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Abstract: Recycled aggregate concrete has received increasing attention owing to its broad develop-
ment prospects in recent years. This study discusses the enhancement mechanism of various fibers on
the mechanical properties, high-temperature resistance, and freeze—-thaw cycle resistance of recycled
aggregate concrete. It reviews the effects of fiber types and content on the strength, failure state, and
resistance to recycled aggregate concrete’s high and low temperatures. The results indicate that fibers
can significantly improve the flexural strength and tensile strength of recycled aggregate concrete
in the bridging effect but have little effect on compressive strength. Regarding high-temperature
resistance, fibers with a lower melting point can form channels in the concrete, reducing the internal
pressure of water vapor. Fibers with higher melting points can act as bridges, inhibiting the generation
and propagation of cracks in recycled aggregate concrete. Therefore, fiber-reinforced recycled aggregate
concrete can perform better at higher temperatures than ordinary recycled aggregate concrete. Due
to the high water absorption rate in recycled aggregate concrete, which is approximately 7-10 times
that of natural aggregate concrete, it is easier to reach the critical water saturation of freeze-thaw dam-
age. Results show that 0.2 kg/m?3 polypropylene fiber and 1.2 kg/m3 basalt fiber show excellent
performance in improving the frost resistance of recycled aggregate concrete.

Keywords: fiber; recycled concrete; mechanical properties; high temperature resistance; freeze-thaw
damage

1. Introduction

With the increasingly severe shortage of natural aggregate (NA) and the continuous
improvement of the public’s awareness about environmental protection, recycled aggregate
(RA) is applied more and more in construction. Compared with natural aggregate concrete
(NACQ), recycled aggregate concrete (RAC) refers to the concrete consisting of RA made
from waste concrete after crushing, cleaning, and screening, partially replacing NA [1]. RA
has the advantages of comprehensive sources, low cost, and good impermeability [2]. In
construction, RAC can be used for sidewalks, curbs, drainage ditches [3], pavement [4],
and island projects [5]. Although RAC has been applied in practice, there are still some
shortcomings, such as low compressive strength, shearing strength [6], elastic modulus [7],
and significant shrinkage [8], which limits the further application of RAC. Researchers have
found that adding fibers to concrete can effectively improve its performance of concrete,
making it a new type of composite material [9]. Fiber-reinforced RAC is made by adding a
certain amount of randomly dispersed chopped fibers to RAC. Under the combined action
of fiber and matrix, the generation and development of internal cracks in concrete can be
effectively controlled, and some defects of RAC can be compensated for [10]. However, the
reinforcing effect of fibers on RAC has a great relationship with the fibers” properties, the
number of fibers, and the dispersion in the cement matrix [11]. Therefore, different fibers
have various effects on the properties of RAC, and the optimal dosage of different fibers is
not entirely consistent.
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Fibers can effectively bridge RA and cement mortar into a whole to improve the
overall compactness of RAC, inhibiting the generation and propagation of internal micro-
cracks [12]. It achieves the effect of improving the compressive strength and permeability
of RAC. During the concrete casting process, a large amount of hydration heat is generated
during the hardening process due to excess water, and shrinkage cracks will quickly occur
during the tamping process, affecting the concrete’s strength. Therefore, an appropriate
amount of fibers can play a bridging role in concrete. It limits the generation and develop-
ment of initial cracks and improves the compactness of the concrete’s interior, improving
the compressive strength of the concrete. Abed et al. [13] studied the influence of steel fiber
and polypropylene fiber (PP fiber) on the performance of concrete. The results show that
the workability of concrete will decrease with the increase of steel fiber or PP fiber content.
However, the bending resistance and splitting tensile properties of concrete will be strength-
ened with increased fiber content in a specific range. Kang et al. [14] found that 0.5% steel
fiber can improve the lightweight concrete’s compressive strength and tensile strength by
13% and 40% and significantly improve the damage resistance and ductility of the structure.
Furthermore, with the increase of the steel fiber’s volume fraction, the lightweight con-
crete’s failure mode can change from brittleness to toughness. Zheng et al. [15] found that
nano-5i0; and basalt fiber can improve the interfacial transition zone (ITZ) compactness of
RAC, inhibit the generation of early microcracks, and enhance the compressive strength
and splitting tensile strength of RAC at room temperature and high temperature. When the
content of nano-SiO? and basalt fiber is 1.2%, and 3 kg/m3, respectively, the compressive
strength and splitting tensile strength of RAC increased by 9.04% and 17.42%, respectively.
Basalt fiber and PE fiber can improve the impact resistance, ductility, and toughness of
concrete to a certain extent, inhibit plastic shrinkage, and enhance the crack resistance of
cement matrices. However, they will affect the workability of concrete [16]. Soe et al. [17]
explored the reinforcement effect of the mixed fibers of Polyacrylic alcohol fiber (PVA) and
steel on cement composites. The result shows that the mixture’s compressive strength,
Young’s modulus, ultimate flexural strength, flexural strain, initial crack tensile strength,
and ultimate tensile strength will be improved when the Steel-PVA fibers are mixed at the
volume fraction of 1.75% and 0.58%, respectively. Adding high-performance polypropylene
(HPP) fiber [18] to concrete can reduce the penetration depth of chloride ions and improve
concrete’s ductility and energy absorption capacity. The mechanical test results show that
0.8% volume HPP fiber can improve the compressive strength of concrete by 3.3% and the
splitting tensile strength by 10%.

The fiber content, fiber length, and other factors should also be considered besides
the properties of the fiber itself for the reinforcement effect of fiber on RAC [19]. Three
aspects should be considered when selecting fibers to reinforce RAC [20]: (1) Compatibility
between fiber and RAC. (2) There should be enough connection strength between fiber and
concrete matrix to transfer stress. (3) Appropriate length-diameter ratio to ensure that the
fiber can still play a role after the concrete cracks.

In order to maximize the synergy between fibers and RAC, the paper studies the
mechanism of different fibers on RAC. It considers the effects of fiber types, volume
content, high temperature, and freeze-thaw cycle on the basic mechanical properties,
bonding degree between fiber and matrix, and resistance to temperature change of RAC.
Finally, compared with ordinary concrete, some suggestions for applying fiber-reinforced
RAC are put forward.

