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ABSTRACT

In this paper, the effects of different influencing factors and factor interaction on the compressive strength and
permeability of recycled aggregate pervious concrete (RAPC) were studied based on the response surface method
(RSM). By selecting the maximum aggregate size, water cement ratio and target porosity as design variables,
combined with laboratory tests and numerical analysis, the influences of three factors on the compressive strength
and permeability coefficient of RAPC were revealed. The regression equation of compressive strength and perme-
ability coefficient of recycled aggregate pervious concrete were established based on RSM, and the response sur-
face model was optimized to determine the optimal ratio of RAPC under the conditions of meeting the
mechanical and permeability properties. The results show that the mismatch item of the model is not significant,
the model is credible, and the accuracy and reliability of the test are high, but the degree of uncorrelation between
the test data and the model is not obvious. The sensitivity of the three factors to the compressive strength is water
cement ratio > maximum coarse aggregate particle size > target porosity, and the sensitivity to the permeability
coefficient is target porosity > maximum coarse aggregate particle size > water cement ratio. The absolute errors
of the model prediction results and the model optimization results are 1.28 MPa and 0.19 mm/s, and the relative
errors are 5.06% and 4.19%, respectively. With high accuracy, RSM can match the measured results of compres-
sive strength and permeability coefficient of RAPC.
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1 Introduction

In recent years, urban rainstorm and floods have occurred frequently in cities. Experts have pointed out
that impermeability and water logging of urban pavements and easy accumulation of water are some of the
main causes of this situation. In this context, pervious concrete, as an important material basis for realizing
the ‘sponge city’, has become the focus of researchers’ attention [1]. It is a porous concrete with a continuous
pore structure made of a certain gradation of coarse aggregate, little or no fine aggregate, cementitious
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materials, water reducer, admixture and water in a certain proportion through a specific process [2]. The porous
structure and high water permeability greatly improve the drainage performance of the pavement, making the
drainage direction of the pavement more divergent, limiting the runoff volume and minimizing the erosion
damage of rainwater. At the same time, the traditional pervious concrete uses ordinary natural aggregate, and
the sand and gravel resources are rapidly drying up. It has proved its feasibility and economy by extracting
and reusing waste building materials into recycled aggregates. It is popularized and applied in many
construction fields. Therefore, it is of great significance to promote the development of the “sponge city” to
study the use of recycled aggregate to replace natural aggregate with RAPC [3].

For conventional bearing concrete, people tend to pursue its small porosity in order to meet the strength
requirements. However, for pervious concrete, due to the need to meet the requirements of water
permeability, its porosity must be maintained within a certain range, and its strength and structural
stability must also be ensured. From the perspective of pore structure, closed pores, semi-connected pores
and connected pores are three types of pervious concrete pores [4]. Among them, semi-connected pores
and connected pores are effective pores to ensure water permeability. Connected pores form the channels
for air and water to flow through the concrete, while semi-connected pores function as a buffer for water
flow. The number of effective pores directly affects the permeability of pervious concrete. In addition,
pervious concrete uses a single gradation of aggregates as coarse aggregates, and the coarse aggregates
are only bonded by cement, admixture and other binders near the direct contact point to form a skeleton-
pore structure [5]. The pores of this structure are often very large. Most of the apertures are more than 1
mm, and mainly connected pores. When the porosity is high, the connected porosity increases and the
permeability increases, but the relative interface area between aggregates decreases and the overall
strength decreases. On the contrary, when the porosity is low, the overall strength will increase [6].
Therefore, the strength and porosity of concrete are inversely proportional in most cases, and seeking the
optimal solution to this contradiction is the key to the mix design of permeable concrete. In the study of
pervious concrete, mix design has always been a hot research field, such as the influence of different
admixtures, aggregate, mixing method, water-cement ratio and other factors on its mechanical properties,
permeability and porosity [7].

