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Abstract: Traditional concrete pavements have poor water permeability, while the strength of 
pervious concrete pavements is low. To solve these problems, this study designed Innovative 
recycled aggregate pervious concrete (I-RAPC) with controllable water permeability and high 
strength by using response surface methodology, and investigated the effects of different pore 
parameters (number, diameter, material, distribution form, etc.) on the performance of I-RAPC. And 
the strength discount factor method was proposed to construct the theoretical calculation model of 
compressive strength and pipe pore parameters, and the calculation model of water permeability 
coefficient was established at the same time. The results show that the fewer the number of holes 
and the smaller the pipe diameter of I-RAPC, the higher its compressive strength and the smaller 
the water permeability coefficient. The theoretical model of compressive strength can accurately 
evaluate the discounting effect of the pore parameters on the compressive strength of I-RAPC, and 
the maximum relative error is only 7.52%, and the maximum relative error of the calculation model 
of water permeability coefficient is only 4.42%. I-RAPC has the advantages of high strength and 
permeability with controllable performance, which overcomes the problems of random distribution 
of pore space, uncertainty of water permeability, and strength of ordinary pervious concrete. 

Keywords: innovative recycled aggregate pervious concrete; response surface methodology; 
compressive strength; permeability coefficient; acrylic pipe 

 

1. Introduction 

Since the 21st century, human beings have been faced with the problems of a lack of natural 
resources and environmental deterioration, such as urban flooding, water pollution, and other 
phenomena that occur frequently all over the world [1]. At the same time, with the rapid development 
of urban construction, there was also a large production of construction waste. According to statistics, 
the United States, China, and India are the three main producers of construction waste, and their total 
annual output has been close to 8 billion tons [2]. The traditional method of construction waste 
disposal generally chooses landfilling or stacking, which wastes limited land resources and has a 
great impact on the environment [3]. The resource utilization of construction waste is one of the goals 
pursued by the world environmental protection and sustainable development strategies. 

Pervious concrete has an interconnected pore structure, which can make rainfall infiltrate 
rapidly. The compressive strength and the permeability coefficient of pervious concrete are 5.5~40 
MPa and 0.3~14 mm/s, respectively. Because of its good permeability, it has been applied to the 
construction of low-impact development [4,5]. The combination of construction waste and pervious 
concrete to prepare recycled aggregate pervious concrete (RAPC) can not only effectively alleviate 
urban flooding and the urban heat island phenomenon but also reduce the adverse impact of 
construction waste on the environment. After the continuous research of many scholars in recent 
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years, the related technologies of recycled aggregate and recycled aggregate pervious concrete are 
becoming more and more perfect, but the problems existing in the practical application of RAPC are 
also gradually emerging. First, there is a negative correlation between the strength and porosity of 
RAPC, which makes it difficult to have high strength and permeability at the same time, which limits 
the application range of RAPC [6]. On the other hand, the traditional pervious concrete pavement 
also has some problems, such as pore blockage, reduced durability, difficult maintenance, and so on 
[7,8]. Therefore, based on traditional permeable concrete, it is particularly important to explore a new 
type of pervious concrete with high strength and high permeability at the same time to solve the 
problems existing in RAPC [9–11]. 

Up till the present moment, there is little research on this new type of pervious concrete. For 
example, Niu et al. [12] prepared pervious concrete by artificially creating regular pipes connected 
penetrably in the concrete instead of the previous uniformly distributed pore structure. It is applied 
to different heavy rainfall levels, and the relationship between porosity and heavy rainfall level is 
established with the help of the water permeability coefficient, which provides a basis for the surface 
design of a new type of pervious concrete pavement. Zhu et al. [13] used the same method to make a 
new high-strength straight-hole recycled pervious concrete (HSRPC) for secondary highway 
pavement and used surface water depth and drainage time to describe the flooding resistance of 
HSRPC. Li et al. [14] manufactured high-strength pervious concrete (HSPC) pavement, which 
showed a compressive strength as high as 61.37 MPa within 7 days and the corresponding 
permeability coefficient of 13.02 mm/s. A drainage system was designed to remove the blocked dust 
in the pores of HSPC pavement. Therefore, compared with traditional pervious concrete, this 
innovative high-strength pervious concrete has more extensive application potential. However, their 
current research is still focused on the relationship between porosity, strength, and water 
permeability of concrete. And the strength and permeability of this type of pervious concrete are 
determined by the pore characteristic parameters (e.g., quantity, diameter, material, and location) of 
the pipeline, and there is also a certain relationship between each factor. How to quantify the 
correlation between the characteristic parameters of the new pervious concrete pipe and its 
performance to provide prediction guidance for practical engineering applications is a missing part 
of the current research. Therefore, in this paper, tubular products of different materials are embedded 
in the upper and lower connected pipes to make innovative pervious recycled aggregate concrete (I-
RAPC), to analyze the influence of several characteristic parameters on the performance of I-RAPC. 

Response surface methodology (RSM) can directly obtain the influence of multi-factor 
interaction on the performance of concrete through the response surface model and effectively 
predict the response results, which has the advantages of less test times, a short period, high 
precision, and a wide application range [15–18]. RSM tests on the representative local test sites and 
obtains the data, and the functional relationship between the factors and the result in the whole range 
is obtained by regression fitting [19]. Finally, the optimal level value of each factor for the response 
result can be obtained through optimization [20,21]. 

