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Abstract. Pervious concrete has been increasingly used all over the world to reduce the amount of rain water
runoff and improve the water quality near light-trafﬁc-volume pavements and parking lots, but its use in India is
a relatively unexplored territory. The use of pervious concrete in high-load roads (HLR) requires a balance
between the permeability and strength, as increasing the permeability by increasing porosity ends up in reducing
the strength. Hence, there is a perceived need for pervious concrete mixture with optimum mechanical and
hydraulic properties for use in HLR. In the present study, an attempt was made to determine that combination of
aggregate size, water:cement (w/c) ratio and amount of supplementary cementitious material that would provide
the best possible hydraulic and mechanical properties. The cement used was 53-grade Ordinary Portland
Cement. Results were measured as ﬂexural strength, compressive strength (both measures of mechanical
properties), void ratio, porosity and permeability (as three measures of hydraulic properties). The mix with
highest compressive strength and void ratio ranging between 15% and 20% was considered optimum and tested
for fracture–fatigue. The results indicated that high-strength pervious concrete (i.e., compressive strength
32–45 MPa and ﬂexural strength 3.9–5.29 MPa at 28 days of curing) can be achieved even with void ratio (%)
of more than 15%).
Keywords. Pervious concrete; supplementary cementitious material (SCM); void ratio; permeability;
fracture–fatigue.

1. Introduction
Pervious concrete, an age-renowned technology (ﬁrst recognized for use in 1852 [1]) has attracted much interest in
countries like USA due to its recognition as structural
inﬁltration Best Management Practice (BMP) by Environmental Protection Agency (EPA) for ﬁrst ﬂush pollution
control and storm water management [2]. A reduction in
ground water level and water shortage is a problem not
limited to the USA. It has been seen in Indian cities as well
owing to an increase in urbanization. The conversion of
barren lands (potentially pervious areas) to roads, parking
lots and buildings (all of which are impervious layers) in
urban areas is worsening the situation. This results in
ﬂooding and extended water logging after heavy rainfall.
What ultimately enters our waterways is a mixture of this
ﬂooded water with high levels of pollutants on roads and
other impervious surfaces. A potential solution to this
multitude of problems is pervious concrete [2].
American Concrete Institute (ACI) deﬁnes pervious
concrete as an open-graded material composed of cement,
coarse aggregates, little or no ﬁne aggregate, admixture and
*For correspondence

water with nearly zero slump value, void content 15–35%
and compressive strength 2.8–28 MPa [3]. The primary
function of pervious concrete is to allow water to ﬂow
through it to reduce storm water runoff and recharge ground
water level.[4] Potential beneﬁts of pervious concrete
pavements include evapo-transpiration, reduction of heat
island effects, reduction in tyre–pavement noise and
reduction in requirement of drainage infrastructure leading
to economic beneﬁts [5–7]. The amount of water percolation for a given rainfall intensity is dependent not only on
the amount of water storage reservoir in pervious concrete
but also on other factors, including the amount of reservoir
space in sub-base under pervious concrete and the inﬁltration through soil lying underneath [2]. Many successful
pervious-concrete low-trafﬁc-volume pavements have been
installed on soils with permeability of less than or equal to
2.5 mm/h. However its application on high-load roads
(HLR) requires higher strength than is acceptable for lowvolume-trafﬁc roads.
Various attempts have been made to improve the
mechanical properties of pervious concrete, while maintaining an acceptable level of porosity and permeability.
However, limited success of these attempts has produced
concrete that is currently being used in areas including
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parking spaces and low/no-trafﬁc areas. The fact that pervious concrete has a different response to changes in
water:cement (w/c) ratio in comparison with conventional
concrete highlights the importance of careful regulation of
w/c ratio while experimenting with pervious concrete. The
permeability of pervious concrete not only depends on
measured porosity but also on pore size, pore connectivity
and distribution of pores [4]. Size of the coarse aggregate is
a major determining factor in the size of pore [8]. For
example, a -inch-coarse aggregate provides greater pore
size as compared with a 3/8-inch-coarse aggregate, while
the latter improves the strength and workability due to a
smaller pore size.[9] Compressive strength of pervious
concrete is directly proportional to its unit weight and
inversely proportional to void ratio [10]. Multiple
researchers have demonstrated an enhancement in
mechanical properties and durability of pervious concrete
by adding supplementary cementitious material (SCM) like
ﬂy ash and silica fumes due to improved interfacial transition zone [11–13]. Use of super-plasticizers as a dispersion agent has also been reported to improve the strength
and workability of pervious concrete [12]-[13].
With an aim to achieve the maximum compressive and
ﬂexural strength, with minimal alteration of the void ratio
and permeability parameters, this study was designed to
identify the best possible combination of w/c ratio, size of
coarse aggregates, proportion of coarse aggregates of
variable sizes and amount of SCM.