The mix proportion design methods of pervious concrete mainly include specific surface area method,
mass method, calculation formula method and volume method. Nguyen et al. [8] proposed an improved
permeable concrete design method based on aggregate surface area and cement mortar layer thickness.
The compressive strength of pervious concrete designed by this method is 28.6 MPa, and the
permeability coefficient is 1 mm/s. Compressive strength is higher than other literature reported
compressive strength. Kayhanian et al. [9] studied the permeability of permeable concrete pavement in
the parking lot, and the results showed that the service life was the most important factor affecting the
permeability. Chandrappa et al. [10] made 18 groups of pervious concrete specimens with different
aggregate sizes, analyzed the influence of pore size, connectivity and pore distribution on permeability by
scanning electron microscopy, and established the relationship between hydraulic gradient, flow rate and
pore distribution. Li et al. [11,12] investigated the paste properties, aggregate bulking, water film
thickness and paste film thickness play major roles and thus are the key factors to be considered in the
design of pervious concrete. Lastly, a 3-step mix design method for pervious concrete is proposed. Zhong
et al. [13] studied the influence of porosity curvature on the permeability coefficient of pervious concrete,
and proposed the relative pore size and porosity tortuosity index. In the Kozeny-Carman model, the
relative pore size and pore tortuosity are introduced to evaluate the permeability. At the same time, the
influence of slurry workability, aggregate particle size and cementitious ratio on permeability was tested.
The test results show that the workability of pervious concrete affects porosity, the aggregate size affects
pore connectivity, and the bone-binder ratio is directly related to the effective porosity. Gaedicke et al.
[14] studied the relationship between splitting tensile strength and compressive strength of pervious
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concrete by using the specimens made in the laboratory and the actual road drilling core specimens. The
results showed that the aggregate type had a great influence on the strength of concrete. According to the
experimental data, the relationship between splitting tensile strength and compressive strength was
proposed. Zhong et al. [15] analyzed the effects of aggregate size, cementitious material strength, total
porosity, average pore size and bone-binder ratio on compressive strength. The results show that the
strength decreases with the increase of aggregate particle size, and the bone-binder ratio affects the
strength by affecting the porosity, and the semi-empirical prediction equation of the compressive strength
of pervious concrete is established. Akand et al. [16] studied the relationship between microstructure and
macroscopic properties of pervious concrete by scanning technique and finite element method. The pore
size, distribution and shape were obtained by making concrete samples with 20% porosity. Based on the
scanning image, the finite element model of pervious concrete was established. The strength and elastic
modulus calculated by the finite element model are compared with the measured values, and the results
show that the established model can accurately predict the macroscopic performance parameters of
pervious concrete. Pieralisi et al. [17] established the discrete element constitutive equation of pervious
concrete based on the cementation of aggregate and cement paste, and verified the effectiveness of this
method through the tests of different aggregate types, gradation curves and the ratio of aggregate and
binder. Based on the mathematical method and finite element method, Samuel et al. [18] established the
permeability coefficient prediction model by using the microstructure parameters of pervious concrete,
and the predicted value of the model was in good agreement with the measured value. Aneel et al. [19]
studied the compressive strength and permeability of pervious concrete under different sand ratios. The
results showed that with the increase of sand ratio, the compressive strength of pervious concrete
gradually increased, and the permeability gradually decreased. Ma et al. [20,21] investigated the uniaxial
compressive behaviors of ecological concrete using experimental and numerical methods. Results showed
Both the void content and the compressive strength of eco-logical concrete show an overall upward and
downward trend with the increase of A/C. When the A/C value exceeds 6, both the void content and
compressive strength present a stable trend. The void content of ecological concrete gradually decreases
as the W/C increases. The compressive strength of ecological concrete shows an increasing trend as the
W/C value varies from 0.26 to 0.28, but decreases when the W/C is within 0.28∼0.30.

