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ABSTRACT

Pervious concrete is recommended, which is of great benefit to the ecological environment and human living
environment. In this paper, the influences of five water-cement ratios and four fly ash contents to replace the
cement by mass with a water-cement ratio of 0.30 on the properties of Recycled Aggregate Pervious Concrete
(RAPC) were studied. Following this, based on the Grey relational-Technique for Order Preference by Similarity
to an Ideal Solution (TOPSIS) optimization method, the strength, permeability, abrasion loss rate, and material
costs of RAPC were adopted as evaluation indices to establish a mix proportion optimization model. The results
show that the increase of water-cement ratio and fly ash replacement level of RAPC leads to decreased compres-
sive strength while an increase in the permeability and abrasion loss rate. According to test results based on the
optimal model 0.30 was identified as the best mix proportion. In addition, ecological-economic analysis of RAPC
raw materials was carried out by comparing different natural aggregates. The results of EE (embodied energy) and
ECO2e (embodied CO2 emission) pointed out that the combination of recycled aggregate and fly ash leads to sig-
nificant ecological and economic benefits.
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1 Introduction

With the rapid development of the world economy, the process of global urbanization is accelerating.
However, the disadvantages are magnified gradually, and construction waste is seen as one of its
products. The total amount of construction waste generated by the replacement and demolition of
buildings is about 17 billion tons every year globally, which is expected to reach 25 billion tons by
2050 [1]. However, the construction waste treatment system is still not perfect at this stage. About 51%
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of construction wastes are waste concrete [2], recycled aggregate obtained after crushing, screening, and
cleaning waste concrete can be used in concrete or pervious concrete instead of natural aggregate. This
method makes the treatment of construction waste more rational, environmentally friendly and effective.
As the main structure in the construction process of low-impact development rainwater systems, pervious
concrete can significantly improve urban environmental problems such as sound, light, and heat, as well
as rainwater infiltration [3] and regulate ecological balance effectively [4]. Combining recycled aggregate
and pervious concrete to produce RAPC not only inherits the advantages of pervious concrete but also
promotes green and sustainable development; therefore, RAPC has been widely applied to parks, parking
lots, sidewalks and other areas. Meantime, the RAPC in this study has been applied to the park in
Xuchang, China, the application of which is needs to be further promoted.

Nowadays, more and more attention has been paid to this kind of building material. Concrete mix
proportion design is fundamental in the concrete research area. Reasonable mix proportion design is
helpful to give full play to the concrete properties. At present, the methods used to determine the
optimum concrete mix proportion mainly include: response surface method, Taguchi method, TOPSIS-
Taguchi method, Taguchi-Grey relational analysis method, etc. Zhang et al. [5] explored the optimal mix
proportion of RAPC from three aspects of IPT (Ideal paste thickness), ACT (actual coating thickness),
and TVC (the void content) based on the response surface method. Joshaghani et al. [6] determined the
optimal mix proportion of pervious concrete based on the Taguchi method. Şimşek et al. [7] put forward
the method of TOPSIS-Taguchi to determine the optimum mix proportion of high strength self-
compacting concrete; in addition, the optimum mix proportion of polymer concrete is determined based
on this method. Narong et al. [8] used the TOPSIS-Taguchi method to determine the optimum mix
proportion of cement mortar. Prusty et al. [9] used Taguchi-Grey relational analysis method to determine
the optimum mix proportion of ground slag based geopolymer concrete. The above literature has
provided different ideas for determining the optimum mix proportion of RAPC, which has enriched the
research of RAPC mix proportion to some extent. However, the following situations still exist: For
example, Yap et al. [3] studied the influence of different aggregate types on the properties of pervious
concrete based on 0.35 water-cement ratio. Zhang et al. [10] studied the influence of crushing index of
recycled aggregate on RAPC properties based on 0.34 water-cement ratio. Ngohpok et al. [11] studied the
influence of recycled aggregate and coal ash aggregate instead of natural aggregate on pervious concrete
based on 0.30 water-cement ratio. Güneyisi et al. [12] studied the application of recycled aggregate
instead of natural aggregate in pervious concrete based on 0.27 and 0.32 water-cement ratios. This will
lead some staff or researchers to get into trouble when selecting a reference, which is extremely
unfavorable to a wider application of RAPC. In summary, the current research results of RAPC mix
ratios are not quite consistent, so studying on mix design for recycled aggregate pervious concrete
considering various water-cement ratios and fly ash contents is essential, which will provide reliable
information to promote the application of RAPC.

Portland cement is the most widely used cementing material. Its production process produces CO2, dust,
and other pollutants [13], bringing great pressure to environmental protection. Most scholars have researched
on cement substitution to reduce environmental pressure while maintaining the characteristics of cement
[14,15]. Among them, there are many studies on the replacement of cement by fly ash. Vieira et al. [16]
used 10% fly ash instead of cement to study the application of recycled aggregate instead of natural
aggregate in pervious concrete. The results showed that the compressive strength of specimens with fly
ash was always lower than that of those without. Aoki et al. [17] studied the application of 0%, 20%, and
50% fly ash to replace cement in pervious concrete. They believed that 50% fly ash replacement level
could meet the physical properties requirements of pervious concrete. Liu et al. [18] studied the
application of 3%, 6%, 9%, and 12% replacement levels of fly ash in pervious concrete. They found that
fly ash had no obvious influence on the modification of concrete of short age. Vázquez-Rivera et al. [19]
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replaced the cement with 15% fly ash and applied it to pervious concrete. Sherwani et al. [20] added artificial
cold bonded fly ash aggregate to pervious concrete. The study found that the use of AFA can significantly
improve the permeability of pervious concrete, but the strength will be reduced. The above literature shows
that the research results on the replacement level of fly ash in pervious concrete are not consistent, and the
application of fly ash in the RAPC field is rare relatively.