2. Experimental programme
2.1 Materials and properties
Fresh 53 Grade OPC was used as the primary binder in this
study. Various quantitative physical parameters of 53 grade
OPC were determined (table 1) using standard Indian
testing procedures and were found to be in compliance with
the standard OPC speciﬁcations laid by IS 269:2015.[14]
SCM, i.e. class C ﬂy ash (CFA), whose properties are
mentioned in table 2, is used in addition to the OPC. A
poly-carboxylate-based super-plasticizer, viscocrete-5103

by Sika, was used to allow reduction in w/c ratio and to
improve the workability of pervious concrete mix.
In this study, crushed stone coarse aggregate was used
in all pervious concrete mixes in surface-dry condition.
Three relatively unconventional sizes of coarse aggregates, i.e., 12.5–16 mm (CA-I), 10–12.5 mm (CA-II) and
4.75–10 mm (CA-III), were used either individually or in
combinations consisting of different proportions of the
three individual sizes. The various properties of the coarse
aggregates have been mentioned in table 3 and images
depicted in ﬁgure 1.

2.2 Preparation and selection of trial mixes
The main objective of the study is to obtain high-strength
pervious concrete, which has a void ratio within the desired
range, i.e., 15–20%. A void ratio of 18% was kept as an
initial target while preparing designs for trial mixes. A ﬁxed
amount of OPC (420 kg/m3) was used in all pervious
concrete mixes. In order to achieve the maximum possible
strength, the ﬁxed amount of OPC to be used is kept close
to the upper limit as laid by Indian Road Congress 15,
which has set 425 kg/m3 OPC content as the upper limit for
conventional concrete being used for road work [15].
First, CA-I aggregates and 420 kg/m3 OPC were mixed
with water in three different w/c ratios—0.35, 0.30 and
0.25—in order to evaluate the effect of w/c ratio on 28-day
compressive strength, void ratio and permeability of pervious concrete mixes. The trial mixes were labelled MT1,
MT2 and MT3 (speciﬁcations mentioned in table 4). Each
trial mix was cast into three cubes to test for compressive
strength and three cylinders to test for void ratio. Both
compressive strength and void ratio (void ratio by fabricated method) were assessed on day 28 of curing. The
results are elucidated in table 5.
Specimen MT3 not only exhibited maximum void ratio,
but was also found to be superior in terms of least accumulation of impervious layer of cement paste at the base.
Image of bases of each of the trial mixes is shown in ﬁgure 2, which shows accumulation of an impervious layer in
MT1 and MT2 but none in MT3. Based on these ﬁndings, the

Table 1. Properties of OPC 53 grade cement and its comparison with the standard values speciﬁed by IS 269:2015.
Sl. no.
1
2
3
4
5
6
7

Characteristics
Speciﬁc gravity
Soundness (Le-Chatelier method)
Fineness (%)
Standard consistency (%)
Initial setting time
Final setting time
Compressive strength
3 days
7 days
28 days

Values obtained experimentally

Values speciﬁed by IS-269:2015 [14]

3.15
2 mm
2.0
31
167 min
290 min

–
\10 mm
–
–
30 min (minimum)
600 min (maximum)

30.62 MPa
40.07 MPa
55.76 MPa

27 MPa
37 MPa
53 MPa
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Table 2. Properties of SCM (Class C ﬂy ash).
Major chemical composition (%)

CFA

SiO2

Al2O3

Fe2O3

CaO

MgO

SO3

K2O

Na2O

Speciﬁc gravity

Loss of Ignition (%)

61.8

26.4

5.0

1.10

0.40

0.42

0.80

0.54

2.30

2.07

Table 3. Properties of coarse aggregates CA-I, CA-II and CAIII.
Aggregate properties

CA-I

CA-II

CA-III

Speciﬁc gravity
Water absorption (%)
Unit weight (kg/m3)