In general, the current research on RAPC is mostly about the influence of single variable on its
performance, while the influence of multi-factor interaction on its performance is rarely studied, and the
research focus is more on the influence of coupling effect on its performance. Therefore, the response
surface methodology (RSM) [22] can be used in the study of the multi-factor influence on similar
performance. Through the response surface model established based on the test results, the influence of
multi-factor interaction on its performance can be intuitively obtained, and the response results can be
effectively predicted [23]. Compared with the orthogonal test, the clear relationship between the
influencing factors and the response objects cannot be obtained in the complete area. Despite the
shortcomings of functional relational expressions and the inability to display intuitive graphics, RSM has
the advantages of less test volume, short time, high precision, and good applicability, so it plays a pivotal
role in solving practical application problems [24]. In addition, RSM, as a classical approximate model, is
widely used in multidisciplinary design optimization. Scholars have studied it more, which is a method
that combines experimental design and mathematical modeling effectively and optimizes the results.
Through the experiments of representative local experimental points, the data are obtained, and the
regression fitting of representative data is used to obtain the functional relationship between the factors
and the results in the global range. The optimal level value of each factor to the response results can be
obtained by optimization [25]. Therefore, the goal of this paper is to optimize the mix design of RAPC,
balance and improve its mechanical properties and permeability, and achieve the effect of popularization
and application in engineering.
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2 Tests and Methods

2.1 Materials and Mix Proportion
The raw materials for the test: (1) Mixing water: tap water; (2) Recycled coarse aggregate: the removal

components of the concrete frame structure are artificially broken to remove steel bars. After crushing by jaw
crusher and artificial screening, the basic performance indicators of coarse aggregate are shown in Table 1;
(3) Cement: P. O. 42.5 ordinary Portland cement was selected.

Due to the difference in structure and composition, pervious concrete and ordinary concrete have very
different proportions and design processes. From the design results, porosity and strength are the two main
indicators that need to be considered for both ordinary concrete and porous concrete. For ordinary concrete,
the principle of porosity is that the smaller the better. However, for permeable concrete, due to the need to
meet the requirements of water permeability, its porosity must be maintained within a certain range, and its
strength and structural stability must be ensured [26]. In this paper, the volume method is selected, and the
‘eight-step’ method for mix design of pervious concrete is proposed according to ACI in the standard (ACI
522R-10) [27]. Firstly, the water-cement ratio, the target porosity and the dry density of coarse aggregate are
input, and then the content of cement and water is determined by the relationship between porosity and slurry
volume. However, this method is only used for matching the first batch of test batches, and the proportion of
the mixture needs to be further modified to meet the required performance requirements. The specific process
is as follows:

Mg

qg
þMc

qc
þMf

qf
þMw

qw
þMa

qa
þ Rvoid ¼ 1 (1)

In the Eq. (1), Mg is the amount of coarse aggregate in 1 m3 pervious concrete, Mc is the amount of
cement in 1 m3 pervious concrete, Mf is the amount of admixture in 1 m3 pervious concrete, Mw is the
amount of water in 1 m3 pervious concrete, Ma is the amount of admixture in 1 m3 pervious concrete, qg
is the close packing density of coarse aggregate, qc is the density of cement, qf is the density of
admixture, qw is the density of water, qa is the density of admixture, Rvoid is the target porosity. On the
basis of the above formula, the composition parameters are determined according to the following Eqs.
(2)∼(6), and the benchmark group is calculated as shown in Table 2.

Table 1: Basic performance indexes of reclaimed coarse aggregate

Aggregate
type

Size/
mm

Performance
density/(kg � m�3Þ

Stacking density/
(kg � m�3Þ

Moisture
content/%

15 min water
absorption/%

Crush
index/%

Recycled
aggregate

5∼10 2559 1230 2.53 5.13 9.53

10∼15 2527 1212 4.21 5.97 18.31

15∼20 2408 1185 5.90 6.96 29.30

Table 2: Mix proportion design of pervious concrete base group

Group Aggregate
size (mm)

W/
C

Porosity
(%)

Coarse aggregate
ðkg � m�3)

Cement
ðkg � m�3Þ

Water
kg � m�3ð Þ

Water reducer
ðkg � m�3Þ

1 5∼10 0.20 15 1382 590 147 5.90

2 5∼10 0.25 20 1382 465 140 4.65

3 5∼10 0.30 25 1382 359 126 3.59

4 10∼15 0.20 15 1435 475 119 4.75
(Continued)
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(1) The amount of coarse aggregate per unit volume.

Mg ¼ a � qg (2)

In the formula, α is the correction coefficient of coarse aggregate dosage, which is 0.98.

(2) Cement paste volume.

Vp ¼ 1� a � 1� Vcð Þ � Rvoid (3)

In the formula, Vp is the volume of cementitious slurry in unit volume pervious concrete, Vc is the dense
packing porosity of coarse aggregate, and Rvoid is the target porosity.

