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Abstract The objective of this research was to

incorporate recycled aggregate into pervious concrete

to create a very sustainable concrete product for many

applications. The research methodology interested

replacing natural aggregate with recycled aggregate in

the pervious concrete production at 4 different

replacement levels of 25, 50, 75 and 100 %, with

two different water-to-cement ratios of 0.27 and 0.32.

Single sized recycled and natural aggregate, passing

from 12.5-mm sieve and retained on 9.5-mm sieve,

were used in the manufacturing of pervious concrete.

Totally ten different concrete mixtures were produced

and each of the concrete batches was tested for dry

density, porosity, compressive and splitting tensile

strength, water permeability and abrasion resistance.

The properties of pervious concrete produced with

recycled aggregate were also evaluated by statistical

technique, namely GLM-ANOVA. The experimental

results showed that the properties of pervious concrete

were significantly affected by using recycled aggre-

gate. Substituting the natural aggregate with recycled

aggregate resulted in a considerable increment in

permeability coefficient. However, it was observed

that the mechanical properties of such concretes were

adversely influenced up to a certain degree.

Keywords Abrasion resistance � Pervious concrete �
Porosity � Recycled aggregate � Water permeability

1 Introduction

All the concrete manufacturers are trying to make their

products more economic and environment friendly

with the increase of environmental consciousness.

One of the leading efforts that are being to achieve this

goal is recycling of old products in the concrete

production. One important recycling material is the

recycled aggregate obtained from demolished con-

crete structures. The Portland cement concrete asso-

ciation (PCA) reported that the concretes produced

with recycled aggregate show very similar perfor-

mance to conventional concrete containing natural

aggregate [1]. However, there is not enough study

about effect of recycled aggregate on pervious

concrete. The pervious concrete is a special type of

concrete consists of a gap-graded system, generally

contains cement, coarse aggregate, little or no sand,

admixtures, and water. The combination of these

components will produce a hardened material that

allows water to pass through the concrete easily [2, 3].

Moreover, the high water permeability of pervious

concrete makes it to be considered as an environment

friendly concrete. When the natural coarse aggregate

replaced with recycled aggregate, the pervious con-

crete could be more considered as environment
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friendly concrete for sustainable construction. Pervi-

ous concrete has been regarded by the U.S. Environ-

mental Protection Agency (EPA) as one of the best

management practices (BMP) for the control of storm

water runoff and its contaminants [4].

Pervious concrete is generally used in sidewalks,

for low-traffic volume roads and for parking [2]. The

main benefit presented by pervious concretes is its

ability to transport large volumes of water through its

highly connected pore structure to the ground, thus

recharging groundwater and reducing or eliminating

problems associated with storm-water runoff are the

most important properties of pervious concrete [2, 5].

Other environmental benefits of pervious concrete

include the ability to reduce tire-pavement interaction

noise, improved road safety because it is able to

enhance the skid resistance, and reduce urban heat-

island effects [2, 3, 6–9].

Generally, cementitious material content in pervi-

ous concretes is between 270 and 415 kg/m3 [3] and

water-to-cement ratio for this type of concrete is in the

range of 0.26–0.40 [2, 3]. A single-sized aggregate

gradation is commonly used to produce pervious

concrete [3, 9]. The aggregates for pervious concrete

are typically smaller than that of conventional con-

crete. Utilization of smaller sized aggregate in

production makes the mix more workable and also

provide smoother riding surface and high strength [2,

10]. Nevertheless, the smaller sized aggregate

decreases the permeability of pervious concrete.

Properties of pervious concrete exceedingly depend

on many factors such as type and gradation of

aggregate, cement content, water-to-cement (w/c)

ratio, aggregate-to-cement (a/c) ratio, and type and

degree of compaction [11]. The aim of mixture

proportioning of pervious concrete is to achieve a

good balance between void content, paste content,

workability, and strength [2].

Fresh pervious concrete is typically stiff for this

reason it cannot be pumped [3]. The slump is rarely a

useful or appropriate method to determine mixture

consistency. Some researchers advised fresh unit

weight as the preferred measurement for quality

control or quality assurance purposes [2, 7, 9, 12].

The density of pervious concrete is generally between

1,500 and 2,200 kg/m3 [3, 12–15] and the water

permeability of pervious concrete typically ranges

from 1.4 to 12.2 mm/s and the compressive strengths

generally range between 2.8 and 28 MPa [2]. A

porosity ranging between 15 and 30 % is acceptable

for pervious concrete [2, 16–20].

The major drawback of pervious concrete is its

lower compressive, flexural strength, and clogging by

fine materials compared to conventional concrete and

the cost of maintenance and cleaning is high for the

pervious concrete. In addition to that, resistance to

freeze–thaw cycles and deicing chemical attack are

more critical than conventional concrete [2]. Increas-

ing the cement paste area is one way to increase the

overall mixture strength [21]. However, there is

inversely proportional relation between the porosity

and the strength of pervious concrete. Namely,

decreasing the porosity amount in concrete increases

the compressive strength. Despite all, pervious con-

crete with enough permeability and sufficient strength

for many applications can be achieved with proper mix

design [3].