The above research and application show that I-RAPC has the advantages of high strength and 
high permeability compared with RAPC. However, at present, there is not enough research to explain 
the influence of different pipeline characteristic parameters on the performance of I-RAPC. Therefore, 
this paper focuses on the relationship between I-RAPC strength, permeability, and pipe 
characteristics and analyzes the relationship between each influencing factor and performance by the 
RSM to construct the prediction model of the I-RAPC performance index. At the same time, the 
theoretical calculation formula of the I-RAPC permeability coefficient is deduced, and the formula is 
verified by experiments. The research results can provide a theoretical basis for the popularization 
and application of I-RAPC and help to promote the resource utilization of construction solid waste. 
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2. Materials and Methods 

2.1. Main Raw Materials and Mix Design 

The recycled coarse aggregates (RCA) were obtained by crushing sieving waste concrete. Due to 
the diameter of the prepared I-RAPC pipe being 5-10mm, to reduce the negative impact of large 
particle size aggregates on the side wall of the concrete pipe (such as roughness and compactness), 
recycled coarse aggregates with particle sizes of 4.75-9.5mm were selected, and its basic physical 
performance indicators are listed in Table 1, Satisfying the requirements of the specification (JGJ/T 
240-2011. 2011) [22]. The fine aggregates were continuous grade natural river sand, fineness modulus 
Mx=2.9, belongs to middle sand. The cement were P·O 42.5 ordinary Portland cement. Mixing water 
is tap water. The pipes included acrylic pipes (produced in Henan Weidu Glass product Co., Ltd.) 
and bamboo pipes (produced in Anji County Zhuyuan Bamboo Products Factory). The pipes that 
were not embedded in any pipe materials were defined as the concrete pipe hole. The elastic modulus 
of acrylic, bamboo and concrete pipe were 2.33GPa, 1GPa and 3GPa,respectively [24]. 

According to the Chinese national standard DL/T 5330-2015 [23], with reference to the design 
strength of C30 ordinary concrete, the water cement ratio of I-RAPC is determined to be 0.49 and the 
sand ratio to be 0.345. The mix design is shown in Table 2. 

Table 1. Index of recycled coarse aggregate. 

Aggrega
te type 

Particl
e 

size/m
m 

Apparent 
density/(kg·

m-3) 

Bulk 
density/(kg·

m-3) 

Sediment 
percentage

/% 

Water 
content/

% 

15min 
water 

absorption
/% 

Crushi
ng 

index/
% 

Recycle
d coarse 
aggregat

e 

4.75~9.
5 

2595 1245 0.25 2.80 4.70 15.54 

Table 2. Mix design of I-RAPC. 

Water cement 
ratio 

Material consumption per unit volume /(kg·m-3) 

Cement RCA(4.75~9.5mm) Fine aggregate Water 

0.49 418 1164 613 205 

2.2. Experimental Design 

In this study, the size of the I-RAPC specimen was 150mm×150mm×150mm. The reference 
group did not set pipes, while other concrete specimens are set with 1, 4, 5, and 9 pipes, respectively. 
The distribution forms include center (C), middle edge (EM), and corner of edge (EC) distribution 
forms. The specific distribution forms of pipes were shown in Figure 1. In addition, pipes could lead 
to differences in compressive strength between different compression surfaces. During the test, the 
positive and lateral compressive strengths were measured separately, where the positive and lateral 
compressive strengths refer to the strengths measured perpendicular and parallel to the axis of the 
pipe. 
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1EC 1EM 1C 4EC 4EM 4EM+1C 4EC+1C 4EC+4EM+1C 

Figure 1. Pipe distribution pattern of I-RAPC. 

2.2.1. Design Plan of I-RAPC Response Surface Test 

The I-RAPC response surface test design took the number, size (diameter), and material (elastic 
modulus, roughness) of the pipes as response factors, and designed a three factor and three level test, 
with the positive and lateral compressive strength and permeability coefficient as response values. 
Selected the I-RAPC style for the number and distribution of pipes numbered 1C, 4EM+1C, and 
4EC+4EM+1C in Figure 1. Use Box Behnken Design (BBD) in Design Expert 10.0.3 software to perform 
response surface design analysis on it. The response surface methodology experimental design 
scheme is shown in Table 3. 

Table 3. Design of I-RAPC response surface test. 

Experimental 
levers 

x: Number d: Diameter E: Elastic 
modulus 

n: Coefficient of 
roughness  

 (mm) (GPa) 
Low 1 5.0 1.00(B) 0.0075(A) 

Medium 5 7.5 2.33(A) 0.0100(C) 
High 9 10 3.00(C) 0.0150(B) 

Experimen
tal data 
points 

1 2 3 4 5 6 7 8 9 10 11 12 
13~
17 

 x 1 9 1 9 1 9 1 9 5 5 5 5 5 
fcu d 5 5 10 10 7.5 7.5 7.5 7.5 5 10 5 10 7.5 

 E 
2.3
3 

2.3
3 

2.3
3 

2.3
3 1 1 3 3 1 1 3 3 2.33 

 x 1 9 1 9 1 9 1 9 5 5 5 5 5 
k d 5 5 10 10 7.5 7.5 7.5 7.5 5 10 5 10 7.5 

 n 
0.0
1 

0.0
1 

0.0
1 

0.0
1 

0.007
5 

0.00
75 

0.01
5 

0.01
5 

0.00
75 

0.00
75 

0.01
5 

0.01
5 0.01 

Notes: A: Acrylic pipe; B: Bamboo pipe; C: Concrete pipe; fcu: Compressive strength; k: Permeability coefficient; 
E: The elastic modulus of pipes; n: The coefficient of roughness. 