2.80
0.2
1600

2.80
0.1
1541

2.76
0.3
1532

w/c ratio used in MT3 was used for preparing further pervious concrete trial mixes.
To further increase the strength of MT3 mix without
increasing the amount of OPC added, SCM was now added
to the mixture. For this, three more trial mixes were prepared with incremental amounts of SCM added to each.
The amount of SCM was calculated as a percentage of
weight of OPC. Three trial mixes were designed, labelled
MT3.11, MT3.13 and MT3.15 containing 11%, 13% and 15%
SCM, respectively. The volume (and subsequently weight)
of coarse aggregate to be added to each mix was re-calculated based on the same volumetric design as described
earlier, casting was done and the parameters were tested
again for each mix on day 28. Results are depicted in
table 6.
As the amount of SCM increased, the strength of the
mixture increased. However a reduction in porosity was
noted with increasing SCM amount, thus deﬁning the upper

limit of SCM to be added. Adding more SCM to MT3.15
would reduce porosity below 15%. Void ratio of MT3.15 was
close to 18%, and hence for all further designs the percentage of SCM and w/c ratio as used in MT3.15 were used.

2.3 Preparation of mixes with different
proportions of coarse aggregates
With an aim to determine the proportion of coarse aggregates that would help in further improving the strength of
the mix with minimal possible compromise in the porosity
and void ratio, a total of 12 mixes were prepared labelled
M1–M12, which contained varying mixtures of coarse
aggregates CA-I, CA-II and CA-III. These mixes were also
prepared based on the design as explained earlier. Smaller
aggregates have a tendency to get more closely packed,
hence potentially producing undesirable outcomes of lesser
void ratio and lesser porosity. To avoid this, lesser void
ratio% and lower amount of SCM were used in the design
of those mixes that were composed of predominantly small
sized aggregates, so as to accommodate higher amount of
aggregate. This adjustment helps achieve comparable ﬁnal
void ratios of all mixes so that the ﬁnal measurement of the
strength parameters of all mixes at comparable void ratios
can be obtained. Mixes M1–M4 and M10–M12 were
designed assuming 18% void ratio and 15% SCM and rest

Figure 1. CA-I, CA-II and CA-III coarse aggregates (left to right).
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Table 4. Speciﬁcations of various trial mixes (based on volumetric design as calculated per cubic metre of mix).

Weight of cement used (kg)
Volume of cement used* (m3)
Water/cement ratio (w/c)
Weight of water used** (kg)
Volume of water used# (m3)
Percentage of super-plasticizer
Weight of super-plasticizer@ (kg)
Volume of super-plasticizer$ (m3)
Volume of aggregate^ (m3)
Weight of aggregate& (kg)
*
**
#

MT1

MT2

MT3

420
0.133
0.35
147
0.147
0
0
0
0.540
1512

420
0.133
0.30
126
0.126
0
0
0
0.559
1566

420
0.133
0.25
105
0.105
0.7
2.94
0.00294
0.579
1621

Volume of cement used = weight/(speciﬁc gravity of cement91000) = 0.133 m3
Weight of water used = w/c ratio 9 weight of cement used (kg)
Volume of water used = weight of water used/(speciﬁc gravity of water91000)

@

Weight of super-plasticizer = (percentage of super-plasticizer/100)9weight of cement used

%

Volume of super-plasticizer = weight/(speciﬁc gravity of water91000)

^
&

Volume of aggregate (by assuming 18% voids) = 1.0 – void ratio – volume of cement – volume of water – volume of super-plasticizer
Weight of aggregate = volume of aggregate 9 speciﬁc gravity 9 1000

Table 5. Table depicting the results for compressive strength, porosity (%) and void ratio (%) of MT1, MT2 and MT3.
Sl. no. Trial mix Compressive strength at 28 days (MPa) Porosity by fabricated method (%) Void-ratio by fabricated method (%)
1
2
3

MT1
MT2
MT3

24
23
21

10
12
18.5

11.11
13.63
22.68

Figure 2. MT1, MT2, and MT3 base of cube specimen (left to right).

of the mixes, i.e. M5–M9, were designed assuming 17%
void ratio and lesser percentage SCM. The composition of
various mixes is depicted in table 7.

