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The waste crumb rubber (WCR) and silica fume (SF), as industrial waste and byproduct, are widely used as additives in road
construction materials, which can not only realize waste utilization and protect the environment but also reduce the consumption
of building material resources. At present, most of the research has focused on the properties of concrete modiﬁed only by WCR or
SF; there are few studies concentrated on composite modiﬁed concrete by the two, especially the study on pervious concrete (PC).
This article aims to study the mechanical strength, deformability, and freeze-thaw (F-T) resistance of waste crumb rubber/silica
fume composite modiﬁed pervious concrete (RSFPC). The RSFPC and control specimens were manufactured in the lab. The
experiments of compressive strength, ﬂexural strength, ﬂexural failure strain, ﬂexural elastic modulus, and F-T cycles were
conducted. In addition, the properties of RSFPC were compared with WCR and SF single modiﬁcation PC. The results indicate
that the composite modiﬁcation of WCR and SF can give full play to the advantages of the two materials so that the strength
property and elastic modulus of PC will not be decreased and the F-T resistance and deformability can be greatly improved.
Compared to a single modiﬁcation group by WCR or SF, RSFPC has a more balanced and comprehensive performance, which will
greatly expand the application of PC.

1. Introduction
In the process of urbanization, the unprecedented levels of
urbanization not only brings great convenience to people’s
life but also causes many social and environmental problems
[1–3]. Due to the excessive consumption of natural resources
and the increase of carbon emissions, global climate change
is becoming more and more obvious. Extreme severe
weather conditions such as high temperature and ﬂood
frequently occur [4–6]. At the same time, the urban surface
is covered by a dense concrete structure, which blocks the
ﬂow of water and gas between underground and ground,
causing many urban problems, such as urban waterlogging,