2.2.2. I-RAPC Theoretical Model Construction Test Scheme 

The I-RAPC compressive theoretical model construction test scheme is determined based on the 
I-RAPC strength of single pipes of different materials (concrete, acrylic), distinct diameters (5mm, 
10mm), and different distribution forms (C, EM, MC, etc.). See Table 4 for the specific test plan. 

Table 4. The plan of I-RAPC compressive strength theoretical model construction. 

Material Diameter Number Distribution form 

Concrete(C) 
Acrylic(A) 

5mm 
10mm 

1 C/EM/EC 

4,5 EM/EC 

9 C, EM, EC 
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2.3. Test Methods 

2.3.1. Preparation Process 

The test used the pre-wet aggregate method to mix concrete [25]. Based on the above mix ratio, 
the recycled coarse aggregate is first mixed with 1/2 water by a mixer to prevent the recycled coarse 
aggregate from absorbing mixed water in the subsequent mixing and hydration hardening process; 
then cement and sand are added, 1min is stirred, and the remaining water is poured into the 
remaining water to be mixed evenly and then loaded into a special mold test. Wet towels are covered 
after manual insertion and mechanical vibration. after indoor maintenance for 24h, the mold is 
removed and placed in the standard maintenance room to the specified age. The specific process is 
shown in Figure 2. 

As shown in Figure 2, the pipes in I-RAPC were made by a special mold, and the internal 
diameters of the selected bamboo pipes and acrylic pipes were the same as those of the iron column 
arranged in the mold, ensuring that the internal diameters of the pipes in I-RAPC were consistent for 
each material. 

The test indexes included I-RAPC strength performance (positive and lateral compressive 
strength) and permeability performance (water permeability coefficient). The specimen was 150×
150×150mm standard cube, The average of the measured values of three specimens is used as the 
test results for the compressive strength and permeability coefficient of each group of specimens. 
When the difference between one measured value and the intermediate value exceeds 15% of the 
intermediate value, the intermediate value is taken as the experimental result. When the difference 
between two measured values and the median exceeds 15% of the median, the experimental data is 
invalid and needs to be retested to ensure the accuracy of the experimental data. 

 
Figure 2. The preparation process of I-RAPC. 

2.3.2. Compressive Strength Test 

Taking the Positive and lateral of the test block as the pressure surface (When the concrete is 
tested under frontal pressure, the concrete surface is smoothed using a smoothing machine), it was 
completed on the DY-3008DX electro-hydraulic servo microcomputer-controlled pressure tester. 
According to the Standard for test method of mechanical properties on ordinary concrete (GB/T 
50081-2002. 2002) [26], the loading speed was set at 0.5MPa/s. After the test, I-RAPC compressive 
strength was calculated according to Eq(1): 𝑓௖௨ = 𝐹௠௔௫𝐴  (1)

Where, 𝑓௖௨ is cube compressive strength of the test block, MPa; 𝐹௠௔௫ is maximum load, N; 𝐴 is 
stress area of test block, mm2, takes 22500mm2(150mm×150mm), the effect of pipe on the bearing 
surface area is not considered. 
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2.3.3. Permeability Test 

The permeability coefficient is an intuitive indicator to represent the permeability performance 
of I-RAPC. This test is based on Darcy’s law constant head method and adopts a self-made permeable 
device (as shown in Figure 3), in which the head difference H is 200mm (ASTM C496 / C496M. 2011) 
[27]. To prevent the leakage of the non-test surface of the test piece from affecting the test data, the 
gap between the test piece and the permeable device is filled with plasticine. Before the test, adjust 
the water flow rate to make the water flow stably overflow from the top surface of the device and 
keep it stable for 60s. The test time of each test block shall be controlled within 25s. Calculate the 
permeability coefficient of I-RAPC according to Eq(2): 𝑘 = 𝑉𝐿𝐴𝐻𝑡 (2)

Where, 𝑘 is permeability coefficient, mm/s; 𝑡 is the measurement time, s; 𝑉 is the volume of water 
in the beaker at time 𝑡, mm³; 𝐿 is the height of the specimen, mm, takes 150mm; 𝐻 is the head 
difference, mm. 

2.3.4. Roughness Coefficient Test 

Coefficient of roughness is a dimensionless comprehensive coefficient that measures the 
influence of boundary shape and roughness on water flow resistance. The magnitude of pipeline 
coefficient of roughness is mainly related to the surface roughness of the pipe material. Therefore, the 
engineering community generally infers the coefficient of roughness through a large amount of 
measured data. In this experiment, the coefficient of roughness values of different pipes was obtained 
through repeated experiments using the permeable device in Figure 3 and the Chézy-Manning 
formula, which is: 

𝑛 = 𝑅ଶଷ𝐽ଵଶ𝑉௣  (3)

Where, 𝑛 is the roughness coefficient; 𝑅 is the hydraulic radius, m; 𝐽 is the hydraulic slope; 𝑉௣ is 
the average flow velocity of the pipeline cross-section, m/s. 