Based on the above limitations, five water-cement ratios (0.24,0.27, 0.30, 0.33 and 0.36), and four fly
ash contents (5%, 10%, 15% and 20%) were selected to replace cement with water-cement ratio fixed at
0.30 to perform the experiments. The test results meet ACI’s [21] standards of the strength and porosity
of permeable concrete, and the influences of water-cement ratio and fly ash on RAPC compressive
strength, splitting tensile strength, porosity, permeability coefficient, and abrasion resistance are revealed.
The optimal mix proportion of RAPC water-cement ratio and fly ash instead of cement were determined,
respectively, through constructing the optimization model based on Grey relational analysis-TOPSIS
method, and the ecological-economic benefits were analyzed. The results provide references for the
determination of water-cement ratio and fly ash replacement level of RAPC and provide a new
perspective for the determination of the optimal mix ratio of RAPC.

2 Mix Proportion Design

2.1 Raw Material
The cementing materials include: P·O 42.5 ordinary Portland cement, its parameters are shown in Tab. 1;

fly ash: Level-II, which conforms to the requirements of ASTM C618, as shown in Tab. 2.

The recycled aggregate was obtained by screening with an XSZ-73 single and double layer vibrating
screen after the waste concrete pavement (compressive strength is 30 MPa) was crushed by a crusher.
The particle size is 10–20 mm. The basic properties indexes are shown in Tab. 3.

Table 1: Basic parameters of the cement

Item Loss on
ignition/%

MgO/% SO3/% Chloride ion/% Specific surface
area/m2·kg–1

Setting time/min

Initial
setting time

Final
setting time

Index 3.20 2.81 2.43 0.022 348.7 176 244

Table 2: Fly ash properties indices

Density/(g·cm–3) 45 μm sieve
residue/%

Water demand
ratio/%

Chemical composition/%

SiO2 Fe2O3 Al2O3 CaO Ignition loss Other

2.11 17 102 59.61 7.41 21.33 4.24 1.78 5.63

Table 3: Basic properties of the recycled coarse aggregates

Type of
aggregate

Nominal
size/mm

Apparent
density/
(kg·m–3)

Content of
clay lump/%

Dense bulk
density/
(kg·m–3)

Water
content/
%

24 h water
absorption/%

Crushing
index/%

RCA 10–20 2609 0.18 1504.22 4.23 0.95 15.54
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2.2 Mix Design
The mix proportion design is divided into two series in Tab. 4. The Series I is to determine RAPC

properties under five water-cement ratios; the Series II, the water-cement ratio fixed at 0.30, fly ash is
used to replace cement by mass, and the influence of fly ash with different replacement levels on RAPC
properties is determined through experiments, and the measured data are obtained. The details are as follows:

Series I: according to the reference range of water-cement ratio of pervious concrete given by ACI [21]
and relevant literature [3], 20% was determined as the target porosity. Considering the constant amount of
water and aggregate, five gradient water-cement ratio experiments were designed, namely, 0.24, 0.27,
0.30, 0.33, and 0.36. After testing, the measured values of RAPC compressive strength, splitting tensile
strength, porosity, permeability coefficient, and abrasion loss rate were obtained.

Series II: According to the preliminary experiments of our research group, the RAPC with water-cement
ratio of 0.30 had better properties. Therefore, based on 0.30 water-cement ratio, four kinds of fly ash
replacement levels were designed, namely 5%, 10%, 15%, and 20%.

After testing, the measured values of RAPC compressive strength, splitting tensile strength, porosity,
permeability coefficient, and abrasion loss rate of the two series were obtained.

2.3 Specimen Preparation
The preparation technology of RAPC is divided into mixing method and forming process.

HJW100 single-shaft horizontal forced concrete mixer was used for the mixing method, the rotational
speed was 48 r/min, and the motor power was 2.2 kW. The forming process adopts the method of
combining manual tamping and vibration Table. The process of RAPC specimen preparation is shown in
Fig. 1. Firstly, the aggregate and half of the water were added into the mixer and stirred for 1 min.
Secondly, the cement and fly ash were added and stirred for 1 min. Thirdly, the remaining water was
added and stirred for 1 min. Then, the fresh concrete was poured, tamped, vibrated, and finished in the
specimen moulds. Manual insertion and tamping are divided into two layers. Each layer is inserted and
tamped 25 times, and the height of a single layer is about half of the size of the specimen. Finally, the
specimens were cured for 28 days in the standard curing room. The process of RAPC specimens is
shown in Fig. 1.