Several research projects have been conducted on

the use of recycled aggregate in the pervious concrete

and studied the benefits, limitation, and possible

defects [22, 23]. Rizvi et al. [24] produced pervious

concretes with four different recycled aggregate levels

of 15, 30, 50, and 100 %. Their results indicated that

increasing the recycled aggregate content led to a

decrease in compressive strength, an increase in

porosity and thus increase in water permeability.

Zhuge [25] and Murao et al. [21] also used recycled

aggregate in pervious concrete production, their

results indicated significantly lower compressive

strength at similar porosity and permeability. Using

the recycled aggregate instead of natural aggregate in

concrete generally decreased the compressive strength

and increases the creep, drying shrinkage, and porosity

of pervious concrete [26, 27]. Tennis et al. [3] were

studied on the pervious concrete and concluded that

low abrasion resistance and raveling might be prob-

lems for pervious concrete, because of its rough

surface. Ghafoori and Dutta [12] studied on the

compaction of pervious concrete and reported that

the mechanical properties of pervious concrete were

influenced by the compaction energy and aggregate-

to-cement ratio. The low compaction energy and high

aggregate-to-cement ratio lead to low strength. There-

fore, according to literature review, it can be con-

cluded that the pervious concrete needs a proper mix

design and carefully compaction.

In this research, the experimental investigation of

void content, compressive and splitting tensile
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strengths, permeability performance and abrasion

resistance of pervious concrete was aimed. The

pervious concretes were produced at two different

water-to-cement ratios of 0.27 and 0.32 with four

different recycled aggregate replacement levels of 25,

50, 75, and 100 %. Totally, 10 pervious concrete

mixtures were manufactured and they were tested after

28-day water curing period. The recycled aggregate

utilized in this study were obtained from crushing the

cubic concrete samples of which 28-day average

compressive strength was 22.7 MPa. Moreover, the

effect of w/c and replacement level of recycled

aggregate on properties of pervious concrete was

analyzed statistically with using GLM-ANOVA.

2 Experimental study

2.1 Materials

The materials used in this study were Portland cement,

single sized natural and recycled aggregate with

specific gravity of 3.15, 2.72 and 2.54, respectively.

The CEM I 42.5R type of Portland cement was used in

both manufacturing of recycle and pervious concretes.

The physical properties and chemical compositions of

Portland cement were given in Table 1.

The single sized natural coarse aggregate was

obtained by sieving the natural coarse aggregate from

9.5 and 12.5-mm sieve and used in the pervious

concrete production. The 24-h water absorption of

single sized natural coarse aggregate was about

1.48 %.

2.2 Recycled aggregate

For the single sized recycled coarse aggregate, the

concrete with 28-day average compressive strength of

22.7 MPa was crushed at the two-stage crushing system

including the integration of jaw and cone crushers

(Fig. 1a, b). At the first stage of this study, the cubic

concrete specimens were produced with 280, 210, 841

and 1,024 kg/m3 of cement, water, fine and coarse

aggregate, respectively. The natural river gravel and sand

with the specific gravity of 2.73 and 2.43, respectively,

were used in the recycle concrete production. To produce

low strength concrete, 210 cubic specimenswere cured in

water for 7 days and were kept in laboratory conditions

till 28 days. This process was applied on the concrete

manufactured in laboratory to achieve same character-

istics with concrete produced in site. The cubic speci-

mens were tested for compressive strength after 28 days

and the concretes with low strength were crushed by

using the two-stage crushing system. The jaw cone was

used as a primary crusher and concrete samples were put

in which aggregate is shaped like folieceous under the

compression effect (Fig. 1c). After the primary crushing,

the folieceous shaped aggregates were converted to

angular shaped aggregates by using the cone crusher

which produces an impact effect with rotating axially

(Fig. 1d). The required size of aggregate can be obtained

after this process, but it does not single sized aggregate.

The recycled aggregates obtained from crushing system

were sieved from 9.5 to 12.5-mm sieve to get same size

with single sized natural coarse aggregate. The single

sized recycled aggregate has the specific gravity and

water absorption of 2.54 and 5.07 %, respectively. After

the sieving process, the recycled aggregate were washed

to remove all impurity materials which might prevent

good bond between the aggregate particles and the

cement paste. The properties of both single sized natural

and recycled aggregates and their pictures are given in

Table 2 and Fig. 2, respectively.

2.3 Concrete mixing proportioning and casting

The cement contents for the pervious concrete series

were designated as 420 and 270 kg/m3, respectively.

