9 977 19.5
99.8 960 15.4

800
100.8 922 11.5
99.7 937 4.3
100.2 917 10.8

Although the overall trend of the strength of the two concretes decreases with the
temperature increasing, the concrete strength increases when the temperature increases
within 25~200 ◦C and reaches a peak when the temperature reaches 200 ◦C. The concrete
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strength begins to decrease with the further increase of the temperature. When the tem-
perature reaches 400 ◦C, the strength of ordinary concrete decreases 25% than the strength
at room temperature while the strength of basalt fiber-reinforced concrete decreases 7.2%
than the strength at room temperature. When the temperature reaches 600 ◦C, the strength
of ordinary concrete decreases 49.3% compared to the strength in room temperature while
the strength of basalt fiber-reinforced concrete decreases 53.1% compared to the strength at
room temperature. When the temperature reaches 800 ◦C, the strength of ordinary concrete
decreases 75.8% compared to the strength at room temperature while the strength of basalt
fiber-reinforced concrete decreases 68.9% compared to the strength at room temperature.

The reason for this phenomenon is that, when the temperature is less than 200 ◦C,
the cracks inside concrete are fewer because of thermal expansion and cold contraction;
therefore, the static compressive strength is improved. With the further increase of the
temperature, the bound water inside the concrete begins to precipitate, and the static
compressive strength decreases rapidly. When the temperature reaches 800 ◦C, the CaCO3
inside the aggregate of cement paste begins to resolve into CaO, so that the concrete loses
its bearing capacity.

The failure patterns of the two kinds of concrete subjected to high temperatures under
air cooling are shown as follows:

At room temperature and 200 ◦C, the two concretes were subjected to axial pressure,
and concrete specimens without confining pressure extended along the longitudinal and the
discontinuous tension failure was increased. With the increase of compression, the cracks
gradually penetrated and caused the surface to break, and spalling occurred locally, causing
the concrete to lose its bearing capacity. When the temperature increased further, the bound
water in the concrete began to precipitate, the internal cracks gradually developed and
penetrated, and concrete showed failure patterns of “/”, “V”, and “X”.

3.2.2. Effect of Two Cooling Methods on Static Compressive Strength

The experimental results of the compressive strength of the two concretes in water
cooling are shown in Tables 8 and 9.

Table 8. The static compressive strength of ordinary concrete in water cooling.

Temperature/◦C Hight/mm Mass/g Strength/Mpa

25
100.1 1089 32.5
99.7 1097 31.0
99.6 1084 30.9

200
99.3 1015 28.7

100.5 1026 33.5
99.8 1087 29.6

400
99.7 985 17.5

100.2 1026 16.9
100.4 972 26

600
99.6 968 11.6
99.3 925 9.8
99.9 936 12.6

800
100.5 826 3.5
99.8 834 2.6
100.1 857 3.9
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Table 9. The static compressive strength of basalt fiber-reinforced concrete in water cooling.

Temperature/◦C Hight/mm Mass/g Strength/Mpa

25 100.6 1101 37.5
25 99.7 1058 35.7
25 99.9 1069 34.8

200 99.5 1021 33.6
200 100.2 1016 19.5
200 99.3 1032 36.4
400 99.5 1006 21.3
400 100.1 1012 22.5
400 100.7 997 20.6
600 99.9 996 15.4
600 99.4 994 13.3
600 99.8 984 14.8
800 100.3 953 4.7
800 99.8 967 4.5
800 100.1 945 4.9

Through the analysis of the experimental data, compared with air cooling in the same
conditions, the strength of ordinary concrete declined by 19.4%, 22.2%, 25.5%, and 35% at
200, 400, 600, and 800 ◦C, respectively, while the strength of basalt fiber-reinforced concrete
declined by 9.9%, 27.2%, 12.5%, and 35.5% at 200, 400, 600, and 800 ◦C, respectively. The
static compressive strength of concrete after cooling in the air is greater than that after
cooling in water.