2.4 Mixing and casting
Once the contents of each mix were calculated and
weighed, they were mixed using a concrete mixer. First,
coarse aggregates in saturated surface-dry condition were
mixed thoroughly. Cement and SCM were subsequently
added and mixed till a uniform colour was achieved.
Separately prepared mix of water with super-plasticizer was

added next. This was then left to mix thoroughly for 3 min.
The mixture was now poured into three types of lubricated
moulds—cube, beam and cylinder. Each mould was ﬁlled
in three layers. Filling each third part of the mould was
followed by 25 blows of tamping rod. Each mould was then
covered with wet jute bags and left undisturbed for 24 h at
room temperature. Specimens were then taken out of
moulds with care so as to not damage any edges. Curing
was done in curing tanks under standard conditions. A total
of 180 cube-shaped specimens of size 150 mm 9 150
mm 9 150 mm were prepared from 12 specimens, three
each for testing compressive strength on day 3, 7, 14, 28
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Table 6. Results for compressive strength, porosity (%) and void ratio (%) of MT3.11, MT3.13 and MT3.15.

Sl. no.
1
2
3

Trial
mix

Compressive strength at 28 days (N/
mm2)

Porosity by fabricated method
(%)

Void ratio by fabricated method
(%)

29.5
32
34

16.8
16
15

20.19
19
17.8

MT3.11
MT3.13
MT3.15

Table 7. Proportion of mix 1 to mix 12 pervious concrete.
Percentage of
coarse aggregates
Mix
designation
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12

OPC content
(kg)

CAI

CAII

CAIII

Supplementary cementitious material (%
of OPC)

Super-plasticizer (% of
OPC)

w/
c ratio

420
420
420
420
420
420
420
420
420
420
420
420

100
75
50
25
0
0
0
0
0
50
25
25

0
25
50
75
100
75
50
25
0
25
50
25

0
0
0
0
0
25
50
75
100
25
25
50

15
15
15
15
14
14
14
13
13
15
15
15

0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7
0.7

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

and 56 of curing. For testing ﬂexural strength at day 28, a
total of 36 beams (3 beams per mix) of size 500 mm 9
100 mm 9 100 mm were cast. Void ratio and permeability were tested on day 28 on 36 cylinders (3 cylinders per
mix) of 150 mm height and 150 mm diameter (ﬁgure 3).

2.5 Method of testing
Compressive and ﬂexural strength testing was conducted as
per IS:516, 1959 using a compression testing machine and
four-point ﬂexural strength apparatus, respectively (ﬁgure 4) [16]. An apparatus was fabricated (ﬁgure 5) based on
falling-head method for calculating coefﬁcient of permeability. A summary of the procedure for permeability testing is outlined here:
1.
2.
3.
4.

The sample was set into the apparatus.
The sides of sample were sealed to prevent leakage.
The apparatus was closed and checked for leaks.
The equipment was ﬁlled with water up to initial water
level (h1=45 cm). Later, water was drained till ﬁnal level
(h2=5 cm).
5. The time taken for water level to reach from initial level
(h1) to ﬁnal level (h2) was measured.
6. This procedure was repeated on three cylinders of each
mix and time was noted for each specimen. An average
of the values was used to compute coefﬁcient of
permeability using Eq. (1) [17]:

K¼

 
aL
h1
log e
At
h2

ð1Þ

where k is coefﬁcient of water permeability, a is crosssectional area of the standpipe, L is length of the sample,
A is cross-sectional area of the specimen and t is time for
water to drop from level h1 to h2 [17].
Porosity was determined by two methods: ASTM C154/
C1754M-12 and a fabricated method (ﬁgure 5). For the
former, at day 28 of curing, weight of specimen was taken
in oven-dry state and then it was submerged in water for a
period of 24 h, following which repeat weight was taken.
Porosity% of specimen was calculated using the following
Eq. (2) [18]:
P ¼ 100½1fðw1 w2 Þ=ðpw vÞg

ð2Þ

where P is porosity (%), w1 is oven-dry weight of pervious
concrete specimen (g), w2 is submerged weight of specimen
in water after 24 h (g), Pw is density of water (g/m3) and
V is volume of sample (m3) [18].
For measuring porosity by fabricated method, surfacedried day 28 specimen was submerged in a top-open glass
box of size 300 mm 9 300 mm 9 300 mm ﬁlled with water
(ﬁgure 4). The box had a built-in ruler scale. Water level
was recorded before submerging. Post-submerging water
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Figure 3. Cylindrical specimens of mix 1 to mix 12 of pervious concrete.