(3) Water-cement ratio Rw=c ranged from 0.20 to 0.30.
(4) Cement consumption per unit volume.

Mc ¼ Vp � qc � qw
qw þ qc � Rw=c

(4)

(5) Water consumption per unit volume.

Mw ¼ Mc � Rw=c (5)

(6) The amount of additive per unit volume.

Ma ¼ Mw � a (6)

In the formula a is the dosage of additive (%).

2.2 Test Process and Method
The manufacture and maintenance of specimens are carried out indoors. Artificial mixing concrete was

used in the test, and the size of specimens was 150 mm × 150 mm × 150 mm. The specimen production
process is shown in the figure. After the specimen was formed for 1 d, it was put into the standard curing
room for 28 d. The specific process is shown in Fig. 1.

2.2.1 Compressive Strength
The bearing area of the pervious concrete specimen is different from that of ordinary concrete. The

bearing area of ordinary concrete is the size of the specimen, and pervious concrete indicates that there
are many pores, and the pore part does not bear pressure. Therefore, the bearing area of pervious concrete
should be the area occupied by removing the pore part [28]. The determination of pressure area can be
expressed by the product of specimen shape area and surface density. In the standard ‘Permeable concrete
test method’ of China Construction Engineering Corporation, the failure load of the specimen is divided

Table 2 (continued)

Group Aggregate
size (mm)

W/
C

Porosity
(%)

Coarse aggregate
ðkg � m�3)

Cement
ðkg � m�3Þ

Water
kg � m�3ð Þ

Water reducer
ðkg � m�3Þ

5 10∼15 0.25 20 1435 359 108 3.59

6 10∼15 0.30 25 1435 478 167 4.78

7 15∼20 0.20 15 1473 358 90 3.58

8 15∼20 0.25 20 1473 487 146 4.87

9 15∼20 0.30 25 1473 379 133 3.79
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into the result city obtained by the actual bearing area as the ‘compressive strength of the solid material’, and
its value is calculated according to the public. The test device is shown in Fig. 2.

2.2.2 Permeation Coefficient
The permeability coefficient is one of the most important indicators of permeable concrete. At present,

the determination method of permeability coefficient is roughly divided into two categories: fixed head method
and falling head method. The difference between the two methods is shown in Fig. 3 [29]. In this experiment,
the fixed head method was used to determine the amount of water per unit area of permeable concrete per unit time.

Figure 1: Flow chart of making specimen

Figure 2: Compressive strength test device

Figure 3: Two methods for measuring water permeability coefficient of ecological concrete
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2.3 Design of Response Surface Test
In this paper, the maximum aggregate particle size, water cement ratio and target porosity are set as

response factors, and three factors and three levels are set. The 28 d compressive strength and
permeability coefficient are taken as response values. The response surface design analysis is carried out
by Design-Expert software. The specific test factors and level values are shown in Table 3. The
experimental design and results of the response surface method are shown in Table 4.

3 Results and Analysis

3.1 Construction and Analysis of Response Surface Model
According to the best approximation theorem of Weierstrass polynomial, most functions can be

approximated by polynomials. Therefore, in practical applications, regardless of the relationship between

Table 3: Factor level table

Factor −1 0 1

Maximum coarse aggregate size (mm): A 10 15 20

Water cement ratio: B 0.20 0.25 0.30

Target porosity (%): C 15% 20% 25%

Table 4: Response surface combination and analysis results of 28 d compressive strength and permeability
coefficient

Number Maximum coarse
aggregate size A

Water
cement ratio
B

Target
porosity (%)
C

28 d compressive
strength (MPa)

Permeability
coefficient (mm/s)

1 10 0.2 20 26.4 2.4

2 20 0.2 20 12.8 3.2

3 10 0.3 20 18.2 2.2

4 20 0.3 20 9.8 4.7

5 10 0.25 15 25.2 1.5

6 20 0.25 15 12.5 1.9

7 10 0.25 25 14.6 2.8

8 20 0.25 25 14.5 2.8

9 15 0.2 15 24.3 1.7

10 15 0.3 15 14.9 2.1

11 15 0.2 25 23.8 2.9

12 15 0.3 25 10.1 3.5

13 15 0.25 20 18.2 2.2

14 15 0.25 20 18.9 2

15 15 0.25 20 18.5 2.2

16 15 0.25 20 18.5 2.3

17 15 0.25 20 18.2 2.2
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the influencing factors and the response target value, the polynomial approximation model can be studied and
discussed [30]. This polynomial approximation model can solve various nonlinear problems.