Table 4: Mix proportion

Mix ID Water-binder
ratio, w/c

Aggregate-cement
ratio, a/c

Water
(kg·m–3)

Binder (kg·m–3) Coarse aggregate (kg·m–3)

Cement Fly ash

RAPC0.24 0.24 3.60 98.28 410 0 1474.14

RAPC0.27 0.27 4.05 364

RAPC0.30 0.30 4.49 328

RAPC0.33 0.33 4.95 298

RAPC0.36 0.36 5.40 273

RAPC05F 0.30 4.73 98.28 311.21 16.38 1474.14

RAPC10F 4.99 294.83 32.76

RAPC15F 5.30 278.45 49.14

RAPC20F 5.62 262.07 65.52
Note: RAPC0.24 represents RAPC with a water-cement ratio of 0.24, and other labels of water-cement ratio are similar. RAPC05F represents RAPC
with the fly ash replacement level of 5%, while other labels of mix proportion are similar.
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2.4 RAPC Properties Test
The RAPC properties test includes strength, permeability, and abrasion resistance. The strength is

divided into compressive strength and splitting tensile strength. The permeability property is divided into
porosity and permeability coefficient.

The compressive strength and splitting tensile strength were carried out according to ASTM C39/C39m-
2010 [22] and ASTMC496/C496M-2011 [23], respectively. The test specimen size was φ100 × 200mm. There
were three specimens in each test group, and the average value was taken as the test result. The test piece was
completed by a WAW-1000 electro-hydraulic servo universal testing machine produced by Shanghai Hualong
Testing Instrument Co., Ltd., Shanghai, China. The loading rate of compressive strength was 0.2MPa/s, and the
loading rate of splitting tensile strength was 0.02 MPa/s. The specific test process is shown in Fig. 2.

The size of the RAPC specimens used for the permeability coefficient and porosity test were 150 × 150 ×
150 mm cubes. RAPC porosity test refers to ASTM C1754 [24]. Porosity in this test specifically refers to
continuous porosity, which is the percentage of the open pore volume present in pervious concrete and
the volume of pervious concrete. The calculation formula is as follows:

Preparation of materials

Recycled
aggregates

Cement

Water

Fly ash

Preparation process

[ + /2]1+[ +
]2+[ /2]3

Discharge

Vibration
molding

Die insert
dao

Order

Stir

maintenance

Strength
performance

test

Permeability test

Figure 1: RAPC sample preparation process

Figure 2: Compression and splitting strength test of RAPC (a) compressive strength test (b) splitting tensile
strength test
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Cvoid ¼ 1� m2 � m1

qV

� �
� 100% (1)

where: Cvoid-continuous porosity (accurate to 0.1%); m1-the weight of the specimen in water (g); m2- the
weight of the specimen after drying in an oven for 24 h (g); ρ-density of water (g/cm3); and V-specimen
volume (cm3).

The permeability coefficient tests were carried out by ASTM C1701 [25] and measured by a self-
developed pervious device (Fig. 3). The test was carried out with a fixed head height of 200 mm, and the
permeability coefficient of RAPC was calculated according to Eq. (2). The gap between the specimen and
the device is filled with silly putty to ensure the accuracy of the test.

KT ¼ QL

AHt
(2)

where: KT is the water permeability coefficient of the specimen (mm/s); Q is the water quantity exuded in t
seconds (mm3); L is the height of the specimen (mm); A is the upper surface area of the specimen (mm2);H is
the water level difference (mm), in this test, H = 200 mm; and t is the permeation time (s), select 25 s.

The abrasion resistance of RAPC is implemented by ASTM C1747 standard [26]. The test is
completed by MH-II Los Angeles Abrasion Testing Machine. The test machine is shown in Fig. 4. The
cylinder inner diameter of the tester is 710 ± 5 mm, the inner length is 510 ± 5 mm, the rotational speed
is 30–33 r/min, and the main engine power is 2.2 kW. The test piece is a cylinder of φ100 × 200 mm,
and each test group has 3 test pieces. The specific test steps are: 1) Take the test specimen out of the
standard curing room and air dry for 24 h, weigh the initial mass G1; 2) Place three test specimens with
the same mix ratio in the abrasion testing machine at the same time. No steel balls were added during this
test. Turn to 500 r and stop it [27]; 3) Take out the remaining test specimen and pass it through a
standard sieve with a round hole of φ25 mm. The sieve residue is recorded as G2; 4) The formula for
calculating the mass loss percentage of the test specimen is as follows:

El ¼ G1 � G2

G1

� �
� 100% (3)

where: El denotes the percentage of mass loss of the test specimen (%); G1 is the initial mass of the test
specimen (g); G2 is the sieve residue of the test specimen (g).

Figure 3: Diagram of the test apparatus for permeability coefficient
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3 Grey Relational Analysis-TOPSIS Optimization Model

Grey relational analysis (GRA) is a multi-factor statistical analysis method [28]. GRA not only can
be used to analyze the influence of various factors on the results but also solve problems such as
comprehensive evaluation. However, it also has certain application limitations. For example, it can only
evaluate the relevance of the same factors of each scheme and compare the degree of relevance of each
scheme to the same reference sequence according to the proximity of the factors [29]. Therefore, it is not
comprehensive to make the optimal decision-making of the project by the GRA method.

TOPSIS method is a multi-objective decision-making analysis method, which has been applied in many
fields such as land utilization planning, material selection evaluation, project investment, medical and health
[30], etc. However, TOPSIS also has limitations, The position of the perpendicular bisector between the
optimal value [31] and the worst value in the traditional TOPSIS method cannot be determined accurately
[32] so that the quality of the model cannot be evaluated; when the Euclidean Distance is used as a
measurement standard, there are different to the actual results, and it cannot reflect the positional
relationship of the evaluation scheme. Based on this, this paper combines the GRA with the TOPSIS
method, and the weighted Grey relational degrees were calculated to replace the Euclidean Distance,
which can better solve the above problems. The specific steps are as follows:

Step 1: Since each evaluation index has different dimensions, data processing should be carried out first.