2. Fiber Types and Properties

Fibers have been used as building reinforcing materials, such as straw and horsehair
used for brick reinforcement to enhance its toughness [21]. Straw was used as a reinforcing
material in The Aqar Quf (near Baghdad today), built 3500 years ago [22]. With the invention
of the Hatscheck process in 1898, asbestos began to be widely used as reinforcing fiber in
cement. However, due to the great harm of asbestos to the human body, other synthetic fibers
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were gradually introduced from 1960 to 1970 to replace asbestos. Table 1 summarizes the
physical indexes and mechanical properties of fibers used commonly in buildings.

Table 1. Physical indexes and mechanical properties of different fibers.

Densit Diameter Tensile Elastic Eloneation Resistance of
Fiber Appearance I ms})’ Jum Strength  Modulus /o;g, Acid and
gl H /MPa IGPa ° Alkali
\.d
Steel fiber [23,24] 7.8 300-800 1270 200 3.4-4 moderate
Carbon Fiber
[25,26] 1.78 7 3530 230 1.5 good
Polypropylene 091 100 472 5.8 19.9 excellent
fiber [27,28] : : :
Polyvinyl alcohol
fiber [29,30] 1.3 39 1600 39 7 good
Ultra-high
molecular weight 0.97 20-50 3000 100 2.8 excellent
polyethylene fiber
[31,32]

Steel fiber is available in various geometries and sizes, which significantly improves
the toughness and tensile strength of concrete [33]. The different geometric shapes of steel
fiber can be divided into corrugated steel fiber, hook-end steel fiber, and twisted steel fiber.
Furthermore, in the light of their different diameters can be divided into micro (df < 0.8 mm),
fine (0.8 mm < df < 1.0 mm), and ordinary (df > 1.0 mm). Furthermore, based on their
different lengths, they can be divided into ultra-short (If <8 mm), short (8 mm < If < 13 mm),
long (13 mm < If < 30 mm), and ultra-long (If > 30 mm).

Carbon fiber is an inorganic carbon material that is rigid and has a certain bending
elasticity because it is made into a slender shape. Although a single carbon fiber is thinner
than a human hair (20-120 um), it can be twisted together and bonded to the matrix material
to form a composite material with high toughness and light weight [34]. Unlike metallic
materials, this material does not break over time and has good impact resistance [35], and is
now widely used in aerospace [36], transportation [37], construction industry [38], medical
equipment [39], and sports equipment [40].

Unmodified polypropylene fine fiber has low elastic modulus and poor adhesion to
concrete. When the dosage is too large, it will affect its uniform distribution in concrete. A
few years later, polypropylene crude fiber was manufactured with a larger diameter, higher
elastic modulus, and improved adhesion to concrete compared with fine polypropylene
fiber [41]. PP fiber has a strong deformation ability and can play a good role in micro-
reinforcing when distributed in concrete [42], which can maintain the structure’s integrity
and prevent the structure from spalling into many fragments when it is damaged by
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impact. In addition, PP fiber has stable chemical properties, high acid and alkali resistance,
corrosion resistance, and is not easy to react with other substances [43].

Polyvinyl alcohol fiber (PVA) fiber is provided with good hydrophilicity, impact
resistance, and acid and alkali resistance [44] and can maintain high stability in the alkaline
environment of the cement matrix, while the low permeability of this fiber [45] can slow
down the corrosion of reinforcement in concrete by external media.

Ultra-high molecular weight polyethylene (UHMWEPE) fiber is one of the three primary
high-tech fibers in the world. It has incredibly high toughness [46] and must be cut with
special machines. UHMWPE fiber has a dense structure and chemical inertness [32];
concentrated acid, alkali solutions, and organic solvents have little effect on their strength.
The fiber has excellent radiation [47], fatigue, and impact resistance [48,49]. In addition, the
density is low, and the effect on the concrete weight after being added to the concrete is
negligible. Therefore, UHMWPE fiber is suitable as a reinforcing fiber for RAC.

3. Fiber Addition Method

Different preparation methods of fiber-reinforced concrete will affect the distribution
of fibers in the concrete. Compared with steel fibers, most synthetic fibers are soft and
slender, resulting in being prone to agglomeration and entanglement. Wang et al. [50]
found that the agglomeration rate of PVA fibers in concrete specimens can be reduced by
adding a small amount of PVA fibers into the mixture several times during the preparation
of PVA fiber RAC. Compared with mixing all PVA fibers at one time, it is more obvious than
adding PVA fibers in small amounts and multiple times. Li et al. [51] studied the effect of
carbon fiber on the impermeability of concrete, and the results showed that carbon fiber can
effectively improve the impermeability of concrete. However, different fiber incorporation
methods will affect the effect of carbon fiber on the improvement of concrete impermeability.
The impermeability of concrete specimens obtained by adding carbon fiber into concrete twice
is 10-15% higher than that by adding all fibers into concrete at one time. This is mainly because
the diameter of carbon fiber is usually less than 10 um. Compared with other fibers, carbon
fibers with too small a diameter are easier to wrap around each other and are not easy to
disperse in concrete. The method of adding fibers many times can reduce the agglomeration of
carbon fibers, which is conducive to the uniform distribution of carbon fibers in the concrete
matrix. AK ¢ K et al. [52] and Matar et al. [53], respectively, used different material addition
sequences to prepare polypropylene fiber concrete. The experimental results show that the
order of adding fiber and water will affect the mechanical properties of fiber-reinforced
concrete. Adding fiber first and then mixing water can make the fiber disperse more
evenly in the concrete, which is conducive to the formation of a three-dimensional skeleton
in the matrix and reduce the number of holes formed by fiber agglomeration. For the
casting method in which the mixing water is added first and then the fibers are added, the
distribution of the fibers in the concrete is not ideal. This is mainly because the water acts
as a connection, making the fibers that are already entangled together bond more firmly to
each other. Therefore, agglomeration will be generated in the concrete, forming larger fiber
voids and reducing the mechanical properties of fiber concrete.

