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Abstract: With the development of concrete engineering, a large amount of construction, demolition,
excavation waste (CDEW) has been produced. The treated CDEW can be used as recycled aggregate to
replace natural aggregate, which can not only reduce environmental pollution and construction-related
resource waste caused by CDEW, but also save natural resources. However, the mechanical
properties and durability of Recycled Aggregates Concrete (RAC) are generally worse than that
of ordinary concrete. Various fiber or mineral materials are usually used in RAC to improve the
mechanical properties and durability of the matrix. In RAC, polypropylene (PP) fiber and steel fiber
(SF) are two kinds most commonly used fiber materials, which can enhance the strength and toughness
of RAC and compensate the defects of RAC to some extent. In this paper, the literature on PP fiber- and
SF-reinforced RAC (FRRAC) is reviewed, with a focus on the consistence, mechanical performance
(compressive strength, tensile strength, stress–strain relationship, elastic modulus, and shear strength),
durability (water absorption, chloride permeability, carbonation, freeze–thaw cycling, and shrinkage),
and microstructure. The research findings regarding FRRAC were analyzed and compared. The results
showed that adding mineral additives and fiber in RAC had a good synergistic effect, which made
FRRAC have good mechanical properties, high durability and high temperature resistance, and
several application prospects. The information and summary presented in this paper exhibit new
knowledge and information on the application of FRRAC.
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1. Introduction

Owing to the limited amount of natural aggregate (NA) resources, the necessity of treating
construction, demolition, excavation waste (CDEW) as an aggregate has been recognized in most
countries [1]. However, the recycling rate of CDEW in developed countries in Europe was >90%, but for
every 100 million tons of construction waste produced, at least 10 million tons of CDEW were unused,
so there was a lot of CDEW that was not recycled. In some areas of Japan, the recycling rate was 100%.
Until 2012, more than 3 billion tons of CDEW were produced annually worldwide [2]. China produced
approximately 3.5 billion tons of construction waste in 2016, with 200 million tons of new construction
waste added each year and the utilization rate was only approximately 5% [3].

Simple landfilling or stacking of CDEW not only wastes land resources but also generates a large
amount of carbon dioxide and consumes a large amount of energy [4]. CDEW contains a large amount
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of calcium silicate hydrate, Ca(OH)2, sulfate ions and heavy metal ions. If they are directly buried in
the soil without treatment, they will cause pollution to the soil and water [5]. The benefits of CDEW
reuse include the mitigation of CDEW landfilling and dumping problems, reduction in the energy loss
in production and transportation of aggregates, and protection of natural resources. Using CDEW as
recycled aggregates (Ras) in concrete production can not only reduce environmental pollution and
the exploitation amount of natural resources for natural aggregates (NAs), but also be a sustainable
development technology. CDEW can be separated, broken and reused as aggregate. CDEW, as recycled
aggregate (RA), can be divided into the following three categories: recycled concrete aggregates,
recycled masonry aggregates, and mixed recycled aggregate (RA) [6]. Therefore, the use of CDEW in
RAC production is a potential viable alternative. In the reuse process, the CDEW is typically crushed
to a suitable size and used as an aggregate for concrete. The process of producing RAs using CDEW is
shown in Figure 1.
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(CDEW) [7,8].

Compared with NAs, RAs are typically characterized by high water absorption, high porosity,
lower strength and stiffness, larger creep and shrinkage, and a lower apparent density owing to the
presence of weak particles such as old mortar blocks [9,10]. Although the performance of RAs is inferior
to that of NAs, RAs are eco-friendly building materials with considerable application value. When the
proportion of RA replacing NA is <30%, the replacement has little influence on some properties of
the concrete, such as the tensile strength, compressive strength, chloride-ion corrosion, and carbonation.
However, the compressive strength of the matrix decreases with an increase in the RA content [11–15].

When the aggregate in the matrix is completely replaced with RA, the decrease in the matrix
compressive strength is three times that of when the RA content is 50% [16]. Under the same
conditions, the matrix flexural tensile strength decreases by 10–13% compared with that of the reference
concrete [17]. This may have been due to old mortar affiliated with the RA. There are many pores and
cracks in the old mortar, which increase the water consumption of the matrix. However, Rao et al. [18]
reported that the amount of RA in the matrix had insignificant effects on the bending strength and
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tensile strength of the matrix. The stress–strain curve and the peak value of the stress under the
axial load of recycled coarse aggregate (RCA) concrete are similar to those for natural aggregate
concrete (NAC). The strain increases with the RA content, and the elastic modulus and ductility
are lower than those of NAC [19,20]. Gowda et al. [21] discovered that the compressive strength
and rigidity of RCA concrete are similar to those of ordinary concrete in the temperature range of
25–800 ◦C. Gales et al. [22] reported that when the matrix was in a 500 ◦C environment and the RA
content increased, the residual strength and elastic modulus of the matrix gradually decreased. This
indicates that RAC has resistance to high temperature.

There is an interfacial transition zone (ITZ) in concrete, which significantly affects the mechanical
properties and durability of the concrete. There are five main types of ITZs in RAC: (1) ITZs formed
by new mortar and new aggregate (NA); (2) ITZs formed by new mortar and old aggregate; (3) ITZs
formed by old mortar and new mortar; (4) ITZs formed by old mortar and RA; (5) ITZs formed by
old mortar and NA [23,24]. The ITZ for RAC is shown in Figure 2. The ITZs are weaknesses in
cement-based composite materials [25]. The ITZ of concrete, which usually has more cracks and holes,
is the weakest part of concrete. Under the same conditions, RAC has weaker and more complex ITZs
than ordinary concrete. This is the main microstructural difference between RAC and ordinary concrete.
It is also the fundamental reason why the macroscopic material and structure performance of RAC
is worse than that of ordinary concrete. Many scholars have performed in-depth research on ITZ.
Poon et al. [26] examined the microstructure of the matrix using scanning electron microscopy (SEM)
and concluded that the ITZ areas of RA had lower compactness, and were more porous, as well as
more cracks, than those of the benchmark concrete. They also discovered that the microstructure of the
RAC significantly affected the RAC performance.
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CDEW is used as an RA, which contains asphalt, glass and other impurities, and these impurities
also reduce the performance of RA. In order to remove these impurities, the recycling process of
RA needs to be optimized. At the same time, the content of asphalt, glass and asphalt should be
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restricted <1%. The sulfate content in RA is generally <2%, and the chloride content <1%, alkali content
less than 3.5 kg/m3, thus reducing the chemical impurities in RA and improving the performance of
RA [6]. Although, the strength of an RA is lower than that of an NA, the RA surface is rough and porous,
which enhances the mechanical bite force between RA and the matrix and improves the strength and
surface wear resistance of the matrix [27]. Carneiro et al. [28] reported that the matrix strength with an
RA ratio of 25% was higher than that of ordinary concrete. The irregular surface of RA strengthens the
physical bond with the matrix. Additionally, RA has strong adhesion with the matrix owing to the
hydration reaction [29]. Some mechanical properties of RAC may not be as good as ordinary concrete,
but these properties are sufficient for some practical applications of concrete structures [19]. Thus far,
RAC has been used in sidewalks and construction of structures in China, and satisfactory results
have been obtained. The recycling technology and related standards of CDEW have also gradually
matured, and CDEW used as RA is also gradually applied in the structure, pavement, cladding and
other building finishes of civil engineering [30]. Thus, RAs have bright application potential.