groundwater recession, noise pollution, and urban heat island phenomenon [7–10]. With the increasing prominence
of urban problems and people’s awareness of environmental
protection, it has become the focus of people’s attention to
construct green and sustainable development of city-peopleenvironment. Thus, China has proposed the concept of
sponge city in 2012 [11]. In 2015, the ﬁrst batch of sponge
city construction pilot city was determined, and 16 cities
were shortlisted. Meanwhile, state ﬁnance provided 10
billion CNY as support.
The most important component of sponge city construction is urban pervious pavement; it is a kind of
pavement structure with connected pores that can realize the
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functions of being permeable and breathable. It can well
solve the urban problems brought by impervious pavement,
and it is an ecological and environmental protection
pavement structure [12, 13]. Compared with the traditional
impervious pavement structure, the pervious pavement has
several advantages: (1) raising the groundwater level and
replenish groundwater resources, (2) reducing urban surface
runoﬀ and alleviate urban waterlogging, (3) reducing urban
noise pollution and improving urban living environment,
and (4) alleviating urban heat island phenomenon and
improving the urban ecological environment. At present, PC
is widely used in parks, sidewalks, light vehicle roads, and
squares [14–16]. Generally speaking, the permeability and
compressive strength of PC can meet the engineering requirements [17–20]. However, when PC is used as road
surface or base layer, it will often be subjected to the repeated
vehicle loads, which requires that PC not only has suﬃcient
strength but also has certain deformability to resist fatigue
[21]. Moreover, the porous structure of PC makes the adverse eﬀect of F-T more serious than that of ordinary
concrete. So, the F-T resistance of PC is also very important
[22, 23]. Therefore, good deformability and F-T resistance
for PC in seasonal frozen regions are as important as permeability and strength property.
WCR has been widely used in road engineering for its
high toughness and antiaging properties. The application of
WCR in ordinary concrete shows that WCR can eﬀectively
improve the deformation property, F-T resistance, toughness, vibration, and noise reduction performance of concrete, but it has a negative impact on its strength [24–28]. SF,
as a byproduct of the smelting industry with abundant silica,
is an excellent cement-based modiﬁed material and has a
broad application prospect in cement concrete [29, 30]. The
research has already veriﬁed that the addition of SF can
signiﬁcantly improve the strength and F-T resistance of
concrete [31, 32].
Although mature and extensive research has been
conducted on the application of WCR or SF in ordinary
concrete, their application in PC is rarely reported, especially
the modiﬁcation with two kinds of materials simultaneously.
The researches on rubberized PC showed that the addition of
WCR signiﬁcantly decreased the mechanical properties and
abrasion resistance, but it had a crucial positive eﬀect on the
ductility and vibration reduction performance of PC
[33, 34]. In addition, the properties of rubberized PC were
pertinent to the particle size of WCR. The adverse eﬀect of
ﬁne rubber on mechanical properties was less than that of
coarse rubber. At the same time, the positive inﬂuence of ﬁne
rubber on deformability was better than that of coarse
rubber [35, 36]. Therefore, the WCR with relatively small
particles is the preference in modifying pervious concrete,
which is diﬀerent from ordinary concrete. In terms of SF, it
had been veriﬁed that the SF-reinforced PC had great advantages in mechanical strength and durability, but the
deformability was not improved [37–39]. The compressive
strength of PC, with 10% SF replacement, had been greatly
improved by more than 80% [38]; this great increase in
compressive strength was worthy of further study to verify.
The properties of PC modiﬁed or reinforced with WCR or
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SF, on the whole, need to be studied extensively and indepth.
Based on the current research progress, a large number
of studies on WCR or SF single modiﬁcation concrete have
been conducted by domestic and foreign scholars, and
considerable research ﬁndings were achieved. It can be seen
that, due to the high elasticity of WCR, the addition of it can
signiﬁcantly improve the deformability of concrete under
load, thus improving concrete toughness. At the same time,
the addition of WCR will weaken the bonding between
concrete components, resulting in the reduction of concrete
strength. The rich silica content of SF leads to a further
chemical reaction between SF and cement hydration
products to produce a stronger gel, which improves the
strength and durability of concrete. PC, as pavement material in practical engineering, requires not only suﬃcient
strength to bear the action of load but also good deformability to bear the action of repeated load. In addition, the
frost resistance of PC is the most important index of durability when it is used in seasonal frozen regions. Therefore,
the development of PC with good deformability, superior
frost resistance, and high strength is an important basis for
the application. Considering the advantages of WCR or SF,
in order to give full play to the characteristics of both
materials, combined with previous research performed by
our group [30, 35], this article conducted the laboratory
investigation on the mechanical property and F-T resistance
of RSFPC. The research outline is shown in Figure 1.

2. Experimental Materials and Methods
2.1. Raw Materials. The ordinary Portland cement of 42.5
and SF were used as cementitious materials for RSFPC. The
coarse aggregate with 4.75–9.5 mm and WCR with a particle
size of 40 mesh, obtained from a local factory, were selected
in the article. The technical properties of all the above
materials can be found in [30, 35]. Besides, a superplasticizer
was applied and its properties are listed in Table 1. The
experiment water is tap water.
2.2. Mix Design. With equal volume replacement of cement,
the eﬀect of diﬀerent SF contents on the properties of PC has
been studied by our group [30]. The research indicated that
12% SF presented better modiﬁcation eﬀectiveness, so in this
study, the SF incorporation level was selected as 12%. In
addition, the eﬀect of particle size of WCR on the properties
of PC indicated that the ﬁne WCR showed better improvement than that of the coarse WCR [35], so the ﬁne
WCR was selected and the incorporation level of WCR for
RSFPC was set as 4%, 6%, and 8% of cementitious material
quality. The volumetric method was adopted to design
RSFPC in accordance with the Chinese national standard
[40]. The water-to-binder ratio was 0.3, and the designed
porosity was 15%. The content of the superplasticizer was
0.8%. The mix design is shown in Table 2.
2.3. Specimen Preparation and Test Methods. The preparation method, the production, and curing condition of
RSFPC specimens have been reported in detail in [21]. The
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Preparation and
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e. Superplasticizer

3

Properties tests of
pervious concrete

Mix design and
production of specimens
a. Rubber and silica fume
content selection
b. Mix design method
c. Mixing of pervious
concrete and production
of specimens
d. Curing of specimens

Results analysis and
discussions

a. Compressive strength
b. Flexural strength
c. Flexural failure strain
d. Flexural elastic modulus

Analysis and discussions of
the effects of waste crumb
rubber and silica fume on
mechanical properties and
freeze-thaw resistance of
pervious concrete

e. Freeze-thaw resistance

Figure 1: The research outline of the article.