Steel fiber is easy to sink during the vibrating process due to its high density, resulting
in a decrease in the content of steel fibers in the upper part of the concrete specimen and
an increase in the content of steel fibers in the lower part. Mileti¢ et al. [54] studied the
distribution of steel fibers in concrete through industrial CT scanning technology, and the
results showed that the arrangement of steel fibers in concrete showed a high degree of
anisotropy. The distribution of steel fibers in concrete is uneven, mainly manifested as high
content of steel fibers in the middle and lower parts, and low content in the upper part. In
addition, compared with other fibers, steel fibers have greater stiffness. Therefore, it is easy
to expose steel fibers to the specimen during the preparation process.
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4. Mechanical Properties
4.1. Regenerated Aggregate

For RAC, there are differences between RA and NA in appearance and physical
indicators, which affect the compressive and flexural strength of RAC to certain degrees.
The difference in appearance between NA and RA is shown in Figure 1, and the microscopic
morphology of RAC under different magnifications of SEM is shown in Figure 2.

Figure 1. Appearance of aggregate: (a) Natural aggregate [55]; (b) Recycled concrete aggregate [56];
(c) Recycled concrete-brick aggregate [57]; (d) Recycled brick aggregate [58].

(a) (b)
Figure 2. SEM image of recycled brick aggregate [59]: (a) 500 (b) 1000 x.

It summarizes the test results of different researchers on the physical properties of
RA and NA in Table 2. As can be seen from Table 2, the crushing value index of RA tends
to be higher, and the high-pressure crushing value leads to a decrease in strength. The
crushing value of RA is usually 2-2.5 times that of NA, and the crushing value of the RA
aggregate in the saturated surface-dry state is 7.22-18.20% higher than that in the air-dry
state [60]. Another significant difference between RA and NA is the difference in water
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absorption. The water absorption of RA is usually 10-20 times higher than that of natural
aggregate [61]. On the one hand, high water absorption will reduce the fluidity of RAC,
and on the other hand, it will reduce the water-cement ratio of RAC, which is beneficial to
improving strength [62]. These properties of RA have different effects on the strength of
RAC with different strengths. For high-strength RAC, the strength weakening effect caused
by the high-pressure crushing value of RA is dominant; for low or medium-strength RAC,
the strength strengthening effect caused by high water absorption of RA is dominant.

Table 2. Physical indicators of NAC and RAC.

Author Aggregate Apparent Bulk Crush Water
Type Density/(g/cm®) Density/(g/cm®)  Value/%  Absorption/%
Zhang [63] NA 2782 - 5.1 0.8
Lu [64] NA 2582 - 3.8 1.1
Knr [65] RA - 1427 26.5 6.9
Xiao [66] RA 2520 1290 15.2 9.3

4.2. Compressive Strength

Compressive strength refers to the strength limit that concrete can withstand when
subjected to external pressure. First, a compressive strength test should be carried out to
determine whether concrete is suitable for practical engineering. The state of the compres-
sive failure of the RAC without fibers and the fiber-reinforced RAC specimens are shown
in Figures 3 and 4, respectively. The compressive failure of RAC specimens without fibers
was similar to that of ordinary concrete [55]. Das et al. [56] fabricated 24 RAC cubes of
150 mm x 150 mm x 150 mm according to BIS (IS: 516-1959) standard, and performed
28d compressive strength tests on test specimens. At the initial loading stage, the surface
of the concrete specimen without fiber reinforcement does not have cracks. As the load
increases, the edge of the specimen cracks first and develops obliquely in the 45°direction,
and trapezoidal cracks appear on one or both sides connected by positive and negative.
After the load is further increased, the cracks extend to the specimen’s interior, forming
deeper cracks. The specimen as a whole appears to bulge outwards, and eventually, the
surface concrete falls off. Zhang et al. [57] observed that with the increase in the replace-
ment rate of RA, the number of cracks generated when the RAC undergoes compressive
failure also increases, and the integrity of the specimen after failure is poor. However, with the
specimen’s size increasing, the specimen’s integrity after compression failure also turns from
poor to good. According to ASTM requirements, Alsadey et al. [58] produced 24 RAC cube
specimens mixed with fibers of 150 mm x 150 mm x 150 mm and conducted compressive
strength tests. The crack development speed of the RAC specimen mixed with fibers is
slower than that of the specimen without fibers, and the final failure mode is crack but not
scattered [59]. There is no apparent spalling phenomenon on the surface of the test piece.
Compared with ordinary concrete, the integrity of RAC specimens mixed with fibers is
better after failure [60]. The main reason is that the fibers play a bridging role at the cracks,
which absorb and disperse part of the energy and hinder the development of cracks. It is
similar to the conclusions of Abbadi [61], Xiong [62], and Nikbin [63] et al.
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(a) (b)
Figure 3. Compression failure of RAC without fibers: (a) [67]; (b) [68].

(b)
Figure 4. Compression failure of fiber-reinforced RAC: (a) [55]; (b) [67].