Benefit index:

Pij ¼ xi �min xið Þ
max xið Þ �min xið Þ (4)

Cost index:

Pij ¼ max xið Þ � xi
max xið Þ �min xið Þ (5)

where: Pij is the processed index, xi is the sample data. According to the properties of RAPC, compressive
strength, splitting tensile strength, porosity, and permeability coefficient are all benefit indexes, namely, the
bigger, the better. Abrasion loss rate and material costs are cost indices, namely, the smaller, the better.

Step 2: Building a decision-making matrix. Suppose there are m schemes for the mix proportion of
RAPC, and each scheme has n evaluation indexes of RAPC properties. Mij is the value of the j-th index

Figure 4: Los Angeles abrasion testing machine
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of the i-th RAPC mix proportion. In this paper, i = 1, 2, …, m, which are density, compressive strength,
splitting tensile strength, porosity, permeability coefficient, abrasion loss rate, and material costs. Then
Get the decision-making matrix M = [Mij]n×m.

Step 3: Determining the weight of the evaluation index. The methods for determining weight generally
include the subjective weight determination method, objective weight determination method, and
combination weighting method. The traditional TOPSIS method mainly adopts the subjective weight
determination method [33]. The subjective weight determination method is to make decisions based on
the decision makers’ conditions, so there will be differences in the experience of different decision-
makers, which also limits the universality of the TOPSIS method. Although the objective determination
method has a relatively objective determination weight to a certain extent, it is usually applied to
situations where the rationality and accuracy of the data source are guaranteed. The combination
weighting method combines the subjective weight determination method and the objective weight
determination method so that the determined weight coefficient reflects subjective and objective
information simultaneously. Still, it has the characteristics of a large amount of calculation and error-
prone, and the current research is not systematic enough.

The evaluation indexes in this paper are the compressive strength, splitting tensile strength, porosity,
water permeability coefficient, and material costs of RAPC. The properties of RAPC were measured
through experiments and the material costs are calculated based on the current material market price.
Therefore, the data is authentic and complete. Based on this, this paper decides to adapt the CRITIC
method of the objective weight determination method to determine the weight of the GRA-TOPSIS
method. This method is often used in multi-attribute decision-making problems, mainly to
comprehensively measure the objective weight of indexes based on the contrast intensity of evaluation
indexes and the conflict between evaluation indexes [34]. The contrast intensity refers to the difference in
the value of the same evaluation index between different evaluation schemes; the conflict is measured by
the correlation between the indexes, representing the correlation between the indexes. The calculation
formula is as follows:

Di¼
Xn
j¼1

1� Rij

� �
(6)

Ci ¼ ri
Xn
j¼1

1� Rij

� �
; i ¼ 1; 2;…; n (7)

W �
i ¼Ci

,Xn
i¼1

Ci (8)

where: Di is the conflict between the evaluation indexes, σi is the standard deviation, Rij is the correlation
coefficient between the evaluation indexes, Ci is the information contained in the evaluation index and
Wi

* is the objective weight of the index.

It can be seen from the above formulas: 1) The standard deviation of each evaluation index should be
adopted in the CRITIC method, but the dimensions of each evaluation index are different; 2) The correlation
coefficient between the indexes may be negative, and the conflict of the indexes obtained will be bigger,
which is inconsistent with the actual situation. At the same time, the Pearson correlation coefficient is
used in this method, which has certain requirements for the evaluation indexes: the data should be
continuous and consistent with normal distribution and linear relationships [35]. However, it is difficult
for the selected evaluation indexes to meet this requirement, so it is necessary to improve the CRITIC
method. Therefore, the Gini coefficient is used as the measurement index of contrast intensity, and
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Kendall’s coefficient of concordance is used as the measurement index of conflict [36]. Gini coefficient is
mainly used to represent the difference in economic income. Here, it is used to quantitatively measure the
difference between evaluation indexes [37]. The calculation formula is as follows:

aj ¼
Pm
i¼1

Pm
k¼1

xij� xkj
�� ��

2m
Pm
i¼1

xij

; am 2 0; 1½ � (9)

where: αj is the Gini coefficient of the jth index. When αj = 1, the contrast intensity of this index is the
maximum; when αj = 0, it reaches the minimum.

Kendall coefficient of concordance is a method used to measure the correlation of multiple variables in
statistics [38], which is used to quantitatively measure the correlation between evaluation indexes. The
calculation formula is as follows:

bmt ¼ Kz�Kxffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E �Pn

i¼1

ni ni �1ð Þ
2

� 	s
E �Pn

j¼1

nj nj�1
� �
2

 ! (10)

bm¼ 1

M

XM
t¼1

bmt;bm 2 0; 1½ � (11)

where: N is the number of indexes; E = n(n-1)/2; Kz and Kx represent the number of pairs of variables with
equal sorting values and the number of pairs of variables with different sorting values in Pr, ni and nj
represent the number of variables Xm and Xt that have the same value. βmt is the Kendall coefficient
between index m and index t, m is the number of indexes. When βm = 1, it means that the two indexes
have a strong correlation; when βm = 0, it means that there is no correlation between the two indexes.