Table 1 Chemical

compositions and physical

properties of Portland

cement

a Blaine specific surface

area

Chemical

analysis (%)

Portland

cement

CaO 62.12

SiO2 19.69

Al2O3 5.16

Fe2O3 2.88

MgO 1.17

SO3 2.63

K2O 0.88

Na2O 0.17

Free lime 1.91

Loss on

ignition

2.99

Insoluble

residue

0.16

Specific

gravity

3.15

394a
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Two different pervious concrete series were produced

at water-cement ratios (w/c) of 0.27 and 0.32 and

aggregate-cement ratios (a/c) of 3.70 and 5.75 as

weight, respectively. The amount of aggregates in

both concrete series was kept constant. The single

sized natural aggregate was replaced with the single

sized recycled aggregate at four different levels of 25,

50, 75, and 100 %. The natural aggregate was

substituted with the recycled aggregate as weight to

keep the a/c ratio constant. The concrete mix

proportions for the pervious concrete are also given

in Table 3. In the table, 27 and 32 refers to w/c ratios,

while the NA and RA were used for designation of

natural and recycled aggregate content, respectively.

For example, 27NA100RA0 means that the pervious

concrete produced with 100 % of natural aggregate

and 0 % of recycled aggregate at w/c ratio 0.27.

The water absorptions of aggregates were deter-

mined for 30 min and 24 h water immersion and it was

noticed that 30-min water absorptions of NA and RA

Fig. 1 Two-stage crushing system: a primary crusher (jaw), b secondary crusher (cone), c felieceous shaped aggregate, and d recycled

aggregate

Table 2 Properties of recycled and natural aggregate

Type of

aggregate

Size range of

aggregate (mm)

Aggregate nominal

diameter (mm)

Specific

gravity

Water

absorption (%)

NA 9.5–12.5 11 2.72 1.48

RA 9.5–12.5 11 2.54 5.07

NA natural aggregate, RA recycled aggregate
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were equal to approximately 95 and 90 % of 24-h

water absorption, respectively. Therefore, both natural

and recycled aggregates were immersed in water for

30 min and exceed water on the aggregate surface was

rubbed out manually by a dry towel before each

casting. By this way, saturated surface dry aggregate

was obtained and the amount of mixing water was

maintained as constant.

The concretes were mixed in the power-driven

revolving pan with capacity of 30 liter with special

mixing procedure for pervious concrete proposed by

Wang et al. [18]. The recommended mixing procedure

by Wang et al. [18] for the pervious concrete was

followed to ensure a good bond between the aggregate

particles and the cement paste. The aggregate was first

added to the pan and mixed for 30 s. Then, 5 % of

Fig. 2 Photographic view of single sized: a natural aggregate (NA) and b recycled aggregate (RA)

Table 3 Mix proportions for the pervious concrete

Mix ID Water-to-

cement ratio,

w/c

Cement

(kg/m3)

Water

(kg/

m3)

Aggregate-to-

cement ratio,

a/c

Natural

aggregate

(%)

Natural

aggregate

(kg/m3)

Recycled

aggregate

(%)

Recycled

aggregate (kg/

m3)

27NA100RA0 0.27 420 113.4 3.70 100 1554.0 0 0.0

27NA75RA25 0.27 420 113.4 3.70 75 1165.5 25 388.5

27NA50RA50 0.27 420 113.4 3.70 50 777.0 50 777.0

27NA25RA75 0.27 420 113.4 3.70 25 388.5 75 1165.5

27NA0RA100 0.27 420 113.4 3.70 0 0.0 100 1554.0

32NA100RA0 0.32 270 86.4 5.75 100 1554.0 0 0.0

32NA75RA25 0.32 270 86.4 5.75 75 1165.5 25 388.5

32NA50RA50 0.32 270 86.4 5.75 50 777.0 50 777.0

32NA25RA75 0.32 270 86.4 5.75 25 388.5 75 1165.5

32NA0RA100 0.32 270 86.4 5.75 0 0.0 100 1554.0
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Portland cement was poured on the aggregate and they

were mixed for 1 min or till the fully coating of the

aggregates by a thin layer of cement is observed. After

that, the remainder cement and the water were added

to mixer and they were mixed for approximately

2–3 min. As soon as mixing procedure finished, the

pervious concrete was placed to the moulds with three

layers and each layer was rodded 25 times. While the

pervious concretes produced with w/c ratio of 0.27

were vibrated 2–3 s, the pervious concretes manufac-

tured with w/c ratio of 0.32 were not vibrated due to

having high workability. The concrete specimens were

covered with plastic wrap and were kept in the

laboratory conditions. After 24 h, they were demoul-

ded and water curing was applied till testing day.

2.4 Test specimens and methods

The cubic specimens with 150-mm dimensions were

used for compressive strength test and the prismatic

specimens which have 70 9 70 9 100 mm dimen-

sions were produced for abrasion test. The cylindrical

specimens with 100 mm in diameter and 200 mm in

height were produced for the dry density, void content,

the splitting tensile strength and permeability tests.

