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ABSTRACT. Recycled pervious concrete as an environment-friendly and
material-saving construction material can satisfy the current development
demands of circular economy and environmental protection in China. But
studies concerning the performance of recycled pervious concrete are not
enough, which limits its application and promotion. In this study, waste
prefabricated concrete beams were taken as the source of recycled aggregate
and processed by crushing and screening to obtain recycled coarse aggregate.
Then pervious concrete was prepared using the recycled coarse aggregate.
Taking replacement rate and grain size grade as the running parameters, five
groups of mix proportion were designed. Moreover the physical, mechanical
and permeability performance and the interrelation were analyzed by tests.
The results demonstrated that the 24-hour water absorption rate of the
recycled coarse aggregate was 12 times higher than that of natural aggregate,
the porosity of the pervious concrete was between 14.2% and 20.44%, and
the permeability coefficient was between 0.19 cm and 0.46 cm and increased
with the increase of the porosity. The compressive strength of the pervious
concrete increased with the increase of the replacement rate. When the
replacement rate was 30%, the improvement amplitude was the largest. The
compressive strength was improved 35.4% after double grain grade aggregate
was mixed, but the permeability performance decreased.
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INTRODUCTION

emolition wastes has exceeded 1.5 billion tons in China every year with the acceleration of urbanization
development, among which, 30%~50% is waste concrete; but the availability of the waste concrete is lower than
50% [1,2]. Therefore, recycling of waste concrete has arisen the attentions of the world. It is common to apply
waste concrete in road embankment or as concrete aggregate after crashing, screening and cleaning, which can promote
the sustainable development of the construction industry and has significant economic and social benefits [3,4]. Preparing
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recycled concrete with waste concrete instead of natural aggregate has been tried in the 1950s. Many scholars in China and
abroad have studied the basic properties of recycled aggregate in recent years and gained substantial research
achievements. Silva et al. [5] and Akbarnezhad et al. [6] found that the performance of recycled concrete was weaker than
that of natural concrete. Brito et al. [7] regarded waste concrete beams with high grade as the source of recycled aggregate
and found that the mixing amount of recycled aggregate had insignificant influence on the strength of concrete. Zhang et
al. [8] considered that recycled aggregate could be used for preparing high-performance concrete. Though the conclusions
about the performance of recycled concrete in those studies are inconsistent, preparing concrete with recycled aggregate is
extensively considered as feasible. But limited by technical and social factors, its application has not been extensively
promoted [9].

Pervious concrete refers to a kind of concrete with certain strength and permeability performance which is prepared by
coating and binding aggregate particles with cement paste and adding or not adding fine aggregate and whose connected
pores can rapidly drain away water. The porosity depends on the grain size of aggregate [10]. America has started to study
and apply pervious concrete since 1970s and 1980s. China is promoting pervious concrete currently. Low impact
development construction in China greatly demands petrvious concrete, which means large consumption of natural
aggregate. Replacing natural aggregated rocks with waste concrete totally or partially as the aggregate source of pervious
concrete can save a large number of natural resources and generate significant ecological environmental benefits [11].
Studies concerning the preparation of pervious concrete based on recycled aggregate is in the early stage.

Guneyisi E et al. [12] studied the influence of different replacement rates of recycled aggregate (25%, 50%, 75% and
100%) on pervious concrete and evaluated the performance of pervious concrete using General Linear Model-Analysis of
Variance (GLM-ANOVA). The results demonstrated that the strength of pervious concrete increased firstly and then
decreased and permeability coefficient increased with the increase of the replacement rate of recycled aggregate; the
permeability performance of pervious concrete increased with the increase of water cement ratio under the same
replacement rate. But Zaetang et al. [13] considered that the compressive strength slightly increased when the replacement
rate was lower than 60% and slightly decreased when the replacement ratio was 100%. Zhu found that the compressive
strength of pervious concrete was the largest when the replacement rate of recycled coarse aggregate was 30% and then
decreased with the increase of the replacement rate through Gaussian curve fitting. Previous studies [14,15] considered
that the basic performance of pervious concrete which was prepared using recycled aggregate could satisfy requirements;
however the research methods are different, and the relationship between the replacement rate and the performance of
pervious concrete has not been unified. Therefore, the performance and replacement rate of recycled aggregate and the
strength and permeability performance of graded recycled pervious concrete were studied by preparing graded aggregate
based on waste prefabricated concrete beams through mechanical crushing and artificial screening, which provides a
theoretical basis for the the application of recycled aggregate in pervious concrete and promote the recycling of waste
concrete.