 

Figure 3. Measuring device for water permeability coefficient. 
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3. Results and Discussion 

3.1. Response Surface Methodology Analysis 

3.1.1. Response Surface Model Construction and Analysis 

According to the Weierstress polynomial optimal approximation theorem, most functions can 
be approximated by polynomials, and the polynomial approximation model can deal with a wide 
range of nonlinear problems. Therefore, in practical application, regardless of the relationship 
between independent variables and dependent variables, the polynomial approximation model can 
be used for analysis [28–30]. 

Multiple regression fitting analysis was carried out for positive and lateral compressive strength 
and permeability coefficient, respectively, and multiple regression equations of actual values were 
obtained as shown in Eq (4) ~ (6): 𝑓௖௨ି௙௥௢௡௧ = 61.30565 − 3.42578𝑥 − 1.98603𝑑 − 11.8321𝐸 + 0.4375𝑥𝐸 + 0.70417𝑑𝐸+ 0.1283𝑥ଶ + 1.46802𝐸ଶ 

(4)

𝑓௖௨ି௦௜ௗ௘ = 44.31826 − 1.78045𝑥 + 0.09𝑑 − 10.12039𝐸 − 0.102𝑥𝑑 + 2.63789𝑥𝐸− 0.79244𝑥𝐸ଶ + 3.25463𝐸ଶ 
(5)

𝑘௔௖௧௨௥௔௟ = −39.36292 − 1.86225𝑥 + 10.99522𝑑 + 3951.26057𝑛 + 0.4346𝑥𝑑 +184.89167𝑥𝑛 − 1195.04989𝑑𝑛 − 0.69725𝑑ଶ + 32227.75322𝑛ଶ −14356.66667𝑥𝑛ଶ+75.94873𝑑ଶ𝑛 
(6)

Where, 𝑓௖௨ି௙௥௢௡௧ is the actual value of I-RAPC Positive compressive strength, MPa; 𝑓௖௨ି௦௜ௗ௘ is the 
actual value of I-RAPC lateral compressive strength, MPa; 𝑘௔௖௧௨௥௔௟  is the actual value of I-RAPC 
permeability coefficient, mm/s; 𝑥 is the number of pipes; 𝐸 is the elastic modulus of the pipe, GPa; 𝑛 is the roughness coefficient of the pipe. 

Analysis of variance and significance test were conducted for the regression equations above, as 
listed in Table 5. The values of p in the model are all less than 0.05, so the model is significant and 
can be used in subsequent optimization design; The lack of fit items the degree of fitting between the 
model and the test, i.e., the degree of difference between them. The values of p of the lack of fit items 
in the model were all greater than 0.05, indicating that there was no significant discrepancy between 
the model and the test, that is, the degree of non-correlation between the test data and the model was 
not obvious, and the model was credible. 

Table 5. Results of response model variance analysis. 

Category 
Sum of 
squares 

Degrees 
of 

freedom 

Mean 
square 
error 

F 
p value 

Pr>F  

Positive 
compressive 

strength 

Model 259.24 7 37.03 25.71 <0.0001 Significant 
Lack of 

fit 9.97 5 1.99 2.67 0.1815 Insignificant 

Lateral 
compressive 

strength 

Model 162.27 7 23.18 28.79 
< 

0.0001 Significant 

Lack of 
fit 4.67 5 0.93 1.45 0.3698 Insignificant 

Permeable 
coefficient 

Model 701.35 10 70.14 916.98 
< 

0.0001 Significant 

Lack of 
fit 

0.29 2 0.14 3.38 0.1385 Insignificant 
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Table 6 shows the statistical analysis results of the regression equation error of I-RAPC positive 
and lateral compressive strength and permeability coefficient. The model determination coefficients 
R2 is 0.9524, 0.9573, and 0.9993 respectively, indicating that the predicted value of the model was in 
good agreement with the actual value; the model correction determination coefficients Adj R2 is 
0.9153, 0.9240 , and 0.9983, i.e., the model regression equation can simulate 91.53%, 92.40%, and 
99.83% changes of response values, and the absolute values of the difference between the model 
correction determination coefficient Adj R2 and the model prediction determination coefficient Pred 
R2 are 0.1388, 0.1795, and 0.0408, which are less than 0.2, which proves that the regression model can 
fully explain the process problems. Adeq precision is 16.57, 22.923, and 113.46, which is reasonable if 
greater than 4. In addition, the coefficient of variation C.V. of the model is 3.79%, 2.55%, and 3.27%, 
less than 10%, which indicates that the test has high accuracy and reliability. Therefore, the regression 
equation of the model can replace the actual value of the test and analyze the test results. Figure 4 
indicates the distribution of actual and predicted values of the response model. The corresponding 
point between the actual and predicted values is near the line y=x, i.e., the predicted value of the 
compressive strength response model is close to the actual value and has good agreement. 

The experimental results and RSM model show that I-RAPC with bamboo pipe is lower than I-
RAPC with the other two pipes (concrete, acrylic). The reason for this may be that bamboo pipes have 
a low elastic modulus and high coefficient of roughness, but the compressive strength of I-RAPC is 
proportional to elastic modulus within a certain range, and the permeability coefficient is inversely 
proportional to pipe coefficient of roughness. Therefore, only the I-RAPC performance test results of 
concrete pipes and acrylic pipes are compared and analyzed with the optimization prediction results 
of response surface model. 

Table 6. Regression equation error statistical analysis results. 

