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Abstract: Frost resistance is a very important durability criterion of concrete in the cold environment.
To improve the frost resistance of concrete, carbon fiber was added into the concrete. Repeated
soaking in water will accelerate the freeze-thaw damage of concrete, resulting in mass loss and the
compressive strength decrease of the concrete. Thus, a recurrent freeze-thaw experiment, in which
specimens of carbon-fiber-reinforced concrete were frozen for 4 h and then thawed in the warm water
for 4h, was carried out to estimate the relationship of the addition of carbon fiber and frost resistance.
The results show that adding the carbon fiber into concrete could reduce the mass loss of the concrete
during the freeze-thaw experiment. And when the carbon fiber content is more than 0.50 wt. %o, the
increase in the carbon fiber content improved the compressive strength of the concrete significantly.
The frost-resistance of the plain concrete is 100 freeze-thaw cycles, after which the compressive
strength losses were 21.2% and 9.0%, respectively. When the optimal adding amount of carbon is
1.5 wt.%, the frost-resistance of the concrete is 250 cycles. It indicates that the carbon-fiber-reinforced
concrete is suitable for buildings in cold and moist conditions.

Keywords: fiber-reinforced concrete; carbon fiber; slump; compressive strength; frost resistance

1. Introduction

About half of concrete buildings have different degrees of freeze-thaw damage world-
wide [1]. Globally, in cold regions, such as Northern Europe, Russia, Canada, Japan, and
the northern part of the United States, concrete structures have different degrees of freeze—
thaw damage, and the cost for maintenance and reinforcement is quite significant [1]. The
economic loss caused by the freeze-thaw damage of buildings is much higher than the
construction cost [1]. Concrete structures are often subjected to freeze-thaw cycles, and
their mechanical properties and durability will be reduced by various degrees or even
damaged, especially in a salt-rich environment [2]. Thus, it is highly necessary to study
how to improve the frost resistance of concrete.

However, very limited data is available in the literature on the frost resistance perfor-
mance of fiber reinforced concrete [2]. Adding polypropylene fibers into concrete could
slightly increase the frost resistance of concrete, as argued by Karahan et al. [3]. According
to Yu et al.’s [4] study, the addition steel fibers can improve frost resistance. To improve
the performance of concrete, various fiber-reinforced concretes (FRCs) that are made of
cement, water, aggregate, and dispersed fibers e.g., synthetic fibers, steel fibers, glass fibers,
polypropylene fibers, and carbon fibers, are extensively used [5-7]. At present, steel fibers,
carbon fibers, and polypropylene fibers are the most common materials for FRC [6]. Steel
FRC has a high compressive strength, crack resistance, and toughness [7,8]. However,
steel fibers can easily rust in humid and corrosive environments. The addition of steel
fibers decreases the flowability of FRC to some extent, which would reduce the workability

Appl. Sci. 2022, 12, 3823. https:/ /doi.org/10.3390/app12083823

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12083823
https://doi.org/10.3390/app12083823
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app12083823
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12083823?type=check_update&version=2

Appl. Sci. 2022,12, 3823

2 0f 10

of the FRC significantly. The addition of polypropylene fibers can greatly improve the
non-deformability of the concrete, increase the toughness, and improve the fatigue and
impact resistance [2]. The strength of polypropylene FRC is also improved by a small
degree. However, owing to the low elastic modulus, unmodified polypropylene fibers
do not bond to concrete very well. Carbon fibers have many advantages, such as a high
elastic modulus and strength, low density, and fatigue and corrosion resistance. The carbon
fibers added to the concrete improve the strength [9,10], crack resistance [11], and flexural
resistance [12] of the concrete. The CFRC was also resistant to high temperatures [13].
However, the aforementioned studies mainly concentrated on the mechanical properties
of CFRC at room or high temperature, while little experimental research and analysis has
been conducted on the frost resistance of CFRC at low temperature conditions.

The volume fraction of the fibers influences the mechanical properties of the concrete,
e.g., strength, toughness, impact resistance and so on [7-12]. This study primarily examines
the effects of the carbon fiber content on the frost resistance of CFRC at low temperatures,
and estimates the correlation of the amount of fiber and frost resistance. It would provide a
scientific reference for improving the frost resistance of concrete under cold conditions.

2. Experimental Program of CFRC
2.1. Materials

Ordinary Portland cement (C) with a grade of 32.5R (P-O 32.5), which was produced
by Yatai Group Harbin Cement Co., Ltd. (Harbin, China), was used to prepare the concrete.
Its density is 3.0 g/cm?>. The fineness of cement expressed by the specific surface area is
3100-3300 cm?/g. The initial setting time and final setting time are more than 45 min and
less than 10 h, respectively.