Table 1: Technical index of superplasticizer.
Uniformity parameters
Morphology
pH
Density (kg/m3)
Eﬀective content (%)
Chloride ion content (%)
Alkali content (%)

Properties parameters
Water-reducing rate (%)
Air content (%)
Diﬀerence between initial setting times (min)
Diﬀerence between ﬁnal setting times (min)
7 d compressive strength ratio (%)
28 d compressive strength ratio (%)

Liquid
7.0–8.0
0.98–1.02
20–25
0.01
0.02

25
1.5
+35
+50
163
159

Table 2: Mix design of RSFPC (in kg/m3).
Mix ID
WCR4 + SF12
WCR6 + SF12
WCR8 + SF12

WCR content (%)
4
6
8

SF content (%)
12
12
12

Coarse aggregate
1503
1503
1503

Cement
413.0
413.0
413.0

Water
140.8
140.8
140.8

PAS 1
3.75
3.75
3.75

WCR
18.8
28.2
37.5

SF
56.3
56.3
56.3

1

Polycarboxylic acid superplasticizer.

sizes of the specimens are as follows: cube specimen with
100 × 100 × 100 mm for compressive strength and F-T cycles tests; prism specimen with 100 × 100 × 400 mm for
ﬂexural experiments. All experiments were conducted
according to GB/T 50081-2002 and 50082-2009 [41, 42].
The test method for rapid freeze-thaw was adopted. The
freezing time was about 2.5 hours and the thawing time was
about 1.5 hours. The lowest and highest temperatures in the
center of the specimen were −18°C and 5°C, respectively. As
shown in Figure 2, a three-point bending test is adopted for
the ﬂexural experiment. In order to accurately determine
the ﬂexural failure strain and ﬂexural elastic modulus of
RSFPC, the midspan displacement of the three-point
bending specimen under load was recorded by a micrometer gauge placed on the bottom of the specimen. The
ﬂexural failure strain and ﬂexural elastic modulus can be
calculated by
ε�

6hΔ
,
L2

(1)

E�

L3 F0.5 − F0 
,
4Bh3 Δ0.5 − Δ0 

(2)

where ε is the ﬂexural failure strain; ∆ is the deﬂection
corresponding to ﬂexural failure load (mm); E is the ﬂexural
elastic modulus (GPa); F0.5 is the load that equals 50%
ﬂexural failure load (kN); F0 is the initial load of the
specimen and its value can be taken as the actual load of the

specimen nearest to 2 kN (kN); and ∆0.5 and ∆0 are the
displacements of the specimen corresponding to F0.5 and F0
(mm).

3. Experiments Results and Analysis
3.1. Experiments Results. All the property indexes of RSFPC
are expressed as the average value of three specimens; the
experiments results are listed in Tables 3–7.
3.2. Properties Analysis of RSFPC. In order to analyze the
compound modiﬁcation eﬀectiveness of WCR and SF, the
control group (without WCR and SF), WCR group (WCR
modiﬁcation group), and SF group (SF modiﬁcation group)
are introduced as comparative groups. The data of the
control group, WCR group, and SF group are obtained from
the previous research conducted by our team.
3.2.1. Compressive Strength. Figure 3 shows the compressive
strength of RSFPC and comparative groups. It indicates that
the compressive strength of RSFPC decreases with the increase of WCR contents, which means the addition of WCR
has an adverse impact on the compressive strength of PC.
The result is consistent with that of the WCR single modiﬁcation PC reported in [35]. This is because the WCR on the
interfacial transition zone weakens the cementation between
cement and coarse aggregate and thus decreases the bond
force. Compared with WCR groups, due to the
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Figure 2: Three-point bending test.
Table 3: Compressive strength of RSFPC.
Mix ID