Combined with the Gini coefficient of the m index and the Kendall coefficient of totality, the weight is
obtained as follows:

Wm ¼ am 1� bmð Þ
,XM

t¼1

at 1� btð Þð Þ (12)

Step 4: Constructing a weighted normalized decision-making matrix. Combining the decision-making
matrix with the weight of each index, the weighted normalized matrix V and its element vij of RAPC
properties evaluation are obtained:

Vij ¼ Rij �Wij (13)

Step 5: Determining the optimal and worst values. The optimal value is the most satisfactory value of
RAPC properties in the ideal state, that is, when the compressive strength, splitting tensile strength, porosity,
and permeability coefficient are the maximum, while the abrasion loss rate and material costs are the
minimum, they are represented by v+; when the compressive strength, splitting tensile strength, porosity
and permeability coefficient are the minimum, while the abrasion loss rate and material costs are the
maximum, they are represented by v-.
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vþ ¼ vþ1 ; v
þ
2 ;…; vþm

� � ¼ max vij; i 2 I1
� �

; min vij; i 2 I2
� �
 �

v� ¼ v�1 ; v
�
2 ;…; v�m

� � ¼ min vij; i 2 I1
� �

; max vij; i 2 I2
� �
 � (14)

where: I1 represents the benefit index and I2 represents the cost index.

Step 6: Calculate the weighted Grey correlation coefficient:

ni kð Þþ ¼
min
i

min
k

D�
k � Di

k
þ�� ��� �

þ qmax
i

max
k

D�
k � Di

k
þ�� ��� �

D�
k � Di

k
þ�� ��þ qmax

i
max
k

D�
k � Di

k
þ�� ��� � (15)

ni kð Þ� ¼
min
i

min
k

D�
k � Di

k
��� ��� �

þ qmax
i

max
k

D�
k � Di

k
��� ��� �

D�
k � Di

k
��� ��þ qmax

i
max
k

D�
k � Di

k

�� ��� � (16)

rþi ¼
Xn
k¼1

W kð Þ � ni kð Þþ (17)

r�i ¼
Xn
k¼1

W kð Þ � ni kð Þ� (18)

where: ni kð Þþ and ni kð Þ� are grey correlation coefficients; ρ is the distinguishing coefficient, the value is 0.5;
ri
+ and ri

– are the grey correlation degrees and W is the weight.

Step 7: Calculating the relative closeness ηi.

The range of ηi is between 0 and 1, when ηi is close to 1, it means that the closer to the optimal value, the
farthest from the worst value, the best at this time, and the worst on the contrary.

gi ¼
rþi

rþi þ r�i
; i ¼ 1; 2;…;m (19)

4 Results and Discussion

4.1 Influence of Water-Cement Ratio on the Properties of RAPC
Water-cement ratio is one of the main factors affecting the mechanical properties of RAPC. Choosing a

suitable water-cement ratio can give full play to the properties of RAPC. Fig. 6 shows the strength properties
(compressive strength and splitting tensile strength) and permeability (porosity and permeability coefficient)
of RAPC under different water-cement ratios. It can be seen from Fig. 5(a) that the compressive strength of
RAPC decreases gradually with the increase of water-cement ratio. When the water-cement ratio is 0.24, the
compressive strength reaches the maximum value of 10.70 MPa; when the water-cement ratio increases to
0.27 and 0.30, the compressive strength decreases to 9.10 and 9.06 MPa, respectively; when the water-
cement ratio increases to 0.36, the compressive strength decreases to the minimum, which is 5.67 MPa.
Compared with the maximum, the strength was decreased by 88.82%. This is similar to the results in
Lian et al. [39]. The splitting tensile strength of RAPC decreases nonlinearly with the increase of water-
cement ratio. The splitting tensile strength reaches the maximum value of 2.10 MPa when the water-
cement ratio is 0.27; when the water-cement ratio is 0.36, the splitting tensile strength is lowest, which is
the 1.44 MPa. In general, the compressive strength, and splitting tensile strength of RAPC are similar and
the splitting tensile strength/compressive strength ratio range is 0.18–0.26, which meets the requirements
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of ACI [21]. Both compressive strength and splitting tensile strength decrease with the increase of water-
cement ratio. As the water-cement ratio increases, the slump of RAPC increases, while the cement slurry
cohesion decreases, resulting in a decrease in the compactness of the concrete structure, which reduces
the strength level. On the other hand, the thickness of the cement paste on the surface of the coarse
aggregate has a significant impact on the compressive strength of the concrete. Most of the concrete
strength failure occurs at the bonding surface of the old stones of the recycled aggregate or interface of
the old mortar and the new mortar. The weak area and the force-bearing capacity between the new
and the old interface are mainly affected by the water-cement ratio. When the water-cement ratio
increases, the cement slurry becomes thinner, and the interface between the new mortar and the recycled
aggregate old mortar becomes unstable. Under this circumstance, the transition zone of the interface
cannot withstand greater pressure, and the interface between the new and old is prone to damage when
under pressure, which will reduce the strength level of RAPC.