Natural medium-coarse sand with a fineness modulus (MX) of 2.1-3.4 was used for
the fine aggregate (FA).

Crushed stone was adopted for the coarse aggregate (CA), whose maximum grain
size was 16 mm.

To eliminate the chlorine, the tap water was placed for three days then used to
mix concrete.

Carbon fibers (T700) produced by Toho Co., Ltd. (Tokyo, Japan), were used (Figure 1).
The physical properties of the carbon fibers are listed in Table 1.

Figure 1. Carbon fibers.

Table 1. Physical properties of carbon fibers.

Volume Tensile Eloneation Tensile Carbon
Density  Strength © /g) Modulus Content
(g/cm?) (MPa) ’ (GPa) (%)

6 0.007 857 1.80 4900 2.1 230 >95

Length Diameter Aspect
(mm) (mm) Ratio
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Being a kind of hydrophobic material, carbon fiber agglomerates easily in cement-
based grout, so carboxymethyl cellulose was used as a dispersant (D), and whose mixing
weight was one-fiftieth of a dose of water.

A high-efficiency water-reducing agent (HRWR) was also adopted to improve the
workability of the CFRC. A defoaming agent (DA), tributyl phosphate, was utilized to
reduce the number of bubbles in the concrete.

2.2. Mix Proportion

The weight ratio for the plain concrete was chosen to be 1:1.5:3.8 (C:FA:CA) with a
water—cement ratio of 0.4 (Table 2). The carbon fiber content was varied, with the amount
of 0.6 kg/m? (0.25 %o of the total weight, abbreviated as 0.25 wt.%o), 1.2 kg/m3 (0.5 wt.%o),
2.4 kg/m?> (1.0 wt.%0), 3.6 kg/m? (1.5 wt.%0), and 4.8 kg/m3 (2.0 wt.%o). The specimen
was given a name that represents the amount of carbon fiber used in the specimen. For
example, the specimen CF0.25 represents the CFRC specimen whose carbon fiber content
was 0.25 wt. %o. Meanwhile, the plain concrete specimens were compared with the CFRC
specimens, which were named PC for short.

Table 2. Variation of mix design.

Material Dosage (kg/m?)

Mix No.
Cement FA CA Water Carbon Fiber D HRWR DA
PC 360 530 1366 144 0 2.88 1.44 0.72
CF0.25 360 530 1366 144 0.6 2.88 1.44 0.72
CF0.50 360 530 1366 144 1.2 2.88 1.44 0.72
CF1.00 360 530 1366 144 2.4 2.88 1.44 0.72
CF1.50 360 530 1366 144 3.6 2.88 1.44 0.72
CF2.00 360 530 1366 144 4.8 2.88 1.44 0.72

CA, carbon aggregate; CF, carbon fiber; D, dispersant; DA, defoaming agent; FA, fine aggregate; HRWR, high-
efficiency water-reducing agent; PC, plain concrete.

2.3. Preparation of Specimens

Each material was weighed according to the design proportion of the concrete mixture
with an accuracy of 0.5 wt.%. The carbon fiber, dispersant, and water were mixed and
dispersed by a vibration of ultrasonic waves for 5 min to produce a carbon fiber solution.
The cement, fine aggregate, coarse aggregate, water-reducing agent, and defoaming agent
were mixed uniformly by an agitator, and then the carbon fiber solution was poured into
the agitator and stirred for three minutes. The well-proportioned concrete was poured
into plastic molds with dimensions of 100 mm x 100 mm x 100 mm. Subsequently, fresh
concrete mixtures in plastic molds were vibrated and compacted on a vibrating table. After
48 h, the mold forms of the concrete specimens were removed and the specimens were
kept at the room temperature. Twenty-one specimens were made for each kind of concrete.
A total of 126 concrete specimens, including 21 PC specimens and 105 CFRC specimens,
were prepared.