After the concrete subjected to high temperature was cooled by water, a temperature
difference existed between the interior and exterior of the concrete, and the temperature
difference was larger with the increase of the temperature. Therefore, the static com-
pressive strength decreased rapidly after the high-temperature concrete was cooled by
water. When the temperature reached 600 ◦C, the bound water inside the concrete began
to precipitate, the concrete cooled by water underwent rehydration, and therefore the
compressive strength was enhanced partly. However, due to further expansion of the
temperature difference, the static compressive strength of the high-temperature concrete
continued to decline.

Compared with Figures 10 and 11, the failure patterns of the two concretes under
water cooling are shown as follows:
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It can be seen from the contrast between Figures 12 and 13, the fracture of the two kinds
of concrete specimens for the water-cooled is bigger than that for the air-cooled at the same
heating temperature. This is attributed to the effect of water cooling, which results in the
formation of a large number of severe cracks inside the specimen during rapid cooling.
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3.2.3. Comparison of Static Compressive Stress–Strain Curves

The stress–strain curves of concrete show three stages, including the linear rising
stage, nonlinear stage of crack development, and decay stage after the arriving peak [26].

The failure of concretes under static compression is mainly due to the initiation and
development of cracks whose positions are concentrated on the joints of aggregates and
cement additives. Inside concrete, original cracks are formed in the process of concrete
pouring and solidifying. The concrete began to crack locally in order to release the stress
and avoid stress concentration when it was subjected to slow-motion static stress. In this
process, only some certain locations were destroyed; therefore, the energy released was less.
In the compressive stage of concrete, the concrete was observed to be an elastic material
and therefore the stress–strain curve is linear in this stage.

With the further increase of the static load, the cracks inside concrete developed
and intact cracks formed from the joints of the aggregates and mortar, and the concrete
lost its stability gradually. In this stage, the cracks stop developing with the halt of the
static compressive load and the strength of the concrete reached a maximum, and the
stress–strain curve is nonlinear.

During the stage of the stress–strain curve declining, as the bearing capacity of concrete
is lost gradually, the gradient of the stress–strain curve is small. The stress–strain curves of
the experimental results agree well with the above three stages.

In Figure 14, the stress–strain curves of the two kinds of concretes in compression
under static loading are plotted after water cooling and air cooling. The addition of
the basalt fiber, maximum temperature, and cooling methods significantly affected the
concrete behavior.
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Under the same conditions, the compressive strength of basalt fiber-reinforced concrete
is bigger than that of ordinary concrete. Besides, the higher the maximum temperature,
the greater the reduction in the compressive strength. In addition, the static compressive
strength of concrete after cooling in air is greater than that after cooling in water. In other
words, water cooling is more detrimental to the compressive strength than air cooling.

3.2.4. The Static Constitutive Models of Basalt Fiber-Reinforced Concrete

There is significant meaning to the investigation of the constitutive models of concrete,
as they could be used to study the concrete structure and nonlinear analysis [27]. The static
compressive strength was tested in the experiment by raising the temperature of basalt
fiber-reinforced concrete and cooling it in air or water. A reasonable constitutive model of
basalt fiber-reinforced concrete was chosen to provide feasible suggestions for the practical
application in engineering [28]. The parameters of this constitutive model were determined
by the experimental results.

According to the experimental results, the static compressive strength of concrete could be
impacted by high temperature. Therefore, the function expression of the strength–temperature
constitutive model established through static compressive strength is as follows:

F = t1 + t2T + t3T2 + t3T3 (1)

F—Static compressive strength (Mpa).
T—Temperature (◦C).
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On account of the function Equation (1), the fitting curve for the compressive strength-
temperature relationship of basalt fiber-reinforced in air cooling was showed in Figure 15,
and the fitting parameters were recorded in Table 10.
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Table 10. The fitting parameters of the static compressive strength of basalt fiber-reinforced concrete
in air cooling.

Parameters t1 t2 t3 t4

Basalt fiber-reinforced concrete 34.75 0.11 −3.9 × 10−4 2.7 × 10−7

The expression of the static compressive strength of basalt fiber-reinforced concrete in
air cooling is as follows:

f = 34.75 − 0.11T − 0.00039T2 + 0.00000027T3 (2)

R2 = 0.99.
On account of the function Equation (1), the fitting graph of basalt fiber-reinforced

in water cooling was showed in Figure 16, and the fitting parameters were recorded in
Table 11.
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Table 11. The fitting parameters of the static compressive strength of basalt fiber-reinforced concrete
in water cooling.