Adding appropriate mineral additives to RAC can improve the mechanical properties and
durability of RAC [31]. An appropriate amount of PP fiber, steel fibers (SFs), blast fiber and glass fiber
was added to improve the compressive strength, flexural strength and splitting tensile strength of
RAC [4]. In addition, as with traditional concrete, RAC exhibits low bending toughness and fracture
toughness. As a result, many kinds of fibers are usually used in traditional concrete and RAC to
improve the durability and toughness of the matrix [32–34]. In RAC, polypropylene (PP) fiber and
SFs are two of the most commonly used kinds of fiber materials, which can enhance the mechanical
properties, durability and toughness of RAC, and make up for the defects of RAC to some extent [35,36].

Ahmed and Lim [4] reviewed the effects of SF, PP fiber, basalt fiber and glass fiber dosage on the
compressive strength, splitting tensile strength and flexural strength of RAC in detail, and they also
analyzed and suggested the optimal dosage of each fiber. However, the literature review on the effects of
high temperature conditions on the compressive strength, splitting tensile strength and flexural strength
of RAC reinforced with SF and PP fibers containing mineral additives is helpful for understanding the
properties of FRRAC. The relationship between the splitting tensile strength, flexural strength and
elastic modulus of FRRAC and compressive strength of FRRAC is necessary to be reviewed. Moreover,
the influence of SF and PP fiber content on slump, durability and microstructure performance of RAC
has not been reviewed till now. Therefore, the above-mentioned research achievements on FRRAC
have been reviewed in this paper. Furthermore, the effects of SF or PP fiber content on elastic modulus,
stress–strain, chloride ion permeability, freeze–thawing resistance, carbonization resistance, shrinkage
performance, microstructure of RAC were also innovatively analyzed in this work.

The producing process of RA using CDEW and the performance of fiber-reinforced RAC (FRRAC)
have been extensively studied. FRRAC preparation technology is diversified; thus, the prepared
FRRAC exhibits satisfactory performance and has been used in practical applications. In this study,
the influence of fly ash (FA), silica fume, ground granulated blast furnace slag (GGBS), rice husk
ash (RHA) and metakaolin (MK) on the compressive strength and splitting tensile strength of RAC,
as well as the replacement rate of mineral additives, is analyzed. To obtain a deeper understanding
of the performance of FRRAC, this paper analyzes and summarizes the research results regarding
the working performance, mechanical properties (compressive strength, splitting tensile strength,
flexural strength, elastic modulus and stress–strain), durability, microstructure, and mechanical
properties at high temperature of RAC. A method for improving the performance of FRRAC is
analyzed to provide a reference for in-depth analysis of FRRAC, and the technical problems faced by
FRRAC are also presented.
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2. Fabrication of FRRAC

2.1. Probable Source Materials

Industrial production is generating increasing amounts of waste, e.g., FA, GGBS, silica fume.
The failure to reuse these materials will cause resource wastage and environmental pollution. FA, GGBS,
RHA, and silica fume mainly contain SiO2 and Al2O3. The properties of mostly used cement, RHA,
FA, GGBFS, and silica fume are presented in Table 1. SiO2 and Al2O3 in the concrete matrix can
chemically react with Ca(OH)2 and other alkaline compounds to generate hydration products such
as tobermorite gel (C-S-H), calcium aluminate hydrate (C2ASH8), tetracalcium aluminate hydrate
(C4AH13), and tricalum aluminate hydrate (C3AH6). Due to the silica fume’s small particle sizes, the
substance can fill pores in the concrete. As indicated by Table 1, the content of SiO2 in silica fume is the
highest, and volcanic ash effect are better than other minerals. These materials have a lower specific
weight than cement and are ideal for the formation of light and high strength RAC.

Table 1. Properties of cement, rice husk ash (RHA), fly ash (FA), ground granulated blast furnace slag
(GGBS), and silica fume.

Ref. Item
Chemical Composition (Mass%) Specific Gravity

(g/cm3)
Specific Surface

Area (cm2/g)SiO2 Al2O3 Fe2O3 CaO MgO SO2

Kou and Poon et al. [37] Cement 21.0 5.9 3.4 64.7 0.9 2.6 3.15 3520

FA 56.79 28.21 5.31 <3 5.21 0.68 2.31 3960

Rattanachu et al. [38] RHA 93.5 0.2 0.4 0.9 0.4 0.2 - -

Majhi et al. [39] GGBFS 38 17 3 29 29 - 2.82 -

Nuaklong et al. [40] Silica
fume 85–95 0.5–1.7 0.4–2 - 0.1–0.9 - 2.21 14,000

Tables 2–6 present the effects of the FA, RHA, silica fume, GGBS, and MK contents on the
mechanical properties of RAC. As is shown, the addition of silica fume and MK can improve the
mechanical properties of the matrix. The MK content is generally approximately 10%, and the MK
improves the mechanical properties and durability of the matrix. In particular, increasing the content of
MK can result in higher strengths not only in NA geopolymer concrete but also in geopolymer concrete
containing RCAs [40]. The activation property of RHA is low, possibly because of its impurities.
The effects of GGBS and FA on the improvement of the mechanical properties of the substrate is not
very large, but the appropriate amount of incorporation can improve the durability of the substrate,
particularly the resistance to chloride ion attack. The control group in each experiment was different,
but these minerals also play a role. The FA content is generally approximately 20–30%, however,
because of its low ash effect, the output is not easy to be too high. As the age of the base matrix increases,
the enhancement effects of GGBS, FA, and RHA on RAC increase. Silica fume’s volcanic ash has a better
effect than other minerals, but as the cost is higher, it is difficult to add large amounts. Adding these
minerals to the matrix can also reduce the amount of cement, thereby reducing carbon dioxide emissions
and enabling the recycling of resources. The chemical reaction equations of the matrix when it is
attacked by sulphuric acid are as follows [41]:

Ca(OH)2 + H2SO4 → CaSO4 · 2H2O (1)

3CaO · Al2O3 · 12H2O + 3(CaSO4 · 2H2O) + 14H2O → 3CaO · Al2O3 · 3CaSO4 · 32H2O (2)

CaO · SiO2 · 2H2O + 2H2SO4 → CaSO4 + Si(OH)4 + H2O (3)

The chemical reaction of gypsum with calcium aluminate hydrate (C3A) to produce ettringite is
expressed by Equation (2). The volume of calcium aluminate hydrate produced by this reaction is
2–7 times that of the raw material. The increase in the volume of the material inside the matrix increases
the internal pressure of the concrete, degrading the performance of the concrete. This is consistent with
a study on the use of silica fume, FA, etc. to improve the acid resistance of the matrix [41]. The active
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substances of mineral materials, such as SiO2 and Al2O3, react with calcium hydroxide in the matrix.
The hydration calcium aluminum, calcium sulphoaluminate hydrate crystals and secondary C-S-H gel
can enhance the strength and durability of the matrix. Studies have indicated that the particle size of
silica fume and MK is significantly smaller than that of cement. The pore filling effect of these materials
may be the same as that of their hydration in improving matrix compactness.

Al2O3 · 2SiO2 · 2H2O
600 ∼ 900 ◦C
Temperature

Al2O3 · 2SiO2+ 2H2O. (4)

Table 2. Mechanical properties of RAC with different FA contents.