2.4. Test Procedure

The test process for the frost resistance of each concrete specimen strictly complied
with the Standard for Test Methods of Long-Term Performance and Durability of Ordinary
Concrete [14]. To saturate the specimens, the 24-day concrete specimens were placed into
20 °C water for four days. The 28-day specimens were cleaned, and the water on surface
was wiped off. After weighing, three specimens from each type of concrete were selected
for compression tests. Simultaneously, the remaining specimens were frozen and thawed
by a JCD-400-type slow freeze-thaw machine (Figure 2). In the freeze-thaw process, the
temperature of specimens was reduced to —18 °C within 2 h and remained between —20 °C
and —18 °C for 4 h. Then, warm water was injected into the box to thaw the specimens,
and the temperature was kept between 18 °C and 20 °C for 4 h. After 50 freeze-thaw cycles,
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the specimens were taken out to be weighed and tested. The compression strength test
was conducted using an electro-hydraulic servo universal testing machine with an ultimate
bearing capacity of 5000 kN in the Key Laboratory of the School of Transportation Science
and Engineering, Harbin Institute of Technology. The test methods were conducted strictly
in accordance with the Standard for Test Methods of Concrete Physical and Mechanical
Properties [15]. Tests of the specimens after 50, 100, 150, 200, 250, and 300 freeze-thaw
cycles were conducted. Each kind of specimen was tested three times, and the average
values are reported in this study. When the average mass loss of the specimen exceeded
5% or the strength loss exceeded 25%, the next compressive test for this type specimen
was terminated.

Figure 2. JCD-400 type slow freeze—thaw machine.

3. Results and Discussion
3.1. Physical Properties of Fresh Concrete

A slump test is generally used to assess the workability of a concrete mix [16]. The
slump test was performed according to general standards [17]. The slump for each kind
of fresh concrete was measured three times, and the average value was reported. The
results of the slump of fresh concrete are shown in Table 3. The slump exhibited a general
decreasing trend with the increase in the carbon fiber amount. The PC had the highest
slump value at 188 mm. The CF2.00 had the lowest slump value at 140 mm. The addition
of fibers decreased the workability of the concrete. The addition of a large amount of fibers
would not only reduce the slump of concrete but would also lead to the knotting of the
fibers. In addition to the added content, the type and aspect ratio of the fibers also affected
the workability of the FRC [2].
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Table 3. Slump of the concrete.
Specimen PC CFo0.25 CF0.50 CF1.00 CF1.50 CF2.00
Slump (mm) 188 190 168 148 155 140

CE carbon fiber; PC, plain concrete.

3.2. Effect of Carbon Fiber Content on Compressive Strength

With the increase of freeze-thaw cycles, the mechanical properties will decrease, in
which the compressive strength [8] is the most representative indicator. Before discussion
of the relation of carbon fiber content and the frost resistance for the concrete, the effect of
carbon fiber on compressive strength should be considered. Thus, compressive strength
tests of the concrete were conducted at room temperature (Figure 3). The effect of the
carbon fiber amount on the compressive strength of the concrete is shown in Table 4 and
Figure 4. The PC yielded a compressive strength of 36.9 MPa. The CFRC with a carbon fiber
content of 0.25 wt. %o (0.6 kg/m?) exhibited the lowest compressive strength of 32.5 MPa.
When the carbon fiber content was 0.50 wt. %o, the compressive strength of the CFRC was
slightly lower than that of the PC. The compressive strength of the CFRC with a carbon
fiber content of 1.00 wt. %0 was 37.9 MPa, which was 1.03 times that of the PC. The CFRC
with a carbon fiber content of 1.50 wt. %o had the highest compressive strength of 41.0 MPa.
However, the CRFC with a fiber content of 2.00 wt.%. did not show any improvement in
the compressive strength compared with that of CF1.50. Hence, the results showed that
when a small amount of carbon fiber was added, the compressive strength of the CFRC
was lower than that of the PC, and when the carbon fiber content was more than 1.00 wt. %o,
the compressive strength of the CFRC was higher than that of the PC. Thus, the optimal
addition amount was 1.5 wt. %o (3.6 kg/m?).

Figure 3. Fracture specimen.

Table 4. Compressive strength of the concretes.

Compressive Strength (MPa)

Specimen
NO.1 NO. 2 NO.3 Mean Range

PC 37.4 35.8 37.6 36.9 1.8
CF0.25 32.7 31.8 33.1 32.5 1.3
CF0.50 35.9 34.5 36.1 35.5 15
CF1.00 36.9 38.1 38.7 37.9 1.8
CF1.50 40.3 40.6 42.0 41.0 1.7
CF2.00 37.7 40.4 39.1 39.1 2.7

CF, carbon fiber; PC, plain concrete.
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Figure 4. Effect of carbon fiber content on the compressive strength. CF, carbon fiber; PC,
plain concrete.