Figure 4. (a) Compression testing machine. (b) Four-point ﬂexural strength apparatus.

level was recorded only after the specimen was saturated,
that is, once bubbles disappeared. The volume of water
displaced was considered representative of the volume of
solids (VS). Using this value, porosity was calculated using
the following Eq. (3):
volume of voids
 100
volume of specimen
Vv
V  Vs
 100 ¼
 100:
¼
V
V

porosity ðPÞ; % ¼

ð3Þ

Subsequently, void ratio% was calculated from porosity
(measured by each of the methods) using Eq. (4):
void ratio ð% Þ ¼

P
 100:
1P

ð4Þ

Fracture–fatigue analysis was done on selected mixes
M5 and M9, and Monotonic test by Three-Point Bending
was conducted on three samples each of M5 and M9 mixes.
Fracture–fatigue analysis by Three-Point Bending of M5
and M9 mixes was conducted on three different stress
levels, i.e. 70%, 80% and 90% with three samples at each
stress level. Hence, 12 samples of each mix were prepared
for fracture–fatigue analysis. A medium size sample of size
680 mm 9 150 mm 9 50 mm was prepared for fracture–
fatigue analysis (ﬁgure 6).

Sådhanå (2020)45:151
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Figure 5. Fabricated apparatus for measuring porosity (a) and permeability (b, c).

3. Results
The values of compressive strength (tested on day 3, 7, 14,
28 and 56) and ﬂexural strength (on day 28) of various
mixes are depicted in table 8. An increasing trend was
noted in compressive strength with time (ﬁgure 7). Compressive strength on day 3 ranged from 16.6 to 24.8 MPa.
The range of values at day 7 and 14 was 26–35.5 and
30.2–39.8 MPa, respectively. Compressive strength further
increased on day 28, to a range of 32–45 MPa. Maximum
compressive strength noted at day 56 was 46.7 MPa and
minimum was 34.1 MPa. Mix M2 had the minimum
compressive strength throughout and the maximum values
were observed for mix M9. Flexural strength ranged from
3.9 to 5.29 MPa, and mixes M1–M3 had similar average
ﬂexural strength of 3.9 MPa. In terms of ﬂexural strength
also, mix M9 fared best at 5.29 MPa.
Porosity and void ratio of various mixes by two separate
methods, ASTM and fabricated methods, are depicted in
table 9. Porosity by ASTM method was not uniformly
lower or higher as compared to porosity by fabricated
method. With a porosity of 9.54% and 11.7% by ASTM and
fabricated methods, respectively, and a void ratio of 10.54
and 13.2, respectively, mixes M10–M12 had the lowest
porosity and void ratio. Mix M9 had the highest porosity as
calculated by ASTM method but the fabricated method
found mix M3 to have the highest porosity and void ratio.

With an exception of mixes M10–M12, the void ratio was
within the desired range of 15–20%. Coefﬁcient of permeability as observed by falling-head method is depicted in
table 9. Range of coefﬁcient permeability was 5.1 mm/s
(M12) to 14.68 mm/s (M3).
Montonic test and fracture–fatigue analysis results of M5
and M9 are depicted in table 10. M9 shows higher average
number of cycles to failure at each stress level than M5.

4. Discussion
Pervious concrete is an open-graded material composed of
cement, coarse aggregates, little or no ﬁne aggregates,
admixture and water with nearly zero slump value, void
ratio 15–35% and compressive strength of 2.8–28 MPa, as
deﬁned by ACI [3]. It allows water ﬂow through it and thus
helps recharge ground water level. It has primarily been
used in areas with light trafﬁc volume and parking lots.
However, as the renewable resource of ground water level
is getting depleted, there is a perceived need for use of
pervious concrete in other areas, including parts of HLR.
This would require pervious concrete with high strength
and optimum permeability. The use of pervious concrete in
HLR requires a ﬁne balance between the permeability and
strength, as increasing the permeability by increasing
porosity ends up in reducing the strength. Our study aimed
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Figure 6. Casting of samples for fracture–fatigue analysis.

Table 8. Values of compressive strength and ﬂexural strength of mixes M1–M12 at days 3, 7, 14, 28 and 56 of curing.
Average compressive strength (MPa)
Mix
ID

3
days

7
days

14
days

28
days

56
days

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12

17.3
16.6
19
16.8
20.2
20.2
19
20.5
24.8
21.6
18
20.3

26.8
26
27.8
26.5
30.3
29
28.5
31
35.5
30
28
28.5

31
30.2
33
31
34.8
32
32.5
34
39.8
33
31
32

34
32
35.1
33.2
38
35.1
36
39
45
36.2
34.1
35

35
34.1
37
34.8
40.3
36.8
37
41.8
46.7
39.3
35.6
36.3

Average ﬂexural strength (MPa) at 28 Flexural to compressive strength ratio at 28
days
days

to determine that combination of aggregate size, water:
cement (w/c) ratio and amount of SCM that would provide
the best possible hydraulic and mechanical properties. The
cement used was 53-grade Ordinary Portland Cement
(OPC). Results were measured as ﬂexural strength, compressive strength (both measures of mechanical properties),
void ratio, porosity and permeability (as three measures of
hydraulic properties). The mix with highest compressive
strength and void ratio ranging between 15% and 20% was
considered optimum.