Fig. 5b shows the variation trend of RAPC’s permeability property. It can be seen from it that the
porosity of RAPC increases with the increase of water-cement ratio, and its range is 17.68%~23.71%,
which meets the reference standard given by ACI [21]. The RAPC permeability coefficient first increases
and then approaches a stable state. When the water-cement ratio is 0.24, the permeability coefficient is at
the minimum value of 3.65 mm/s; when the water-cement ratio is 0.36, the permeability coefficient
reaches the maximum value of 4.25 mm/s. On the whole, the permeability property of RAPC increases
with the increase of water-cement ratio. Combining with the strength performance graph, it can be found
that there is an inverse correlation between the two, which is consistent with the current research results
[3]. With the increase in water-cement ratio or bone-ash ratio, concrete porosity and permeability
coefficient increase synchronously, which have a positive correlation. Because the size of the bone ash
ratio directly determines the thickness of the cement paste layer on the surface of the aggregate, the
bonding area and the bone.

Fig. 6 shows the property of RAPC’s abrasion resistance under different water-cement ratios. It can be
seen that as the water-cement ratio increases, the abrasion loss rate of RAPC shows an upward trend, and the
increase in the abrasion loss rate indicates worse durability of the specimen. When the water-cement ratio is
0.36, the abrasion loss rate is up to 44.94%, which meets the level 4 pavement requirements specified by
BSEN 1338 [3], but the pavement quality is low. Therefore, it is not recommended to use a higher water-
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Figure 5: Influence of different water-cement ratio on the performance of RAPC (a) Influence of water-
cement ratio on strength properties (b) Influence of water-cement ratio on permeability properties
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cement ratio under actual application conditions. In conjunction with Fig. 5a, it shows that a higher the
RAPC strength corresponds to a lower abrasion loss rate, revealing the relationship between them.

Fig. 7 is the regression analysis graph between RAPC’s density, compressive strength, splitting tensile
strength, abrasion loss rate, permeability coefficient, porosity and water-cement ratio. It can be seen that the
range of R2 is 0.82–0.99, indicating that the six variables of RAPC porosity, abrasion loss rate, density,
compressive strength, permeability and splitting tensile strength have a strong correlation with the water-
cement ratio. It can be seen from Tab. 5 that there is a linear relationship between RAPC density and
water-cement ratio and the relationship between permeability coefficient and water-cement ratio is
sinusoidal. The relationship between compressive strength, splitting tensile strength, porosity, abrasion
loss rate and water-cement ratio is exponential.
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Figure 6: The relationship between water-cement ratio and abrasion loss rate and the picture of RAPC test
specimens (a) The relationship between water-cement ratio and abrasion loss rate (b) The picture of RAPC
test specimens
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4.2 Influence of Fly Ash on the Properties of RAPC
Fig. 8 shows that the influence of fly ash content of 0%, 5%, 10%, 15%, and 20% on the performance of

RAPC under 0.30 water-cement ratio. It can be seen from Fig. 9a that, compared with the test group without
fly ash (0%, compressive strength is 9.06 MPa), the compressive strength of the specimens with fly ash has
decreased, among them, when the fly ash content is 20%, the compressive strength value drops most
significantly, which is 4.57 MPa, and it is about 49.56% lower than the 0% group. Splitting tensile
strength and compressive strength of RAPC have the same changing trend. The reason is that the
hydration rate of fly ash is lower than that of cement so that the produce of C-S-H gel is slower. As a
result, RAPC presents a trend that the strength decreased with the increase of replacement level of fly ash
during the 28 d age [40]. RAPC’s splitting tensile strength and compressive strength have the same
variation trend. Meantime, the same amount of fly ash is added to replace cement, and the amount of
cement decreases as the amount of fly ash increases. The strength value enhanced by the pozzolanic
effect on fly ash is much smaller than the value of strength loss caused by the decrease in the amount of
cement. In terms of the strength, it is recommended that the ratio of fly ash content should not exceed 10%.

In general, fly ash can increase the compactness of RAPC [41], resulting in a decrease in its permeability.
However, it can be seen from Fig. 8b that with the increase of fly ash content, the porosity of RAPC shows an
overall upward trend. This due to that when the content of fly ash is 5–15%, the activity of fly ash is lower

Table 5: Equations between different properties of RAPC and water-cement ratio

Density y1 ¼ 1691:27þ 529:48 � xi; xi , 0:3

y2 ¼ �1640:07xi þ 2341:83; xi . 0:3

Compressive
strength y ¼ �0:04 � e

x

0:074 þ 11:44

Splitting
tensile
strength

y ¼ 0:17þ e

�fabs x� 0:26ð Þ
0:5

Porosity
y ¼ 45:78� 17:25

1þ e

x� 0::33

0:009

Permeability
coefficient y ¼ 0:306 � sin p � xþ 0:2215

0:128

� 	� �
Abrasion loss
rate y ¼ 24:027� 17:25� 1þ e

x� 0:332ð Þ
0:009
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than that of cement, so in the early stage of adding fly ash, its “activity effect” cannot be completely played.
In addition, fly ash particles are smaller than cement, and it is difficult to uniformly disperse during the
mixing process, and it is easy to form agglomerates. Therefore, the addition of fly ash leads to an
increase in porosity and an increase in permeability coefficient. But when 20% fly ash is mixed, the
porosity of RAPC only increases by 11.88% (porosity 20.89%) and the permeability coefficient is
3.99 mm/s, which is reduced when the ratio of water to cement is 0.30 without fly ash. This is due to the
filling effect of the micro-aggregate effect of fly ash, which changes the pore structure of the pervious
concrete [42], reduces the pore size and reduces the porosity. With the increase of the fly ash content, the
RAPC porosity and permeability coefficient are reduced accordingly.