1
23.9
22.4
20.5

WCR4 + SF12
WCR6 + SF12
WCR8 + SF12

2
22.8
22.9
20.1

Compressive strength (MPa)
3
24.4
23.7
19.1

Mean
23.7
23.0
19.9

St. dev.
0.67
0.54
0.59

Mean
4.68
4.59
4.04

St. dev.
0.08
0.05
0.07

Mean
1513
2155
2386

St. dev.
26
41
11

Table 4: Flexural strength of RSFPC.
Mix ID

1
4.78
4.52
4.11

WCR4 + SF12
WCR6 + SF12
WCR8 + SF12

2
4.59
4.61
4.05

Flexural strength (MPa)
3
4.66
4.64
3.95

Table 5: Flexural failure strain of RSFPC.
Mix ID

1
1546
2194
2401

WCR4 + SF12
WCR6 + SF12
WCR8 + SF12

2
1482
2098
2381

Flexural failure strain (με)
3
1511
2174
2375

Table 6: Flexural failure strain of RSFPC.
Mix ID
WCR4 + SF12

WCR6 + SF12

WCR8 + SF12

Number
1
2
3
1
2
3
1
2
3

F0.5
5.311
5.102
5.179
5.021
5.119
5.156
4.566
4.502
4.389

F0
1.992
2.002
1.997
1.995
1.999
2.003
1.989
2.001
1.997

Flexural elastic modulus (GPa)
∆0.5
∆0
0.152
0.143
0.148
0.139
0.152
0.143
0.152
0.142
0.151
0.141
0.154
0.144
0.159
0.147
0.163
0.151
0.159
0.148

E
24.9
23.3
23.9
20.4
21.1
21.3
14.5
14.1
14.7

Mean

St. dev.

24.0

0.68

20.9

0.36

14.4

0.26
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Table 7: Compressive strength loss rate after F-T cycles of RSFPC.
Mix ID

Compressive strength loss rate (%)
50 F-T cycles
75 F-T cycles
5.1
12.7
5.2
10.9
5.0
10.1

25 F-T cycles
2.1
1.3
1.0

WCR4 + SF12
WCR6 + SF12
WCR8 + SF12

23.7
20.4

20

23.0
19.7

19.9

WCR8 + S12

21.2

25.3

WCR8

22.2

WCR4

25

Control

Compressive strength (MPa)

30

15
10
5
SF12

WCR6 + S12

WCR6

WCR4 + S12

0

Figure 3: The compressive strength of RSFPC.

reinforcement of SF, RSFPC has higher compressive
strength under the same WCR content. The addition of SF
improves the strength of the cementitious material of the PC,
thus making up for the adverse eﬀect of WCR on the
strength of the cementitious material. Although the compressive strengths of all groups are lower than that of the SF
group, the compressive strengths of WCR4 + SF12 and
WCR6 + SF12 groups are more than 23 MPa, even higher
than the control group. It indicates that the compound
modiﬁcation of WCR and SF for PC can meet certain
compressive strength requirements. For unloaded and light
pavement, such compressive strength is up to standard.
3.2.2. Flexural Strength. Figure 4 summarizes the ﬂexural
strength of RSFPC. It can be found that the ﬂexural strengths
of all RSFPC groups are higher than 4 MPa and fully meet
the standard requirement of 3.0 MPa in CJJ/T135-2009. The
WCR4 + SF12 and WCR6 + SF12 have similar ﬂexural
strength compared with the control group. Like compressive
strength, the ﬂexural strengths of all RSFPC groups are
greater than those of the WCR groups under the same WCR
contents. Compared with the SF group, with the variation of
WCR content from 4% to 8%, the RSFPC’s ﬂexural strength
decreases 10%, 11%, and 22%, respectively. The inﬂuence
mechanism of WCR and SF on the ﬂexural strength of PC is
the same as that of compressive strength. Although WCR is
unfavorable to the ﬂexural strength, this adverse eﬀect can be
reduced by the incorporation of SF, and the ﬂexural strength
of RSFPC can reach the expected level.
3.2.3. Flexural Failure Strain. WCR is a kind of elastic
material; the purpose of using WCR modiﬁcation is to
improve the deformability of PC. Figure 5 describes the
ﬂexural failure strain of RSFPC. It is obvious that the ﬂexural