Three specimens were produced for each test and the

results given in this study are the average of them.

The compressive strength test was carried out with

respect toASTMC39 [28]. The splitting tensile strength

of pervious concrete was conducted in accordance with

ASTM C496 [29] and the following equation was used

to calculate the splitting tensile strength:

fsplit ¼
2P

pDL
; ð1Þ

where fsplit, P,D, and L are the splitting tensile strength

(MPa), the ultimate load (N), the diameter and the

length of cylindrical specimen (mm), respectively.

ASTMC1754 [30] was followed for the calculation

of density and void content of hardened pervious

concrete. The densities of pervious concretes were

determined by the following equation:

Density ¼ K � A

D2 � L
; ð2Þ

where K, A, D, and L are the 1273240 in SI units

(mm3kg/m3g), the dry mass (g), the average diameter

(mm), and the average length of the specimen (mm),

respectively.

The density of water was first determined to

calculate the void content of the specimen by inter-

polation of the values given in ASTM C29 [31].

Then, the void content of the specimens were calcu-

lated as:

Void content ¼ 1� K � ðA� BÞ
qw � D2 � L

� �� �
� 100; ð3Þ

where B and qw are submerged mass of the specimen

(g) and the density of water at temperature of the water

bath (kg/m3), respectively.

The water permeability coefficients for pervious

concrete were determined by falling head method,

using a specially made permeability apparatus as

shown in Fig. 3. The cylindrical test specimen was

firstly wrapped with a latex membrane tightly to stop

the water leaking along the sides and to allow the

water to flow through the cross-section of the speci-

men. The top of the specimen were fitted to glass

tubes. The water permeability test was conducted

under the falling of head from 400 to 300 mm. For

each specimen, four readings were recorded and

average of themwas taken. After that, the permeability

coefficients (k) of the pervious concretes, which

follows Darcy’s law and assumes laminar flow, were

evaluated by the following expression:

k ¼ a� L

A� t

� �
ln

h0

h1

� �
; ð4Þ

where k, a, L, A, t, h0, and h1 are the coefficient of

permeability (mm/s), the cross-sectional area of the

pipe (mm2), the length of the specimen (mm), the

cross-sectional area of the specimen (mm2), the time

taken for the head to fall from h0 to h1 (s), initial

water head (mm), and the final water head (mm),

respectively.

The Böhme abrasive wheel was used to measure the

abrasion resistance of the pervious concrete as

recommended in DIN52108 [32]. The Böhme abrasive

test device has a steel disc with a diameter of 750 mm

and rotating speed of 40 cycle/min. The device also

contains a lever, which could apply 300 N on the

specimens. The photographic view of Böhme abrasive

wheel test device is shown in Fig. 4.

After weighing the prismatic specimen with the

dimensions of 70 9 70 9 100 mm, it was putted on

the abrasion part on the wheel and 20 g of wear dust

which is corundum (crystalline Al2O3) was spread on

the abrasion part of the disc. Then, the disc was rotated
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one period consisting of 22 cycles. After each period,

the specimen was turned 90� without changing the

abrasion face of the specimen. Totally 4-period

rotating of abrasive wheel was applied to the specimen

face. When 4-period rotating of the specimen finished,

the abrasion face of the specimen and abrasive wheel

was cleaned by soft brush. This process was named as

a spin and totally 4 spins were carried out on the

specimen. After the 352 cycles, the prismatic speci-

men weighed and then the abrasion of the specimen by

deep wear was calculated with using the following

equation:

DL ¼ Dm
dR� A

; ð5Þ

whereDL,Dm, dR, and A are the abrasive wear after 16

periods as the mean loss in specimen thickness (cm),

the loss in mass after 16 cycles (g), the density of the

specimen (g/cm3), and the area of surface that exposed

to abrasion (cm2), respectively.

200 mm

200 mm

Ø100x200-mm 
pervious concrete 
specimen wrapped 

with  latex 
membrane

Water

120 mm

(a) (b) (c)

(d)

Fig. 3 Permeability test: a the pervious concrete cylinder specimen, b the wrapped specimen with latex membrane, c the permeability

test apparatus, and d detailed test apparatus
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3 Results and discussion

3.1 Dry density and void content

The densities of the hardened pervious concretes

versus replacement level of recycled aggregate are

demonstrated in Fig. 5a. Density values for pervious

concrete ranging between 1,781 and 1,976 kg/m3,

which is 70–80 % of conventional concrete, was

obtained in this study. Systematical reduction in

density was observed with increasing the recycled

aggregate content, since recycled aggregate has lower

specific gravity than natural aggregate. Additionally,

the surface texture of recycled aggregate is more

angular than that of natural aggregate. This surface

characteristic of recycled aggregate can easily be

inspected visually. This angularity characteristic of

recycled aggregate might block the compaction of

aggregate particles when the concrete was rodded.