The compressive strength and permeability coefficient of RAPC were analyzed by multiple regression
fitting, and the multiple regression equations of the coded value and the actual value were obtained as shown
in Eqs. (7) and (8):

f cu ¼ 150:125� 0:12A� 942B� 2:565Cþ 25:8ABþ 0:324AC� 4:3BC� 0:528A2 þ 2740B2

þ 2:38A2B� 0:0066A2C� 184AB2
(7)

k ¼ 50:2675� 2:884A� 144:25B� 2:896Cþ 1:7ABþ 0:228ACþ 0:0129A2 þ 249B2 þ 0:0769C2

� 0:0058AC2
(8)

In formula: f cu for RAPC compressive strength, MPa; k is RAPC permeability coefficient, mm/s; A is
the maximum coarse aggregate size, mm; B is water-cement ratio; C is the target porosity, %.

Analysis of variance and significance test were performed on the above regression equations, as shown
in Tables 5 and 6. According to the F value, the influence degree of influencing factors on the compressive
strength of RAPC from large to small is: water-cement ratio > maximum coarse aggregate size > target
porosity; the influence degree of RAPC permeability coefficient from large to small is: target porosity >
maximum coarse aggregate particle size > water cement ratio. This rule is consistent with the opposite
relationship between RAPC strength and permeability [31].

Table 5: Variance analysis results of compressive strength response model

Source Sum of
squares

df Mean
square

F value p-value Model
performance

Model 414.54 11 37.69 451.32 <0.0001 significant

A-Maximum coarse aggregate
size

40.96 1 40.96 490.54 <0.0001

B-Water cement ratio 133.40 1 133.40 1597.63 <0.0001

C-Target porosity 7.02 1 7.02 84.10 0.0003

AB 6.76 1 6.76 80.96 0.0003

AC 39.69 1 39.69 475.33 <0.0001

BC 4.62 1 4.62 55.36 0.0007

A² 11.15 1 11.15 133.52 <0.0001

B² 0.0106 1 0.0106 0.1264 0.7367

A²B 17.70 1 17.70 211.99 <0.0001

A²C 1.36 1 1.36 16.30 0.0099

AB² 10.58 1 10.58 126.71 <0.0001

Residual 0.4175 5 0.0835

Lack of fit 0.0855 1 0.0855 1.03 0.3675 Not significant

Pure error 0.3320 4 0.0830

Cor total 414.96 16
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The p value of the above model is less than 0.05, so the model is obvious and can be used for subsequent
optimization design. The mismatch term is the fitting degree between the model and the test, namely the
difference between the two. The p-values of the missing items of the model were greater than 0.05,
indicating that the difference between the model and the test was not significant, that is, the correlation
between the test data and the model was not significant, and the model was credible [32].

The statistical analysis results of the RAPC compressive strength and water permeability regression
equation errors are shown in Table 7. The determination coefficients R2 of the model were 0.9990 and
0.9906, respectively, indicating that the predicted values of the model were in good agreement with the
measured values. The model calibration coefficient of determination Adj R2 were 0.9968 and 0.9785, that
is, the model regression equation can simulate the response value changes of 99.68% and 97.85%,
respectively. The absolute values of the difference between the model calibration coefficient of
determination Adj R2 and the model prediction coefficient of determination Pred R2 were 0.0356 and
0.1026, respectively, which were less than 0.2, indicating that the regression model can fully explain the
process problems. The precisions (Adeq precision) were 68.3752 and 37.0948, respectively, and greater
than 4 was reasonable. In addition, the coefficient of variation C.V. of the model is 1.64% and 4.51%,
respectively, less than 10%, indicating that the accuracy and reliability of the test are high [33].