Parameters t1 t2 t3 t4

Basalt fiber-reinforced concrete 38.4 −0.02 −5 × 10−5 2.9 × 10−8

The expression of the static compressive strength of basalt fiber-reinforced concrete in
air cooling is as follows:

f = 38.4 − 0.02T − 0.00005T2 = 0.000000029T3 (3)

R2 = 0.97.

3.2.5. Comparison between Ordinary Concrete and Basalt Fiber-Reinforced Concrete

According to the data of Tables 6 and 7, the curves of the compressive strength of the
two kinds of concretes in the two cooling methods can be seen in Figure 17.
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In the air cooling method, the static compressive strength of basalt fiber-reinforced
concrete is improved 16.1%, 16.6%, 39.9%, 12.1%, and 25.6% more than ordinary concrete
at room temperature, 200, 400, 600, and 800 ◦C, respectively. While, in the water method,
the static compressive strength of basalt fiber-reinforced concrete is improved 16.1%, 14.3%,
28.8%, 28.6%, and 29.6% more than ordinary concrete at room temperature, 200, 400, 600,
and 800 ◦C, respectively.

Form the comparison of the above data, the static compressive strength of basalt
fiber-reinforced concrete is continuously improved compared to ordinary concrete with the
increase of the temperature. Thus, it can be seen that the addition of basalt fiber to concrete
can effectively reduce the effects of high temperatures on concrete and further improve the
bearing capacity of concrete.

Through the comparison of the failure pattern, at the same temperature and using the
same cooling method, the failure pattern of basalt fiber-reinforced concrete is superior to
ordinary concrete. In the different cooling methods, the failure pattern of the two concrete
specimens in air cooling is better than in water cooling.

3.3. Dynamic Compressive Strength

This section adopts the SHPB device with a diameter of Φ 75 mm mentioned in
Section 2 to carry out the dynamic impact test of both ordinary concrete and basalt fiber-
reinforced concrete. The high-temperature electric furnace was used to heat the specimen
to 200, 400, 600, and 800 ◦C, and these high-temperature specimens were compared with
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the specimens at room temperature. At the same time, the air-cooling method and water-
cooling method were used to simulate the trend of the strength of the two concretes after
the structure was subjected to fire fighting. In addition, three loading rates of 5.8, 7.8,
and 9.8 m/s were used to carry out the dynamic impact test and obtain the dynamic
compressive strength, stress–strain curve, and failure pattern of the two concretes.

3.3.1. Effect of the Strain Rate on the Dynamic Compressive Strength

The stress–strain curve is an index reflecting the comprehensive performance of
concrete. The characteristics of the curve reflect the characteristics of each stage of the
whole process of internal structure failure of the concrete under an impact load.

The dynamic impact test data of the two concretes under three loading rates of 5.8,
7.8, and 9.8 m/s are shown in Tables 12–17.

Table 12. The dynamic impact test of ordinary concrete on a loading rate of 5.8 m/s.

Temperature/◦C Hight/mm Mass/g Strength/Mpa Strain Rate/s−1

25
40.1 427 46.5 102
40.3 429 42.3 98
40.0 427 45.5 103

200
40.2 391 57.9 117
40.4 398 63.5 121
40.1 395 49.5 113

400
40.2 385 32.1 125
40.4 400 34.2 147
40.2 381 30.5 129

600
40.0 381 25.8 146
40.8 360 20.9 137
40.3 364 18.5 115

800
40.6 320 9.3 156
40.3 324 7.6 158
40.0 333 7.9 153

Table 13. The dynamic impact test of ordinary concrete on a loading rate of 7.8 m/s.

Temperature/◦C Hight/mm Mass/g Strength/Mpa Strain Rate/s−1

25
40.0 436 52.5 132
40.2 428 51.6 127
39.9 427 55.9 136

200
40.1 388 62.5 137
40.3 395 60.8 135
40.0 392 63.7 139

400
40.1 382 37.5 151
40.3 397 39.9 154
40.1 378 38.2 159

600
39.9 378 28.6 163
40.7 357 26.9 167
40.2 361 27.8 175

800
40.5 317 11.8 187
40.2 321 12.3 186
39.9 330 5.9 183
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Table 14. The dynamic impact test of ordinary concrete on a loading rate of 9.8 m/s.