Therefore, the lower density was obtained. Also, w/c

ratio affected the dry densities of pervious concrete.

The higher the w/c ratio resulted in lower dry density.

This can be explained by the cement content. Utili-

zation of high cement content in pervious concretes

produced at w/c ratio of 0.27 filled the voids between

aggregate particles. For that reason, denser pervious

concretes were obtained.

Void contents of pervious concrete versus recycled

aggregate content are plotted in Fig. 5b. The void

content of pervious concrete was also affected by w/c

ratio. The higher cement content designated at w/c of

0.27 resulted in lower void content for pervious

concrete. Angular shape of recycled aggregate also

played an important role in void content of pervious

concrete. It caused a less compaction of the pervious

concrete and produced more void in the pervious

concrete. Increasing the recycled aggregate content

increased the void content from 21.3 to 23.4 and 22.4

to 25.3 for the pervious concretes produced at w/c

ratios of 0.27 and 0.32, respectively. While increasing

the recycled aggregate content from 0 to 100 %

resulted in about 9.9 % increment of void content for

pervious concretes produced at w/c ratio of 0.27, this

increment rate was about 13.0 % when pervious

concrete manufactured at w/c ratio of 0.32. Increasing

the w/c ratio from 0.27 to 0.32 resulted in 5.2 and

8.1 % increment of void content for pervious concrete

produced with 100 % natural and recycled aggregate,

respectively. The void content values of pervious

concrete produced in this study are acceptable

Fig. 4 Böhme abrasive wheel test device
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according to ACI55R [2]. Additionally, it can be said

that there is a good relation between dry density and

void content of pervious concrete according to Fig. 5c.

The R-square value of 0.791 was attained in the

experimental study.

Moreover, the valuation of whether an independent

variable has an effect on the dependent variable is

determined by a general linear model analysis of

variance (GLM-ANOVA) with using software name

Minitab [33]. The GLM-ANOVA is an important

statistical analysis and diagnostic tool which aids to

quantify the dominance of a control factor by reducing

the control variance. The analysis was performed at a

0.05 level of significance to identify the statistically

significant experimental parameters on the properties

of pervious concrete. The effectiveness of the test

parameters was determined by performing the GLM-

ANOVA. The statistical analysis results are shown in

Table 4. The P values indicate the significance of the

test parameter on the properties of pervious concrete.

When P value is less than 0.05, it means that the

parameter is acceptable as a significant factor on the

test result. The analyzed mixture proportion variables

are identified as yes or no (Y/N) as either present or not

present in the analysis. The dry density, void content,

compressive and splitting tensile strength, permeabil-

ity coefficient and abrasion resistance of pervious

concrete were analyzed separately and assigned as

dependent variable while the water-to-cement ratio

and replacement level of recycled aggregate content

were selected as independent factors. Also, percent

contribution was used to get an idea about the degree

of effectiveness of each independent factor on the

dependent variable such that the higher the contribu-

tion, the effectiveness of the factors to that particular

response was higher. Likewise, if the percent contri-

bution is low, the contribution of the factors to that

particular response is less. The percent contribution of

each independent variable was calculated by the

division of sequential sum of squares of independent

variable to total sequential sum of squares.

Besides, the statistical evaluation revealed that both

water-to-cement ratio and recycled aggregate content

have a significant effect on dry density and void

content. However, the recycled aggregate content

affects the dry density void content of pervious

concrete more than water-to-cement ratio when

percent contribution is considered (Table 4).

3.2 Compressive strength

The compressive strength results of pervious concrete

with regard to each replacement level are given in

Fig. 6a. The higher compressive strength results were

achieved in pervious concrete manufactured at a w/c

ratio of 0.27. To produce a pervious concrete, a thin or

very thin cement paste layers which coating the

aggregates particles are needed and generally com-

pressive failure path passes through the binder layer

between the aggregate particles and interfacial
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1750

1800

1850

1900

1950

2000

0 25 50 75 100

D
ry

 d
en

sit
y 

(k
g/

m
3 )

Replacement level of recycled aggregate (%)

w/c = 0.27
w/c = 0.32

20

22

24

26

0 25 50 75 100

V
oi

d 
co

nt
en

t (
%

)

Replacement level of recycled aggregate (%)

w/c = 0.27
w/c = 0.32

(c)

y = -48.019x + 2995.7
R² = 0.791

1750

1800

1850

1900

1950

2000

21 22 23 24 25 26

D
ry

 d
en

sit
y 

(k
g/

m
3 )

Void content  (%)

w/c = 0.27
w/c = 0.32

Fig. 5 a Dry density and b void content of the pervious

concrete versus replacement level of recycled aggregate and

c relationship between dry density and void content
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transition zone between aggregate particles and

cement paste since they are thin and weak. Therefore,

enhancing the cement paste quality and increasing the

thickness of cement paste layer is an effective way of

improving compressive strength of pervious concrete.