Statistics 
project 

Positive / Lateral compressive 
strength / Permeability 

coefficient 

Statistics 
project 

Positive / Lateral compressive 
strength / Permeability 

coefficient 
Std. Dev. 1.20/0.90/0.28 R-Squared 0.9524/0.9573/0.9993 

Mean 31.46/35.24/8.47 Adj R-Squared 0.9153/0.9240/0.9983 
C.V. % 3.79/2.55/3.27 Pred R-

Squared 
0.7765/0.7445/0.9575 

PRESS 60.82/43.32/29.86 Adeq Precision 16.57/22.923/113.46 
 

   
(a) (b) (c) 

Figure 4. Distribution diagram of model actual value and predicted value (a) Positive compressive 
strength; (b) Lateral compressive strength; (c) Permeability coefficient. 

3.1.2. Response Surface and Contour Map 

The three-dimensional response surface and contour map established by RSM can directly 
reflect the interaction between test factors, that is, when one factor is a certain value, the interaction 
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between the other two factors affects the response value. The shape of the contour line can reflect the 
strength of the interaction effect. Ellipse indicates that the interaction between the two factors is 
significant, while the circle is opposite. Among the three influence factors, the number and diameter 
of pipes have the greatest influence on I-RAPC strength and permeability coefficient. Therefore, the 
interaction of the number and diameter of pipes on I-RAPC strength and permeability coefficient will 
be discussed in this part, and its response surface and contour diagram are illustrated in Figure 5 ~ 
Figure 7. 

Figure 5 shows the interactive effect of the number and diameter of pipes on the front 
compressive strength of I-RAPC. From the response surface, the positive compressive strength of I-
RAPC decreases with the increase of the number and diameter of pipes, and the effect of the number 
of pipes on the positive compressive strength is greater than the diameter of pipes. At the same time, 
by observing the mapping distribution of the response surface, it is found that the contour curvature 
in this range is relatively small and the degree of bending is low. Therefore, the interaction between 
the number and diameter of pipes on the positive compressive strength of I-RAPC is small [14]. At 
the same time, it is found that the positive compressive strength of the I-RAPC without the acrylic 
tube is slightly higher than that of the I-RAPC when the acrylic tube is embedded. 

  
(a) (b) 

  
(c) (d) 

Figure 5. The interaction of the number and diameter of the pipe on the positive compressive strength 
of I-RAPC. (a) The response surface (E =3GPa); (b) The contour (E =3GPa); (c) The response surface (E 
=2.33GPa); (d) The contour (E =2.33GPa). 

Figure 6 shows the interactive effect of the number and diameter of pipes on the lateral 
compressive strength of I-RAPC. From the response surface, the lateral compressive strength of I-
RAPC decreases with the increase of the number and diameter of pipes, which is similar to that of 
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the front compressive strength. At the same time, by observing the distribution of the response 
surface on the coordinate axis, it is found that the contour lines obviously bend when the acrylic tube 
is embedded, and the influence of the number and diameter of pipes on the lateral compressive 
strength of I-RAPC is interactive. At the same time, compared with the side compressive strength 
response surface of I-RAPC without embedded pipe, it is found that when the number of pipes is 
large, the embedded acrylic tube can slightly improve the lateral compressive strength of I-RAPC. 

  
(a) (b) 

  
(c) (d) 

Figure 6. The interaction of the number and diameter of pipe on the lateral compressive strength of I-
RAPC. (a) The response surface (E =3GPa); (b) The contour (E =3GPa); (c) The response surface (E 
=2.33GPa); (d) The contour (E =2.33GPa). 

Figure 7 shows the interactive effect of the number and diameter of pipes on the permeability 
coefficient of I-RAPC. Through the distribution of the response surface, it can be seen that both the 
number and diameter of pipes have a great influence on the permeability coefficient, and the contour 
curvature is larger, indicating that the interaction of the two factors on I-RAPC is significant, and the 
higher the permeability coefficient is with the increase of the number and diameter of pipes. At the 
same time, it is found that the embedded acrylic tube can significantly increase the permeability 
coefficient of I-RAPC. When the number of pipes reaches 9 and the diameter of pipes reaches 10mm, 
the permeability coefficient can reach 27.144mm/s. 
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(a) (b) 

  
(c) (d) 

Figure 7. The interaction of the number and diameter of the pipe on the water permeability coefficient 
of I-RAPC. (a) The response surface (n =0.01); (b) The contour (n =0.01); (c) The response surface (n 
=0.0075); (d) The contour (n =0.0075). 

3.1.3. The Optimized Prediction Results Compared with the Actual Results 

The optimization option in Design-Expert 10.0.3 software was utilized to set the input conditions 
(number of pipes, diameter, elastic modulus of material/coefficient of roughness) for solving, and the 
target response result and its suitability were obtained. 

