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Abstract. This paper presents the properties of pervious concrete containing high-calcium fly ash. The
water to binder ratios of 0.19, 0.22, and 0.25, designed void ratios of 15, 20, and 25%, and fly ash
replacements of 10, 20, and 30% were used. The results showed that the use of fly ash as partial
replacement of Portland cement enhanced the mixing of paste resulting in a uniform mix and reduced
amount of superplasticizer used in the mixture. The compressive strength and flexural strength of
pervious concrete were slightly reduced with an increase in fly ash replacement level, while the
abrasion resistance increased due mainly to the pozzolanic and filler effects. The compressive strength
and flexural strengths at 28 days were still higher than 85% of the control concrete. The aggregate size
also had a significant effect on the strength of pervious concrete. The compressive strength and flexural
strength of pervious concrete with large aggregate were higher than that with small aggregate.

Keywords: cement paste; pervious concrete; void ratio; fly ash; compressive strength; flexural
strength

1. Introduction

Pervious concrete is a concrete with high porosity and continuous void (ACI 522R, 2010). The
difference between pervious concrete and normal concrete is pervious concrete mixture contains
little or no-fine aggregate (Sumanasooriya and Neithalath 2011, Tennis et al. 2004, Zaetang et al.
2013). In addition, pervious concrete has very low workability similar to a roller-compacted
concrete with required compaction energy (Aamer Rafique Bhutta et al. 2012). Generally, the
compressive strength of pervious concrete is between 2.8-28.0 MPa depending on the void ratio
(ACI 522R 2010, Chindaprasirt et al. 2011, Lian et al. 2011). To obtain good quality and high
strength pervious concrete, the flow of cement paste, void ratio, and the energy of compaction
need to be controlled. In England and the US, pervious concrete has been used for over 30 years
(Golroo and Tighe 2011, Shu et al. 2011). It has been studied and researched extensively in the
US, Japan, and other countries (Aamer Rafique Bhutta et al. 2012, Yang and Jiang 2003). Pervious
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Table 1 Characteristics of ordinary Portland cement and fly ash

Properties Cement Fly ash

SiO2 (%) 20.81 37.62

Al2O3 (%) 4.97 20.45

Fe2O3 (%) 3.51 12.37

CaO (%) 66.80 19.48

MgO (%) 0.78 2.79

SO3 (%) 2.34 2.11

K2O (%) 0.40 2.48

Na2O (%) 0.01 1.97

Loss on ignition (%) 0.13 1.40

Specific gravity 3.14 2.27

Specific surface area (cm2/g) 3300 2700

concrete has been used in the paving of roads and parking lots in order to efficiently solve the
problem of storm water runoff and ground water (Golroo and Tighe 2011, Putman and Neptune
2011, Haselbach et al. 2006, Leming et al. 2007), and the drainage of retaining walls which help
reduce the pressure of water. It can be used for paving the river, sewage and water treatment filters
to reduce the pollution in water. In addition, it can be used for foundation of grass planting in the
lawn or deck in order to reduce heat reflection, and also used for sound absorption. For these
reasons, it can be said that pervious concrete is an environmentally friendly material.

Fly ash is a by-product obtained from coal burning process to produce electricity in a power
generating plant. Generally, fly ash enhances concrete workability, segregation resistance, later
age strength, and durability (Rukzon and Chindaprasirt 2008, Siddique and Khatib 2010,
Ramanathan et al. 2013, Vimonsatit et al. 2015, Sunil et al. 2015). Furthermore, the electrical
resistivity and capillarity of self-compacting concrete at the later age is improved with
incorporation of fly ash (Silva and De Brito 2013). The high calcium fly ash contains high CaO
and thus possesses the self cementing property. Moreover, the use of fly ash as a replacement of
cement is another way to reduce the amount of cement, energy use and CO2 emission (Siddique
2004, Limbachiya et al. 2012).

The purpose of this study is to investigate the use of high-calcium fly ash in pervious concrete.
The first part dealt with property and workability of paste containing high-calcium fly ash and the
second part dealt with void, compressive strength, flexural strength, water permeability, and
abrasion of concrete. In addition, an expression predicting their properties was proposed.