While increasing the thickness of cement layer leads to

higher compressive strength, however, it decreases the

void content and permeability of pervious concrete.

The higher compressive strength for pervious concrete

can be obtained by using smaller single sized aggre-

gate in production. Because smaller single sized

aggregate has greater surface area than coarser single

sized aggregate. The higher surface area of aggregate

resulted in more binding area. Nevertheless, using the

smaller single sized aggregate also results in decrease

void content and permeability when compared with

the using the higher single sized aggregate. This

problem, however, can be solved bymaking the proper

mix design.

The reduction in compressive strength was

observed with increasing the recycled aggregate

content. It is caused by two important properties of

recycled aggregate which differing it from natural

aggregate. One is weak hardened cement paste on the

aggregate particles and the other is the interfacial

transition zone between hardened cement paste and

original aggregate. Due to these two important char-

acteristics of recycled aggregate, reduction in com-

pressive strength could be observed. Moreover, when

the recycled aggregate is utilized in the concrete

production, one more interfacial transition zone occurs

that is between recycled aggregate and cement paste of

pervious concrete. This transition zone may also be

weaker than that occurred between the cement paste of

pervious concrete and natural aggregate and obtaining

a lower compressive strength in pervious concrete

with recycled aggregate may be caused due to this

reason. The compressive failure path in pervious

Table 4 Statistical evaluation of the performance properties of the pervious concretes

Dependent variable Independent

variable

Sequential sum

of squares

Computed F P value Significance Contribution

(%)

Dry density w/c 1132.1 18.1 0.013 Yes 3.2

RA content 33779.8 135.4 0.000 Yes 96.1

Error 249.6 – – – 0.7

Total 35161.5 – – – –

Void content w/c 4.356 77.9 0.001 Yes 36.1

RA content 7.484 33.4 0.002 Yes 62.0

Error 0.224 – – – 1.9

Total 12.064 – – – –

Compressive strength w/c 7.569 34.2 0.004 Yes 16.8

RA content 36.490 41.2 0.002 Yes 81.2

Error 0.886 – – – 2.0

Total 44.945 – – – –

Splitting tensile strength w/c 0.00400 32.00 0.005 Yes 5.0

RA content 0.07514 150.3 0.000 Yes 94.4

Error 0.00050 – – – 0.6

Total 0.07964 – – – –

Permeability coefficient w/c 44.9864 94.0 0.001 Yes 76.1

RA content 12.2274 6.4 0.050 Yes 20.1

Error 1.9146 – – – 3.8

Total 59.1285 – – – –

Abrasion resistance w/c 0.16704 686.0 0.000 Yes 63.4

RA content 0.09604 298.3 0.000 Yes 36.4

Error 0.00056 – – – 0.2

Total 0.26364 – – – –
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concrete generally passed through the cement matrix

and interfacial transition zone when natural aggregate

were used in the production. Because the weakest parts

of the pervious concrete are generally the cement

matrix and interfacial transition zone when the

pervious concrete is exposed to compressive force

(Fig. 7a). When Fig. 7a was viewed, it can be clearly

seen that the pervious concrete produced with the

single sized natural coarse aggregate has the cracks

propagated within the cement matrix. However,

replacing the natural aggregate with the recycled

aggregate caused a different compressive failure path.

Sometimes, failure path passed through the recycled

aggregate and the interfacial transition zone between

the aggregate and the hardened cement paste of

recycled aggregate (Fig. 7a). This interfacial transi-

tion zone makes the recycled aggregate weaker when

it is compared with the natural aggregate. For this

reason, cracks propagated through the recycled aggre-

gate. The compressive strength of pervious concretes

changed between 20.0–13.9 and 17.4–12.8 MPa for

w/c ratios of 0.27 and 0.32, respectively. In the

literature, it is reported that the pervious concrete with

compressive strength values ranged from 3.5 to

28 MPa is suitable for a wide range of applications

[2, 3]. Namely, the compressive strength results

obtained in this study are acceptable for pervious

concrete.

Additionally, both water-to-cement ratio and recy-

cled aggregate content have a significant effect on

compressive strength of pervious concrete. As clearly

seen in Table 4, the contribution of recycled aggregate

content in the compressive strength variation is

81.2 %. It means that the recycled aggregate content

is more significant parameter affecting the compres-

sive strength of pervious concrete.