Temperature/◦C Hight/mm Mass/g Strength/Mpa Strain Rate/s−1

25
40.1 391 65 163
40.3 398 60.3 157
40.0 395 67.9 165

200
40.2 385 80 171
40.4 400 78.6 173
40.1 381 59.9 176

400
40.2 381 53.2 197
40.4 360 48.9 189
40.2 364 49.7 187

600
40.0 320 42.3 206
40.8 324 37.5 198
40.3 333 40.3 213

800
40.6 391 17.6 228
40.3 398 15.5 236
40.0 395 10.6 209

Table 15. The dynamic impact test of basalt fiber-reinforced concrete on a loading rate of 5.8 m/s.

Temperature/◦C Hight/mm Mass/g Strength/Mpa Strain Rate/s−1

25
40.2 429 49.5 110
40.3 423 52.6 106
40.0 426 35.8 89

200
40.2 396 69.5 115
40.4 398 67.5 113
40.1 397 72.1 126

400
40.2 395 45.5 135
40.4 396 43.5 131
40.2 399 40.6 136

600
40.0 381 25.6 143
40.8 360 23.5 145
40.3 364 27.8 152

800
40.6 369 12.5 163
40.3 375 11.9 172
40.0 367 10.7 174

It can be seen from Tables 12–17 that the strain rate significantly influences the strength
of the specimen, regardless of the type of concrete and the impact velocities. Table 12
illustrates that the strength increases with the increase of the strain rate for the normal
concrete. For the normal concrete at different impact velocities, i.e., Tables 13 and 14,
the experimental results come to the same conclusion. In addition, for the basalt fiber-
reinforced concrete, it also demonstrates the same strain rate effect on strength.

Through the above experimental data, the stress–strain curves under various loading
rates and at room temperature (25 ◦C), 200 ◦C, and 400 ◦C are found as follows.

It can be seen from Figures 18 and 19 that the dynamic compressive strength of the two
concretes increases with the increase of the loading rate. When the loading rate is 5.8 m/s,
the strength of ordinary concrete at room temperature improves by 43.9% compared to the
static load at the same temperature. The strengths of ordinary concrete improve 65.8% and
51% at 200 and 400 ◦C, respectively, compared with the static load at the same temperature,
while the strengths of basalt fiber-reinforced concrete improve by 32%, 61.6%, and 41.7% at
room temperature (25 ◦C), 200, and 400 ◦C, respectively, compared with the static load at
the same temperature. When the loading rate is 7.8 m/s, the strength of ordinary concrete
improves by 62.5%, 69.5%, and 56.9% at room temperature, 200, and 400 ◦C, respectively,
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compared with the static load at the same temperature, while the strengths of basalt fiber-
reinforced concrete improve by 73.2%, 77.8%, and 69.6% at room temperature (25 ◦C), 200,
and 400 ◦C, respectively, compared with the static load at the same temperature. When the
loading rate is 9.8 m/s, the strength of ordinary concrete improves by 101%, 116%, and
109% at room temperature, 200, and 400 ◦C, respectively, compared with the static load
at the same temperature, while the strengths of basalt fiber-reinforced concrete improve
by 140%, 155%, and 169% at room temperature (25 ◦C), 200, and 400 ◦C, respectively,
compared with the static load at the same temperature.

Table 16. The dynamic impact test of basalt fiber-reinforced concrete on a loading rate of 7.8 m/s.

Temperature/◦C Hight/mm Mass/g Strength/Mpa Strain Rate/s−1

25
40.5 433 70.5 152
40.7 427 65.8 147
40.5 430 72.4 156

200
40.6 402 80.2 159
40.3 402 90.8 157
40.0 401 63.2 155

400
40.0 399 53.8 162
40.4 400 44.9 165
40.1 403 50.3 168

600
40.3 385 38.7 168
40.8 364 36.5 171
40.3 368 36.2 165

800
40.6 373 11.4 185
40.3 379 11.9 189
40.0 371 15.9 176

Table 17. The dynamic impact test of basalt fiber-reinforced concrete on a loading rate of 9.8 m/s.