TEST OVERVIEW

Raw materials

T he raw materials included P-O 42.5 cement (Henan Mengdian Group, China) whose 28-day compressive strength
was 53 MPa and 28-day bending strength was 8.0 MPa, natural river sand (coarse sand), natural coarse aggregate
(gravel with grain size between 5 mm and 10 mm) and recycled coarse aggregate (waste road concrete blocks).

Natural river sand was used as fine aggregate. The mixture of coarse sand was to ensure the strength of test specimens

and improve the workability of pervious concrete and facilitate the forming of test specimens. The waste road concrete

blocks were obtained by crushing with knobbling and Y1325-4 jaw crusher (Shanghai Dezhong Electric Co., Ltd., China)

and screening aggregate with grain size between 5 mm and 10 mm and between 10 and 20 mm (in a small amount).

Design of mix proportion

Referring to relevant regulations and research achievements [16,17], water cement ratio was set as 0.30. The replacement
rate of recycled aggregate was set as 0%, 30%, 50%, 100% single-sized and 100% double-sized, denoted as RCO, RC30,
RC50, RC100 and RC100D. The double-sized recycled coarse aggregate included aggregate with grain size between 5 mm
and 10 mm and between 10 mm and 20 mm (mass ratio: 6:4; with the maximum accumulation density).

The 10-min water absorption rate of recycled aggregate usually can be 90% that of aggregate in saturation state; moreover
concrete mixing can be completed within 10 min. To solve the problem of high water absorption of the recycled
aggregate, added water was used in this study. The amount of added water was equal to the amount of 10-min water
absorption. Influence of the water absorption of natural aggregate was not considered.
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To improve the mixing peaceability of recycled pervious concrete and ensure its strength, a small amount of coarse sand
(natural river sand with fineness modulus of 3.3) was added (sand percentage: 10%) was added (Tab. 1). The design of mix
proportion is shown in Tab. 2.

Aperture size/mm 95 475 236 118 0.60 0.30 0.15
41- 70- 90-
70 92 100

0 0.5 11.8 419 0652 804 92.6

Type II grading region requitement/%o 0 0-10 0-25 10-50

The first accumulative sieve residue

petcentage/ %
The second accumulatlvg: sieve residue 0 07 135 432 676 838 913
petrcentage/ %o
Table 1: Natural sand grain grading.
Replace Sand Material utilization amount pet unit volume (kg/m?3)
No. EELT iy Natural Water involved in Added
rate/% e/% RATL RA2 NA sand Cement cement hydration watet
RCO 0 10 0 0 1378 153 307 92 0
RC30 30 10 136 0 1240 153 307 92 3
RC50 50 10 415 0 968 153 307 92 10
RC100 100 10 1378 0 0 153 307 92 32
RC100D 100 10 826 550 0 153 307 92 28

Table 2: Mix proportion of recycled pervious concrete
Note: NA: natural aggregate (5~10 mm); RA1: recycled coarse aggregate (5~10 mm); RA2: recycled coarse aggregate (10~20 mm)

The forming and maintenance of test specimens

All the concrete was mixed using a 50 L blender. Firstly sand and cement were mixed evenly. Then coarse aggregate and
water were added. After 3 ~ 5 min of mixing, the slump degree was measured, about 35 mm~50 mm. After testing of the
slump degree, the concrete mixture was poured into a steel mould and tamped; the surface was smoothed. The mould was
removed after 24 hours. Then it was maintained in a curing room (202 °C, humidity higher than 95%). After 28 days, all
the test specimens were taken out for testing.

TEST METHODS

Porosity and permeability coefficient
he effective porosity of test specimens was calculated based on the mass variation of test specimens after being
immersed in water and dried by air for 24 h. The calculation formula is:

P=[1- (22215 100% )
pﬂ/”

where P stands for porosity (unit: %), m; stands for the mass of test specimens in water (unit: g), my stands for the mass
of test specimens after 24 hours of air drying (unit: g), v stands for the volume of test specimens (unit: cm3), and oy stands
for the density of water at room temperature (unit: g/cmb3).

Permeability coefficient

Permeability coefficient was tested using constant water head method, and the test device is shown in Fig. 1. Pervious
concrete was prepared using polyvinylchlorid pipe mould in a nominal outside diameter of 110 mmX150 mm. Then the
test specimens were vertically fixed at the stent in the middle of overflow gutter. Valve for water supply was opened. After
the volume of water flowing from the outflow ports of the overflow gutter and porous cylinder became stable, difference
of the water levels of the porous cylinder and overflow gutter (H) was measured using a steel gauge. When the water levels
were being stable for 30 s, a second chronograph was started; at the same time, water flowing from the water outlet was




¢

ol
(('