3.3 Splitting tensile strength

The splitting tensile strength results of pervious

concrete are given in Fig. 6b. The splitting failure

path of the pervious concrete is different from

compression failure path. The splitting failure path

passed through both aggregates and cement matrix

(Fig. 7b), whereas compression failure generally

passed through the cement matrix and/or interfacial

transition zone. It is a general expectation in splitting

tensile failure since the load is applied as point load on

the specimen. The load directly passed through from

cement matrix to aggregate and as a result the

specimen is split. The pervious concrete produced

with higher w/c ratio gave lower splitting tensile

strength. It was caused due to the fact that the pervious

concrete produced with lower w/c ratio has strong

cement matrix than that of produced with higher w/c.

Moreover, systematical decreasing in splitting tensile

strength of pervious concrete was also observed with

increasing the recycled aggregate content. The recy-

cled aggregate has same effects on splitting tensile

strength as in compressive strength and reducing of

splitting tensile strength was caused by these effects.

The most important one is that the recycled aggregate

grains consist of the weak hardened cement paste and

aggregate. Since the cracking path passed through the

aggregates, the utilization of weak aggregate like

recycled aggregate instead of natural aggregate results

in decrease in splitting tensile strength. Splitting

tensile strength values ranging between 1.00 and

1.29 MPa was achieved. The trend in splitting tensile

strength of the pervious concrete is almost similar to
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that in conventional concrete of which splitting tensile

strength is almost 10 % of its compressive strength.

Splitting tensile strength of the pervious concrete

manufactured in this study was between 6.45 and

7.80 % of its compressive strength. As a result, it can

be said that the pervious concrete produced in this

study supplies the limitations for the tensile strength of

pervious concrete. In addition, the recycled aggregate

(a)

Recycled aggregate

Transition zone region in pervious concrete

Cement paste failing

Natural aggregateRecycled aggregate

Transition zone region in recycled aggregate

(b)

Typical crack path in splitting tensile strength test

Fig. 7 Typical failure path

in: a compressive and

b splitting tensile strength

tests
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content affects the dry density void content of pervious

concrete more than water-to-cement ratio when

percent contribution obtained from statistical evalua-

tion is taken into account (Table 4).

3.4 Permeability

The permeability coefficients of the pervious con-

cretes that were done using the head falling principle

are shown in Fig. 8a. The permeability strongly

depend on the aggregate type and gradation, cement

content, water-to-cement and aggregate-to-cement

ratios, and compaction. The results indicated that the

utilization of higher a/c ratio resulted in high perme-

ability coefficient. The lower a/c ratio at the same

aggregate amount means higher cement content and

the high amount of cement increases the thickness of

cement paste and fills the voids between aggregate

particles and the lower permeability is obtained.

However, replacing the natural aggregate with recy-

cled aggregate remarkably increased the permeability

characteristic of pervious concretes. The permeability

coefficient values of 5.6 and 8.3 mm/s were achieved

in the pervious concrete produced at w/c of 0.27 and

0.32, respectively. Besides, increasing the recycled

aggregate content from 0 to 100 % increased the

permeability coefficient as much as 33.9 and 54.2 %

for the w/c ratios of 0.27 and 0.32, respectively.

Generally, the permeability coefficient values between

0.14 and 1.22 cm/s are acceptable for pervious

concrete [2, 3], in this study, however, the pervious

concretes were produced with high water permeability

characteristic.

Using the recycled aggregate increased the void

content of the pervious concretes; this is directly

related with the permeability of the pervious concrete

and increment in void content of pervious concrete

was due to angularity of recycled aggregate. There is a

relatively good relation between the permeability

performance and the void content of the pervious

concrete as shown in Fig. 8b. The high cement content

decreased both the permeability and void content of

the pervious concrete due to filling the porosity and

increasing the cement past thickness. The R-square

value of 0.793 indicates a good correlation between

permeability and void content (Fig. 8b). Although

there is a notable scatter in the plotted data, the water

permeability generally increases when the void con-

tent increases. The high permeability of 12.8 mm/s

was obtained when the void content was 25.3 %. The

use of a single aggregate gradation was also related to

the pore size distribution, pore roughness, and pore

connectivity that affect the permeability of the pervi-

ous concrete in addition to the void content. However,

increasing the permeability implies a higher void

content and this decreases the load bearing capacity of

the pervious concrete. The decreasing in the compres-

sive strength of the pervious concrete could result in a

shorter life of the pavement and also severity of

distresses such as raveling and joint failure. It is

absolutely essential in the pervious concrete since a

very delicate balance should be struck between the

strength and draining capacity. Moreover, the statis-

tical evaluation indicated that both water-to-cement

ratio and recycled aggregate content have a significant

effect on permeability coefficients of pervious con-

cretes when P values is considered. As seen in

Table 4, water-to-cement ratio is the most important

parameter with contribution value of 76.1 % in the

permeability variation of pervious concretes.
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3.5 Abrasion resistance

The abrasion of the pervious concretes by deep of wear

versus replacement level of recycled aggregate is

demonstrated in Fig. 9a. The results indicated that the

durability performance of the pervious concrete was

also affected by both the w/c ratio and the recycled

aggregate content. The higher w/c ratio caused high

abrasion of pervious concrete due to weak cement

paste which holds the aggregate particles together.