It summarizes the effects of several fibers and different fiber volume content on the
compressive strength of RAC in Figure 5. Overall, the enhancement of the compressive
strength of RAC by fibers is not apparent when the fiber content is between 0.1% and 1.5%,
and even the compressive strength is reduced. According to Figure 5, except for steel fiber,
the compressive strength of RAC tends to rise with the increase of fiber content when
the volume fraction does not exceed 0.25%. The compressive strength tends to decrease
when the fiber content exceeds 0.25% and is even lower than that of RAC without fiber.
This is because most synthetic fibers are soft and have a small diameter. These fibers are
easily entangled with each other and are not easily dispersed evenly in the concrete. When
the fiber content does not exceed 0.25%, the fibers can be better dispersed in the concrete
matrix and play a better supporting role. However, when the fiber content is as high as
0.25%, it is difficult for the flexible fibers to be uniformly dispersed in the matrix, resulting
in fiber clusters inside the concrete. It reduces the compactness of the concrete, affecting the
improvement in the compressive strength of the fibers. When the fiber content is further
increased, the density of the concrete will continue to decrease. Therefore, the compressive
strength will be lower than the initial compressive strength. The enhancement effect of steel
fiber on the compressive strength of RAC is better than the other four fibers. By controlling the
different volume content of recycled coarse aggregate and steel fiber, He et al. [69] observed
that when the RA replacement rate increased from 0 to 50% and 100%, the compressive
strength of concrete decreased, respectively, by 4% and 7.8%. When steel fiber was used as
a variable, the content of 0.5%, 1.0% and 1.5% of steel fiber, respectively, could enhance the
compressive strength of RAC by an average of 11.73%, 16.72% and 20.41%. Since steel fibers
are rigid fibers, compared with flexible fibers, steel fibers are less prone to agglomeration,
so the compressive strength of concrete will increase with the increase in the volume of
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steel fibers. However, this does not mean that the content of steel fibers can be increased all
the time. When the content of steel fiber exceeds a specific range, the compressive strength
of concrete will also decrease. This may be because the steel fibers are thicker in diameter,
and the excess steel fibers are not easily compacted in the concrete. Especially around
the steel fiber, more micro-cracks will be generated. When the deteriorating effect of the
cracks is greater than the reinforcing effect of the steel fibers, the strength of the concrete
decreases. The compressive strength of RAC was improved by adding carbon fiber, but
the improvement was not significant. The best compressive strength enhancement of RAC
is achieved when the volume content of carbon fiber is 0.2%, which can enhance by 21%.
When the carbon fiber content was increased from 0.2% to 0.3%, the compressive strength
enhancement of RAC started to weaken, and the enhancement rate decreased from 21% to
19% [70]. Zhang et al. [55] concluded from their experiment that when the fiber content is
excess, fibers agglomerate inside the concrete to form cavities, affecting the compressive
strength. It also explains why the RAC with 0.3% carbon fiber by volume is lower in
compressive strength than the one with 0.2% carbon fiber. The effect of PP fiber [56], PVA
fiber [71,72], and UHMWPE fiber [73] on the compressive strength of concrete is similar,
which follows the pattern of having an enhancing effect on the compressive strength at low
fiber content and a weakening effect at the high fiber content.

®  Steel fiber
Carbon fiber

® PP fiber
PVA fiber
UHMWPE fiber

100 4
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Figure 5. Effect of fiber types and content on the compressive strength of RAC: Steel fiber [64]; Carbon
fiber [65]; PP fiber [67]; PVA fiber [68,69]; UHMWTPE fiber [70].

4.3. Flexural Strength

There are excellent compressive properties in concrete but poor flexural resistance. Gener-
ally, the flexural strength of concrete is approximately 10% to 20% of its compressive strength.
Compared with ordinary concrete, RAC has minor variation in compressive-flexural ratio but
lower flexural strength. Namely, RA reduces the flexural strength of concrete but has little
effect on the ratio of compressive to flexural strength [74]. Zhang et al. [75] concluded that
the interface transition zone (ITZ) of RAC is weaker compared to NAC, and in the absence
of passive restraint, RAC is more prone to flexural damage. The poorer flexural properties
limit the scope of the application of RAC in engineering. According to previous research,
adding fibers to concrete effectively improves flexural properties [76].

Sivakumar et al. [77] fabricated a 500 mm x 250 mm x 75 mm cube specimen according
to IS 12,269 specification and found through their study that adding an appropriate amount
of fibers in concrete can effectively prevent the generation and expansion of macro cracks
in concrete and increase the flexural strength of concrete by 15-20%. Sriram et al. [77]
concluded that incorporating fibers in concrete can increase the flexural strength of concrete
by at least 30%. Jahidul et al. [78] conducted flexural strength tests on fiber-reinforced
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RAC specimens. The results showed that galvanized steel fiber significantly outperformed
PP fiber in improving the flexural properties of concrete by 18% to 30%. Yan et al. [79]
studied the effect of UHMWPE fiber on the mechanical properties of concrete. The results
showed that UHMWPE fiber had little effect on the compressive strength of concrete but
had a better effect on the flexural strength and splitting tensile strength. The 0.5% volume
dose of UHMWPE fiber could improve the flexural strength of concrete by more than 23%.
Tong [80] studied the effect of basalt fiber on the mechanical aspects of RAC and proved
through tests that the flexural strength of RAC could be increased by 36.04% when the
length of basalt fiber was 6 mm, and the volume fraction was 0.2%. Ahmadi et al. [81]
found through their study that 1% volume content of fiber was more effective than 0.5%
volume dose of fiber on the improvement in flexural strength of RAC. That is, within a
specific range, the higher the fiber dose, the more significant RAC improvement in flexural
properties. Tawfeeq [82] presented a different view from Xiao [74], where Tawfeeq argued
that the flexural properties of fiber-reinforced RAC depend only on the fiber content but
have little correlation with the RA replacement rate.

In addition to single fiber, some scholars have studied the effect of mixed fibers on
various properties of concrete. Combined with the different characteristics of fibers, mixing
two or more suitable fibers in concrete helps to improve its mechanical properties [83].
Shen [84] found that blending fibers into ordinary concrete can increase the flexural strength
by 50% to 60%, and even higher flexural strength can be obtained by adjusting the volume
content of different fiber types. It means hybrid fibers can give a better flexural performance
to concrete than a single fiber, which is similar to the finding of Narayanan et al. [85].
Mastali et al. [86] investigated the reinforcing effect of fibers on concrete beams. It was
found that hybrid fibers consisting of a 1.5% volume fraction of PP-steel fibers improved
the flexural properties of concrete beams better than steel fiber alone. The combination
could increase the flexural strength of concrete beams by 10% to 40%. Qiang et al. [87]
investigated the effect of PP-basalt hybrid fibers on the mechanical properties of concrete.
They demonstrated experimentally that a 0.1% volume of blended fibers could improve the
flexural strength of concrete by 10%.