Ref. RA FA (%) w/b (Water
to Binder)

Compressive Strength
(MPa)

Splitting Tensile
Strength (MPa)

Kou and Poon et al. [37]

100% RCA 0 0.55 52.2 4.41

100% RCA 25 0.55 59.1 4.49

100% RCA 35 0.55 56.3 3.91

100% RCA 55 0.55 49.4 3.41

Ali et al. [42]
100% RCA 0 0.5 32.60 2.29

100% RCA 20 0.5 31.31 2.49

Kim et al. [43]
100% RCA 0 0.35 33 2.6

100% RCA 30 0.35 29 2.8

Table 3. Mechanical properties of RAC with different RHA contents.

Ref. RA RHA (%) w/b Compressive Strength
(MPa)

Splitting Tensile
Strength (MPa)

Padhi et al. [44]

100% RCA 0 0.45 32.47 2.2

100% RCA 10 0.45 30.39 2.12

100% RCA 20 0.45 24.39 1.86

Rattanachu et al. [38]

100% RA 0 0.45 38.4 -

100% RA 20 0.45 38.3 -

100% RA 35 0.45 34.4 -

100% RA 50 0.45 27.0 -

Tangchirpat et al. [45]

100% RA 0 0.48 36.02 -

100% RA 20 0.48 38.5 -

100% RA 35 0.48 37.2 -

100% RA 50 0.48 33.9 -

Alnahhal et al. [46]

100% RCA 0 0.55 35.8 -

100% RCA 10 0.55 38.9 -

100% RCA 20 0.55 37.0 -

100% RCA 30 0.55 33.3 -

For the RAC containing GGBS, FA, RHA, MK and silica fume, hydration reaction occurs in the
cementitious matrix to generate C-S-H, which can fill the pores inside the matrix and improve the
performance of RAC. Although the current using of GGBS, FA, RHA, MK and silica fume in RAC
has obtained certain achievements for the recycling industry, the amount of the cement replaced with
these industrial waste materials is not up to the standards in existing codes. Therefore, how to replace
larger amounts of cement by the industrial waste materials and improve the mechanical properties
and durability of RAC at the same time is also a challenging and worthy study area.
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Table 4. Mechanical properties of RAC with different silica-fume contents.

Ref. RA Silica
Fume (%) w/b Compressive Strength

(MPa)
Splitting Tensile
Strength (MPa)

Corinaldesi et al. [47]
100% RCA 0 0.4 28.41 -

100% RCA 15 0.4 42.62 -

Koua et al. [48]
100% RCA 0 0.5 48.96 3.14

100% RCA 10 0.5 54.53 3.84

Çakır et al. [49]

100% RCA 0 0.5 48.6 3.4

100% RCA 5 0.5 46.4 3.4

100% RCA 10 0.5 48.6 3.5

Pedro et al. [50]

100% RA 0 0.29 90.1 3.6

100% RA 5 0.29 93.7 3.83

100% RA 10 0.29 97.3 3.87

Table 5. Mechanical properties of RAC with different GGBS contents.

Ref. RA GGBS
(%) w/b Compressive Strength

(MPa)
Splitting Tensile
Strength (MPa)

Majhi et al. [51]

100% RCA 0 0.5 30.59 2.80

100% RCA 20 0.5 28.16 2.65

100% RCA 40 0.5 26.62 2.55

100% RCA 60 0.5 24.04 2.35

Majhi et al. [39]
100% RCA 0 0.57 24.00 3.08

100% RCA 60 0.57 18.42 2.7

Majhi et al. [52]

100% RCA 0 0.58 39.04 -

100% RCA 40 0.58 37.61 -

100% RCA 60 0.58 32.12 -

Table 6. Mechanical properties of RAC with different metakaolin (MK) contents.

Ref. RC MK w/b Compressive Strength
(MPa)

Splitting Tensile
Strength (MPa)

Muduli et al. [53]

100% RCA 0 0.43 32.75 2.64

100% RCA 5 0.43 33.79 2.78

100% RCA 10 0.43 36.27 2.91

100% RCA 15 0.43 38.09 3.08

100% RCA 20 0.43 35.36 2.9

Xie et al. [54]

100% RCA 0 0.55 36.1 -

100% RCA 3 0.55 42.9 -

100% RCA 5 0.55 44.8 -

100% RCA 7 0.55 45.9 -

Nuaklong et al. [40]

100% RCA 0 - 35.2 2.9

100% RCA 10 - 45 4.1

100% RCA 20 - 50.6 4.4

100% RCA 30 - 58.6 5.4

Note: MK is an anhydrous aluminum silicate (A12O3 • 2SiO2 • 2H2O, AS2H2) formed by dehydration from kaolin
(A12O3 • 2SiO2, AS2) at an appropriate temperature (600~900 ◦C).

2.2. Consistence of Fresh RAC

Compared to NAs, RAs have a rougher surface, a larger angular effect, larger voids, greater water
absorption, lower apparent densities, and a higher wear capacity [55]. Therefore, RCAs affect the
concrete consistence. When the water/binder (w/b) ratio of self-compacting concrete (SCC) was 0.4 and
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the RCA content ranged from 0 to 100%, the slump decreased by 13.4%, reducing the consistence [56].
To achieve the same performance, concrete with 50–100% RAC requires 0.15–0.37% more water than
NAC [57]. The high water-absorption rate of the RA reduces the amount of free water in the RCA, and
the slump decreases with an increase in the amount of RA.

Additionally, PP fibers and SFs have been added to RAC to reduce its consistence. Matar and
Assaad [58] found that when PP fibers (having 12 mm long and 150 aspect ratio) were used with
an RCA, the downward trend of the RAC decreases with increasing PP fiber content. This may be due
to the adhesive interface between the PP fibers and the matrix; the small pores improved the water
absorption of the matrix. The surface of the PP fibers was covered with mortar, which reduced the
fluidity of the matrix, resulting in a decrease in the slump of the matrix. Similar results were reported
by Akça et al. [59]: the matrix w/b ratio was 0.53, the RCA content was 25–55%; the consistency of the
matrix was normal. Owing to the synergistic effect of the RCA and PP fibers, the consistence of the
matrix was reduced.

Yazıcı et al. [60] examined the matrix slump when the steel fibers (SFs) (having 30, 60 and
60 mm long) aspect ratio (l/d) of hooked ends were 45, 46, and 80, and the SF contents in concrete
were 0.5%, 1.0% and 1.5%. As the l/d ratio and Vf of the SFs increased, the matrix slump decreased.
This may be due to the network structure formed by the SFs in concrete and the large surface area
of SFs, which increases the friction resistance inside the mixture and prevents the flow of concrete.
Additionally, the slump of the RAC decreased as the SF content increased. When SFs (length is
30.5 mm and aspect ratio is 54.6) were present in the RAC, a cement paste was needed to cover them,
which reduced the consistence of the mixture [61]. As shown in Figures 3 and 4, the slump of RAC
is reduced by adding PP fibers or SFs to the matrix. As a result, some researchers have also added
high-efficiency water reducers to the mixture to improve the consistence of RAC.
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3. Mechanical Properties of FRRAC

3.1. Compressive Strength

As the PP fiber (length is 47 mm) content increases from 0 to 2%, the RAC compressive strength
increases [65]. Zahid-Hossein et al. [66] reported that the compressive strength with 10% RCA in the
matrix was superior to that with 30% RCA. This is similar to the results obtained by Choi and Yun [67]
and may be due to the high water-absorption capacity of RCA compared with NA, which makes the
internal hydration reaction of the substrate more complete. Adding 30% RCA increases the porosity of
the concrete and reduces the compressive strength. The PP fibers act as bridges among the aggregate
and the cement paste, delaying the crack propagation and improving the concrete strength.