Temperature/◦C Hight/mm Mass/g Strength/Mpa Strain Rate/s−1

25
39.6 428 90.3 161
40.2 425 87.6 165
39.7 425 92.3 167

200
40.2 397 110 171
40.5 396 103.7 176
39.4 397 107.9 174

400
40.1 396 63.7 186
40.3 397 75.9 189
40.2 398 60.3 184

600
39.1 382 47.5 192
40.3 365 45.5 197
40.2 367 32.1 196

800
40.3 363 21.6 207
40.0 377 19.8 219
39.9 36 17.2 217
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With the increase of the loading rate, the impact energy increases rapidly, the internal
energy of concrete increases rapidly, and it does not have time to release; therefore, the
dynamic compressive strength of concrete is increased.

3.3.2. Effect of High Temperature on Dynamic Compressive Strength

The dynamic compressive temperature–strength curves of ordinary concrete and
basalt fiber-reinforced concrete at various heating temperatures are shown as follows
(Figure 20):
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It can be seen from the Figure 20 that the dynamic compressive strength of ordinary
concrete and basalt fiber-reinforced concrete increases first and reaches a peak when
the temperature increases to 200 ◦C. After, with the further increase of the temperature,
the dynamic compressive strength of concrete declines rapidly. When the temperature
reaches 400 ◦C, the compressive strength of concrete is less than at 25 ◦C. When the
temperature reaches 800 ◦C, the ordinary concrete and basalt fiber-reinforced concrete loses
the bearing capacity.

When the loading rate is 5.8 m/s, compared with room temperature (25 ◦C), the
dynamic compressive strength of ordinary concrete improves by 31.3%, 33.7%, 53.4%,
and 84.8% at 200, 400, 600, and 800 ◦C, respectively, while the dynamic compressive
strength of basalt fiber-reinforced concrete improves by 43.3%, 11.6%, 50.2%, and 75.7%
at 200, 400, 600, and 800 ◦C, respectively. When the loading rate is 7.8 m/s, compared
with room temperature (25 ◦C), the dynamic compressive strength of ordinary concrete
improves by 25.5%, 25.5%, 44.8%, and 83.6% at 200, 400, 600, and 800 ◦C, respectively, while
the dynamic compressive strength of basalt fiber-reinforced concrete improves by 13.6%,
25..8%, 46.6%, and 80.8% at 200, 400, 600, and 800 ◦C, respectively. When the loading rate
is 9.8 m/s, compared with room temperature (25 ◦C), the dynamic compressive strength of
ordinary concrete improves by 28.3%, 18.5%, 38.3%, and 79.4% at 200, 400, 600, and 800 ◦C,
respectively, while the dynamic compressive strength of basalt fiber-reinforced concrete
improves by 25.7%, 19.4%, 48%, and 76% at 200, 400, 600, and 800 ◦C, respectively.

When the temperature is less than 200 ◦C, a thermal strengthening effect is observed.
At this stage, free water escapes constantly, and due to thermal expansion and cold con-
traction, the tiny cracks of concrete are reduced with the expansion of the aggregate and
vapor increases the internal pressure. With the increase of the dynamic loading, the internal
cracks of concrete are pressed and the stress concentration of the concrete is decreased;
therefore, the strength of the concrete is improved. When the temperature exceeds 200 ◦C,
the bound water inside the concrete begins to precipitate, and the interaction of the cement
in the concrete is enhanced. Due to the concrete thermal expansion, the coefficients of the
coarse aggregate and additives are different, and a lot of thermal damage to the joint of the
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concrete is caused. Under the influence of these two factors, the strength of the concrete
decreased and is less than at room temperature. When the temperature reaches 600 ◦C, the
hydrate, like NaOH, of the concrete begin dehydration and produce NaO, the volume is
expanded, and the fractures in the concrete are developed further. When the temperature
reaches 800 ◦C, the strength of the aggregate in concrete is lost and the concrete becomes
completely loose.