Y. Yanya, Frattura ed Integrita Strutturale, 46 (2018) 343-351; DOIL: 10.3221/IGF-ESIS.46.31

collected using a measuring cylinder. The time (t) and the amount of effluent water (Q) were recorded. Each test specimen
was measured thrice. The maximum and minimum values were removed from the test results, and the median was taken
as the permeability coefficient of the test specimens. The calculation formula is:

b= @

where K; stands f ot the permeability coefficient at the i-th measurement (unit: cm/s), Q stands for the amount of watet
passing through the test specimens in t seconds (unit: cm?), I stands for the height of the test specimens (unit: cm), A
stands for the cross section area of the test specimens (unit: cm?), h stands for the difference of water level (unit: cm), and

t stands for the measurement time (unit: s).
Water supply
system
Outflow port
Water Head (h)

Qo
Q

™~ Overflow gutter

Oo

Height of the pervious
concrete test specimens (I)

Amount of water passing
through the test specimens
in t seconds (Q) ~

Fixed support

Figure 1. Test device

Compressive strength and splitting tensile strength

The compressive and splitting tensile strength of the recycled pervious concrete were tested using YAWG6506 electro-
hydraulic servo compression testing machine according to Standard for Test Method of Mechanical Properties on
Ordinary Concrete (GB /T 50081-2002).

TEST RESULTS AND ANALYSIS

The analysis results of the physical properties of coarse aggregate
oarse aggregate acts as a skeleton in concrete, which determines the properties of concrete mixture and the
mechanical and endurance properties after hardening. The main properties of the natural and recycled aggregate
were detected using relevant regulations in this study, and the results are shown in Tab. 3.

gi};g:}ll CX:;:; / 10-min water 24-h water /355 :irt;r}t flt;f:g]l? Porosity cor?tlitnt / Crush

i 0 10n° 0 P o
indexes % eleipilon) absorption?s (kg/m) (kg/m?) /% % index/%
i{g(;}égfi 2.9 5.0 5.6 2606 1262 51.62 0.25 35.07
azgrteugjtle 0.2 0.4 0.5 2728 1553 45.33 1.4 15.56

Table 3: The physical properties of the natural aggregate and recycled aggregate.

Tab. 3 demonstrates that the water content of the recycled aggregate was 14 times that of the natural aggregate, the 24-h
water absorption of the former was about 12 times that of the natural aggregate, and the 10-min water absorption of the
recycled aggregate was 90 % that of recycled aggregate in saturated water absorption state. It was because that the
hardened mortar on the surface of the recycled aggregate was so porous that the water absorbability was strong. The
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findings were consistent with the research results of Bhutta MAR et al. [18]. Tab. 3 also demonstrated that the apparent
density and stacking density of the recycled aggregate was lower than those of the natural aggregate. The study of Xu et al.
[19] suggested that the apparent density and stacking density of the recycled aggregate were between 2310 kg/m3 and 2620
kg/m3 and between 1200 kg/m3 and 1470 kg/m3; and the apparent and stacking density of the recycled aggregate in this
study were both within the ranges. Moreover the crushing value of the recycled aggregate was apparently larger than that
of the natural aggregate, about 2 times, and the silt content of the natural aggregate was 6 times that of the recycled

agor egate.

The analysis results of porosity and permeability coefficient

A previous study [20] found that the porosity of recycled pervious concrete increased with the increase of replacement
rate. The relationship between replacement rate and porosity obtained in this study was in line with that rule. The porosity
and permeability coefficient of the recycled pervious concrete are shown in Tab. 4. Moreover it was found that the
connected porosity increased with the increase of permeability coetficient (Fig. 2), which was similar to the research
results of Zaetang et al. [13]. It was because that concrete with higher porosity had suffered smaller water resistance due to
the larger effective wetted area.

No. Range of porosity/%  Average porosity/% Average permeability coefficient (cm/s)
RCO 17.02~19.18 17.8 0.28
RC30 14.56~15.68 14.96 0.26
RC50 14.94~18.55 16.18 0.27
RC100 18.75~22.2 20.43 0.47
RC100D 13.77~14.95 14.20 0.18

Table 4: Porosity and permeability coefficient.

1.8
1.6
141
121
1.0

0.8
0.6 -
04 W =0.021"P7)
o R*=0917

0 1 1 1 1 1 1 1 ]
14 16 18 20 22 24 26 28
Porosity /%

Permeability coefficient / (cm/s)

T
4

Figutre 2: Porosity and permeability coefficient

The analysis of compressive and splitting tensile strength

Strength is an important parameter of pervious concrete. The application of recycled aggregate can provide enough
strength for pervious concrete. The compressive strength of the recycled pervious concrete was between 3.6 MPa and
9.07 MPa in this study. The variation rule of the compressive strength under different replacement rate is shown in Fig. 3
and 4.