The failure states of different concrete specimens are shown in Figures 6 and 7 when
they undergo flexural failure. It summarizes the effect of different fiber volume contents
on the flexural properties of RAC in Figure 8. It can be seen that the effect of various
fibers on the flexural properties of RAC is from high to low: carbon fiber, PVA—steel hybrid
fiber, steel fiber, UHMWTPE fiber, PVA fiber and PP fiber. Carbon fiber and PVA-steel
hybrid fiber have a better effect on improving the flexural performance of RAC. Carbon
fiber with a volume content of 0.2% can increase the flexural strength of RAC by up to
56%, while UHMWPE fiber at the same content can only increase the flexural strength
of RAC by 15% significant shrinkage. This is mainly related to the nature of the fiber
itself. Carbon fiber has high tensile strength and elastic modulus. Therefore, carbon fibers
can distribute more external forces in concrete, thereby reducing the load on the concrete
and increasing the flexural strength. The relationship between the fiber content and the
flexural strength increase rate of RAC is observed. It can be found that for carbon fiber, PP
fiber, and UHMWPE fiber, within a specific range, the flexural strength of RAC increases
first and decreases later with the increase of fiber content. This trend is similar to the
effect of fiber content on compressive strength. For steel fiber and PVA-steel hybrid fibers
within the range of 0.5% to 1.5%, the flexural strength of RAC increases continuously with
the increase of fiber content. It can be known from the prediction that when the volume
fraction of steel fiber or PVA—steel hybrid fibers in RAC increases to a certain extent, the
effect of improving the flexural strength also begins to decrease. The reason is that fiber
agglomerates cannot be uniformly dispersed in the concrete when the fiber content is
high [88]. At the moment, voids will form inside the concrete. Therefore, the flexural
strength of the concrete will begin to decline When the fiber reinforcement effect cannot
compensate for the deterioration caused by these voids.



Buildings 2022, 12, 1224

10 of 24

(@) (b)

Figure 7. Flexural failure of fiber-reinforced concrete: (a) [70]; (b) [88].
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Figure 8. Effect of fiber types and content on the flexural strength of RAC: Steel fiber [64]; Carbon
fiber [65]; PP fiber [67]; PVA fiber [79]; UHMWPE fiber [70,90]; PVA-Steel hybrid fiber [79].

The optimal volume content of different fibers and the effect of improving the flexural
strength is different, which is related to the properties of fibers. The effect of fibers on
the flexural strength of RAC is mainly due to the following two reasons. First, fibers are
randomly distributed in the concrete to form a skeleton structure, supporting the RAC [91].
Second, The interior plays a bridging role, making up for the adverse effect of the weak
ITZ on the flexural properties of concrete and inhibiting the generation of micro-cracks
and the development of macro-cracks [92,93]. The distribution of PP fiber and steel fiber in
RAC is shown in Figures 9 and 10, respectively. It can be seen that the fibers can be closely
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combined with the cement matrix. Therefore, the fibers can share part of the external
force when the concrete is under load, which prolongs the failure limit and improves the
mechanical properties of the RAC.

(a) (b)

Figure 10. Distribution of Steel fibers in concrete: (a) [28]; (b) [11].

In addition to the physical properties and volume content of fibers, which will affect the
flexural performance of RAC, other factors such as the length, shape, and combination of fibers
will also affect the flexural performance [95]. With the increase of fiber length, the reinforcing
effect of fibers on the flexural performance of RAC is gradually weakened. The main reason is
that long fibers are not easily compacted in concrete and are more likely to form voids than
chopped fibers, reducing flexural strength [96]. Shen et al. [97] studied the enhancement effect
of double hook end steel fiber on the flexural properties of RAC. The appearance of a double
hook end, single hook end, and corrugated steel fibers are listed in Figure 11. Compared
with the single hook end steel fiber, the double hook end steel fiber has better adhesion to the
concrete matrix under the same conditions. As a result, the improvement of flexural strength
to RAC is more prominent. On the other hand, Laxmi et al. [98] believed that the reinforcing
effect is quite different from the same fibers with different shapes of concrete.
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Figure 11. Steel fibers with different appearances: (a) Corrugated steel fibers [23]; (b) Double hook
end steel fibers [24]; (c) Single hook end steel fiber [68].

4.4. Tensile Strength

Tensile strength is also one of the important indicators to measure the mechanical
properties of RAC. Dimitriou et al. [99] found through experiments that the 28-day split-
ting tensile strength of natural aggregate concrete can reach 4.20 MPa, while under the
same other parameters, the 28-day splitting tensile strength of RAC is only 3.10 MPa, a
decrease of 26.2%. Katkhuda et al. [100] found that the splitting tensile strength of RAC is
approximately 14.3% lower than that of natural aggregate concrete. This indicates that RA
significantly reduces the tensile strength of concrete. This may be due to the old mortar
attached to the RA. The connection between old mortar and new mortar, old mortar and
RA are weak, forming a weak area, which is more likely to be damaged under load. On the
other hand, the RA is more prone to micro-cracks during the crushing process, and these
cracks will further affect the tensile strength of RAC.

When fiber is mixed into concrete, its excellent tensile strength, high strength and high
elongation are fully reflected in concrete, so that fiber can effectively control the extension
of matrix cracks and bear part of the tensile force. Wang et al. [101] studied the effect of
PP fibers on the properties of RAC. The results show that the tensile strength of RAC is
significantly enhanced after adding PP fibers, and the ability of RAC to resist frost heave stress
is improved. This is similar to the findings of Kumar et al. [102] and Karimipour et al. [103].
This is because when the PP fibers can be uniformly distributed in the RAC, the PP fibers
can form a good bond with the matrix. During the concrete hardening process, PP fibers can
inhibit the generation of large/middle pores and micro-cracks in the RAC, which improves
the compactness of the concrete. At the same time, during the tensile process of the RAC
specimen, the PP fiber can bear part of the tensile force, which increases the limit value of the
tensile load of the RAC specimen.

