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Fiber polymer has been extensively used to improve the mechanical properties and durability of concrete. However, the studies of
the effect of fiber polymer on the dynamic performance of recycled aggregate concrete (RAC) is still very limited. In this study, we
prepared two types of RAC formulations: RAC reinforced with basalt fibers (BFs) and RAC reinforced with polypropylene fibers
(PPs), and compared the effects of fiber types and contents on the air void content, workability (slump), mechanical properties
(compressive and flexural strength), dynamic characteristics (dynamic modulus of elasticity and damping ratio), and chloride
resistance of RAC. The experimental results showed that the air void content and slump value decreased with the increase of
replacement percentage of RCA and fiber contents. Adding PPs provided a more negative effect on the slump of RAC than BFs.
The mixtures containing 0.2% PPs and BFs both obtained the highest flexural strength. The addition of PPs was more effective
than BFs in improving the damping ratio of RAC, and the mixtures containing 0.3% PPs and BFs both obtained the highest
damping ratio. Compared to the RAC without addition of fiber, the charge passed of specimen with addition of PPs
approximately increased by 45%, while the specimen with addition of BFs approximately increased by 30%, when the fiber
content was 0.3%. This study demonstrates the potential of using fiber to promote the dynamic properties of RAC.

1. Introduction

Over the past several decades, with the rapid development of
the infrastructure industry, especially in developing coun-
tries, a large amount of construction and demolition waste
(C&DW) generated [1–4], which not only causes serious pol-
lution to the environment but also leads to waste of nonre-
newable resources [5, 6]. Thus, several researches have
begun to investigate and indicate that the application of
RCA in RAC is an effective way to reuse C&DW [7, 8]. Pre-
vious reports showed that the mechanical properties and
durability of RAC are generally worse than natural aggregate
concrete (NAC) [9, 10]; this mainly attributes to the
microcrack [11] and adhered old mortar that exist in RCA
[12, 13]. In addition, several studies found that the perfor-
mance of RAC is related to the replacement percentage
[14], type [11, 15], size [13] of RCA, properties of interface

transition zone (ITZ) [16], admixtures [17], etc. These
characteristics of RCA and RAC all hinder its application in
some areas.

To address this issue and improve the properties of
RAC, several methods were applied to improve the proper-
ties of RAC these days [1, 17–19], for instance, strengthen-
ing or removing the adhered old mortar of RCA [15, 20],
applying a two-stage mixing approach, and introducing
some mineral admixtures [17, 20]. However, removing the
adhered old mortar from RCA may cause microcracks,
the enhancing effectiveness of adhered old. Fiber polymer
has a super aspect ratio and can form bridge action when
adding to concrete, which makes it possible to improve
the properties of RAC [21–23].

These days, a large number of reports have confirmed
that the addition of fiber is an effective tool to improve the
properties of RAC [22, 24–26]. Niu et al. [21] investigated
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the effect of BFs on the compressive strength of concrete
(C30, C40, and C50) and found that the maximum increment
in compressive strength was 9.18% (C30), 5.06% (C40), and
7.13% (C50), respectively. Caetano et al. [25] carried out an
experiment to study the flexural strength of a high strength
steel fiber concrete; results showed that the addition of steel
fibers improving the fracture energy of concrete increases
its ultimate flexural strength. Grzymski et al. [22] found that
the concrete prepared with recycled steel fiber showed about
six times lower efficiency in absorbing the energy after con-
crete matrix cracking, compared with a typical steel fiber-
modified concrete. Similar conclusion was also reported by
Akça et al. [23]. To date, the studies of the effect of fiber on
the properties of RACmainly involve the mechanical proper-
ties and durability, while the effect of fiber on dynamic prop-
erties and chloride resistance of RAC is still limited. Steel
fiber, as the most commonly used fiber to reinforce RAC,
has a high bulk density and increases the self-weight of con-
crete structure [25]. Furthermore, steel fiber is susceptible to
corrosion. These drawbacks all limit its application in some
areas with requirements of antivibration and chloride corro-
sion resistance [25].