As shown in Figure 5, the effect of RCA on the compressive strength of RCA is greater than
that of PP fibers. Additionally, the optimal amount of PP fibers differs for different substrates.
Therefore, the amount of RA added to concrete is ≤30%, and the appropriate amount of PP fiber added
to the matrix can improve the compressive strength of the matrix. How to increase the replacement
rate of NA with RA in concrete and keep the content of PP fiber (length is 12 mm) less than 0.6% to
greatly improve the compressive strength of RAC is also a problem worth studying.
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With 0.7% SFs (length is 35 mm) added to the matrix, the matrix compressive strength is improved
by approximately 10–19% [28]. The compressive strength with the addition of 1% SFs (length is 60 mm
and aspect ratio is 65) to RAC was 3–14% higher than that of NAC. The shape and elastic modulus of the
double-ended hook-shaped SFs can limit the propagation of cracks, increasing the RAC compressive
strength [69]. The NA in the matrix is completely replaced with RA and is doped with 1% SFs (length is
13 mm). The FRRAC compressive strength is reduced by 5.85%, 20.4%, 20.3%, 27.9% and 38.0% at
25 ◦C, 200 ◦C, 400 ◦C, 600 ◦C and 800 ◦C, respectively. The optimal dosage of silica fume in the matrix
is 4% [70]. The compressive strength and high temperature resistance of RAC can be enhanced by
adding silica fume. The high SiO2 content of silica fume produces a large amount of C-S-H gelling
materials, ettringite (AFt) and AFm [71,72], which makes the matrix significantly dense and improves
the density of the ITZ inside the matrix of RAC.

The FRRAC compressive strength decreases with the increasing temperature (Figure 6) [70].
The base body compressive strength does not decrease significantly in the range of 25–400 ◦C,
but decreased greatly in the range of 400–600 ◦C. This is because the free water and adsorbed
water in the matrix are evaporated from 25 ◦C to 200 ◦C. The resulting steam pressure destroys the
microstructure of the concrete, reducing its compressive strength [73]. At 200–400 ◦C, the adsorbed water,
interlayer water, and chemically bound water in the C-S-H gelling material are evaporated. The loss of
moisture reduces the connection ability and the strength of the C-S-H cementitious material, reducing
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the matrix compressive strength. Additionally, the slight disintegration of Ca (OH)2 reduces the
matrix compressive strength. The C-S-H gel already dehydrates from 100 ◦C, while calcium hydroxide
dehydrates completely at 600–800 ◦C. Coarse aggregates (containing calcium carbonate) in the matrix
also decompose, reducing the compressive strength of the matrix. Therefore, it can be concluded that
FRRAC can withstand the high temperature of 400 ◦C, which reduces the compressive strength of the
matrix very little.

The results obtained by Ahmadia et al. [74] indicated that the compressive strength effect of
SFs (length is 30–70 mm) reinforced RAC was similar to that of SFs on NAC, or lower than that
of NAC. The compressive strength of RAC mixed with an appropriate number of SFs was higher than
that of ordinary concrete in the control group. Kachouh et al. [64] found that when the SF (length
is 35 mm and aspect ratio is 65) content increased from 0% to 3%, the RAC compressive strength
increased by 5.67–13.36%. When an appropriate number of SFs is added to the matrix, the number of
plastic shrinkage cracks can be significantly reduced. Moreover, the three-dimensional disordered
distribution of fibers and the high cohesive force of fibers with concrete make a strong network skeleton
inside the concrete. According to the composite mechanical theory and the interface characteristics
of SF–cement matrix, due to the existence of weak links in RAC, there are a large number of cracks,
and the addition of steel fibers can cross both sides of the cracks, and the bonding characteristics
of the interface are enhanced. The more fibers that cross the cracks in the unit area, the greater the
crack resistance and reinforcement of the SFs. When SF content is high, SF distribution in the matrix
is uneven, and the stress of the matrix will be concentrated, and the strength of the matrix decreases.
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Among the various combinations of hybrid fiber-reinforced composites in common concrete,
SF and PP fibers are the most effective for improving the strength and ductility of the matrix. When both
the SF (length is 50 mm and aspect ratio is 80) and PP fiber (length is 6 mm and aspect ratio is 300)
contents were 0.5%, the compressive strength of SF–PP FRRAC is slightly higher than that of RAC
with single-doped PP fiber, but slightly lower than that of RAC with single-doped SFs [62]. This is also
similar to the research results of He et al. [75]. This may be related to the properties of the fibers [76].
The combination of SFs and PP fibers can enhance the mechanical properties of the matrix. PP fibers
can pass through cracks, forming a fiber–cement base interface, and the interaction between the fiber
and cement mortar can improve the performance of the matrix. Therefore, an appropriate number of
SF (about 2%) and PP fibers (about 0.6%) was added into RAC with the content of RA less than 30%,
which not only is able to improve the compressive strength of RAC but also reduce the cost of the
concrete to the minimum [77,78].

3.2. Tensile Strength

The splitting tensile strength of FRRAC is related to the type of aggregate, the type of fiber, and the
fiber volume content. Hanumesh et al. [65] performed numerous experiments using 25%, 50%, 75% and
100% RCA; 1% and 2% PP fibers (length is 47 mm) were used to manufacture the RAC. They found that
when 1% and 2% PP fibers were added to the matrix containing 100% RA, the matrix splitting tensile
strength increased by 34.84% and 85.6%, respectively, compared to the reference group. These results
are consistent with those of Akça et al. [59], who reported that the splitting tensile strength of the
matrix gradually decreased with an increase in the RA content. The addition of PP fibers can clearly
enhance the splitting tensile strength of RAC.

As shown in Figure 7a, the splitting tensile strength of the matrix first increased and then decreased
with the increase in PP fiber content, and the optimal content of PP fiber was 0.9%. The elastic modulus
of PP fiber is low, and the bonding slip characteristic of PP fiber and RAC determines the deformation
performance of PP fiber after RAC cracking. When the matrix splitting failure occurs, PP fiber can
be part of the load transfer to the fiber in the matrix; thus, the matrix can withstand a greater load,
improving the cleavage strength of the substrate. As the PP fiber on the cracking surface is pulled
out or the fiber on the cracking surface is gradually broken, the carrying capacity of RAC is gradually
lost until the failure [79]. However, excessive PP fibers in the matrix will not distribute uniformly,
which has adverse effect on tensile strength of RAC. Adding an appropriate amount of PP fibers to the
matrix can improve splitting tensile strength. RAC splitting failure is mainly related to the interface
between the RA and the newly added cement in the matrix, as well as the original interface of the RA.

Additionally, the water absorption of the RCA is enhanced when increasing the w/c ratio of
the matrix. This increases the porosity of the matrix and reduces the bonding strength of the ITZs,
reducing the matrix splitting tensile strength [80,81]. The addition of PP fibers can enhance the bonding
of the ITZs, thus improving the splitting tensile strength of the matrix.