He et al. [104] studied the effect of steel-PP hybrid fibers on the mechanical properties
of RAC. Through experiments, it was found that the use of mixed steel and PP fibers showed
an excellent coupling effect on the tensile properties of RAC. Among all the mixtures with
different volume fractions of steel fibers and PP fibers, the mixed fibers containing 1.5%
steel fibers and 0.9% PP fibers by volume, respectively, had the best enhancement effect on
the mechanical properties of the RAC samples. This may be because the incorporation of
PP fibers enhances the bond between the RA and the cement matrix. However, the friction
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force with the matrix is increased due to the rough surface of the steel fiber. Under the
combined action of the two fibers, the tensile properties of the RAC are further enhanced.

5. High-Temperature Resistance

The high-temperature resistance of concrete is related to many factors, such as curing
conditions and curing time. Abed et al. [105] studied the performance changes of RAC
at high temperatures of 20 °C, 150 °C, 300 °C, 500 °C and 800 °C. The study found that
the high-temperature resistance of concrete will increase with the increase of curing time.
For the RAC specimens aged 90 days, the flexural strength at high temperature did not
decrease significantly, while the compressive strength at high temperature increased with
time. Akhtar et al. [98] collected construction waste in the 20-25 age group in different cities
and shredded it. The RA was treated in a saturated surface dry state, and the RAC with a
target strength of less than 30 MPa was prepared with the obtained RA. The compressive
strength was measured at ambient temperature and 300 °C at 3, 7, 14, and 28 days of
curing age. The result shows the change in the residual strength of RAC at 300 °C is
not much different from that of NAC. However, when the temperature exceeds 300 °C
(300-600 °C), the residual strength of RAC is lower than that of NAC. With the increase in
temperature and the volume replacement rate of RA, the cracks on the concrete surface at
high temperatures also increase, and the concrete brittleness is more obvious [106]. Chen
et al. [107] studied the mechanical properties of RAC after high temperatures. The study
found that within 400 °C, the compression failure state of the specimen was similar to that
at average temperature, and eventually, one or two oblique prominent cracks were formed.
When the temperature exceeds 400 °C, many obvious cracks appear after bearing the
load. The surface peeling phenomenon of the specimen appeared, and a wider crack band
was formed ultimately. Shaikh et al. [108] believed that micro-cracks would be generated
during the crushing process of RA. These micro-cracks would further expand under the
action of high temperature, which in turn caused the strength of RAC to be lower than
that of ordinary concrete. The reducing effect continued to increase with the improvement
of temperature. Cree [109] put forward a different view for this view. By summarizing
previous research, Cree believes that RAC gradually loses its compressive strength at
450~600 °C, while it is still higher than that of ordinary concrete under the same conditions.
Besides, RAC will lose its compressive strength gradually at 500~700 °C. Therefore, there is
a better residual strength in RAC than in NAC.

Incorporating fibers into RAC can change its mechanical properties and failure state
at high temperatures [110]. Figure 12 shows the morphological changes of the undoped
fiber and fiber-reinforced concrete specimens at different temperatures. Mahasneh et al. [111]
believed that fibers could improve the fire resistance of concrete. Adding 0.8% fiber by
volume can increase the compressive strength of concrete by 20% at 800 °C. Compared with
metallic fibers, non-metallic fibers tend to have better improvement effects on concrete at high
temperatures [112]. Compared with the residual compressive strength of concrete specimens at
room temperature, that of ordinary concrete treated at a high temperature of 400 °C decreased
by 34%. In contrast, the residual compressive strength of concrete with 1% and 2% carbon
fiber volume fraction decreased by 22% and 20%, respectively. The result means that a higher
carbon fiber content can reduce the damage to concrete at high temperatures [113]. Zhu [114]
studied the modification effect of glass fiber on RAC at high temperatures and concluded
that the residual compressive strength of RAC specimens after high temperature increased
and then decreased with the increase of glass fiber content. The improvement effect is the
most significant when the fiber content reaches 0.5%. The apparent color of RAC mixed
with glass fiber would change from gray to brown as the temperature increased. The
RAC without glass fiber generates cracks on the surface at 600 °C, and the corners of the
specimen fall off. The RAC mixed with glass fiber can maintain a relatively complete state
after a high temperature of 600 °C. Moreover, there are fewer surface cracks.
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Figure 12. Comparison of RAC specimens at 20 °C, 200 °C, 400 °C and 600 °C [114]: (a) RAC
specimen without fiber; (b) RAC specimen incorporating fiber.

Kong [115], et al. studied the effect of hybrid fibers on the high-temperature resistance
of RAC. Kong believed that PP-basalt hybrid fibers could improve the high-temperature
resistance of RAC. On the one hand, PP fiber has a low melting point. Therefore, it is
easy to gasify at high temperatures, providing a channel for escaping water vapor, thereby
reducing the damage to concrete caused by internal pressure. On the other hand, basalt
fiber has exceptionally high tensile strength. As a result, it can be used in an environment
of 760 °C for a long time and withstand high temperatures above 1000 °C in the short
term. Therefore, PP-basalt hybrid fibers can inhibit the generation and development of
cracks on the surface of RAC under a high-temperature environment and improve the
high-temperature resistance of RAC.

The effect of different fibers on the high-temperature resistance of RAC is summarized
in Table 3. It can be observed that the residual compressive strength of concrete decreases
to a large extent when the temperature reaches 600 °C. It can be seen from the table that the
incorporation of a certain volume fraction of glass fiber helps to improve the compressive
properties of concrete after high temperatures. When the fiber content is 0.5%, the effect of
glass fiber on the residual compressive strength of RAC after the high temperature is the
best, and the improvement effect is more evident over 400 °C. It is mainly because the glass
fiber has a high melting point and can maintain high toughness and tensile strength at
600 °C. Glass fiber can play a bridging role in the concrete, inhibiting the deformation and
development of cracks caused by high temperatures to a certain extent. Eventually, the glass
fiber improves the residual compressive strength of concrete after high temperatures [116].
The PP-basalt hybrid fibers have a better effect on improving the compressive strength of
RAC after high temperatures [115]. When the temperature increased from 20 °C to 200 °C,
the residual compressive strength of RAC without fibers decreased by 7.48%. However, the
residual compressive strength of RAC mixed with PP-basalt fibers increased by 3.31~8.73%.
This is because a large amount of cement slurry wraps the fibers in the RAC, and the
water vapor generated at the high temperature promotes the secondary hydration of the
uncured cement inside, thereby increasing the residual compressive strength of the RAC.
By comparison, the improvement effect of hybrid fibers on the high-temperature residual
compressive strength of RAC is often better than that of a single fiber [117]. At a high
temperature of 600 °C, the residual compressive strength of RAC mixed with 0.1% PP fiber
and 0.1% basalt fiber was the lowest, only 27.34%. However, the residual compressive
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strength of RAC without hybrid fibers reinforcement decreased by 43.76% after exposure
to a high temperature of 600 °C. The PP-basalt hybrid fibers can effectively enhance the
high-temperature compressive performance of RAC.