Fig. 9 shows the variation trend of abrasion resistance of RAPC under the influence of different fly ash
content at 0.30 water-cement ratio. It can be seen that with the increase of fly ash content, the abrasion loss
rate of RAPC shows a tendency of continuous rise. When the fly ash content is 15%, the abrasion loss rate of
RAPC reaches the maximum value of 35.2%, which is 21.17% higher than that of 0% group (29.05%).This
shows that fly ash has a negative influence on improving the abrasion resistance of RAPC.

Fig. 10 shows the regression analysis diagram of RAPC density, compressive strength, splitting tensile
strength, permeability coefficient, porosity, and abrasion loss rate at 0.30 water-cement ratio with different fly
ash content. It can be seen that the R2 is 0.99, 0.99, 0.99, 0.99, 0.94 and 0.87, and the corresponding RAPC
properties are density, compressive strength, compressive strength, splitting tensile strength, porosity, water
permeability coefficient, abrasion loss rate, respectively. It can be seen from Tab. 6 that four fly ash
replacement levels are in an exponential relationship with RAPC density, compressive strength, splitting
tensile strength, porosity, permeability coefficient, and abrasion loss rate under 0.30 water-cement ratio.

4.3 Analysis of Optimal Results
According to the modeling steps in Section 3, the decision-making matrix M is obtained, as shown in

Tab. 7. The density, compressive strength, splitting tensile strength, porosity and permeability coefficient
of RAPC are measured by tests and belong to the benefit type index. They are calculated according to
Eq. (4). The abrasion loss rate and material costs belong to the cost type index. They are calculated
according to Eq. (5). The prices of materials are all based on the current market price, and the price of
recycled aggregate is calculated according to the actual utilization.
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According to Eqs. (8)–(11), the weights w1 and w2 are calculated, as shown below:

w1 ¼ ½0:121; 0:112; 0:110; 0:174; 0:105; 0:225; 0:153�
w2 ¼ ½0:131; 0:110; 0:160; 0:175; 0:124; 0:156; 0:145� (20)

Then, according to Eq. (12), the weighted normalized decision-making matrix is obtained, as shown
in Tab. 8.

The calculated optimal value and worst value are as follows:

v1
þ ¼ ð0:121; 0:112; 0:110; 0:174; 0:105; 0:000; 0:000Þ

v1
� ¼ ð0:000; 0:000; 0:000; 0:000; 0:000; 0:225; 0:153Þ

v2
þ ¼ ð0:131; 0:110; 0:160; 0:175; 0:1254; 0:000; 0:000Þ

v2
� ¼ ð0:000; 0:000; 0:000; 0:000; 0:000; 0:156; 0:145Þ

(21)

The calculated optimal grey correlation degree, worst grey correlation degree and relative closeness are
shown in Fig. 11.
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Table 6: Relation expressions of fly ash content on different properties of RAPC under 0.30 water–cement
ratio

Density
y1 ¼ 1:672 � e

x

0:071

� 
þ 1780:493

Compressive
strength y ¼ �2:767 � e

x

0:193

� 
þ 12:374

Splitting
tensile
Strength

y ¼ 0:605þ e

�fabsðx� 0:499Þ
0:500

Porosity
y ¼ �1:603 � e

x

0:019

� 
þ 27:334

Permeability
coefficient

y ¼ 23:88� 5:37

1þ e

x� 0:32

0:01

Abrasion loss rate
y ¼ 45:78� 17:25

1þ e

x� 0::33

0:009
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Table 7: RAPC decision-making matrix M