Damping is the ability to convert the vibration energy
into other forms of energy during the vibration process [26,
27]. Previous investigations indicated the weak bond strength
between the BFs and cement mortar in concrete; this charac-
teristic may increase the energy dispersion [28]. Therefore,
several studies investigated the dynamic characteristics of
BF-reinforced RAC and pointed that the fiber-reinforced
RAC leads to a higher damping ratio than that of the NAC,
while adding BFs significantly reduced the mechanical per-
formance of RAC [27]. PP has a higher elongation at break,
approximately increased by 5-6 times than that of the BFs,
which has potential possibilities to increase the dynamic
properties of concrete [27]. Nowadays, the increasing appli-
cation of various types of fibers in concrete makes the
dynamic behavior of RAC even more complex. To date, the
studies of the effect of PPs on the dynamic properties of
RAC are still limited, especially in the comparative study of
the dynamic characteristics of RAC modified with PPs and
BFs.

In this study, for the first time, we compared the effects of
fiber contents/types on the air void content, workability
(slump), mechanical performance (compressive and flexural
strength), dynamic characteristics (dynamic modulus of elas-
ticity and damping ratio), and chloride resistance of RAC.
Two types of RAC formulations were prepared: RAC rein-
forced with BFs and RAC reinforced with PPs. The experi-
mental results showed the potential of using fiber to
promote the damping ratio and flexible strength of RAC. It
is greatly significant to further apply fiber in RAC.

2. Materials and Experiments

2.1. Materials

2.1.1. Cementitious Materials. Portland cement (P·O 42.5)
and fly ash (FA) are used in this study. Tables 1 and 2 present
the properties of cement and FA, respectively. Which com-
plied with the requirements of the Chinese National Stan-
dards GB175-2007 [29] and GB/T 1596-2005 [30],
respectively.

2.1.2. Aggregates. Crushed limestone with a continuous grad-
ing is used as coarse aggregate (Figure 1) in this study. The
aggregate has the maximum size of 19mm, and Table 3 pre-
sents the properties of coarse aggregate. The fine aggregate
used was river sand. It has a water absorption of 1.14% and
fineness modulus of 2.60, respectively. The properties of cor-
sage and fine aggregate complied with the Chinese National
Standards GB/T 14685-2011 [31] and GB/T14684-2011
[32], respectively.

2.1.3. Fiber Polymer and Additive. The PPs and BFs were used
to improve the dynamic properties of RAC. Table 4 presents
the properties of fiber. Polycarboxylate-based superplastici-
zer (SP) was used in this study, and the solid content and
water-reducing ratio of the SP is 35% and 28%, respectively.

2.2. Mixture Proportions. To compare the effects of fiber con-
tents/types and replacement percentage of RCA on the air
void content, workability, mechanical properties, dynamic
characteristics, and chloride resistance of RAC. Nine differ-
ent mix proportions were considered in this study.

Tables 5 and 6 show the mix proportions of the reference
concrete and RAC, respectively. The addition of fiber poly-
mer was at volume content of 0.0-0.3%, respectively. The
mixtures were named as follow: take the 50RAC-PP-0.1 for
instance, 50RAC refers to the replacement percentage of
RAC which is 50.0%, and the PP-0.1 refers to the amount
of PPs which is 0.1%. The tap water consists of two parts:
the water consumption of ordinary concrete mix design
and the additional water. It should be noted that the addi-
tional water does not change the effective water-to-binder
ratio of the mixture.

Table 1: Properties of cement.

Chemical composition (mass%) Physical properties
Flexural
strength
(MPa)

Compressive
strength
(MPa)

SiO2 Al2O3 FeO CaO Specific gravity (kg/m3) Specific surface (m2/kg) 3 d 28 d 3 d 28 d

18.7 5.9 3.4 61.9 3170.0 360.0 7.5 8.7 44.7 50.1

Table 2: Properties of FA.

Chemical composition
(mass%)

Physical
properties (%)

Activity
index (%)

CaO SiO2 Al2O3 Fe2O3 Fineness Loss 7 d 28 d

49.7 31.1 6.0 3.8 25.3 4.5 97.2 101.3
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2.3. Test Methods

2.3.1. Air Void Content. A concrete air void content measur-
ing instrument (LC 61-7L) was used to test the air void con-
tent of fresh concrete according to the Chinese National
Standard GB/T 50080-2016 [33].