3.3.3. Effect of the Two Cooling Methods on the Failure Pattern

Under the impact velocity of 5.8 m/s, the failure patterns of the two concretes using
the air-cooling method and water-cooling methods were compared.

The dynamic failure modes are closely related to the mechanical behavior of a material.
Figures 21–24 show the typical failure patterns of concrete specimens at different treatment
temperatures. There are four failure patterns: edge failure, core retention failure, crushing
failure, and smashing failure. It is observed that with the increase of the temperature, the
fragmentation of the concrete specimens worsens and the fragment sizes become smaller.
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Figure 24. The failure patterns of basalt concrete using the water-cooling method.

At room temperature (25 ◦C), the failure pattern of ordinary concrete is crushing
failure while the failure pattern of basalt fiber-reinforced concrete is core retention failure.
When the temperature reaches 200 ◦C, both ordinary concrete and basalt concrete show
edge failure and core retention failure. With the further increase of the temperature,
crushing failure and smashing failure are generated in both ordinary concrete and basalt
concrete. When the temperature reaches 800 ◦C, the coarse aggregate of concrete forms
crystals and the internal structure is damaged. After subjecting it to impact loading,
the concrete specimens are a powder state. However, compared with the air-cooled
specimens, the water-cooled specimens are smashed into irregular and smaller pieces at
the same temperature.

3.3.4. The Dynamic Constitutive Model of Basalt Fiber-Reinforced Concrete

In this section, the dynamic compressive strength–temperature constitutive model of
basalt fiber-reinforced concrete exposed to various high temperatures and different cooling
methods under the dynamic load rate of 5.8 m/s is established as Equation (4):

f = t1 + t2 + t3T2 + t3T3 (4)

f—Compressive strength (Mpa).
T—Temperature (◦C).
Based on the Equation (4), the constitutive model of basalt fiber-reinforced concrete

after air cooling was shown in Figure 25 and its fitting parameters were recorded in
Table 18.
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Table 18. The fitting parameters of dynamic compressive strength of basalt fiber-reinforced concrete
after air cooling.

Parameters t1 t2 t3 t4

basalt fiber-reinforced concrete 51.84 0.087 3.6 × 10−4 2.3 × 10−7

According to Equation (4) and the above experimental results, the constitutive model
of basalt fiber-reinforced concrete after air cooling under a load rate of 5.8 m/s is as follows:

f = 51.84 + 0.087T + 0.00036T2 + 0.00000023T3 (5)

R2 = 0.85.
Based on the Equation (4), the constitutive model of basalt fiber-reinforced concrete

after water cooling was shown in Figure 26 and its fitting parameters were recorded in
Table 19.
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Table 19. The fitting parameters of dynamic compressive strength of basalt fiber-reinforced concrete
after water cooling.

Parameters t1 t2 t3 t4

basalt fiber-reinforced concrete 52.25 0.05 −4 × 10−4 3.4 × 10−7

The constitutive model of basalt fiber-reinforced concrete in water cooling under the
load rate of 5.8 m/s is as follows:

f = 52.25 + 0.05T − 0.0004T2 + 0.00000034T3 (6)

R2 = 0.95.

3.3.5. Comparison between Ordinary Concrete and Basalt Fiber-Reinforced Concrete

At the same temperatures (25, 200, and 400 ◦C), the comparison figures of the stress–
strain curves of ordinary concrete and basalt fiber-reinforced concrete are shown as follows:

Figure 27 shows the dynamic compressive stress–strain curves of the ordinary concrete
specimens and basalt fiber-reinforced concrete specimens subjected to different elevated
temperatures under dynamic loading. The experimental results show that the dynamic
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compressive strength decreases and the peak strain increases with the increase of the tem-
perature for the same strain rate state. At the same temperature, the dynamic compressive
strength increases with the increase of the loading rates.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 27 of 30 
 

 
(a) 25 °C 

 
(b) 200 °C 

 
(c) 400 °C 

Figure 27. The comparison figures of the stress–strain curves of the two concretes. Figure 27. The comparison figures of the stress–strain curves of the two concretes.