100 F-T cycles
19.4
18.3
15.6

failure strains of the WCR group and RSFPC are signiﬁcantly higher than those of the control group and SF group.
Due to the high elasticity, the addition of rubber makes the
deformation of the PC better under the action of vehicle
load, reducing the rigidity and improving the toughness of
the PC. With the same amount of WCR, the ﬂexural failure
strain of the WCR group and RSFPC group are basically the
same, which indicates that the WCR is the fundamental
factor that creates the improvement of the ﬂexural failure
strain. Compared with the control group, the ﬂexural failure
strain of RSFPC is enhanced by 12%, 59%, and 76%, respectively. It means that the deformability of PC has been
greatly improved, and when used as the road surface or base,
PC has better fatigue properties under repeated loads.
3.2.4. Flexural Elastic Modulus. Figure 6 shows the ﬂexural
elastic modulus of RSFPC. The ﬂexural elastic modulus of
RSFPC decreases with the increasing WCR contents and it
reveals that the addition of WCR makes the ﬂexural elastic
modulus aggravated. Based on the eﬀects of WCR on the
ﬂexural strength and ﬂexural failure strain above, on the one
hand, the WCR reduces the ﬂexural strength of PC and
improves its ﬂexural failure strain, on the other hand, thus
reducing its ﬂexural elastic modulus. RSFPC has higher
ﬂexural elastic modulus than that of the WCR group at the
same WCR content because the ﬂexural failure strain of the
WCR group and RSFPC is basically the same at the same
level of WCR content. However, due to the incorporation of
SF, the ﬂexural strength of RSFPC increases, resulting in a
higher ﬂexural elastic modulus. Compared with the control
group, the WCR4 + SF12 group has a ﬂexural elastic modulus of 24 GPa with a 5.3% increase, although there is a 15%
decrease compared with the SF group. The ﬂexural elastic
modulus is closely related to the ﬂexural strength and
ﬂexural failure strain, so the modiﬁcation materials and its
contents of RSFPC should be considered comprehensively
based on its property indexes in practical application.
3.2.5. F-T Resistance. The F-T resistance is another vital
index for RSFPC in seasonal frozen regions. The compressive strength loss rates of the control group, WCR group,
RSFPC group, and SF group after diﬀerent F-T cycles are
presented in Figure 7. It is obvious that compared with the
control group, the compressive strength loss rates of the
WCR group, RSFPC group, and SF group under diﬀerent
F-T cycles are lower, which indicates that WCR modiﬁcation, SF modiﬁcation, and WCR and SF compound modiﬁcation are all beneﬁcial to F-T resistance of PC. The
improvement of F-T resistance of PC by WCR is mainly
attributed to the increase of PC deformation during the frost
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5.20
4.31

4.59

4

4.01

4.04

WCR8 + SF12

4.68

WCR8

4.47

WCR4 + SF12

4.84

5

WCR4

Flexural strength (MPa)

6

3
2
1
SF12

WCR6 + SF12

WCR6

Control

0

Figure 4: The ﬂexural strength of RSFPC.

Flexural failure strain (με)

3000
2482

2500

2104
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1500
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2386

1811
1513

1354

1382

1000
500
SF12

WCR8 + SF12

WCR8

WCR6 + SF12

WCR6

WCR4 + SF12

WCR4

Control

0

30
25

28.3
24.0

22.8

20

20.9
17.7

15

14.4

13.2

10.9

10
5

SF12

WCR8 + SF12

WCR8

WCR6 + SF12

WCR6

WCR4 + SF12

WCR4

0
Control

Flexural elastic modulus (GPa)

Figure 5: The ﬂexural failure strain of RSFPC.