2.3.2. Workability. The slump value was applied to measure
workability of fresh RAC according to the Chinese National
Standard GB/T 50080-2016 [33].

2.3.3. Mechanical Performance. For the compressive and flex-
ural strength test, the cubic specimens with a dimension of
150mm × 150mm × 150mm and prismatic specimens with
a dimension of 100mm × 100mm × 400mm were used,
respectively. After 24 hours from the initial casting, the sam-
ples were demolded and then kept for 7 and 28 days at a cur-
ing room (20 ± 1°C, ≥95% RH) until the day of the test, in
accordance with the Chinese National Standard GB/T
50081-2002 [34].

2.3.4. Dynamic Properties. For the dynamic modulus of the
elasticity test, samples with a dimension of 100mm × 100
mm × 400mm were used after 28 days of curing according
to the Chinese National Standard GB/T 50082-2009 [35],
which were obtained by the transverse resonant frequent
method and the result obtained by the average three individ-
ual test results, which were calculated by

Ed = 13:244 × 10−4 × WL3 f 2

α4
, ð1Þ

where Ed is the dynamic modulus of elasticity of concrete,
MPa; W is the weight of sample, kg; L is the length of test
sample, mm; f is the transverse frequency of the specimen,
Hz; α is the side length of square cross-section sample, mm.

The damping ratio was used to define the damping
capacity of concrete. A free-free beam vibration and pulse
hardware/software (Brüel & Kjær) were used to test the
damping ratio of concrete according to Tian et al. [26].
Figures 2 and 3 show the acceleration history of free vibration
of the RAC and the resonance curves, respectively. All spec-
imens for the damping ratio test were after 28 days of curing,
and the samples with the dimension of 100mm × 100mm

Figure 1: Coarse aggregate used in this study: NCA and RCA.

Table 3: Properties of RCA and NCA.

Type Crushing value index (%) Apparent density (kg/m3) Bulk density (kg/m3) Water absorption (%)

NCA 9.8 2561.0 1380.0 1.1

RCA 15.7 2509.0 1253.0 5.5

Table 4: Properties of PPs and BFs.

Laber Diameter (μm) Density (kg/m3) Elastic modulus (GPa) Elongation (%) Tensile strength (MPa)

PP 32.0 920.0 3.8 20.0 450.5

BF 17.0 2590.0 89.1 2.9 2670.0

Table 5: Mix proportion of reference concrete (kg/m3).

Cement Fly ash River sand
Natural
aggregate

Water Additive

425.0 75.0 700.0 1050.0 165.0 5.0

Table 6: Mix proportions of reference concrete and RAC.

Concrete ID

Volume
content of
fiber (%)

Coarse
aggregate (%) Water (kg)

PP BF NA RA

R 0.0 0.0 0.0 0.0 165 (0)

50RAC 0.0 0.0 50.0 50.0 165 (23.2)

100RAC 0.0 0.0 100.0 100.0 165 (46.4)

50RAC-PP-0.1 0.1 0.0 50.0 50.0 165 (23.2)

50RAC-PP-0.2 0.2 0.0 50.0 50.0 165 (23.2)

50RAC-PP-0.3 0.3 0.0 50.0 50.0 165 (23.2)

50RAC-BF-0.1 0.0 0.1 50.0 50.0 165 (23.2)

50RAC-BF-0.2 0.0 0.2 50.0 50.0 165 (23.2)

50RAC-BF-0.3 0.0 0.3 50.0 50.0 165 (23.2)
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× 400mm. The damping ratio of concrete was calculated by
the half-power bandwidth method, which was calculated by

ξ = f1 − f2ð Þ
2f0

, ð2Þ

where ζ represents the damping ratio of RAC, %; f1 and f2
represent the frequencies corresponding to an amplitude of
f0/√2, Hz; f0 represents the resonant frequency of RAC, Hz.

2.3.5. Chloride Resistance. The rapid chloride migration
method (RCM) was applied to evaluate the chloride resis-
tance of concrete after 28 days of curing according to the Chi-
nese National Standard GB/T 50082-2009 [35]. Figure 4
presents the test process of chloride resistance of concrete.