4.1 Effects of water–cement ratio
Pervious concrete has a different response to change in w/
c ratio as compared with conventional concrete, hence

3.9
3.9
3.9
4.3
4.9
4.9
4.9
5
5.29
4.9
4.9
4.9

0.11
0.12
0.11
0.13
0.13
0.14
0.14
0.13
0.12
0.14
0.14
0.14

requiring careful regulation of w/c ratio.[2] To determine
the appropriate w/c ratio, we ﬁrst prepared three trial
mixes (MT1, MT2, MT3) with ﬁxed amount of OPC, same
type of coarse aggregate (CA-I) and three different w/
c ratios (0.35, 0.30 and 0.25). The strengths of mixes MT1
and MT2 were higher (24 and 23 MPa, respectively) but
both the mixes developed an impervious layer at the
bottom, making them undesirable for use as pervious
concrete mixes. Hence a w/c ratio of 0.25 with 0.7%
super-plasticizer was used for preparing all further trial
mixes. Similar results were reported by Lian and Zhuge
[19], where they found a decrease in compressive strength
(33.2, 30 and 24 MPa) and increase in porosity (7.5%, 9%
and 16%) with decreasing w/c ratios (0.36, 0.32 and 0.28,
respectively).

Sådhanå (2020)45:151
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50
M1

45

M2

40

M3

35

M4

30

M5

25

M6
M7

20

M8

15

M9

10

M10

5

M11
M12

0
3-Days

7-Days

14-Days

28-Days

56-Days

Figure 7. Comparison of compressive strength of mix M1–M12 at different days of curing.

Table 9. Table depicting values of porosity %, void ratio % and permeability coefﬁcient for mixes M1–M12.
Mix
ID

Porosity as per ASTM
method (%), P1

Void ratio by
ASTM method

Porosity by fabricated
method (%), P2

Void ratio by
fabricated method

Coefﬁcient of
permeability (mm/s)

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12

13.62
13.15
16.92
15.23
13.54
13.06
13.94
14.19
17.21
9.54
9.54
9.54

15.76
15.15
20.37
17.97
15.66
15.02
16.20
16.54
20.79
10.54
10.54
10.54

15
13
16.8
15
15.5
16
15
15
16
11.7
11.7
11.7

17.8
14.9
20.5
17.8
18.8
19
17.8
17.8
19
13.2
13.2
13.2

10.36
7.14
14.68
14.55
10.84
11.63
9.46
9.46
11.72
6.17
5.14
5.1

Table 10. Table depicting values of monotonic test, average number of cycles to failure for M5 and M9.

Mix

Monotonic test (three-point bending peak load,
MPa)

M5
M5
M5
M9
M9
M9

4.2
4.2
4.2
4.5
4.5
4.5

Stress level
70%
80%
90%
70%
80%
90%

of
of
of
of
of
of

4.9
4.9
4.9
5.3
5.3
5.3

McCain and Dewoolkar [20] in 2010 conducted a study
where they used three different w/c ratios (0.25, 0.29 and
0.33) to prepare mixes (LAB-1, LAB-2 and LAB-3,
respectively) for use in pavements and compared their
mechanical and hydraulic properties. They observed a linear relationship between increasing w/c ratio and

kN
kN
kN
kN
kN
kN

Number of samples
tested

Average number of cycles to
failure

3
3
3
3
3
3

98342
13280
172
111042
17851
395

compressive strength and an inverse relationship of w/c ratio with permeability.[20] Although they have not reported
the accumulation of an impervious layer, the permeability
was signiﬁcantly low (0.32 cm/s) in LAB-3 as compared
with LAB-1 (1.2 cm/s) and LAB-2 (1.03 cm/s) [20]. Hence,

151

Page 10 of 12

for testing the effect of sample size on strength and permeability, they subsequently used LAB-2. [20] They also
noted that LAB-1 was not workable as the cement paste
was stiff and did not allow the cement to coat the coarse
aggregate properly [20]. To overcome this potential issue,
we added 0.7% super-plasticizer to our mix MT3.