2. Materials

Ordinary Portland cement type I with specific gravity of 3.14 and Blaine fineness of 3300
cm2/g was used in this study. Fly ash was obtained from Mae Moh power station from Lampang
Province in Thailand with specific gravity of 2.27 and Blaine fineness of 2700 cm2/g. The
chemical composition and physical properties of ordinary Portland cement and fly ash are shown
in Table 1. The sum of SiO2, Al2O3, and Fe2O3 of fly ash was around 70.0% with a high CaO
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Table 2 Mix proportions of pervious concrete

Mixes
Cement Fly ash Aggregate Water SP

W/B
(kg/m3) (kg/m3) (kg/m3) (kg/m3) (% of binder)

0FA0.19-20I 438 0 1604 83 1.78 0.19

10FA0.19-20I 385 43 1604 81 1.68 0.19

20FA0.19-15I 410 102 1604 97 1.19 0.19

20FA0.19-20I 335 84 1604 79 1.55 0.19

20FA0.19-25I 260 65 1604 62 1.85 0.19

30FA0.19-20I 286 123 1604 78 1.44 0.19

20FA0.19-15II 435 109 1529 103 1.19 0.19

20FA0.19-20II 360 90 1529 85 1.56 0.19

20FA0.19-25II 285 71 1529 68 1.83 0.19

20FA0.22-20I 317 79 1604 87 0.71 0.22

20FA0.25-20I 301 75 1604 94 0.16 0.25

content of 19.5% which indicated a high-calcium fly ash according to ASTM C618 (2008). Two
coarse limestone aggregates were used in this study. The first had diameter of 4.75-9.0 mm with
specific gravity of 2.79, dry unit weight of 1604 kg/m3, and void content of 44.0%. The second
had diameter of 9-19 mm with specific gravity of 2.75, dry unit weight of 1529 kg/m3 and void
content of 43.2%. Water to binder ratios (W/B) of 0.19, 0.22, and 0.25 were used. Water reducing
agent type F superplasticizer (SP) used in this investigation was selected based on previous work
(Chindaprasirt et al. 2008).

3. Experimental study

3.1 Cement paste

To study the properties of paste, the water to binder ratios of 0.19, 0.22, and 0.25, the fly ash
replacements of 10, 20, and 30% by weigh of binder were used. The mixing method of paste was
set at 50 rpm for 30 s after the addition of binder, water, and admixture. This was followed by
mixing at speed of 200 rpm for 240 s. After the mixing of paste, flow value was measured in
accordance with JIS R 5201 (1997).

3.2 Concrete

3.2.1 Mixing of concrete
In this study, the designed void ratio of 15, 20, and 25% with flow values of paste of 150, 190,

and 230 were selected. The mix proportions of concrete are given in Table 2. The symbol of mix
proportion is given as xxFAyy-zzI., where xxFA is the amount of cement replaced by fly ash (%);
yy is the water to binder ratio; zz is the designed void ratio (%); I and II stand for aggregate sizes
of 9 mm and 19 mm, respectively. After the mixing of paste, the coarse aggregate was added to the
mixture and mixed at 200 rpm for 120 s. The mixture was placed in two layers into 100×200 mm
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cylindrical mould and 150×150×500 mm beam mould on a vibrating table. The vibration time was
10 s for each layer.

3.2.2 Testing of concrete
The void of concrete was measured using test method for pervious concrete in accordance with

ASTM C 1754-12 (2012) as shown in the following Eq. (1)

( ) 1001 12 ×
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where AT is the total void of the concrete (%); 1W is the weight of the specimen in water (g); W2 is

the weight of air dried of the specimen after being placed in room temperature conditions for 24 hr
(g); ρW is the density of water at temperature of water bath (g/cm3); and V is the volume of the
specimen (cm3).

The compressive strengths of concrete were determined in accordance with ASTM C 39/C
39M-01 (2003). Compression test cylinders were capped at both ends with a sulfur capping
compound. The reported strengths were the average of three specimens.

The flexural strength were determined by simple beam with the third-point loading method and
determined in accordance with ASTM C 78-02 (2003). The span length of 450 mm and the load
rate was about 0.15+0.05 MPa/s. The flexural strength values were acquired from three samples
from each group.

Water permeability was determined using a constant head permeability test apparatus which
was successfully used by Zaetang et al. (2013). The coefficient of permeability (k) was calculated
in accordance with Darcy’s Law, as following Eq. (2).
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where k is the permeability coefficient (cm/s); H is the length of sample (cm); h is the difference in
level (cm); Q is the flow quantity during the period from T1 to T2 (cm3); A is the cross sectional
area of test piece (cm2); and T2-T1 is the measurement period of time (s).