The splitting tensile strength of FRRAC is linearly related to its compressive strength. As shown
in Figure 7, the splitting tensile strength increased with the compressive strength. When the content of
PP fibers (length is 12 mm) varies from 0% to 0.9%, the compressive strength of the matrix is strongly
correlated with the splitting tensile strength [68]. The effect of RA on the matrix splitting tensile
strength was greater than that of the PP fibers. The addition of 30% RA improved the matrix splitting
tensile performance, possibly because the surface of the RA was rough, the increase in the mechanical
bite force between RA and the matrix, or the RA strength was high. The primary aggregate of the RA
determines its strength. The splitting tensile strength of fine recycled aggregate (FRA) decreased by a
smaller amount than that of the RCA did. This may be because there was more non-hydrated cement
in the FRA; thus, a hydration reaction occurred, enhancing the matrix splitting tensile strength [82].
The optimal PP fiber content differs among different substrates. For different water–binder ratios,
the optimal fiber content is different, but the optimal PP fiber content is generally between 0.6%
and 1.5%.
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The splitting tensile test is relatively simple and feasible; thus, such tests have been widely
performed [83]. Mohseni et al. [62] compared the effects of 0.5%, 0.75% and 1% SFs (length is 50 mm
and aspect ratio is 80) on the RAC splitting tensile strength. They found that the splitting tensile
strength was 44%, 66%, and 80% higher, respectively, than that without SFs. The splitting tensile
strength was highest at 1% SFs. When both SF and PP fiber contents were 0.5%, the splitting tensile
strength of the RAC enhanced by SF–PP fiber was slightly higher than that of RAC with single-doped
PP fibers, but slightly lower than that of RAC with single-doped SFs. The SFs reinforced the concrete by
acting as a bridge when the matrix was under tensile stress, inhibiting the formation and propagation
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of cracks at the interface of the matrix. When the volume of SFs was too large, the concrete splitting
tensile strength decreased.

In matrices with 50% and 100% RCA and 1% SFs (length is 60 mm and aspect ratio is 65), the
splitting tensile strength with 30% GGBS was 7.18% and 3.44% higher, respectively, than that without
GGBS [69]. This increase in the strength may have been due to the small particle size of the GGBS,
which filled the pores of the RCA. GGBS can also improve the adhesion between the aggregate and
the ITZs [84]. Therefore, adding GGBS to FRRAC can enhance the matrix properties. Additionally,
the RCA performance affected the matrix splitting tensile strength. Using a high-strength RCA can
increase the splitting tensile strength of the matrix, whereas using a low-strength RCA can reduce
the splitting tensile strength of the substrate. High-strength RCA with new and old cement pastes
has high interfacial bonding strength, and its rough surface can improve the microstructure of ITZs,
which increases the splitting tensile strength of the matrix [85].

As shown in Figure 8, with the increasing of RA and SF contents, the matrix splitting tensile
strength decreased and increased, respectively. For the SFs, exceeding the optimal dosage had a
negative impact. Adding appropriate mineral additives and steel fibers to RAC can improve the
splitting tensile strength of the matrix, but RA has greater impact on tensile strength than SF and
mineral additives.Sustainability 2020, 12, x FOR PEER REVIEW 15 of 38 
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According to the composite material theory and the concept of fiber constraint, the tensile strength
expression of the matrix can be obtained as follows:

σt = σm[1 + α

( l
d

)
Vf] (5)

where σm is the tensile strength of fiber-reinforced concrete, Vf is the volume ratio of fibers, l
d is the

length–diameter ratio of the fibers, α is the comprehensive influence coefficient of fiber resistance to
flexural strength.

Therefore, it can be seen from Equation (5) that the greater the content of PP fiber and SFs in a
certain range, the greater the tensile strength of the matrix under the same other conditions.

3.3. Flexural Strength

The flexural strength is an important strength index of concrete. The flexural strength of the
aggregate and the cement mortar significantly affects the concrete flexural strength [86]. However,
RAC contains impurities, such as brick, glass, and wastepaper, which weaken the bond between the
RAC and the cement mortar, reducing the RAC flexural strength [87]. Researchers have added PP
fibers and SFs to the RAC to enhance the RAC flexural strength.

Ahmed et al. [68] examined the effect of the PP fibers (length is 12 mm) content on the flexural
strength of RAC and revealed the relationship between the compressive strength and flexural strength
of RAC with different RA contents. The results are presented in Figure 9. When the PP fiber content
increased from 0 to 0.6%, the RAC bending strength increased. When the PP fiber content increased
from 0.6% to 0.9%, the RAC bending strength decreased. The substrate compressive strength had
a good relevance with the flexural tensile strength. However, according to the results of a variance
analysis, the aggregate type has a greater influence on the flexural strength of concrete than the PP fiber
content. A larger peak pull load corresponded to a stronger bond between the matrix and the PP fibers
(length is 50 mm) [59]. Zahid-Hossein et al. [66] investigated concrete containing 30% RCA and found
that the flexural strength of the matrix with 2% PP fibers (length is 12 mm) was 6.13% higher than that
without PP fibers. This may have been due to the enhancement of the fiber–matrix bond. The optimal
PP fiber content differs among different matrices. Therefore, adding an appropriate amount of PP fiber
into the matrix can improve the bending strength of the matrix.

As shown in Figure 10, the first-peak strength (f1), peak strength (fp), and equivalent initial flexural
strength (fe,p) of RAC were correlated with the flexural strength. When SF content was <0.5 vol%,
the RAC flexural strength did not increase significantly. When the volume content of SFs was 0.5–2%,
the flexural tensile strength of the RAC gradually increased. When the SF content is enhanced from 0
to 1.5%, the flexural tensile strength of RAC is enhanced by 33.3% [75]. The SFs enhanced the matrix
after cracking, which is similar to their effect on NAC [88].

Carnerio et al. [28] reported that the inclusion of 0.75% hooked-end SFs (length is 35 mm)
enhanced the substrate flexural tensile properties by 36%. Yoo et al. [89] concluded that the flexural
strength of high-strength concrete increases significantly when the hooked-end SFs (length is 13 mm
and aspect ratio is 65) content is ≥1%. However, double-hook-end SFs (length is 60 mm) have a
better strengthening effect than single-hook-end SFs (length is 60 mm), possibly because a specimen
containing double-hook-end SFs needs a larger drawing force when it fails [90]. As the surface of
RCA is rough, it bonds well with the fiber and produces an interlocking effect, increasing the bending
strength of the matrix. The addition of GGBS to FFRAC can also improve the bending tensile strength
of the matrix, possibly owing to the increase in the bending tensile strength of the matrix due to the
filling effect of GGBS and the volcanic-ash effect [69]. The optimal SF dosage is generally about 1–3%.
Therefore, mineral materials and fibers can be added to increase the tensile strength of the matrix.
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According to the composite theory, the flexural strength of concrete can be calculated as follows:

fftm = ftm(1 + α tm ρf lf) (6)

where fftm is the flexural strength of concrete (MPa), ftm is the flexural strength of matrix concrete (MPa),
ρf is the volume ratio (%) of fiber, lf is the length of SF (mm), αtm is the comprehensive influence
coefficient of fiber against flexural strength.