It could be noted from Fig. 3 and 4 that the compressive strength of RC30, RC50, RC100 and RC100D were higher than
RCO, which was consistent with the current research results [21,22]. It was because that the rough surface and porous
internal structure of the recycled aggregate strengthened cementation, and the water absorbed by the aggregate during
mixing released to promote the development of the compressive strength. Moreover it was observed that the compressive
strength gradually improved with the increase of the replacement rate; the improvement amplitude was the largest when
the replacement rate was 30%, but kept unchanged when the replacement rate was higher than 30%. The compressive
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strength of RC100D was about 35.4% higher than that of RC100, indicating that grading adjustment could optimize the
strength of pervious concrete. Grading adjustment could improve the stacking density and decrease the crushing value,
which could improve the compressive strength and reduce dispersion.

1or
< [ ]
& RC100D
= 8r
< RC30 RC50
= ®. r'y Y
g0
E 6F RC100
R
[}
a RCO
N
O

1 1 1 1 ]
0 20 40 60 80 100

Replacement rate /%
Figure 3: Compressive strength of the recycled pervious concrete.
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Figure 4: The diagram of the relationship between different replacement rate and compressive strength.

The compressive strength was considered in an exponential relationship with the porosity, and the compressive strength
decreased with the increase of the porosity [17]. The relationship between the porosity and compressive strength found in
this study was basically consistent with previous studies (Fig. 5 and 6). But RPC100 with the largest porosity, surprisingly,
had the highest compressive strength. The compressive strength of porous pervious concrete is usually determined by the
occlusion friction of coarse aggregate and the bounding strength between aggregate and cement mortar. The rough
surface of RPC100 increased the occlusion friction between aggregate, and moreover the thickness of cement mortar
between aggregate increased.
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Figure 5: Porosity and compressive strength.
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Figure 6: The diagram of the relationship between the porosity of the pervious concrete and compressive strength.

The relationship between the compressive strength and splitting tensile strength of the pervious concrete is shown in Fig.
7. The results demonstrated that the splitting tensile strength improved with the increase of the compressive strength.
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Figure 7: Compressive strength and splitting tensile strength

CONCLUSIONS

he recycled aggregate was obtained by mechanically crushing and artificially screening the waste prefabricated
concrete components in this study, and moreover it was tested and analyzed to explore the effects of the mixing
amount of recycled aggregate on the strength and permeability performance of pervious concrete. The main
conclusions are as follows.
The water absorption of the recycled coarse aggregate was 13 times that of the natural aggregate, and its 10-min water
absorption could be 90% of the recycled coarse aggregate in the saturated water absorption state. The apparent and
stacking density of the recycled coarse aggregate was 95.5% and 81.2% that of the natural aggregate and the crushing
value of the former was 2 times that of the latter.
Considering the high water absorption of the recycled coarse aggregate, added water whose amount was equal to the 10-
min water absorption of the recycled coarse aggregate was used to avoid region with low water cement ratio. The strength
and water permeability of the recycled pervious concrete satisfied the regulations. The test results were superior to the
petrvious concrete prepared using natural aggregate in the same proportion. Therefore it is feasible to prepare pervious
concrete using recycled aggregate in the aspect of performance.
The blending ratio of the recycled coarse aggregate was in no obvious relation with the porosity changes of the pervious
concrete. The porosity was the largest when the replacement rate was 100%, but the permeability coefficient increased
with the porosity. Moreover the addition of double grain grade aggregate improved the compressive strength of the
recycled pervious concrete and decreased the porosity and water permeability.
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When the replacement rate of the recycled coarse aggregate was 30%, the compressive strength of the pervious concrete
was the largest, 6.71 MPa; when the replacement rate became higher than 30%, the compressive strength stopped
increasing. The splitting tensile strength was in a positive correlation with the compressive strength; the splitting tensile
strength increased with the increase of the compressive strength. But the compressive strength was in a negative
correlation with the porosity; the compressive strength decreased with the increase of the porosity.
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APPENDIX

RCO a pervious concrete sample which is composed of single-sized aggregate and whose replacement rate
of recycled aggregate is 0%

RC30 a pervious concrete sample which is composed of single-sized aggregate and whose replacement rate
of recycled aggregate is 30%

RC50 a pervious concrete sample which is composed of single-sized aggregate and whose replacement rate
of recycled aggregate is 50%

RC100 a pervious concrete sample which is composed of single-sized aggregate and whose replacement rate
of recycled aggregate is 100%

RC100D a pervious concrete sample which is composed of double-sized aggregate and whose replacement
rate of recycled aggregate is 100%

Porosity the ratio of the volume of open pores inside the pervious concrete to the volume of the pervious
concrete

Permeability a parameter representing the permeability performance of concrete, which refers to the volume of

coefficient ~ water passing through pervious concrete per unit area in unit time.
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