The abrasion resistant of concrete was evaluated according to ASTM C 944-99 (2003), test
method for abrasion resistance of concrete or mortar surfaces by the rotating-cutter method. The
abrading cutter rotated at a speed of 200 rpm and exerted a force of a normal load of 98 + 1 N.
Each specimen was abraded for 2 min. In this test, the 150 mm cubic concrete samples were used
and the surface abrasion test was performed at the age of 28 days. The extent of abrasion was
determined from the difference in weight before and after the abrasion test.

4. Experimental results and discussion

4.1 Effect of fly ash and SP on flow of cement paste

The results showed that for W/B ratio of 0.19 and cement paste with fly ash replacement of 0,
10, 20, and 30% by weight, the dosages of SP were between 1.55-2.06, 1.38-2.02, 1.20-1.96, and
1.04-1.93%, respectively. The use of fly ash to replace part of cement increased the workability of
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Fig. 1 Relationship between flow of paste and SP content with various fly ash replacements at W/B
ratio of 0.19

paste. This was due to the spherical and the smoothness of surface texture of fly ash particles, thus
allowing a better flow of cement paste (Sata et al. 2011, Siddique 2004). For OPC and
replacements with fly ash of 10, 20, and 30% by weigh of cement and W/B ratio of 0.19, the
dosage of SP can be calculated by Eqs. (3)-(6) as shown in Fig. 1. At the same fly ash replacement,
the increase of water to binder ratio reduced the demand of SP as shown in Fig. 2. For the fly ash
replacement of 20%, the SP dosage for W/B ratios of 0.22 and 0.25 can be calculated by Eqs. (7)
and (8), respectively.

( ) ( ) 5063008711900 .Fln.SP . −= , 9945.02 =R (3)

( ) ( ) 87042481119010 .Fln.SP . −= , 9963.02 =R (4)

( ) 26264893119020 .Fln.SP ).( −= , 9754.02 =R (5)

( ) ( ) 68477414119030 .Fln.SP . −= , 9973.02 =R (6)

( ) 93064970122020 .Fln.SP ).( −= , 9743.02 =R (7)

( ) 67875026125020 .Fln.SP ).( −= , 9690.02 =R (8)

where SP0(0.19) is the dosage of SP with 100% OPC, W/B ratio of 0.19; SP10(0.19), SP20(0.19), and
SP30(0.19) are the dosage of SP with 10, 20, and 30% fly ash (%), respectively, W/B ratio of 0.19;
SP20(0.22), and SP20(0.25) are the dosage of SP with 20% fly ash (%), W/B ratio of 0.22 and 0.25,
respectively; and F is flow of paste (mm).
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Fig. 2 Relationship between flow of paste and SP content at W/B ratios of 0.19, 0.22, 0.25 and 20% fly
ash replacement

Fig. 3 Fly ash replacement and compressive strength of 9 mm aggregate pervious concrete with
designed void ratio of 20% and W/B ratio of 0.19

4.2 Compressive strength

The results of compressive strength of pervious concrete with designed void ratio of 20%, W/B
ratio of 0.19, fly ash replacements of 10, 20, and 30% by weigh of binder are shown in Fig. 3. The
compressive strengths of pervious concrete at early ages of 7 and 14 days decreased as the amount
of replacement by fly ash increased. This is because of the pozzolanic reaction of fly ash at early
age is lower than the reaction of cement hydration (Siddique 2004, Tangpagasit et al. 2005). Thus,
pervious concrete with fly ash gave compressive strength less than the pervious concrete without
fly ash. At 28 days, the pervious concrete with fly ash replacements of 0, 10, 20, and 30% by
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Fig. 4 Void ratio and compressive strength of 9 mm aggregate pervious concrete

Fig. 5 Void Ratio and compressive strength of 19 mm aggregate pervious concrete

weight had the compressive strengths of 20.2, 17.5, 18.3, and 17.8 MPa with the corresponding
normalized values of 100, 86.6, 90.6, and 88.1%, respectively. These values were higher than the
minimum strength activity index requirement of 75% according to ASTM C 618 (2010). In
addition, the compressive strength of pervious concrete was related to the void ratio as shown in
Figs. 4 and 5. The compressive strength of concrete increased with a decrease of void ratio. This
finding was similar to the studies of Lian et al. (2011), Shu et al. (2011), and Kim et al. (2010).
With regard to the effect of aggregate size, the effect is significant for the small void ratio of 0.15.
The strength of 9 mm aggregate concrete was significantly less than that with 19 mm aggregate
concrete. As the overall surface area of large aggregate was less than that of small aggregate, the
large aggregates required less paste to cover the surface and the paste covering large aggregate was
thicker resulting in the better bonding between aggregates (Chindaprasirt et al. 2009). The
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Fig. 6 Relationship between void ratio and compressive strength of pervious concrete with various
aggregate sizes at 20% fly ash replacement and W/B ratio of 0.19