Table 3. Change rate of compressive strength of fiber RAC under high temperature.

Specimen Compressive Strength Change Rate/%
Author Fiber
Number 200 °C 400 °C 600 °C
NA-F0 ~8.00 ~29.10 ~39.67
NA-F0.3 ~6.00 ~26.80 ~35.50
NA-F0.5 ~3.56 2345 ~32.80
NA-F0.7 —4.99 ~24.43 ~35.91
RA30-FO —6.02 —24.79 ~38.00
. . RA30-F0.3 ~3.56 ~21.95 ~34.96
Zhu Ruyi [114] Glass fiber RA30-F0.5 ~3.38 —2055 —3261
RA30-F0.7 —4.30 ~21.95 ~35.43
RA60-FO ~6.80 ~26.88 ~38.22
RA60-F0.3 ~5.40 —24.08 ~36.31
RA60-F0.5 276 ~21.07 ~33.38
RAG60-F0.7 ~3.81 2468 ~35.26
RA100-F0 —7.48 2132 —43.76
o PP-basalt hybrid ~ RA100-F0.1/0.05 331 ~10.68 ~35.36
Kong Xiangging [115] fibers RA100-F0.1/0.1 6.17 —4.59 —27.34
RA100-F0.1/0.15 8.73 —6.26 ~31.50
NA-FO ~16.38 —6.02 ~21.78
Chen Jiawei [118] Steel fiber NA-F0.5 —22.06 —11.00 —26.08
NA-F1 ~22.59 —7.61 ~20.60
RA100-FO ~18.49 ~32.69 ~60.95
Nematzadeh [119] Steel fiber RA100-F0.5 ~15.41 ~33.13 ~69.80
RA100-F1.0 ~2537 ~35.29 ~75.00
NA-FO —6.52 ~30.10 —69.72
RA100-F0 ~18.64 ~53.07 —78.73
Chen [120] Steel fiber RA100-F0.5 ~16.34 ~41.86 —72.98
RA100-F1 ~14.34 ~40.16 ~69.94
RA100-F1.5 ~11.74 —26.14 ~50.08

Note: NA means natural aggregate concrete, RA means RA concrete; F means fiber. For example, RA30-F0.3, it
means the concrete specimen with 0.3% fiber content and 30% RA replacement rate; RA100-F0.1/0.15 means that
the content of PP fiber is 0.1%, the content of basalt fiber is 0.15%, and the replacement rate of RA is 100%.

The high temperature will reduce the tensile properties of concrete [121]. It summa-
rizes the effect of different fiber types and fiber content on the high-temperature residual
tensile strength of concrete in Figure 13. By analyzing Figure 13a—c, the RA can affect the
tensile properties of concrete. The higher the replacement rate of RA, the more pronounced
the deterioration of the tensile properties of concrete at high temperatures [122]. Pliya
et al. [123] believed that micro-cracks had already occurred during the crushing process of
RA, and the cracks continued to expand in the high-temperature environment, resulting
in a rapid decrease in the residual tensile strength of concrete. NA has a dense structure
and high strength, and the tensile property of concrete made of NA is usually better than
those of RAC at high temperatures. The incorporation of fibers can improve the high-
temperature tensile strength of RAC [124]. At 400 °C, the improvement effect of glass fiber
on the high-temperature tensile properties of RAC is the most significant. Within a specific
range of fiber content, the improvement effect increases with the increase of fiber content.
The improvement effect of steel fiber on the high-temperature tensile properties of concrete
is prominent. Within a specific range, the improvement effect increases with the increase
of the volume content of steel fiber. The improvement effect of PP-basalt hybrid fibers on
the high-temperature tensile properties of RAC is also apparent. The improvement effect
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is the best when the content of PP fiber and basalt fiber are both 0.1%. Wu, et al. [125]
also concluded that high-temperature mechanical properties of RAC with hybrid fibers are
often better than that of a single fiber.
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Figure 13. Effects of different fibers on tensile strength of concrete at high temperature: (a) Changes
on tensile strength of RA(30%) with glass fiber [114]; (b) Changes on tensile strength of RA(60%) with
glass fiber [114]; (c) Changes on tensile strength of RA with steel fiber [118]; (d) Changes on tensile
strength of RA with PP-basalt hybrid fibers [115].

6. Freeze-Thaw Cycle

Gokcea, et al. [126] concluded that recycled coarse aggregate significantly affects the
frost resistance of concrete. Many RA microcracks and delicate pores are easily generated
during the crushing process, resulting in RAC with high water absorption, which is more
likely to reach the critical water saturation for freeze-thaw damage [127]. Therefore,
compared with NAC, RAC is more affected by freeze-thaw cycles. Especially in severe cold
regions, concrete frost resistance is one of the essential indicators to evaluate the durability
of concrete, which determines the safety and long-term working performance of concrete
structures [128]. Ma et al. [129] concluded that the interface of RAC is more complex than
that of NAC. In particular, the interface bond between the old and new mortar is more
loose compared to other bonded parts, which in turn increases the water transport channels
and reduces the frost resistance of the RAC. Under the action of freeze-thaw cycles, the
rate of decrease in the dynamic elastic modulus of RAC is approximately 1.76 times higher
than that of NAC. Besides, the mass-loss rate is significantly higher than that of NAC [130].