The compressive strength trend, which shows a decrease at first and then an increase
with the increasing of carbon fiber, has a close relationship with the development of cracks
in the concrete. Cement agglutinate is mainly comprised of calcium silicate hydrate gel,
micropores, and unhydrated cement particles. Micropores include gel pores and capillary
pores. Powers [18] proposed a formula for the compressive strength and gel-space ratio:
F = AX?>53, where F is the compressive strength of concrete, A is the compressive strength
of concrete gel, which is in the range of 200-300 MPa, and X is the gel-space ratio, which
represents the ratio of the hardened cement volume to the capillary pore volume. The
capillary pore appearing in the form of a microcrack is one of the key factors affecting
the physical properties of the concrete. Although there are several types of microcracks
in the concrete, these can be classified into two types based on the age of the concrete [6].
The first type is plastic shrinkage cracks, and the second type is cracks formed in the
concrete hardening stage. Carbon fibers have a greater influence on the first type than
the second type [6]. Before hardening, i.e., the plastic deformation stage, the concrete has
a small tensile strength. When it enters the constraint state in which internal moisture
evaporation is accelerated, many cracks are produced in the interior of the concrete. The
fiber reinforcement mechanism on the concrete is mainly the improvement of the crack
resistance [19-21]. A large number of fibers would be evenly distributed in the concrete
as the fine reinforcement, which could effectively share the tensile stress of the concrete
resulting from the deformation, and it could also effectively constrain the shrinkage of the
concrete and reduce the number and scale of the cracks in the concrete, thus improving the
performance of the concrete in all aspects [22-24].

However, fibers induce interface defects into the composite material, and these defects
have a harmful impact on the mechanical properties of concrete [2]. The influence of fibers
on the crack propagation in concrete is controlled by factors such as the fiber amount, fiber
distance, drawing strength, interfacial bonds between the fiber and the matrix material,
and the strength of the matrix [25,26]. Of these, the interfacial bonding between the fibers
and the cement matrix is the most important influencing factor [25,26]. Carbon fibers, as a
kind of ductile material, are combined to a concrete matrix by mainly bond forces. Given
that stress is transmitted through the interfacial transition zone (ITZ) between the fibers
and the matrix, the structure and properties of the ITZ are the key points that determine the
performance of a CFRC. According to the research of Powers [18], the increase in the solid
volume caused by cement hydration is about 1.13, and the pore around the fiber is about
2.5 times that of the cement matrix. Thus, the ITZ near a fiber surface will have a high
porosity, lower hardness, low strength, and more defects [27-30]. When the fiber content
is increased, the induction of cracks by the ITZ will be more evident, which will lead to a
reduction in the reinforcement effect of the fibers on the concrete, and even a negative effect
can appear [31-33]. As long as the fiber orientation is inconsistent with the direction of the
principal stress, cracks will be induced, thus affecting the overall mechanical behavior of
the concrete [34-36].
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As shown in this study, at first the fiber content was not sufficient to resist plastic
shrinkage, and more weak planes were introduced into the concrete, so the compressive
strength of CFRC was reduced. When the carbon fiber content increased, a large number of
plastic deformation cracks that formed in the concrete were eliminated, and the positive
effect was greater than the introduced weak area. Moreover, the effect of preventing and
bridging makes the compressive strength of the concrete increase rapidly, showing an
approximately linear strength growth. With the increase in the fiber content, the pores
and weak plane reduced the strength significantly. As a result, the compressive strength
stopped increasing and even declined.

3.3. Frost Resistance of CFRC

In the frost resistance tests, the effects of the fiber content on the mass loss ratio and
the compressive strength are shown in Tables 5 and 6 and Figures 5 and 6, respectively.
The PC showed a maximum mass loss of 3.79% after 300 cycles. Before 100 cycles, the PC
displayed a moderate mass loss. Between 100 and 250 cycles, the PC displayed a slow mass
loss. In contrast, after 250 cycles, the PC displayed a significant mass loss. The CF0.25
yielded a moderate mass loss at 1.64% after 300 cycles. As shown in Figure 5 and Table 5,
after 300 cycles, the mass losses of CF0.50, CF1.00, CF1.50, and CF2.0 were 0.98%, 0.82%,
0.86%, and 0.93%, respectively. When the carbon fiber content was greater than 0.5 wt. %o,
the mass loss of the CFRC decreased significantly, but the decreases were less than 1%.
However, when the carbon fiber content was greater than 0.5 wt. %o, the mass loss of the
CFRC did not change significantly with the increase in the fiber amount.

Table 5. Mass loss ratio of the concretes in the frost resistance test.