Table 6: Variance analysis results of permeability coefficient response model

Source Sum of
squares

df Mean
square

F
value

p-value Model
performance

Model 9.40 9 1.04 81.92 <0.0001 significant

A-Maximum coarse aggregate
size

2.72 1 2.72 213.53 <0.0001

B-Water cement ratio 0.6613 1 0.6613 51.86 0.0002

C-Target porosity 2.88 1 2.88 225.88 <0.0001

AB 0.7225 1 0.7225 56.67 0.0001

AC 0.0400 1 0.0400 3.14 0.1198

A² 0.4379 1 0.4379 34.35 0.0006

B² 1.63 1 1.63 127.97 <0.0001

C² 0.2684 1 0.2684 21.05 0.0025

AC² 1.05 1 1.05 82.45 <0.0001

Residual 0.0893 7 0.0128

Lack of fit 0.0413 3 0.0138 1.15 0.4323 Not significant

Pure error 0.0480 4 0.0120

Cor total 9.49 16

Table 7: Statistical analysis results of regression equation error

Statistical project Compressive strength/
permeability coefficient

Statistical project Compressive strength/
permeability coefficient

Std. Dev. 0.289/0.1129 R-squared 0.9990/0.9906

Mean 17.61/2.51 Adj R-squared 0.9968/0.9785

C.V. % 1.64/4.51 Pred R-squared 0.9612/0.8759

PRESS 16.09/1.18 Adeq precision 68.3752/37.0948
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Therefore, the regression equation of the model can replace the true value of the test and analyze the test
results. From Figs. 4 and 5 is the statistical analysis diagram of the compressive strength and permeability
coefficient model. The data points of the normal probability of the residual error of the response model are
distributed near a straight line. The distribution of the residual error and the predicted value is irregular. The
corresponding point between the measured value and the predicted value is near the straight line y = x. That
is, the predicted value of the response model is close to the measured value and has good adaptability [34].

(a) Distribution residual and normal probability
distribution

(b) Distribution of predicted value and residual
distribution

(c) Distribution of measured and predicted values
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Figure 4: Statistical analysis of compressive strength model
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3.2 Response Surface and Contour Map
The three-dimensional response surface and contour map established by the response surface analysis

method can intuitively reflect the influence of the interaction between experimental factors on the
response target (compressive strength and permeability coefficient), that is, when a certain factor is a
certain value, the influence of the interaction between the other two factors on the response value. The

(a) Distribution residual and normal probability
distribution

(b) Distribution of predicted value and residual
distribution

(c) Distribution of measured and predicted values

Externally Studentized Residuals

ytilibabor
P

%la
mro

N

Normal Plot of Residuals

-3.00 -2.00 -1.00 0.00 1.00 2.00

1

5

10

20

30

50

70

80

90

95

99

2

3

Predicted

slaudise
R

dezitnedut
S

yllanretx
E

Residuals vs. Predicted

-6.00

-4.00

-2.00

0.00

2.00

4.00

6.00

1 2 3 4 5

4.81963

-4.81963

0

Actual

detcider
P

Predicted vs. Actual

1

2

3

4

5

1 2 3 4 5

2

3

Figure 5: Statistical analysis of permeability coefficient model
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contour shape can reflect the strength of the interaction effect. The elliptic shape indicates that the interaction
between the two factors is obvious, while the circular shape is the opposite. The level selection of the third
factor in this paper is determined by the optimal condition of the response target.

Figs. 6–8 are the results of the interaction of different influencing factors on the compressive strength of
RAPC It is shown that the compressive strength of RAPC has an extreme value in the area below the
response surface, that is, the maximum coarse aggregate particle size, the smaller the water cement ratio
and the smaller the target porosity, the greater the compressive strength of RAPC, which is consistent
with the law of current research [35].

Figs. 9–11 are the results of the interaction of different influencing factors on the permeability coefficient
of RAPC. The interaction between the water cement ratio and the maximum coarse aggregate particle size is
obvious. There is a maximum permeability coefficient in the area where the water cement ratio is the largest
and the maximum coarse aggregate particle size is the largest. In addition, for the interaction between the
maximum coarse aggregate particle size and the target porosity, when the maximum coarse aggregate
particle size is small, the permeability coefficient of RAPC increases with the increase of the target
porosity. When the maximum coarse aggregate particle size is large, there is an extreme value of the
permeability coefficient in the area near the target porosity of 22%. In the interaction between the water
cement ratio and the target porosity, there is also an extreme value in the area near the target porosity of
21%–22%.