The absolute error ranges between the optimized prediction results and the actual results are 
0.03~6.61MPa and 0.004~0.310mm/s, and the corresponding relative error ranges are 0.10%~27.30% 
and 0.33%~9.48%. The experimental results are similar to the model optimization prediction results, 
and the relative errors of most indexes are within 15%, which that the design experiment based on 
response surface analysis method has practical significance and has the advantage of fewer data 
required, but there are a few cases where the predicted values of the model differ greatly from the 
actual values. This is due to the response surface design which reduces the amount of 
experimentation that results in a loss of accuracy. Therefore, the response surface method can first 
implement a simple test design and law summary for the uncertain tests, and then further implement 
fine test to explore its essential law, which has a certain guiding significance for test and law 
exploration. 
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3.2. Compression Strength and Failure of Morphology 

3.2.1. The Optimized Prediction Results Compared with the Actual Results 

From the failure of morphology (Figure 8), when I-RAPC is under positive pressure, with the 
increase of load, the surface cracks first appear, and then develop from the middle to the pipes at the 
upper and lower ends, and finally forms an octagonal destruction pattern with positive and reverse 
connections. The surface concrete peels off continuously when the lateral is under pressure, vertical 
penetration cracks appear between the upper and lower pipes, and the pipes are damaged after 
deformation. As it can be seen, the existence of pipes changes the internal structure of concrete, and 
the failure mode is different from that of ordinary concrete, so I-RAPC is not easy to be damaged. 

  
(a) (b) 

Figure 8. The failure of morphology of I-RAPC. (a) Positive compressive strength; (b) Lateral 
compressive strength. 

The I-RAPC compressive strength test results are illustrated in Figure 9, where C5, C10, A5, and 
A10 represent 5 mm and 10 mm concrete and acrylic pipe pores, respectively. The figure illustrates 
that I-RAPC compressive strength decreases as the number of pipe pores and diameter of pipe pores 
increase, which is consistent with the trend that the strength of ordinary recycled pervious concrete 
decreases as porosity increases, The main reason for the analysis is that the existence of the form of 
pipes destroys the pressure-bearing structure of the original dense concrete and forms a weak surface 
inside the concrete, so the more the number of pipes is, the more disadvantageous it is to the bearing 
pressure of concrete. Even so, the measured compressive strength is still much higher than that of 
RAPC [30]. The position of pipes will affect the Positive compressive strength 1EM>1EC>1C and the 
lateral compressive strength 1EM-T>1EC>1EM-S>1C for I-RAPC with the same number of pipes. In 
the case of multi-pipes, there are also 4EM>4EC and 5EM>5EC characteristics. That is to say, the lower 
the compressive strength of I-RAPC is when the position of the pipe is closer to the center of the 
concrete relative to the bearing surface. When a single pipe (such as the position of the EM-T) was 
filled with acrylic pipe (5 mm in diameter), the I-RAPC lateral compressive strength of the concrete 
pipe increased by 1.03MPa. Acrylic pipes can significantly enhance I-RAPC, and the maximum 
compressive strength can be increased by 5.45MPa. 

In addition, different hole locations with the same number of holes also have certain effects on 
I-RAPC. For example, the distribution of EM pipes is better than that of EC, and its improvement on 
the compressive strength of I-RAPC is shown in Figure 10. When compared to the distribution pattern 
of EC holes, the distribution pattern of EM holes can improve compressive strength by 0.03~4.29MPa, 
or approximately 0.08~13.18 percent. As a result, the design of the I-RAPC suggests using the EM 
pipe pore distribution form to achieve greater strength. 
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(a) (b) 

Figure 9. Effect of pipe on compressive strength of I-RAPC. (a) Positive compressive strength; (b) 
Lateral compressive strength. 

  
(a) (b) 

Figure 10. Improvement degree of EM pipe distribution on I-RAPC compressive strength. (a) Positive 
compressive strength; (b) Lateral compressive strength. 

There is a basic inverse relationship between porosity and strength of most solid materials 
[31,32], as shown in Eq (7): 𝑆 = 𝑆଴𝑒ି௞௣ (7)

Where, 𝑆 is the compressive strength of the material when porosity is p, MPa; 𝑆଴ is the intrinsic 
strength when porosity is zero, MPa; 𝑘 is a constant; p is the porosity, %. 

The fitting results of I-RAPC compressive strength and number of holes were obtained by the 
orthogonal distance regression method, as illustrated in Figure 11. 

According to Eq (7), the general expression of the relationship between the I-RAPC strength of 
different pipe diameters and materials and the number of pipes is shown in Eq (8) and (9). 

Concrete pipe I-RAPC: 𝑆 = 𝑆଴𝑒ି௞௫ (8)

Acrylic pipe I-RAPC: 𝑆 = ሺ𝑆଴ − 2ሻ𝑒ି௞௫ (9)

Where, 𝑆 is the compressive strength of the material when the number of pipes is x, MPa; 𝑆଴ is the 
intrinsic strength when the number of pipes is zero, MPa, takes 43.5MPa in this study; 𝑘  is a 
constant, which is related to the hole material, diameter and I-RAPC strength type, specific k values 
are shown in Figure 11. 
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(a) (b) 

Figure 11. Fitting results of I-RAPC compressive strength and pipe number. (a) Positive compressive 
strength; (b) Lateral compressive strength. 

3.2.2. Theoretical Analysis 

According to the test results, the more holes the I-RAPC has, the larger the pore diameter, the 
lower the compressive strength. Therefore, the strength reduction coefficient method is proposed, 
and the theoretical calculation model of I-RAPC compressive strength and pipe parameters is 
constructed. 