2.3.6. Microstructure Characterizations. The microstructure
of concrete was characterized by a S-4800 environmental
scanning electron microscope (ESEM). After 28 days of cur-
ing, the specimens were broken into small pieces and selected
for sample preparation. It should be noted that the surface of
specimens was coated by gold before testing.

3. Results and Discussion

3.1. Air Void Content. Figure 5 shows the air void content
value of fresh concrete. It can be observed that the addition
of fiber had a significant influence on the air void content
of RAC. The air void content of RAC slightly decreased by
15.8% (50RAC-PP-0.1), 21.1% (50RAC-PP-0.2), 5.3%
(50RAC-BF-0.1), 15.8% (50RAC-BF-0.2), and 21.1%
(50RAC-BF-0.3) in each case, compared with 50RAC. Only
the mixture 50RAC-PP-0.3 containing 0.3% PPs significantly
reduced by 31.6%.

The addition of RCA had no significant influence on air
void content when replacement percentage of RCA is less
than 50%, while a sharp reduction of air void content could
be found at 100% RCA mixture (100RAC). Compared to
the reference concrete, the air void content value of fresh
RAC decreased by 17.4% (50RAC) and 26.1% (100RAC),
respectively. It can be obtained that the addition of RAC in
reducing the air void content of RAC was more obvious than
that of the addition of fiber.

3.2. Workability. From Figure 6, it can be observed that the
slump value decreased by 16.7% (50RAC) and 41.7%
(100RAC), respectively, compared with the reference con-
crete. Further, the mixtures with the addition of PPs
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Figure 4: Test process of the chloride resistance of concrete.
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(50RAC-PP-0.1, 50RAC-PP-0.2, and 50RAC-PP-0.3)
obtained the relative lower slump value. In addition, the
slump value of RAC decreased with the increase of PP or
BF content. There is no significant influence when the PP
or BF content less than 0.2%, while a significant reduction
of slump could be observed on the mixture with 0.3% fiber.
The slump value of mixtures 50RAC-PP-0.3 and 50RAC-
BF-0.3 decreased by 43.3% and 26.7%, respectively, com-
pared to 50RAC. This is mainly attributed to the fiber that
has a high surface area with a high water absorption rate
[36, 37], increasing the viscosity of fresh concrete. Therefore,
the recommended dosage of fiber is below 0.2% to obtain a
relatively good workability of mixture. Further, results indi-
cated that the addition PPs provided a more negative effect
on the slump of RAC than that of the BFs.

3.3. Mechanical Properties. From Figure 7, it can be obtained
that the compressive strength of specimens decreased by
9.6% (50RAC) and 31.2% (100RAC), respectively, after 28
days of curing, compared with the reference concrete. This
could be attributed to the adhered old mortar on RCA which
has a large number of pores and microcracks [13], resulting
in a poor properties of RCA than that of the NCA (as seen
in Table 3). It needed to be highlighted that the increment
of the replacement percentage of RCA could consequently
increase the number of pores and cracks; thus, the compres-
sive strength of RAC decreased with the increase of replace-
ment percentage of RCA [16]. Similar conclusion has been
reported by Wijayasundara et al. [3].

The compressive strength of RAC significantly decreased
by 12.9% (50RAC-PP-0.1), 16.2% (50RAC-PP-0.2), 5.3%
(50RAC-PP-0.3), 19.4% (50RAC-BF-0.2), and 15.9%
(50RAC-BF-0.3) in each case compared to that of 50RAC.
Only the compressive strength of mixture 50RAC-BF-0.1
slightly increased by 1.5% after 28 days of curing. The results
were consistent with the previous reports [36]. The reduction
of compressive could be summarized as follows: (1) the addi-
tion of fiber brings many defects, such as bubbles, voids, and
loose matrix [13]. These defects form a weak ITZ between
fiber and mortar and have high porosity and a large number
of microcracks [13, 36]; (2) the addition of fiber may be
agglomerated when it appears to uneven dispersion, and
then, it could form a defect and reduce the compressive
strength of RAC [13]; (3) the addition of fiber can form a
dimensional network structure; it can dissipate stress and
overcome the relative slip between the particles [13]; and
(4) the addition of fibers play a role in bridge action, which
can prevent the propagation of microcracks [36]. Based on
the above, the compressive strength of RAC reinforced with
fiber showed a slight reduction or increment, compared to
the reference concrete. The weak ITZ between fiber and
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Figure 5: Air void content value of fresh concrete.
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mortar, bubbles, voids, and loose matrix due to the addition
of fiber had the potential to increase the damping ratio of
RAC with the addition of fiber; this will be discussed in Sec-
tion 3.4.