Therefore, in the comprehensive selection of RAPC mix proportion, according to its demand for
physical performance indicators, that is, to meet the strength and permeability requirements of RAPC
application scenarios, the region where the required performance is determined according to the response
surface, and the fine test can be carried out, so as to avoid blind test without understanding the change of
law, and reduce unnecessary material, financial and human losses.

Figure 6: Interaction of maximum coarse aggregate diameter and water cement ratio on compressive
strength of RAPC (C = 15%)
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Figure 7: Interaction of maximum coarse aggregate diameter and target porosity on compressive strength of
RAPC (B = 0.2)

Figure 8: Interaction of water cement ratio and target porosity on compressive strength of RAPC (A = 10)
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Figure 9: Interaction of maximum coarse aggregate diameter and water cement ratio on permeability
coefficient of RAPC (C = 25%)

Figure 10: Interaction of maximum coarse aggregate diameter and target porosity on permeability
coefficient of RAPC (B = 0.3)
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3.3 Model Optimization Prediction and Verification
With the use of the optimization options in Design-Expert software, the input conditions (maximum

coarse aggregate particle size, water cement ratio, target porosity) are set in the range of low value to
high value of the factor level, and the response target value is solved to obtain the target response results
and their suitability. The error between the model optimization prediction results and the measured results
is shown in Table 8.

Make RAPC under the following test conditions and obtain performance indicators: Compressive
strength: the maximum coarse aggregate particle size is10 mm, water cement ratio is 0.2, the target
porosity is 15%; permeability coefficient: the maximum coarse aggregate particle size is 20 mm, water
cement ratio is 0.3, the target porosity is 20%. The conditions in the above optimization results are used
for experimental verification, and the results are shown in Table 9.

Figure 11: Interaction of water-cement ratio and target porosity on permeability coefficient of RAPC (A = 20)

Table 8: Optimization results of RAPC performance index response surface design

Response index Response condition Response
results

Appropriateness

Maximum coarse
aggregate size/
mm

W/C Target porosity
/%

Compressive strength/MPa 10.02 0.23 15.13 26.57 1

Permeation coefficient/
mm⋅s−1

19.99 0.29 21.43 4.72 1
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In the optimization results, the optimization results of compressive strength and permeability coefficient
of RAPC are 26.57 MPa and 4.72 mm/s, respectively, and the corresponding measured compressive strength
and permeability coefficient are 25.29 MPa and 4.53 mm/s, respectively. The absolute errors with the model
optimization results are 1.28 MPa and 0.19 mm/s, and the relative errors are 5.06% and 4.19%, respectively,
with high accuracy. The experimental results are close to the prediction results of model optimization,
indicating that the response surface analysis method is of practical significance for experimental design,
analysis and target prediction.

4 Conclusion

Based on RSM, an optimization model with RAC compressive strength and permeability coefficient as
response values and maximum aggregate particle size, water cement ratio and target porosity as
corresponding factors was established. The model was considered to have a certain degree of credibility
fitted by multiple regression approximation equations, variance analysis and error statistical analysis. On
this basis, the corresponding surface and contour plots were drawn and it was found that the influence of
water cement ratio on the compressive strength of RAC exceeds the maximum coarse aggregate particle
size and target porosity, while the significance of porosity on the permeability coefficient of RAC exceeds
the maximum coarse aggregate particle size and water cement ratio. In addition, under the multi-factor
interaction of RAC, the optimal result of the strength model was obtained when the maximum aggregate
size was 10 mm, the water-cement ratio was 0.2, and the target porosity was 15%, at which time the 28 d
compressive strength of RAC was 25.29 MPa. It is the optimal result of the permeability model when the
maximum aggregate size was 20 mm, the water-cement ratio was 0.3, and the target porosity was 20%. at
which time the permeability coefficient of RAC was 4.53 mm/s, and the relative errors were 5.06% and
4.19% respectively compared with the measured data.
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