From Equation (6), it can also be seen that the flexural strength of FFRAC gradually increases
with the increase in fiber content.
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3.4. Stress–Strain Relationship

Previous studies have indicated that PP fibers significantly affect the stress–strain curve of RAC.
As shown in Figure 11, when the PP fiber content ranged from 0.5% to 1%, the peak stress and strain
of the specimen decreased. The stress–strain property of the matrix can be improved by adding
appropriate amount of PP fibers. This is mainly because PP fibers (length is 12 mm) can act as a
bridge to prevent cracks from growing, thereby reducing the strain [79]. The peak strain of the RAC
was higher except for the sample with 1% PP content. This is because the RA aggregate was loose
and porous, which lead to premature cracking of the matrix.
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The RAC stress–strain curve is generally separated into the following four stages: (1) Elastic stage:
Although there are holes and microcracks inside the specimen, the external load on the specimen
is small, and the cracks inside the specimen do not propagate. The addition of fibers can prevent the
growth of microcracks. (2) Elastic-plastic stage: With an increase in the external load, the cracks expand,
even if the fibers only prevent the cracks from expanding. (3) Yield stage: The cracks continue to
expand, and there is critical stress propagation. (4) Fracture stage: The cracks expand stably and
reach the critical length. During the stress–strain process of NAC, the cracks spread through the
cement paste, whereas the strength and stiffness of the RA in RAC were low, and the cracks spread
through the aggregate.

The factor influencing the RAC crack cracking is the deformation of transition zone. The RA
surface is rough and porous, which is closer to the stiffness and elasticity of the surrounding mortar
and has better bonding performance, improving the strength of the ITZ [28] and reducing the cracking
of the matrix. Similar behavior was observed in another study [91]. The fibers in FRRAC can bond
with ITZ more effectively, improving the stress–strain behavior of the matrix.Sustainability 2020, 12, x FOR PEER REVIEW 19 of 38 
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Figure 12a–c present the stress–strain curves of the RAC with different contents of SFs, RAC and
silica fume, respectively. As shown in Figure 12a, the SF content significantly affected the peak strain
of the matrix. With the addition of 1%, 2%, and 3% SFs to the matrix, the peak strain of the matrix was
enhanced by 160%, 197%, and 234% compared to the peak strain without SFs. For concrete with RCA
contents of 30%, 70%, and 100%, the addition of 1% SFs increased the peak strain by 98%, 46% and
35%, respectively. Therefore, the concrete containing RCA was mixed with an appropriate number of
SFs to improve the deformation resistance of the matrix. SFs can bridge with RAC in the matrix, resist
the deformation of the matrix, and enhance the deformation capacity of the RAC. With the addition
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of SFs, the RAC toughness was improved, as indicated by the lope of the declining branch of the
stress–strain curve. The compression performance of the matrix was similar to that of fiber-reinforced
NAC [28].
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With an increase in the SF content, the crack volume in the matrix increased, and the critical
stress–strain value decreased. Owing to their high transverse strain capacity, SFs can not only transfer
energy in the matrix, but also bridge cracks. SFs enhance the energy absorption capacity of the concrete,
improving the stress–strain capacity of the matrix. They can prevent crack propagation, and fiber
bridge crack behavior can improve the post-peak ductility. As the fiber is strengthened, the slope of
the stress–strain curve decreases [92–94].
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However, an excessive SF content negatively affects the stress–strain curve of the matrix. As shown
in Figure 12b, the slope of the stress–strain curve for the RAC increased with the decreasing RCA dosage.
This was mainly due to the low density and elastic modulus of the RCA, which resulted in a low
density and elastic modulus of the matrix [64]. As shown in Figure 12c, adding 4% silica fume to the
matrix improved the stress–strain curve of the matrix. In the study of Xie et al. [70], the slope of RAC in
the upper and lower parts of the stress–strain curve gradually flattened when the temperature ranged
from 25 ◦C to 800 ◦C, and RAC peak stress and Young’s modulus decreased at high temperatures.
The base bearing loading capacity and stiffness were reduced mainly because the RA contained
more pores and could absorb more water than NA. At high temperature, the moisture of the matrix
evaporates, increasing the number of pores in the matrix. When SFs were added to the matrix,
their thermal-conductivity effect caused the interior of the matrix to be uniformly heated at high
temperatures; thus, the stiffness and peak strain of the matrix were higher than those of the matrix
without SFs. The stress–strain effect of RAC with SF content of about 3% was better.

3.5. Elastic Modulus

According to the standard definition used in China, the elastic modulus is the slope value of the
stress–strain curve of the specimen 1/3 away from the peak load (GB50081-2002) [95]. The matrix elastic
modulus is the ratio of the specific limit stress of the concrete material to the corresponding strain.
Therefore, a higher elastic modulus of the concrete admixture corresponds to a higher strength of
the substrate. The old mortar and impurities attached to the RA reduce the matrix elastic modulus.
When the NA in the matrix is completely replaced with the RA, the concrete-specimen elastic modulus
was reduced by 45% and 48% in the studies of Xiao et al. [19] and Xie et al. [96], respectively.
Sato et al. [97] reported that when the proportion of RA replacing NA was 100%, the concrete Young’s
modulus was reduced by 15% compared with the reference group. Owing to the high contents of old
mortar and impurities in the RA, the number of interfaces in cement mortar was large. Additionally, at
the interface, there were numerous microcracks, and the porosity was high, giving the RAC a high
deformation capacity under an external load [98].

RA is more easily deformed than NA due to its own characteristics, and the poor interfacial
adhesion between the aggregate and the old slurry results in more capillary pores and microcracks
on ITZ. Therefore, the total replacement of NA by RA will have a negative impact on the matrix stiffness.
The difference of concrete elastic modulus ratio is mainly caused by the difference of aggregate
properties and the difference of reference formula. Some scholars have studied the elastic modulus of
recycled aggregate concrete mixed with PP fiber or SF.

As shown in Figure 13, when the volume content of PP fibers increases gradually, the elastic
modulus of the matrix decreased. Ahmed et al. [68] reported that when the PP fiber (length is 12 mm)
content increased from 0 to 0.6%, the elastic modulus of the matrix increased. When the PP fiber
increased from 0.6% to 0.9%, the elastic modulus decreased. After the addition of 0.9% PP fibers
to the RAC, the matrix elastic modulus was reduced by 3.38% compared to that without PP fibers.
The combined effects of RA and PP fibers led to the reduction in the RAC elastic modulus. There were
many PP fibers in the matrix, and they were unevenly distributed, and easy to cause agglomeration,
leading to cracks in the matrix. Therefore, the elastic modulus of the matrix was reduced. The elastic
modulus of matrix can be improved by adding PP fibers (about 0.6%) to RAC.

When 1%, 2%, and 3% SFs were added to RAC, the elastic modulus of the RAC increased by 8%,
11%, and 17%, respectively [64]. By adding an appropriate number of SFs, the compressive strength
of the matrix was improved, along with the elastic modulus. Among all the mechanical properties,
the temperature has the greatest influence on the elastic modulus of the matrix [99]. Xie et al. [70]
reported that at 25 ◦C, 200 ◦C, 400 ◦C, 600 ◦C and 800 ◦C, the elastic modulus of SF reinforced RAC
(SFRAC) was 3.7%, 2.7%, 32.5%, 123.6%, and 89.7% higher, respectively, than that of RAC. The bridging,
stretching, and deformation resistance of the SFs in the high-temperature environment of the matrix
were investigated [100]. The matrix elastic modulus decreases with the increasing of RA content
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and temperature. Most research results indicate that the concrete elastic modulus increases with the
SF content.