Baena et al. [131] concluded that incorporating fibers in concrete can improve its frost
resistance. The fibers are distributed in a three-dimensional chaotic state in the RAC, which
can connect the cracks inside the RAC and bear the water pressure and ice expansion force
due to freeze-thaw action. Thereby, fibers serve to improve the frost resistance of RAC [132].
Ren et al. [133] studied the effect of basalt fiber on the frost resistance of RAC and conducted
freeze—thaw cycle tests on concrete specimens according to the specification GB/T 50082-
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2009. Furthermore, before the preparation of concrete specimens, all aggregates were
treated in a saturated surface dry state to reduce the influence of water absorption on the
properties of concrete after hardening. The results showed that after 100 freeze-thaw cycles,
the compressive strength of fiber-reinforced RAC was 16% to 32% higher than that of NAC.
Nam et al. [134] investigated the effect of short-cut fibers on the freeze-resistance of cement
composites. The addition of fibers to cement composites was beneficial in improving frost
resistance, and the enhancement effect of composite fibers was better than that of a single
fiber. Huo et al. [135] investigated the effect of steel and PP fibers on the frost resistance of
RAC. It is found that the incorporation of appropriate amounts of steel and PP fibers would
slow down the rate of decline in the relative dynamic elastic modulus and freeze-thaw
damage of RAC. However, the excessive amount of fibers would lead to a decrease in the
freezing resistance.

It shows the changes in the relative dynamic elastic modulus of steel and PP fibers at
different freeze-thaw cycles in Figure 14. It can be seen that steel fiber does not play a role
in improving the relative dynamic elastic modulus of RAC when the volume dose of fiber is
less than 0.5%. When the content exceeds 0.5%, the role of steel fiber on the frost resistance
of RAC becomes apparent, and the enhancement effect increases with the improvement of
steel fiber content in a specific range. For PP fiber, the best effect of PP fiber on the frost
resistance of RAC was observed at an admixture of 0.2 kg/ m3. Li et al. [136] concluded that
adding basalt fiber could slow down the freeze-thaw damage of RAC. It shows the changes
in compressive strength and splitting tensile strength of basalt fiber with different contents
after freeze—thaw cycles in Figure 15 [137]. The residual compressive and splitting tensile
strengths of RAC gradually decreased as the number of freeze—thaw cycles increased, but
the decrease varied for RAC mixed with different contents of basalt fiber. It can be seen From
Figure 15 that in a particular content range, the incorporation of basalt fiber can effectively
improve the mechanical properties of RAC after freeze-thawing. After 200 freeze-thaw
cycles, the residual compressive and splitting compressive strengths of RAC with 1.2 kg/m?
basalt fiber were 128% and 181% of those of RAC without fibers, respectively.
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Figure 14. Effect of different fiber content on relative dynamic elastic modulus [135]: (a) Steel fiber;
(b) Polypropylene fiber.
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Figure 15. Effect of steel fiber content on the mechanical properties of RAC after freeze-thaw

cycles [137]: (a) Variation in compressive strength; (b) Variation in tensile strength.

7. Conclusions

This paper summarizes the previous research on fiber-reinforced RAC. It considers

the fiber types, admixture amounts, and other factors to derive the effects of fibers on
the mechanical properties and high/low-temperature resistance of RAC. Based on the
literature summary, the following conclusions can be drawn.

Different mixing sequences and methods will affect the distribution of fiber in concrete,
and then affect the reinforcement effect of fiber on concrete. The method of adding a
small number of fibers many times is better than the method of adding all fibers at
one time. Moreover, fiber-reinforced concrete is prepared in the order of adding fiber
first and then mixing water, which can often make the distribution of fiber in concrete
more uniform.

Fibers similarly influence the compressive strength of RAC and natural aggregate
concrete. When the amount of fiber is excess, it will even reduce the compressive
strength of concrete. However, fibers can ameliorate the damage pattern of concrete
when compressive damage occurs. In other words, the integrity of concrete specimens
with fiber reinforcement is better when compressive damage occurs.

Natural aggregates have lower water absorption and crush values, and the aggregates
themselves are complicated with fewer microcracks. Therefore, it often occurs interface
transition zone failure. Flexible fibers are usually softer and have a smaller diameter,
which can better bridge the interface transition zone. Therefore, it is recommended to
use flexible fibers to reinforce natural aggregate concrete.

Different from natural aggregate, RA has higher water absorption and crushing value.
High water absorption will lead to lower fluidity of RAC on the one hand and indi-
rectly improve the strength of concrete due to the decrease of water-cement ratio on
the other hand. In low and medium strength RAC, the strength enhancement caused
by high water absorption is dominant; in high strength RAC, the strength weakening
caused by the high crushing value of an aggregate is dominant.

Fiber has a significant effect on the flexural strength enhancement of RAC. By com-
paring several fibers on RAC flexural performance enhancement effect, it is found
that carbon fiber has the best enhancement effect. The flexural strength of RAC is
improved by 56% at the 0.2% volume content of carbon fiber. Hybrid fibers also have
a good improvement effect on the flexural properties of RAC.

The rougher the surface and the more curved the shape of the fibers, the better the
bonding performance with the concrete matrix, and thus the better the mechanical
property enhancement of RAC.

High temperature has a significant impact on concrete. Compared with NAC, the
high-temperature resistance of RAC is worse. The high-temperature resistance will
decrease rapidly with the increase in RA amount. Under high temperatures, fibers
with a lower melting point can form channels within the concrete, reducing the internal
pressure of water vapor on RAC. Fibers with a higher melting point can still play a
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bridging role under high temperatures, inhibiting the generation and development of
cracks in RAC and improving high-temperature resistance.

e  There is a high water absorption rate on RAC, making RAC more likely to reach the
critical water saturation of freeze-thaw damage. Fibers can significantly enhance the
frost resistance of RAC. The types and amounts of fibers will affect the frost resistance.
The frost resistance of RAC is the best when the content of PP and basalt fiber is 0.2
kg/m3 and 1.2 kg/m3, respectively.
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