Also, increasing the recycled aggregate content sys-

tematically increased the abrasion in pervious con-

crete. It is obviously expected situation since recycled

aggregates consist of weaker cement matrix and

aggregate. The abrasion values of 1.23 and 1.44 mm

were calculated for the pervious concrete produced

with 100 % natural aggregate at w/c ratios of 0.27 and

0.32, respectively. Increasing the recycled aggregate

from 0 to 100 % increased the abrasion of pervious

concrete from 1.23 to 1.62 mm and 1.44 to 1.83 mm

for the pervious concrete manufactured at w/c ratio of

0.27 and 0.32, respectively. The relation between void

content-abrasion and compressive strength-abrasion

of pervious concrete are plotted in Fig. 9b. The R-

square values of 0.867 and 0.941 show a strong

relation between abrasion and compressive strength

and void content, respectively. According to R-square

values, it can be concluded that increasing the void

content decreases the compressive strength and

decreasing the compressive strength decreases the

abrasion resistance of the pervious concrete. Besides,

the statistical evaluation revealed that both water-to-

cement ratio and recycled aggregate content have a

significant effect on splitting tensile strength when

P values is considered. While the contribution of

water-to-cement ratio is 63.4 %, that of recycled

aggregate content is 36.4 %.

4 Conclusions

The main concluding remarks based on the findings

mentioned above are summarized below:

• The densities of the pervious concrete mixtures

produced in this study were in the allowable range

according to ACI55R. It was noticed that using of

recycled aggregate decreased the dry density of

pervious concrete and a systematical decreasing in

dry density was observed when the natural aggre-

gate replaced with the recycled aggregate at

designated levels. The decreasing rate of 8.5 and

10.2 % in dry density were observed when the

recycled aggregate content was increased from 0 to

100 % for pervious concretes produced at w/c of

0.27 and 0.32, respectively.

• The acceptable void contents for the pervious

concrete were achieved at both w/c ratios of 0.27

and 0.32. Replacing the recycled aggregate with

natural aggregate resulted in increment of void

content. Besides, the results indicated that there is

a good relation between dry density and void

content of pervious concrete by means of R-square

value of 0.791.

• The compressive strength values of pervious

concrete were also affected by w/c ratio as well

as recycled aggregate content. The pervious
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concrete produced at lower w/c ratio performed

better compressive strength than that produced at

the higher w/c ratio. The compressive strength

results obtained from this study were in the

allowable range which is given for the pervious

concretes. Increasing the recycled aggregate con-

tent resulted in systematical decreasing of com-

pressive strength since the recycled aggregate

contains a weak cement matrix and interfacial

transition zone between aggregate and this weak

cement paste.

• Splitting tensile strength values of pervious con-

crete ranging between 1.00 and 1.29 MPa was

achieved. When the w/c ratio and recycled aggre-

gate content were increased, the splitting tensile

strength of pervious concrete decreased.

• The permeability characteristic of pervious concrete

was also significantly affected by w/c and recycled

aggregate content. The pervious concrete produced

with lower a/c ratio performed low permeability

characteristic. The high amount of cement in lower

a/c ratio filled the voids between aggregate particles

and this situation caused a lower permeability.

However, permeability coefficient values obtained

from the experimental study showed that all

pervious concrete mixtures had high permeability

coefficient values when they were compared to

permeability coefficient proposed in ACI55R.

• The relation between permeability and void con-

tent was also observed. The R-square of 0.793,

which indicates a good relation between perme-

ability and void content, showed that permeability

of pervious concrete is related with void content of

pervious concrete. Namely, the higher void con-

tent, the higher permeability performance.

• Abrasion resistance of pervious concrete was also

carried out with using the Böhme abrasive wheel

test device. The abrasion results, by deep of wear,

indicated that utilization of recycled aggregate

decreases the abrasion resistance. However,

decreasing the w/c enhanced the abrasion resis-

tance. Also, the relation between abrasion and

compressive strength of pervious concrete was

also observed. The R-square value of 0.867, which

indicates a strong relation, was achieved. For

abrasion resistance of pervious concrete according

to R-square, it can be concluded that the pervious

concrete with high strength performed high abra-

sion resistance.

• The statistical test results revealed that the all

dependent variables were affected by the indepen-

dent factors, water-to-cement ratio and replace-

ment level of recycled aggregate, when the

p values, obtained from ANOVA, were consid-

ered. When the contribution levels of the indepen-

dent variables were observed, it was noticed that

the dry density, void content, compressive and

splitting tensile strength of pervious concretes

were more affected by recycled aggregate content

than w/c ratio, while the permeability and abrasion

of pervious concrete were more affected by w/c

ratio than recycled aggregate content when con-

tribution of independent factors was considered.
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