concrete with void ratio higher than about 23%, the 9 mm aggregate concretes had a similar
strength to those of 19 mm aggregate concretes. At low paste content, the amount of surplus paste
would also be low. In addition, the contact areas between the smaller aggregates were higher than
those of the large aggregates and thus offset the influence of aggregate size on strength.

The relationship between void ratio and compressive strength of pervious concrete using 9 mm
aggregate at 7, 14, and 28 days could be fitted using exponential curve as shown in Eqs. (9)-(11),
and Eqs. (12)-(14) for 19 mm aggregate.

TA.
Sc e.'f 02990

7 61924 −= , 996702 .R = (9)

TA.
Sc e.'f 02740

14 25927 −= , 989302 .R = (10)

TA.
Sc e.'f 02570

28 53428 −= , 999602 .R = (11)

TA.
Lc e.'f 04580

7 07337 −= , 999902 .R = (12)

TA.
Lc e.'f 05570

28 12954 −= , 998502 .R = (13)

TA.
Lc e.'f 05650

28 46358 −= , 976202 .R = (14)

where fc′S7, fc′S14, and fc′S28 are the compressive strengths of pervious concretes using 9 mm
aggregate at 7, 14, and 28 days, respectively (MPa); fc′L7, fc′L14, and fc′L28 are those of 19 mm
aggregate; and AT is the total void ratio (%).

It is generally accepted that compressive strength of pervious concrete is related to the strength
of paste (Chindaprasirt et al. 2008). Thus, the increasing of W/B ratio in pervious concrete
decreased the compressive strength. At 28 days, the pervious concretes with water to binder ratios
of 0.19, 0.22, and 0.25 had compressive strengths of 18.25, 15.14, and 12.74 MPa, respectively, as
shown in Fig. 7.
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Fig. 7 W/B ratio and compressive strength of pervious concrete with 20% fly ash replacement and
designed void ratio of 20%

Fig. 8 Fly ash replacement and flexural strength of 9 mm aggregate pervious concrete with designed
void ratio of 20% and W/B ratio of 0.19

4.3 Flexural strength

The flexural strength of pervious concretes with 20% designed void ratio with fly ash
replacement levels of 0, 10, 20, and 30% were 3.31, 3.22, 3.18, and 3.09 MPa, respectively as
shown in Fig. 8. At 28 days, the use of fly ash replacement in the pervious concrete had little effect
on flexural strength due to the low pozzolanic reaction at early age (Park et al. 2009). Fig. 9
presents the flexural strength of pervious concrete with the two aggregate sizes. The flexural
strength of pervious concrete with 19 mm aggregate was higher than that with 9 mm aggregate.
The trend of results of flexural strength was consistent with the compressive strength of pervious
concrete. At low total void ratio, the use of smaller aggregate seemed to give higher strength than
that with the larger aggregate. The relationship between void ratio and flexural strength of
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Fig. 9 Relationship between void ratio and flexural strength of pervious concrete with various
aggregate sizes at 20% fly ash replacement and W/B ratio of 0.19

Fig. 10 Relationship between void ratio and water permeability coefficient of 9 mm aggregate pervious
concrete with 20% fly ash replacement and W/B ratio of 0.19

pervious concrete using 9 mm aggregate could be fitted using exponential curve as shown in Eq.
(15) and in Eq. (16) for 19 mm aggregate.

TA.
S e.R 038077336 −= , 000012 .R = (15)

TA.
L e.R 047085358 −= , 979802 .R = (16)

where RS and RL are flexural strengths of pervious concretes using aggregate sizes of 9 and 19 mm
(MPa), respectively; and TA is total void ratio (%).