Appl. Sci. 2021, 11, 8729 27 of 29

In addition, the dynamic compressive strength of basalt fiber-reinforced concrete is
better than ordinary concrete at every temperature on the whole; that is to say, the addition
of basalt fiber in concrete can effectively increase the toughness of concrete and improve
the dynamic compressive strength of concrete.

The comparison figures of the temperature–strength curves of ordinary concrete and
basalt fiber-reinforced concrete are shown as follows:

Figure 28 shows that the strength of the two concretes increases with the increase of
the temperature and reaches peak strength when the temperature reaches 200 ◦C. After, the
strength both of basalt fiber-reinforced concrete and ordinary concrete begins to decrease
continuously. This is attributed to the rehydration of lime accompanied by a volume
increase, which converts the CaCO3 into CaO and causes cracking and crumbling of
concrete materials at high temperatures.
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However, under the same temperature and loading rate, the strength of basalt fiber-
reinforced concrete is bigger than ordinary concrete. This also confirms that the addition
of basalt fiber to concrete can significantly increase the dynamic compressive strength
of concrete.

4. Conclusions

In this experiment, the YAW-2000C constant stress pressure experimental machine
was used to carry out the static compressive test, and the split-Hopkinson pressure bar
was used to carry out the dynamic impact test, and the static compressive strength and
dynamic compressive strength of ordinary concrete and basalt fiber-reinforced concrete
under various of heating temperatures and cooling methods (air-cooled method and
water-cooled method) were investigated. Through the experimental data, the conclusions
are as follows:

(1) With the increase of the temperature, the physical parameters of the two concretes
changed, such as mass, wave velocity, and color. The mass loss of two concretes increases
with the increase of temperature. The wave velocity of two concretes is descending with
the increase of the temperature, but the mass loss rate of basalt fiber-reinforced concrete
is less than ordinary concrete. Thus, high temperatures produce a detrimental effect on
the mechanical property of concrete and the mechanical property of basalt fiber-reinforced
concrete is better than ordinary concrete. Moreover, with the temperature increasing, the
color of concrete gradually changes from dark blue to red. When the temperature reaches
800 ◦C, the concrete gradually turns white. However, compared with ordinary concrete,
the color change with the temperature of basalt fiber-reinforced concrete shows hysteresis.
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(2) The static compressive strength of both ordinary concrete and basalt fiber-reinforced
concrete increases when the temperature is 25~200 ◦C, and the strength reaches a peak
when the temperature increases to 200 ◦C. After, the static compressive strength begins to
decrease with the increase of the temperature. When the temperature increases to 400 ◦C,
the static compressive strength of the two concretes is lower than at room temperature
under the same conditions, and when the temperature rises to 800 ◦C, the concretes lose
their bearing capacity. However, at the same temperature, the static compressive strength
of basalt fiber-reinforced concrete is bigger than ordinary concrete. In addition, the static
compressive strength of the concretes after cooling in air is greater than that after cooling
in water, and the fracture for the water-cooled specimen is bigger than for the air-cooled
specimen at the same heating temperature.

(3) The dynamic compressive strength of the concretes is affected by the loading
rate and temperature. The dynamic compressive strength of concretes is bigger than
the static compressive strength of concrete at the same conditions and increases with
the increase of the loading rate. At the same loading rate, the dynamic compressive
strength of basalt fiber-reinforced concrete is bigger than ordinary concrete. Within t
25~200 ◦C, the strength increases when the temperature increases and reaches a peak
when the temperature increases to 200 ◦C. After, the strength begins to decline with the
further increase of the temperature. At the same loading rate and heating temperature, the
dynamic compressive strength of basalt fiber-reinforced concrete is bigger than ordinary
concrete. In addition, the crushing form of concrete specimens cooled by air is better
than those cooled by water; however, in the same conditions, the crushing form of basalt
fiber-reinforced concrete is better than ordinary concrete.

(4) The addition of basalt fiber to concrete can significantly improve the mechanical
property of concrete. The use of basalt fiber-reinforced concrete can largely enhance the fire
resistance of the structure and improve the security after being subjected to conflagration
or other high-temperature conditions.
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