The corresponding strength reduction factor c was defined as the ratio of I-RAPC strength of 
concrete single pipes at different positions to the strength of the reference group, as shown in Eq (10). 
The strength characteristics of I-RAPC were changed when the acrylic pipe was inserted into the pipe, 
so the reduction degree was calculated using the corresponding strength of the concrete pipe, as 
shown in Eq (11). The strength reduction coefficients of concrete pipes at various positions are 
calculated using the Eq (10) ,and the results of the calculations are shown in Table 7. 𝑐 = 𝑃௖ 𝑃⁄  (10)𝑎 = 𝑃௔ 𝑃௖⁄  (11)

Where, 𝑐 is the strength reduction factor of the concrete single pipe; 𝑃௖ is the I-RAPC strength of 
concrete single pipes in different positions, MPa; P is the average strength of the reference group, 
MPa, takes 43.5MPa in this study;𝑎 is the strength reduction factor of the acrylic single pipe; 𝑃௔ is 
the I-RAPC strength of acrylic pipe in different positions, MPa. 

Table 7. Reduction coefficient of I-RAPC compressive strength. 

Coefficient 
category 

pipe 
material Diameter/mm 

pipe position 

Center (C) 
c1 

Edge middle (EM) c2 
Edge 

corner 
(EC) c3 

Edge middle 
top (EM-T) 

c2T 

Edge 
middle side 
(EM-S) c2s 

Reduction 
coefficient 
of positive 

compressive 
strength 

Concrete 
5 0.9444 0.9485 0.9453 

10 0.9163 0.9453 0.9320 

Acrylic 
5 0.9158 0.9558 0.9375 

10 0.9313 0.9521 0.9376 
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Reduction 
coefficient 
of lateral 

compressive 
strength 

Concrete 
5 0.9545 0.9660 0.9568 0.9628 

10 0.9478 0.9589 0.9553 0.9568 

Acrylic 
5 0.9434 1.0245 0.9476 0.9663 

10 0.9447 1.0074 0.9407 0.9664 

Notes: According to the characteristics of I-RAPC compression surface, When Positive pressure, the distribution 
forms of single pipes are C, EC, and EM (only one form); When the lateral pressure, the distribution forms of 
single pipes are C, EC, and EM respectively, and EM includes EM-T and EM-S. 

The theoretical calculation model of I-RAPC compressive strength with different pipe 
parameters is established as follows: 𝑓௖௨೎ = 𝑃 ∙ 𝑐ଵ௪ ∙ 𝑐ଶ௦௫ ∙ 𝑐ଶ௖௬ ∙ 𝑐ଷ௭ (12)𝑓௖௨ೌ = 𝑓௖௨೎ ∙ 𝑎ଵ௪ ∙ 𝑎ଶ௦௫ ∙ 𝑎ଶ௖௬ ∙ 𝑎ଷ௭ (13)

Where, 𝑓௖௨೎ and 𝑓௖௨ೌ are the theoretical values of I-RAPC compressive strength with concrete and 
acrylic pipe, respectively, MPa; P is The strength of reference group, MPa; c1, a1 are the strength 
reduction coefficients of concrete and acrylic middle pipes, respectively; c2, a2 are the strength 
reduction coefficients of the middle pipes in the concrete and acrylic laterals, respectively; c2s, a2s are 
the located in the middle (top) part of the edge, respectively; c2c, a2c are the located in the middle (side) 
part, respectively; c3,a3 are the strength reduction coefficients of corner pipes of concrete and acrylic 
pipe, respectively; w, x, y, z are the number of different types of pipes, respectively. 

The error between the calculated and actual values of I-RAPC compressive strength is illustrated 
in Figure 12. The absolute error range of I-RAPC compressive strength is 0.13~2.45MPa, and the 
relative error range is 0.43~7.52%, as illustrated in the figure. As a result, the theoretical I-RAPC 
compressive strength calculation model proposed in this paper can accurately quantify and predict 
the reduction effect of hole number, hole diameter, and hole distribution on I-RAPC compressive 
strength. 

. 

Figure 12. The error diagram between the calculated value and actual value of I-RAPC compressive 
strength. 

3.2.3. Permeability Coefficient 

The permeability coefficient of I-RAPC is mainly determined by the number, diameter, and 
material (coefficient of roughness) of pipes. With the increase of the number and diameter of pipes, 
the coefficient of roughness decreases, and the permeability coefficient increases. Due to the unique 
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characteristics of the upper and lower connecting pipes, the theoretical value of I-RAPC’s 
permeability coefficient can be obtained by combining the free outflow method of simple short pipe 
constant flow in hydraulics with Darcy’s law. The calculation process is as follows in Figure 13. 

  
(a) (b) 

Figure 13. Calculation diagram of water permeability coefficient (Unit: mm). (a) The water 
permeability device; (b) The size of section 1-1, 2-2. 

In the calculation, the viscous dissipation of the water body is ignored, and only the influence of 
external boundary conditions is considered. That is, in the experiment, there are water head loss 
along the way and local head loss, so the flow Q of the free outlet pipe can be calculated using the 
following Eq (14)~(15): 𝑄 = 𝜇௖𝐴ඥ2𝑔𝐻 (14)

𝜇௖ = 1ඥ1 + 𝜆 ∙ 𝐿 𝑑⁄ + ∑𝜁 (15)

Where, 𝑄 is the flow, m3/s; 𝜇௖ is the flow coefficient of pipe; 𝐴 is the cross-sectional area of pipe, 
m2; 𝑔 is the gravity acceleration, m/s2; 𝐻 is the head difference, m; 𝜆 is the head loss coefficient 
along the course; 𝐿 is the length of the pipe; 𝑑 is the diameter of the pipe; 𝜁 is the localized head 
loss coefficient. 