4.4 Water permeability coefficient

Generally, the water permeability of pervious concrete is related to the continuous void, pore
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Fig. 11 Fly ash replacement and weight loss on abrasion tests of 9 mm aggregate pervious concrete
with designed void ratio of 20%, W/B ratio of 0.19

Fig. 12 Void ratio and weight loss on abrasion test of pervious concrete with fly ash replacement of
20% and W/B ratio of 0.19

size distribution, and pore roughness. Many researchers (Neithalath et al. 2010, Aamer Rafique
Bhutta et al. 2012, Tho-in et al. 2012, Haselbach et al. 2006, Zaetang et al. 2013) found that the
permeability increased exponentially with the continuous void. The result revealed that the water
permeability coefficients of pervious concretes for the mixes 20FA0.19-15I, 20FA0.19-20I, and
20FA0.19-25I were in the ranges of 0.67-1.86, 2.38-3.14, and 2.64-4.70 mm/s with corresponding
ranges of void ratios of 13.64-16.20, 19.57-21.96, and 20.83-23.65%, respectively. The
relationship between water permeability coefficient and void ratio could also be fitted using
exponential curve as shown in Fig. 10 with the equation as follows.

TA.
P e.C 1339017830= , 821902 .R = (17)

where CP is water permeability coefficient of pervious concrete (mm/s) and TA is void ratio (%).
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Fig. 13 Void ratio and density of pervious concrete with 20% fly ash replacement and W/B ratio of 0.19

4.5 Abrasion resistance

The abrasion resistance of pervious concrete in term of weight loss was determined at the age
of 28 days. Pervious concrete using fly ash dosages of 0, 10, 20, and 30% had the weight loss of
8.6, 8.9, 6.6, and 6.4 g, respectively, as shown in Fig. 11. The weight loss of 10% fly ash concrete
was similar to no fly ash concrete. As the amount of fly ash replacement increased, the abrasion
resistance increased similar to the results reported by Woo et al. (2011) and Yen et al. (2007). The
decreasing in weight loss with the increase in percentage of fly ash replacement was attributed to
the densification of the paste structure from the pozzolanic reaction between fly ash and calcium
hydroxide and the filler effect, which increased abrasion resistance (Siddique and Khatib 2010). It
was also likely that the self cementing of high calcium fly ash also contribute to this dense
structure. It was also found that weight loss increased with the increasing void ratio. The weight
loss of pervious concrete using small aggregate was higher than that of large aggregate. This was
related to the strength of concrete. Large-sized aggregates produced stronger concrete and with
lower surface area required lower content of paste hence their surface areas were completely
coated. On the other hand, small-sized aggregate produced lower strength concrete and with higher
surface area required higher content of paste thus thinner coating of paste resulted. The
relationship between void ratio and weight loss on abrasion test is given in Fig. 12.

4.6 Density

The density of pervious concrete depends on the void ratio. The pervious concrete with 20% fly
ash using aggregate of 9 mm with void ratio of 16.67, 22.67, and 23.89% had the density of 2056,
1931, and 1909 kg/m3, respectively, while the 19 mm aggregate with void ratio of 16.22, 21.44,
and 23.56% had the density of 2077, 1951, and 1912 kg/m3, respectively, as show in Fig. 13.
According to the report by Tennis et al. (2004), pervious concrete had density of around 1600-
2000 kg/m3. The relationship between void ratio and density of pervious concrete could be fitted in
linear as shown in the Eq. 18. It should be noted that this equation has a limitation and is for
pervious concretes with the voids in the range of 15-25%.
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8242164821 .A. Tpc +−=ρ , 995202 .R = (18)

where ρpc is the density of pervious concrete (kg/m3) and TA is the total void ratio (%).

5. Conclusions

The increase in the high calcium fly ash replacement levels helped increase the workability of
cement paste and also reduced the amount of superplasticizer in the mixture. The compressive
strength and flexural strength of pervious concrete slightly decreased as the high calcium fly ash
replacement level increased. However, up to 30% replacement level, the strengths of concrete
were still higher than 85% of those of the control concretes. The slight reduction in strength at the
early age is due to the lower reaction of fly ash compared to that of Portland cement. In addition,
the abrasion resistance of pervious concrete increased with the increase in fly ash replacement.
This was attributed to the densification of the paste structure from the pozzolanic reaction between
fly ash and calcium hydroxide and the filler effect which increased abrasion resistance. The effect
of aggregate size was significant at the low total void ratio (< 23%). The compressive strengths of
19 mm aggregate concretes were significantly higher than those of the 9 mm aggregate concretes
due to the difference in the thickness of paste covering the aggregates. The abrasion resistance of
small aggregate pervious concrete was also lower than that of large aggregate concrete which was
related to the strengths of concrete.
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