Mass Loss Ratio (%)

F-T Cycles 50 100 150 200 250 300
PC 0.76 1.41 1.72 191 2.44 3.79
CF0.25 0.25 0.38 0.53 0.81 1.06 1.64
CF0.50 0.08 0.15 0.20 0.26 0.57 0.98
CF1.00 0.05 0.21 0.26 0.33 0.54 0.82
CF1.50 0.11 0.22 0.36 0.46 0.63 0.86
CF2.00 0.05 0.19 0.33 0.41 0.62 0.93

CE, carbon fiber; PC, plain concrete; F-T cycles is number of freezing and thaw cycles.

Table 6. Relative compressive strength of the concrete in the frost resistance test.

Relative Compressive Strength (%)

F-T Cycles 50 100 150 200 250 300
PC 091 0.79 0.63
CF0.25 0.96 091 0.74
CF0.50 0.99 0.94 0.88 0.71
CF1.00 0.99 0.98 0.92 0.85 0.73
CF1.50 0.97 0.96 0.93 0.88 0.80
CF2.00 1.00 0.99 0.96 0.89 0.77 0.66

CF, carbon fiber; PC, plain concrete; F-T cycles is the number of freezing and thaw cycles.
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Figure 5. Mass losses of the carbon-fiber-reinforced concrete (CFRC) after different numbers of
freeze—thaw cycles. CF, carbon fiber; PC, plain concrete.
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Figure 6. Effect of carbon fiber content on the compressive strength. CF, carbon fiber; PC,
plain concrete.

Figure 6 shows that the compressive strength of PC decreases with the number of
freeze—thaw cycles. After 150 cycles, the decline of the PC compressive strength was 36.6%.
According to GB/T 50082-2009 [14], the frost-resistance mark of the concrete should be
based on the maximum number of freeze—-thaw cycles after which the compressive strength
loss rate was not greater than 25% or the mass loss rate was not greater than 5%. Therefore,
the frost-resistance mark of the PC was 100 freeze-thaw cycles, after which the compressive
strength loss was 21.2%. After 100 and 150 cycles, the compressive strength values of the
CF0.25 declined by 9.0% and 26.1%, respectively. The frost-resistance mark of the CF0.25
was also 100 freeze-thaw cycles, but the degree of decrease of the compressive strength
was significantly less than that of the PC. For the CF0.50, the frost-resistance mark was
improved to 150 cycles, and the strength loss was 11.8%. The strength losses of the PC,
CF0.25, and CF0.50 showed steep declines after the maximum number of freeze-thaw
cycles. The CF1.00, CF1.50, and CF2.00 showed high frost resistance performances with
frost-resistance marks of 200, 250, and 250 cycles, respectively. After 200 and 250 cycles, the
compressive strengths of the CF1.00 were 85.0% and 73.3%, respectively. After 250 cycles,
the strength losses of the CF1.50 and CF2.00 were 20.2% and 22.8%, respectively.

Generally, the frost-resistance mark of concrete exhibited an increasing trend with the
increase in the carbon fiber content before 1.5 wt.%.. When the carbon fiber content was
greater than 1.5 wt. %o, the frost resistance of concrete did not improve further. When the
water in pores suffered from frost, its volume swelled by about 9%, which would cause
tensile stress and the formation of microcracks [2]. Therefore, the compressive strengths of
the concrete showed decreases with the increase in the number of freeze-thaw cycles [2].
The improvement in the frost resistance of the carbon-fiber-reinforced concrete can be
explained as the tensile resistance of the fibers that shared the stress of the cement matrix
and prevented the formation of cracks. Therefore, the appropriate addition of carbon fibers
can improve the frost resistance of concrete. Based on the cost, 1.50 wt.%o is an optimal
carbon fiber addition.
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4. Conclusions

This study investigated the effect of carbon fiber on the frost resistance of CFRCs. The
following conclusions and inferences can be drawn from this study:

1. The slump of the concrete decreased from 188 to 140 mm with increasing carbon fiber
content from 0 to 2.00 wt. %o, showing a decreased trend of workability.

2. Theaddition of carbon fiber into concrete could decrease the compressive strength first
and then cause it to increase, yielding the highest compressive strength of 40.1 MPa
with a carbon fiber content of 1.50 wt. %o, which was 1.11 times that of the PC.

3. The addition of carbon fibers could decrease the mass loss of the CFRC significantly.
The frost-resistance mark of the CFRC could reach 250 freeze-thaw cycles for carbon
fiber contents of 1.50 and 2.00 wt. %o, with corresponding strength losses of 20.2% and
22.8% after 250 cycles, respectively.
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