4.2 Effect of addition of SCM
The IRC has set an upper limit of 425 kg/m3 OPC content
for conventional concrete to be used for road work. [15] In
keeping with this code; we used a ﬁxed amount of OPC
(420 kg/m3) in all our mixes. Hence, to further attempt to
increase the strength of the trial mix, we subsequently
added SCM and prepared three trial mixes MT3.11, MT3.13
and MT3.11 (11%, 13% and 15% SCM, respectively). As
expected, the strength increased and void ratio decreased
with an increase in SCM added (table 6). In comparison
with MT3, the strength of mix MT3.13 was signiﬁcantly
higher (24 versus 34 MPa) and void ratio lower (22.68%
versus 17.8%). Our results are in keeping with those of
previous researchers. Adding 10% silica fumes to their mix
while keeping other variables constant resulted in an
increase in 28-day compressive strength from 19 to 22 MPa
and fall in porosity from 16.6% to 13.2% in a study by Lian
and Zhuge [19].

4.3 Effect of aggregate size on compressive
and ﬂexural strength
On comparing the ﬂexural strength and compressive
strength on day 28 (table 8), the mixes consisting of singlesized aggregates (M1, M5 and M9) were found to have
higher compressive and ﬂexural strengths as compared with
other mixes in which combinations of different-sized
aggregates were used. Out of these three mixes, M9, in
which smallest sized coarse aggregates (CA-III) were used,
demonstrated the highest compressive and ﬂexural
strengths. These ﬁndings are in agreement with a previous
study by Joung [13], where mixes labelled 3, 3-1 and 3-2
consisting of 12.5 mm alone, 9.5 mm alone and combination of 9.5 with 12.5 mm coarse aggregates, respectively,
with 0.3 w/c ratio are prepared. They observed day-28
compressive strength of 9.7, 11.7 and 8.2 MPa with void
ratio 31%, 23.5% and 25% in mixes 3, 3-1 and 3-2,
respectively [13]. Thus, the mixture with a combination of
two aggregate sizes (9.5 and 12.5 mm) neither demonstrated any increase in compressive strength nor any signiﬁcant increase in void ratio [13]. Also, the mix with the
smallest size of coarse aggregates demonstrated the highest
compressive strength [13]. In the same study, addition of
either silica fumes or silica fumes with high-range water
reducer (HRWR) did not result in an improvement in
compressive strength [13]. Similarly, in the study by Bhutta
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et al [21], the mixes with the lowest aggregate size showed
the highest compressive and ﬂexural strength. They prepared 3 mixes of CPC (conventional pervious concrete) and
3 mixes of HPPC (high-performance pervious concrete)
using three aggregates of three sizes, i.e. 13-20, 5-13 and
2.5-5 mm [21]. The compressive strength and ﬂexural
strength of both CPC and HPPC mixes showed an
increasing trend on decreasing the size of coarse aggregates
[21].
In contrast, Ibrahim et al [22] found higher day-28
compressive strength and void ratio with mixes that were
composed of a mixture of different-sized aggregates. Ibrahim et al [22] prepared 6 mixes PC1, PC2, PC3, PC4, PC5,
PC6 using coarse aggregates of sizes, respectively, 4.5 mm
alone, 9.5 mm alone, 12.5 mm alone, 4.5 ? 9.5 mm,
4.5 ? 12.5 mm and 9.5 ? 12.5 mm with 0.35 w/c ratio and
200 kg/m3 PPC cement. They observed compressive
strength of 2.1, 2.45, 3.22, 2.42, 3.53 and 2.80 MPa and
ﬂexural strength of 0.36, 0.36, 0.65, 0.32, 0.47 and 0.44
MPa with permeability (using constant-head method) of
17.9, 18.6, 24.1, 17.4, 15.6 and 18.1 mm/s and void ratio of
35%, 38%, 38%, 42%, 35% and 38% with mixes PC1, PC2,
PC3, PC4, PC5, PC6, respectively.[22] Thus, mixes PC5
and PC4 (both of which used combination of different sizes
of coarse aggregates) demonstrated the highest compressive
strength and void ratio, respectively, as compared with
mixes consisting of single-sized aggregates.[22]
Higher strengths in mixes consisting of single-sized
aggregates as compared with mixes that used combination
of different sizes of aggregates can be explained with the
hypothesis that pervious concrete mix with single size
coarse aggregate has more uniform interior structure when
compared with other mixes with combination of two-sized
coarse aggregates.