In the Equation above, the determination of and values are the key, which can be obtained from 
the hydraulic Equation. The calculation and values can be seen in Table 8 and Table 9. 

Table 8. Calculation table of frictional head loss coefficient λ. 

pipe 
material 

Coefficient 
of 

roughness 
Diameter/mm Hydraulic 

radius/m 
Chezy’s 

coefficient C 
Head loss coefficient 

along the way λ 

Concrete 0.01 
5 0.00125 32.82 0.07285 

10 0.0025 36.84 0.05782 

Acrylic 0.0075 
5 0.00125 43.76 0.04098 

10 0.0025 49.12 0.03253 

Table 9. Calculation table of local head loss coefficient ζ. 
Section 
number Section form 

pipe 
diameter / 

mm 

Section area 
before 

change/mm2 

Section area 
after 

change/mm2 

Local head loss 
coefficient ζ 

1-1 Suddenly 
shrink 

5 22500 19.625 0.4996 
10 22500 78.500 0.4983 

2-2 Sudden 
expansion 

5 19.625 120000 0.9997 
10 78.500 120000 0.9987 
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According to Darcy’s law, the theoretical value of the I-RAPC permeability coefficient can be 
calculated as follows: 𝑘 = 𝜇௖ඥ2𝑔 𝐻⁄ ∙ 𝐿𝑥 𝐴௧ 𝐴௦⁄  (16)

Where, 𝑥 is the number of pipes; 𝐴௧ is the water flow area of a single pipe, m2; 𝐴௦ is the top area 
of the I-RAPC, m2. 

From Eq (16), the permeability coefficient is positively correlated with the flow coefficient and 
diameter of the pipe. When the roughness of the pipe is small, the flow coefficient of the pipe will 
increase. Therefore, embedding acrylic pipes will moderately increase the permeability coefficient of 
I-RAPC. At the same time, the influence of the pipe diameter on the permeability coefficient is more 
obvious. When the pipe diameter increases from 5mm to 10mm, the permeability coefficient can 
increase by more than four times. Comparing the theoretical value calculated with the actual value, 
the results are shown in Table 10. The absolute error range between the permeability coefficient of 
different pipe materials and diameters and the absolute error is 0.008 ~ 0.036mm/s, and the relative 
error range is 0.265 ~ 4.420%. It can be seen that the theoretical calculation formula of the I-RAPC 
permeability coefficient deduced in this paper has high accuracy. 

Table 10. Theoretical and actual values of I-RAPC water permeability coefficient of a single pipe. 

pipe 
material 

pipe 
diameter 

/ mm 

Flow 
coefficient 

μc 

Flow 
Q(cm3/s) 

Permeability 
coefficient k(mm/s) Error 

Calculated 
value 

Actual 
value 

Absolute 
error (mm/s) 

Relative 
error (%) 

Concrete 5 0.5276 20.773 0.692 0.724 0.032 4.420 
10 0.5452 85.832 2.861 2.897 0.036 1.243 

Acrylic 
5 0.5668 22.312 0.744 0.754 0.010 1.326 

10 0.5763 90.726 3.024 3.016 0.008 0.265 

4. Conclusions 

The strength and permeability of Innovative Recycled Aggregate Pervious Concrete are 
investigated in this paper under various pipe parameters, and a theoretical calculation model is 
developed. It provides the foundation for its future development and application. The following are 
the primary conclusions: 

(1) Based on the RSM, an optimization model of the I-RAPC was established, with the positive 
and lateral compressive strength and permeability coefficient as response values, and the number of 
pipes, diameter, and material as response factors. Utilizing multiple regression approximation 
equation fitting, variance analysis, and error statistical analysis, it is explored that the predicted value 
of the model is in good agreement with the actual value; The model regression equation can simulate 
more than 90% of the response value changed respectively, indicating high accuracy and reliability 
of the test, so the model regression equation can replace the real test value and analyze the test results. 

(2) Compared with RAPC, I-RAPC has significant advantages in terms of strength and 
permeability. Among them, all I-RAPC test groups in this article have compressive strength between 
20MPa and 45MPa, and the compressive strength and permeability coefficient are related to 
parameters such as pipe type, number, diameter, and position. Specifically, the more pipes there are, 
the larger the diameter of the pipe, the lower the strength, and the strength performance of a single 
pipe in the middle position is better than that in the corner position, The variation pattern of 
permeability coefficient is opposite to that of compressive strength. When the number of pipes 
reaches 9 and the diameter of the pipe is 10mm, the permeability coefficient can exceed 27mm/s. 
Moreover, when embedding acrylic pipes, the permeability coefficient of I-RAPC can be 
appropriately improved. 

(3) A new compressive strength calculation model of recycled aggregate pervious concrete based 
on the strength reduction coefficient method is proposed. The model can accurately determine the 
reduction effect of hole number, hole diameter, and hole distribution on I-RAPC compressive 
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strength. The maximum relative error between the calculated value and the actual value is only 
7.52%, which can be used to predict the strength index of innovative recycled aggregate pervious 
concrete. 

(4) The calculation formula of the single pipe permeability coefficient of the innovative recycled 
aggregate pervious concrete is deduced by the employment of the hydraulic method and Darcy’s 
law. The maximum relative error between the calculated value and the actual value is only 4.42%, 
which can be used to determine the permeability of innovative recycled aggregate pervious concrete. 
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