Series Density Compressive
strength

Splitting tensile
strength

Porosity Permeability
coefficient

Abrasion
loss rate

Material
costs

I-1 0.612 1.000 0.746 0 0 1.000 0

I-2 0.699 0.682 1.000 0.141 0.135 0.990 0.333

I-3 1.000 0.673 0.467 0.166 0.667 0.964 0.600

I-4 0.359 0.443 0.599 0.675 0.800 0.538 0.818

I-5 0 0 0 1.000 1.000 0 1.000

II-1 1.000 1.000 1.000 1.000 1.000 1.000 0

II-2 0.760 0.739 0.846 0.939 0.390 0.752 0.333

II-3 0.600 1.000 0.538 0.909 0.341 0 0.667

II-4 0 0 0 1.000 0 0.177 1.000

Table 8: Weighted normalized decision-making matrix V

Series Density Compressive
strength

Spiltting
Tensile
strength

Porosity Permeability
coefficient

Abrasion
loss rate

Material
costs

I-1 0.074 0.112 0.082 0 0 0.225 0

I-2 0.085 0.077 0.110 0.024 0.014 0.223 0.051

I-3 0.121 0.076 0.051 0.029 0.070 0.217 0.092

I-4 0.043 0.050 0.066 0.117 0.102 0.120 0.125

I-5 0 0 0 0.174 0.105 0 0.153

II-1 0.131 0.109 0.160 0.175 0.124 0.156 0

II-2 0.099 0.081 0.135 0.164 0.048 0.117 0.048

II-3 0.078 0.047 0.159 0.159 0.042 0 0.096

II-4 0 0 0 0 0 0.028 0.145
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Fig. 11 shows that the optimal value (positive ideal solution value) and relative closeness of Series I-3
(water-cement ratio of 0.30) reach the maximum of 0.665 and 0.587, respectively, which indicate that under
the water-cement ratio of 0.30, Combined with the evaluation indexes of RAPC compressive strength,
splitting tensile strength, porosity, permeability coefficient, abrasion loss rate and material costs to judge
the comprehensive optimal scheme. The worst value (negative ideal solution value) of Series I-5 is the
biggest and the relative closeness is the smallest, respectively 0.712 and 0.466, indicating that the mix
proportion is relatively unfavorable for the RAPC evaluation index selected this time. The optimal value
and relative closeness of Series II-1 (Fly ash content of 5%) reach the maximum value of 0.903 and
0.678 in Series II, which indicate that 5% fly ash content leads to the best performance, and Series II-2,
Series II-3, and Series II-4 respectively follow behind Series II-1.

4.4 Ecological and Economic Analysis on the Mix Proportion of RAPC
One of the core values of RAPC is its ability to bring considerable ecological and economic benefits. The

ecological benefits in this article use the calculated values of EE and ECO2e as the final recommendation [43].
Economic benefits are calculated using the most direct market unit price. Natural aggregates with the same
particle size (10–20 mm) as the recycled aggregate were selected for comparison for more a complete
comparison. The physical performance index of natural aggregate is shown in Tab. 9. The ecological
calculation of concrete raw materials is shown in Tab. 10.

Tab. 10 shows the ecological calculation data of concrete raw materials. Since this experiment was
completed in the laboratory, the ecological indexes of the production process were not considered. It can
be seen that the EE and ECO2e of cement are both the biggest, indicating that the ecological benefits of
the specimens with low water-cement ratio are relatively low [45]. Fig. 12 shows the diagram of
ecological and economic calculations taking into account natural aggregates and Series I and Series II. In
this Figure, N-0.30 represents the natural aggregate pervious concrete with a water-cement ratio of 0.30.
It can be seen that the EE and ECO2e of the pervious concrete show a downward tendency with the
increase of the water-cement ratio in the natural aggregates series and Series-I and the variation
tendencies of them are the same. Comparing N-0.30 with Series I-3 (water-cement ratio of 0.30), it is
found that EE and ECO2e increased by 4.73% and 1.63% in natural aggregate compared with recycled
aggregate, indicating that recycled aggregate has ecological benefits [45]. The regulars of Series II and
Series I is similar, both EE and ECO2e decrease with the cement content decreases. Combining the results
in Section 4.3, it can be found that there is not much difference between Series I-3 and Series II-1 in the
optimal results, but there remains a difference in EE and ECO2e. The difference is 5.06% and 6.9%,

Table 9: Physical properties indices of natural aggregates

Type of
aggregate

Nominal
size/mm

Apparent
density/
(kg·m–3)

Content of
clay lump/%

Dense bulk
density/
(kg·m–3)

Water
content/%

24-h water
absorption/%

Crushing
index/%

NCA 10–20 2727 0.78 1407 0.40 0.50 9.53

Table 10: Ecological calculation data of concrete raw materials

Ecological index Water [44] Cement [44] NCA [44] RCA [45] Flyash [45]

EE/(MJ·kg–1) 0.01 5.5 0.083 0.024 0.1

ECO2e/(CO2e·kg
–1) 0.0008 0.93 0.0048 0.0014 0.008

Cost/(RMB·kg–1) 0.0031 0.5 0.4 0.2 0.1
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respectively. The ecological benefits of Series II-1 are more obvious. In the aspect of economics, the
economic benefits of natural aggregates far exceed recycled aggregates, the production costs of N-
0.30 increased by 64.24% compared with Series I-3 and increased by 66.62% compared with Series II-1.
The production costs of Series I-3 increased by 1.45% compared with Series II-1, which indicates that the
economic benefits of recycled aggregate and fly ash are significant. The ecological and economic benefits
of the combination of them are most obvious.

5 Conclusion

(1) Through a series of tests, RAPC meeting the standard of ACI [21] for pervious concrete was prepared,
Meantime, Reducing the amount of cement resulted in a significant decrease in the strength of RAPC. Low
cement content also has a negative influence on abrasion resistance. Hence, the RAPC of high water-cement
ratio is not suggested to be used in actual projects. There is a positive impact on the permeability of RAPC
with a high water-cement ratio. For areas with a high demand for water permeability properties, the water-
cement ratio of RAPC can be appropriately increased to meet the requirements.

(2) The influence of replacing cement with fly ash on the properties of RAPC (28 days) is not substantial,
but there are significant ecological and economic benefits. Compared with natural aggregate pervious
concrete, the combined use of recycled aggregate and fly ash in pervious concrete can decrease CO2

emission by 6.9%–26.55% and material costs by 66.62%–74.19% per cubic meter.

(3) By establishing an optimal model based on the GRA-TOPSIS method, the optimal mix ratio of
0.30 water-cement ratio, 0.30 water-cement ratio with 5% fly ash replacement level of RAPC were
determined, respectively. The research of this model has enriched the methods for determining the
optimal mix proportion of RAPC and the research results are helpful to establish a standardized,
systematic research and application system of RAPC.
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