As shown in Figure 14, with the increase in SF content, the matrix elastic modulus decreases,
which may be related to the type and performance of SFs. The concrete compressive performance is
linearly dependent on the elastic modulus. However, an appropriate number of SFs can also increase
the elastic modulus of RAC, and the increase in temperature and RA content can reduce the elastic
modulus of the matrix. Considering the influence of SF content on RAC cost, adding about 3% SF into
the matrix can greatly improve the elastic modulus of the matrix.
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4. Durability of FRRAC

4.1. Chloride ion Permeability

Chloride-ion penetration is an important index of concrete durability, as chloride often causes
corrosion of reinforced concrete and reduces the service life of the concrete. Adding inhibitors to
concrete can slow the corrosion due to chloride ions. The addition of silica fume to concrete results
in pozzolanic reaction to produce C-S-H, and the aggregate effect and filling effect of silica fume
can improve the compactness of the matrix and inhibit the corrosion and penetration by chloride
ion [102,103]. The chloride-ion permeability of the test piece increased with the PP fiber and SF contents
(Figure 15). The permeability of chloride ions was measured via a rapid chloride permeability test.
Chlorine ions also corrode SFs in the matrix. There was certainly error in the test, because SFs
have conductivity.
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The chloride permeability of the matrix increased with the RA content (Figure 16). This is because
there were more ITZ species in RAC than in the NAC, and there were more microscopic cracks in
the ITZs. There were many pores in the RA, which connected the microscopic pores in the matrix and
provided channels for chloride-ion penetration. With the increasing SF content, the matrix chloride
permeability decreased (Figure 16). The addition of SFs enhanced the compactness of the matrix.
When RHA was incorporated, it had pozzolanic and filling effects and improved the density of
the matrix. SFs and RHA can play a synergistic role in reducing the chloride permeability of the
matrix. Additionally, when SF was added to the specimen, the calcium hydroxide solution reacted
with the SFs. Therefore, the standard wet–dry cycle method can be used to determine the chloride
penetration capacity of specimens.
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4.2. Carbonation Resistance

Carbonization of concrete refers to the chemical reaction between carbon dioxide in the air
and calcium hydroxide, as shown in Equations (7)–(10), to produce calcium carbonate and water.
Carbonation causes concrete shrinkage (carbonation shrinkage), which can easily lead to cracks on
the concrete surface. The carbonation depth of the matrix increases with the carbonation reaction
time [6]. The porosity and permeability of RAs are higher than those of NAs, which encourages the
entry of CO2. Therefore, the carbonation rate of RCA is faster than that of NAC. CaCO3 produced by
carbonation of RCA will make the matrix compact and have some favorable effects on the matrix.

CO2+H2O→ H2CO3 (7)

Ca(OH)2+H2CO3 → CaCO3+2H2O (8)

3CaO·SiO2·3H2O + 3H2CO3 → 3CaCO3+3SiO2+6H2O (9)

2CaO·SiO2·4H2O + 2H2CO3 → 2CaCO3+2SiO2+6H2O (10)

As the number of cycles undergone by the RA increases, the amount of mortar that is combined with
RA gradually increases, increasing the porosity. Therefore, the RAC carbonation resistance decreases.
Over time, the carbonation rate of concrete decreases [104]. While RCA contains old mortar, which makes
the amount of cement in RAC larger than NAC, and the carbonated materials in the matrix increase,
thus improving the carbonation resistance of the matrix. However, dry RA has higher water absorption,
which can reduce the w/c ratio and porosity of the matrix and improve the carbonation resistance of
the matrix [105].

When the content of RCA is less than 25%, the resistance to carbonation of the matrix is similar
to that of NAC [106,107]. The carbonation resistance of RAC containing PP fibers is not affected by
the amount of PP fibers. Calcium carbonate and other chemical substances produced by carbonation
of the matrix can fill the pores of the matrix and make the matrix denser, which not only reduces
the porosity and water absorption capacity of the matrix but also improves the RAC compressive
strength [108]. When the w/c ratio of concrete is within an appropriate range, the carbonation
rate increases with the w/c ratio, and the carbonation depth decreases with the increasing matrix
compressive strength [109,110].

As can be seen from Figure 17, when the SFs’ (length of 30.5 mm, and aspect ratio of 54.6)
volume content is between 0 and 1.5%, the carbonation depth of RCA at each age gradually decreases.
This is because adding an appropriate number of SFs into the matrix can improve the compactness of
the matrix, make it difficult for CO2 to enter the matrix and slow down the carbonation rate. When the
SF content increases from 1.5% to 2%, due to the uneven distribution of the excess SFs in the matrix, the
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bond strength between SFs and the matrix decreases, and the compaction degree of concrete decreases,
so the carbonation depth increases [63]. The greater the strength of matrix, the greater the compactness
of matrix. Carbon dioxide in the air is more difficult to enter into the matrix for carbonation reaction.
Carbonation of matrix will reduce the content of carbon dioxide in the air. Carbonation reduces the
pH of the matrix. This will lead to the deterioration of the SF surface protective film and even lead
to the corrosion of SF, thus reducing the performance of the matrix. PP fiber has acid resistance and
alkali resistance; the decrease in pH value has no great influence on the matrix containing PP fiber.
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4.3. Freezing–Thawing Resistance

RAs have a higher water absorption capacity than NAs; a high moisture content in the matrix pores
is unfavorable to the freeze–thaw resistance of concrete [111]. After 300 freeze–thaw cycles, the matrix
mass loss improves with the growth of w/b ratio (0.43, 0.48 and 0.53) and RA content of matrix, and
also enhances with the growth of cycle times [112]. Increasing the RA content increased the number of
cracks in the matrix, which increased the mass loss of the matrix. The RA had a higher water absorption
capacity than the NA did, which negatively affected the anti-freeze–thaw performance of the matrix.
However, when 5% of the air entraining agent was added to RAC, its durability became comparable to
that without an air entraining agent NAC. As shown in Figure 18, after 56 freeze–thaw cycles, the NAC
compressive strength was reduced by approximately 70%, the RAC compressive strength was reduced
by 24%, and the compressive strength of RAC containing PP fibers with entraining air was reduced by
7% [113]. Therefore, adding a large amount of RA to RAC will reduce the freezing–thawing resistance
of the matrix, while adding an appropriate amount of PP fiber can improve the freezing–thawing
resistance of the matrix.
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After 50 freeze–thaw cycles, the RAC tensile strength was reduced by only 10% compared with
the initial value. During the freeze–thaw cycles, PP fibers (length is 54 mm) have an interlock effect,
while RA can be freeze-cracked, thus reducing the tensile strength of matrix [114]. Gao et al. [63]
examined the freeze–thaw cycling behavior of the matrix when the concrete compressive strength
was 60 MPa, the replacement rate of RA was 50%, and the SF content was 1%. They found that after
300 freeze–thaw cycles, the mass loss rate was just 0.2%.

Among the parameters studied, the number of freeze–thaw cycles had the greatest impact on the
concrete mass loss rate. The mass loss increased or decreased with the freeze–thaw cycling, which
may have been related to the SFs, RA and mortar interaction. With the increase in freeze–thaw cycles,
more cracks appear in the matrix, which makes the matrix absorb more water. This water can corrode
SFs, and the weight of corroded SFs increases, which also leads to the improvement of matrix weight.
With the increasing of SF content, the mass loss of RAC first increased and then decreased, and,
additionally, the mass loss decreased with an increase in the matrix strength (Figure 19).