4.4 Void ratio and permeability
Permeability of a concrete mix is not a direct measure of void
ratio but also depends on other factors, including pore size,
pore connectivity and distribution of pores [4, 8]. Our ﬁndings are in keeping with this observation. We found different
permeabilities in different mixes with the same void ratio.
Other researchers including Neithalath et al [23], Joung [13],
Lian and Zhuge [19] and Ong et al [4] have also reported
similar outcomes. Neithalath et al [23] found that though
permeability could be increased by increasing the pore size,
careful aggregate gradations and/or blending that enhances
the connectivity of the pore phase can also be employed to
enhance the permeability of pervious concretes. The relatively higher values of permeability obtained in our study are
similar to those observed by Lian and Zhuge [19]. In their mix
composed of aggregate size similar to our CA-III, with w/
c ratio 0.28 and 7% silica fumes, they ﬁnd 16% porosity and
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12.64 mm/s permeability, which is similar to the permeability observed in our mixes.[19]

4.5 Increase in compressive strength
The increase in the compressive strength as measured on 3,
7, 14, 28 and 56 days of curing was faster in initial days of
curing as compared with the later days. Other studies by
Chen et al [24] and Lian and Zhuge [19] demonstrated
similar phenomena of faster increase in strengths in early
days of curing. Chen et al [24] prepared two types of mixes:
SCM-modiﬁed mixes and polymer-modiﬁed mixes. They
found that the rate of strength development in SCM-modiﬁed mixes was rapid in the initial days of curing as compared with later days of curing. In contrast, polymermodiﬁed mixes showed a slow but steady rise in strength
with no early peak. They attribute this phenomenon to the
rapid wrapping of SCM around aggregate particles in the
initial days of curing, which forms a stiff paste and results
in high strength [1]. Owing to the small amount of SCM
used, this process is retarded in the later days of curing,
resulting in a slower rate of gain of strength.
The ratio of ﬂexural to compressive strength at 28 days
of curing was nearly similar in all of our mixes (range:
0.11–0.14, mean: 0.13, standard deviation: 0.011). Findings
of Chen et al [24] in their SCM-modiﬁed group were
similar with day 28 ﬂexural to compressive strength ratios
ranging from 0.12 to 0.13, mean 0.13 and standard deviation 0.0045.

4.6 Average number of cycles to failure
The mix with higher ﬂexural strength shows higher average
number of cycles to failure at each stress level. Findings of
Chen et al [24] in their SCM-modiﬁed group, i.e. SPC3 and
SPC8, were compared to those of M9 and M5 mix,
respectively.[24] SPC3 with ﬂexural strength 5.6 MPa
depicted 101134, 10178 and 478 average number of cycles
to failure at 70%, 80% and 90% stress level, respectively.
Hence, M9 with ﬂexural strength 4.5 MPa depicted slightly
higher values of average number of cycles to failure than
SPC3. SPC8 with ﬂexural strength 5 MPa depicted 31490,
3422 and 295 average number of cycles to failure at 70%,
80% and 90% stress level respectively. Hence, M5 with
ﬂexural strength 4.2 MPa depicted higher values of average
number of cycles to failure than SPC8.

5. Conclusion
The main objective of our study was to develop a highstrength pervious concrete mix with void ratio 15–20% for
application in HLR. To attain this objective, 12 mixes of
pervious concrete were prepared with 0.25 w/c ratio and
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0.7% super-plasticizer using OPC and SCM with different
sizes of coarse aggregate either used individually or in
combinations. These mixes were tested for mechanical and
hydraulic properties. The following conclusions can be
drawn:
1. Higher w/c ratios in the mixes lead to higher strength but
lower porosity due to accumulation of impervious layer
of cementitious paste at the base.
2. The use of SCM in addition to OPC leads to reduction in
porosity with gain in day 28 compressive strength.
3. Preparation of mixes containing single-sized coarse
aggregates results in higher compressive and ﬂexural
strength as compared with mixes composed of two or
three different sizes of aggregates.
4. Mixes composed of smaller single-sized aggregates
depict higher strength parameters as compared with
those that contain larger single-sized aggregates with
acceptable void ratio.
5. Higher rate of increase in strength is observed during
earlier days of curing as compared with later days.
6. Pervious concrete with high compressive strength and
acceptable void ratio can be prepared for use in HLR.
7. Mix with smaller single-size aggregates shows higher
number of cycles to failure.
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