Figure 6: The ﬂexural elastic modulus of RSFPC.

heaven. Moreover, the improvement of F-T resistance of PC
by SF is because SF improves the strength of cementitious
material and reduces the eﬀectiveness of F-Tdamage. RSFPC
group has lower compressive strength loss rates than that of
WCR group with the same WCR content, which indicates
that WCR and SF compound modiﬁcation is better than the
WCR single modiﬁcation. However, compared with SF
single modiﬁcation, the compressive strength loss rate of
WCR and SF composite modiﬁcation is higher, indicating
that the WCR and SF composite modiﬁcation had poor F-T
resistance. Although both SF and WCR can improve the F-T

performance of PC, the WCR and SF composite modiﬁcation is not the superposition of their single modiﬁcation
eﬀect.

4. Discussion
For the road material, mechanical properties and durability
are extremely important. It should not only have enough
strength to bear the vehicle load but also have large
deformability to resist the action of repeated load. For road
materials in seasonal frozen regions, it should also have
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(d)

Figure 7: The compressive strength loss rate of RSFPC after diﬀerent F-T cycles. (a) 25 F-T cycles; (b) 50 F-T cycles; (c) 75 F-T cycles; (d) 100
F-T cycles.

certain F-T durability; it requires that the material has
comprehensive properties rather than being superior in one
area and inferior in others. Due to the requirement of
permeability, the porosity of PC is usually large. However,
high porosity will cause a reduction in mechanical properties, such as compressive strength, ﬂexural strength, and
elastic modulus. In addition, too large porosity is very
unfavorable to F-T resistance, which will accelerate the
damage of PC. Meanwhile, under the action of repeated load,
PC is prone to fatigue damage and failure, and its
deformability is an important index that aﬀects its service
life. Therefore, PC applied in practical engineering must
have a certain strength, deformability, and F-T resistance.
In Section 3, the mechanical properties and F-T resistance are discussed in detail; all kinds of property

indexes for RSFPC and other PC are presented in Figure 8
with a radar map. It can comprehensively compare the
diﬀerences between various property indexes of diﬀerent
types of PC and select PC with superior comprehensive
performance. Except for the compressive strength loss rate
under F-T cycles, “the larger, the better” is another
property index for PC. Figure 8 shows that RSFPC with 6%
WCR content has the best comprehensive performance,
followed by RSFPC with 4% WCR content. These two
groups have better strength, greater deformability, and
higher F-T resistance. The strength and F-T resistance of
SF group are better, but the deformability is poor. The
control group has poor F-T resistance and deformability,
while WCR groups express lower strength and elastic
modulus. Therefore, it is necessary to select the
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Control

WCR4

SF12

WCR8 + SF12

WCR4 + SF12

WCR8

GTR6

WCR6 + SF12
Compressive strength

Flexural elastic modulus

Flexural strength

Compressive strength loss rate (50 F-T cycles)

Flexural failure strain (10–4)

Figure 8: The radar map of properties for RSFPC.

modiﬁcation type of PC reasonably according to the
characteristics of practical projects and the requirements
of material properties. RSFPC is recommended for the
light load road in seasonal frozen regions.

5. Conclusions
In this article, the compressive strength, ﬂexural strength,
ﬂexural failure strain, ﬂexural elastic modulus, and F-T
resistance of RSFPC were investigated. The composite
modiﬁcation eﬀects of WCR and SF were analyzed.
(1) The ﬂexural failure strain of PC indicates that WCR
is the determining factor in improving the ﬂexural
deformability of PC.
(2) WCR has adverse eﬀects on the strength and elastic
modulus of PC, but these adverse eﬀects can be
improved by the addition of SF. Compared with the
control group, the WCR and SF composite modiﬁcation can not only guarantee the strength characteristics of PC but also enhance the F-T resistance
to some extent and, at the same time, signiﬁcantly
improve deformability of PC.
(3) Although both SF and WCR are advantageous to the
F-Tresistance of PC, the improvement eﬀect of WCR
and SF composite modiﬁcation is not the superposition of both, which is mainly because of their
diﬀerent eﬀects on the mechanical properties of PC.

(4) Considering the mechanical properties, deformability, and F-T resistance of PC, the systematic
comparison of diﬀerent modiﬁcation PC shows that
RSFPC has a more balanced and comprehensive
performance and is suggested to be the ﬁrst choice in
engineering application.
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