The effect of addition of fibers or RCA on the flexural
strength of RAC was obvious. Compared to the reference
concrete after 28 days of curing, the flexural strength of mix-
tures 50RAC and 100RAC decreased by 12.4% and 30.1%,
respectively, as seen in Figure 8. It also can be observed that
the flexural strength of RAC increased by 11.9% (50RAC-
PP-0.1), 16.1% (50RAC-PP-0.2), and 12.2% (50RAC-PP-
0.3) in each case compared to that of the 50RAC. And the
mixtures containing 0.1%, 0.2%, and 0.3% BFs, the flexural
strength of concretes increased by 15.1%, 16.4%, and 11.7%,
respectively. That is to say, the mixtures containing 0.2%
PPs and BFs both obtained the highest flexural strength. This
result was consistent with the previous reports [36]. This
could be attributed to the bridge action of fiber [36]. There-
fore, the recommended dosage of fiber is 0.2% to obtain the
highest flexural strength.

3.4. Dynamic Characteristics

3.4.1. Dynamic Modulus of Elasticity. Figure 9 shows the
dynamic modulus of elasticity of concrete; it can be observed
that the dynamic modulus of elasticity of the specimens
50RAC and 100RAC decreased by 6.6% and 19.1%, respec-
tively, compared to that of the reference concrete after 28
days of curing.

The dynamic modulus of elasticity of RAC reinforced
with PPs decreased by 5.1% (50RAC-PP-0.1), 9.3%
(50RAC-PP-0.2), and 9.9% (50RAC-PP-0.3) in each case
compared to that of the 50RAC, as seen in Figure 9, while
the dynamic modulus of elasticity of BF-reinforced RAC
decreased by 2.2% (50RAC-BF-0.1), 7.3% (50RAC-BF-0.2),

and 9.1% (50RAC-BF-0.3), respectively. The effect of fiber
on the dynamic modulus of elasticity of RAC was similar
to that of the compressive strength. It can be concluded
that the addition of BFs was more effective than that of
PPs for increasing the dynamic modulus of elasticity of
concrete.

3.4.2. Damping Ratio. From Figure 10, it can be observed that
the damping ratio of mixtures (50RAC and 100RAC) after 28
days of curing increased to 1.6% and 2.0%, respectively. That
is, the damping ratio of RAC increased by 109.3% (50RAC)
and 164.0% (100RAC), respectively, compared to that of
the reference concrete. Results showed that the damping
ratio of RAC (50RAC and 100RAC) approximately increased
by 1.5-2.0 times than that of the reference concrete.

The improvement in the damping ratio of the fiber-
reinforced RAC can be summarized as follows: (1) the
adhered old mortar of RCA and the ITZs (old and new
ITZ) exists substantial number of voids [13, 38], as shown
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in Figure 11, the expansion and contraction of the air in voids
conducive to the energy dissipation in RAC [13]; (2) the dis-
perse energy by the friction of microcracks exists in ITZs;
additionally, the porous ITZs have a large number of hydra-
tion products (CH crystals and AFt), leading to a high poros-
ity and looser microstructure, which provided a positive
influence on the energy dissipation of concrete [16, 39]; (3)
the existence of old mortar (Figure 11) is conducive to energy
dissipation due to the sliding friction between the old and
newmortar [13]; and (4) the sliding friction between the fiber
and the mortar. Therefore, the damping ratio of RAC
increased with the increase of the replacement ratio of
RCA. Correspondingly, the characteristics of weaken ITZ
have a negative effect on the mechanical properties of RAC,
as illustrated in Section 3.3.