Adding PP fiber and SF to RAC can improve the freezing–thawing resistance of RAC because the
fibers in the formation of the three-dimensional grid in RAC can inhibit the formation and development
of early shrinkage cracks and segregation cracks in RAC, which improves the ability of the matrix to
resist freezing–thawing. The excellent bonding performance between the fibers and RAC matrix can
also prevent the overflow of bubbles during the preparing process of RAC mixture. With the increase
in gas content in RAC, the fiber can relieve the expansion stress during the freeze–thaw cycle and the
freeze–thaw resistance of the matrix can be improved.
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4.4. Shrinkage Performance

The shrinkage of concrete refers to the phenomenon of volume reduction in the initial stage of
concrete setting or in the process of concrete hardening. The shrinkage is generally divided into
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plastic shrinkage (also known as shrinkage), chemical shrinkage (also known as self-shrinkage),
drying shrinkage, and carbonation shrinkage. A large degree of shrinkage can cause concrete cracking.
Drying shrinkage refers to the shrinkage of concrete due to moisture evaporation. Mainly because
of the moisture from C-S-H transported into the pores, and then evaporated from the pores, was the
volume shrinkage of the matrix caused. When the RA content increased from 0 to 100%, the drying
shrinkage rate of concrete gradually increased [115]. In a matrix containing 100% RA, the drying
shrinkage rate of the RAC after 180 d was 70% higher than that of a reference group [116]. The use of
RA increases the amount of cement paste (both old and new) in the matrix. There are many microcracks
in the old cement mortar, increasing the porosity of the concrete. Moreover, owing to its high porosity,
the RA can absorb much water; thus, much evaporated water is present in the matrix, and this leads to
the drying shrinkage of the RAC [117].

As shown in Figure 20, when the PP fiber (length is 10 mm) content was 0.25%, the matrix
shrinkage was reduced by approximately 6% [118]. This may be because the fibers prevented the cracks
from spreading in the matrix. With the increasing PP fiber content, the shrinkage of the matrix increased.
This may have been due to the increased content of PP fibers and their uneven distribution in the matrix.
Over time, the matrix free shrinkage gradually improved. From Figure 21, it can be seen that the
shrinkage strain of RAC reinforced with double-hook-end SFs (length is 60 mm and aspect ratio is 65)
was lower than that of RAC reinforced without double-hook-end SFs. At 400 d, under the conditions
of 1% SFs and 100% RCA, the free shrinkage of R80 and R40 (RCA is derived from parent concrete
with compressive strength of 80 MPa and 40 MPa, respectively, and is called R80 and R40) matrix was
reduced by 6.25% and 13.04%, respectively, compared with those without SFs. The reduction in the
shrinkage strain was mainly due to the bridging action of SFs to prevent the expansion of shrinkage
strain cracks in concrete, which is consistent with the previous research results [119,120]. The shrinkage
strain decreases with the increase in matrix strength. The addition of an appropriate amount of fiber in
RAC can reduce the shrinkage of matrix, but the cost factor also should be taken into account, which
will affect the promotion and use of FRRAC.
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with SFs.

5. Microstructure of FRRAC

Poon et al. [26] found that there were loose and porous water particles in the ITZs of ordinary RAC.
The hydrates in the ITZs of traditional concrete and high-performance RAC were relatively dense,
and the hydrates in the ITZs significantly affected the mechanical properties of the concrete.
Figure 22 presents microstructure analysis results for RAC and NAC. Figure 23 shows that there
are many pores and cracks in the mortar around RCA, which is the same as the research results of
Afroughsabet et al. [69]. This led to the high water-absorption capacity of the RCA. The adhesion
among the aggregates in the NAC and the cement mortar was good, and the interface was relatively
dense and without cracks [121]. The ITZ of the RCA was relatively weak, and the interface was prone
to cracking, mainly because of the high porosity of the old mortar and the easy absorption of water,
resulting in a low w/c ratio. The interface could not produce compact hydration products, such as
C-S-H crystals and calcium hydroxide.
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of PP fibers.

As shown in Figure 23, PP fibers played a bridging role in the matrix. There was a part of
void between PP fibers and the matrix and the fracture of PP fibers, which negatively affected the
performance of the matrix [79]. With the increasing of SF content, the number of cracks in the
matrix decreased, but cracks still existed (Figure 24). This is because the cement mortar has a strong
bond with the SFs, increasing the density of the matrix. However, the SFs could not undergo the
hydration reaction, and there were still pores in the bond with the cement slurry. SFs can act as a
bridge to prevent crack propagation. They can also transfer the heat of the cement hydration reaction,
promote the cement hydration reaction, and make the ITZ denser [122].

Xie et al. [70] found that when SF-doped RAC was heated to 200 ◦C, the moisture in the matrix
evaporated, resulting in fine cracks. The ettringite began to decompose well below 400 ◦C. When the
matrix was heated to 400 ◦C, the hydration products in the matrix were dehydrated, and Ca (OH)2

began to decompose, resulting in mass loss and strength decline of the matrix. The C-S-H gel already
dehydrates from 100 ◦C, reducing the density of the matrix. The calcium hydroxide began to decompose
at 600 ◦C, generating calcium oxide, which absorbed moisture from the air, increasing the porosity
of the concrete interior. At 800 ◦C, many cracks appeared in ITZs of the matrix. High temperature
can reduce the compressive performance, elasticity modulus, and toughness of FRRAC. When silica
fume, GGBS, MK or other mineral materials are mixed into the matrix, a pozzolanic reaction can occur,
and the cementing substance C-S-H can be generated, improving the matrix performance. ITZ has a
positive impact on the performance of the matrix. Moreover, adding appropriate fiber and mineral
materials can improve the performance of the matrix. ITZ performance in RAC plays a decisive role in
mechanical properties and durability. However, the performance of ITZ in RAC is worse than that of
ordinary concrete. Therefore, proper amounts of PP fiber, SFs and mineral additive can be used to
improve the ITZ performance of RAC.
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6. Conclusions

The research progress of PP fiber- and/or SFs-reinforced RAC was reviewed with a focus on
its consistence, mechanical properties, durability, and microstructure. The following conclusions
are drawn.

(1) The pozzolanic and filling effects of FA, GGBS, RHA, and silica fume can enhance the matrix
compactness, improving the mechanical properties and durability of the matrix.

(2) RA is characterized by porosity and high water absorption; thus, the properties of RAC are
poor. The addition of PP fibers and SFs to RAC can reduce the consistence of the matrix. The
addition of SFs increased the compressive strength of RAC by 5.85–19%. However, in some
studies, adding SFs reduced the compressive strength of the matrix, possibly owing to the
shape and property of the SFs. Appropriate addition of SF and PP fibers can improve the RAC
mechanical properties, but the excessive addition of fibers can degrade the mechanical properties
of the matrix.

(3) The addition of RA can improve the performance of the matrix with regard to chloride-ion
corrosion, and mass loss rate in freeze–thaw cycling. Appropriate addition of SFs and PP fibers
reduces the RAC chloride-ions corrosion performance. Adding 5% air to RAC can yield the same
durability as the NAC. After 300 freeze–thaw cycles, the mass loss of a matrix with 1% SF and
50% RA was only 0.2%. The matrix shrinkage can be reduced by adding SF and PP fibers.

(4) There are many pores and cracks in the ITZs of the RA matrix; thus, the RAC strength is lower
than the NAC strength. Adding appropriate amounts of PP fibers and SFs can improve the
ITZ compactness and delay the crack propagation, improving the mechanical properties and
durability of the composite. The density of the matrix in the ITZs determines the mechanical
properties of the matrix.
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