The damping ratio of concretes increased by 152.04%
(50RAC-PP-0.1), 154.7% (50RAC-PP-0.2), and 206.7%
(50RAC-PP-0.3), respectively, while increased by 122.7%
(50RAC-BF-0.1), 146.7% (50RAC-BF-0.2), and 162.7%
(50RAC-BF-0.3), respectively, compared to that of the
50RAC, as seen in Figure 10. Results indicated that the addi-
tion of fibers had a positive effect on the damping ratio of
RAC, especially the addition of PPs; this could be attributed
to the weak ITZ between fiber and mortar (Figure 12). There-
fore, the recommended dosage of fiber was 0.3% to obtain the
highest damping ratio. Further, results indicated that the
addition of PPs was more effective than that of BFs in
improving the damping ratio of RAC.

3.5. Chloride Resistance. From Figure 13, it can be seen that
the charge passed increased with the increase of replacement
rate of RCA; the charge passed of concrete was 2443.0 C and
3230.3 C, respectively. The maximum charge passed of
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mixture belonged to the specimen containing 100% RCA
(100RAC).

Compared to the 50RAC after 28 days of curing, the
charge passed of RAC with the addition of PPs with 0.1-
0.3% contents approximately increased by 8.9-47.2%, while
the addition of BFs with 0.1-0.3% contents increased by
2.3-31.4%. The observation was well agreed by the previous
studies [23, 25, 36]. The increment in charge passed of
RAC reinforced with PPs and BFs could be attributed to
the defects in concrete (ITZ between the fiber-mortar and
voids) [40]. Further, the charge passed of specimens with
the addition of PPs was greater than that of the specimens
with the addition of BFs.

4. Conclusions

In this paper, we prepared two types of RAC formulations:
RAC reinforced with BFs and RAC reinforced with PPs,
and compared the effects of fiber types and contents on the
air void content, workability (slump), mechanical properties
(compressive and flexural strength), dynamic characteristics
(dynamic modulus of elasticity and damping ratio), and
chloride resistance of RAC. With the test results presented
in this study, the following conclusions can be drawn:

(1) The addition of fiber leads to a reduction of air void
content and slump of RAC. The air void content
decreased by 15.8% (50RAC-PP-0.1), 21.1%
(50RAC-PP-0.2), 5.3% (50RAC-BF-0.1), 15.8%
(50RAC-BF-0.2), and 21.1% (50RAC-BF-0.3) in each
case, compared with 50RAC. The addition of PPs
provided a more negative effect on the slump than
that of the BFs; the slump of mixtures 50RAC-PP-
0.3 and 50RAC-BF-0.3 decreased by 43.3% and
26.7%, respectively

(2) The contents and types of fiber here had marginal
effects on the compressive strength of concrete, while
the flexural strength of RAC had been significantly
influenced. The flexural strength of RAC increased
by 11.9% (50RAC-PP-0.1), 16.1% (50RAC-PP-0.2),
and 12.2% (50RAC-PP-0.3) in each case compared
to that of the 50RAC. And the mixtures containing
0.1%, 0.2%, and 0.3% BFs, the flexural strength of
concretes increased by 15.1%, 16.4%, and 11.7%,
respectively. The recommended dosage of fiber is
0.2% to obtain the highest flexural strength

(3) The damping ratio of concretes (50RAC and
100RAC) approximately increased by 1.5-2.0 times
than that of the reference concrete. The addition of
PPs was more effective than that of BFs in improving
the damping ratio of RAC, and the specimens con-
taining 0.3% fiber obtained the highest damping ratio
value; the damping ratio of concretes increased by
206.7% (50RAC-PP-0.3) and 162.7% (50RAC-BF-
0.3), respectively, compared to that of the 50RAC

(4) The charge passed of specimens with the addition of
PPs was greater than that of the specimens with the

addition of BFs. Compared to the 50RAC after 28
days of curing, the charge passed of specimen addi-
tion of PPs approximately increased by 45%, while
the specimen addition of BFs approximately
increased by 30%, when the fiber content was 0.3%
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