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The pore structure features such as the pore volume fractions, pore sizes, specific surface areas, and
connectivity dictate the properties of any porous material. In this paper, an analysis of the pore structure
features of pervious concretes designed for similar porosities using two different proportioning methods
– one with higher paste contents and lower compactive efforts and another with lower paste contents
and higher compactive efforts – is carried out. The porosities (both from volumetric and image analysis
based methods) and characteristic pore sizes obtained from morphological functions are found to be
statistically similar for the high-paste and low-paste content mixtures, while the low-paste content mix-
tures show a higher specific surface area of pores. The extracted pore structure features, when used in the
Katz–Thompson equation for permeability prediction, result in over-estimation of permeability for spec-
imens with larger pore sizes. A correction factor for the Katz–Thompson constant is found to be linearly
related to the granulometry-based pore sizes.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Pervious concrete, also known as no-fines concrete, or En-
hanced Porosity Concrete (EPC) is well recognized as one of the
key elements of low-impact sustainable development. The large,
open pore structure (15–25% porosity, and pores of sizes ranging
from 2 mm to 8 mm) of this material, resulting from the use of
gap-graded coarse aggregates, low water-to-cementing materials
ratio (w/c) and generally the absence of fine aggregates, allows
transport of water through its structure, thereby helping reduce
the adverse effects of storm-water runoff [1]. The tortuous inter-
connected pore network is also capable of reducing the tire-
pavement interaction noise in concrete pavements [1–3], and the
effect of urban heat islands [4]. While several studies have reported
the results of mechanical and functional performance of pervious
concretes, the material design has largely been based on trial-
and-error or empirical procedures [1,3,5–8].

Material design of pervious concretes differs from that of
conventional concretes in that a certain non-minimal porosity
needs to be retained in the material structure for adequate perfor-
mance levels. Since porosity is one of the prominent pore structure
features of any porous material that is relatively easy to measure
(especially in systems with large open porosity such as pervious
ll rights reserved.

: +1 480 965 0557.
. Neithalath).
concretes), it is beneficial to design pervious concrete mixtures
for a desired porosity. Moreover, the relationship of porosity to
the most important functional performance of the material, i.e.,
permeability, is well established [1,5,6,9,10]. Recently, particle-
packing based material design methodologies have been developed
to proportion laboratory pervious concretes for desired porosities
[10,11]. Since the porosity of pervious concretes depends on the
compaction effort applied, in addition to the solid material volume
fractions, the recently developed proportioning procedure deals
with two distinct types of pervious concretes: (i) mixtures, where
a lower compactive effort is applied, i.e., the compaction level
specified in ASTM C 1688 which is the standard for determination
of voids content and unit weight of pervious concrete is used,
thereby resulting in higher paste contents to achieve the desired
porosities and (ii) mixtures, where a higher compactive effort than
that prescribed in ASTM C 1688 is used, thus increasing the aggre-
gate volume fraction in the mixture, resulting in reduced paste
contents for the desired porosities. The pervious concrete mixtures
resulting from these two distinct proportioning strategies are
referred to as high-paste content mixtures and low-paste content
mixtures, respectively in the remainder of this paper. It is expected
that the differences in volume fractions of the components and the
compaction effort would lead to differences in pore structure
features between the high-paste and low-paste content pervious
concrete mixtures. Since the pore structure features of such a
random composite material significantly influences the mechani-
cal [7,12] and transport [9,13–15] properties, it is desirable to carry
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Nomenclature

vagg volume of coarse aggregates in a unit volume
vvoid-agg volume of voids in a unit volume of compacted aggre-

gates
vpaste-min hypothetical minimum paste volume fraction
(Dv)max maximum additional paste volume fraction
(Dv)min minimum additional paste volume fraction
/d design porosity
/fresh fresh porosity determined based on ASTM C 1688
/hardened hardened state porosity
/V volumetric porosity
/A area fraction of pores
f 0c compressive strength
K hydraulic conductivity
k intrinsic permeability

Rb bulk electrical resistance of the specimen
reff effective electrical conductivity
r0 electrical conductivity of the electrolyte
b pore connectivity factor
dcrit critical pore size determined using granulometric den-

sity function
S2(l) two-point correlation function
l length of line segments used to obtain TPC function
lTPC correlation length
dTPC average pore diameter determined using TPC function
sp specific surface area of the pores
lc characteristic length scale of the porous medium
f correction factor for the pore sizes used in K–T equation
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out a detailed study on the important pore structure features of
these concretes, and establish relationships with performance,
which is the intention of this paper.
2. Mixture proportions and test methods

Type 1 ordinary Portland cement conforming to ASTM C 150
and crushed limestone aggregates were used to proportion the
pervious concrete mixtures used in this study. The aggregate sizes
used were: #8 (passing through 4.75 mm sieve, retained on
2.36 mm sieve), #4 (passing through 9.5 mm sieve, retained on
4.75 mm sieve), and 3/800 (passing through 12.5 mm sieve, retained
on 9.5 mm sieve).
2.1. Mixture proportioning methodologies for desired porosities

The foundations of the mixture proportioning approach for
high-paste and low-paste content pervious concretes are summa-
rized here. Assume that the coarse aggregates are compacted in
accordance with the ASTM C 29 procedure (for the determination
of bulk density and voids in aggregates) to provide a volume frac-
tion of vagg in a unit volume as shown in Fig. 1a. The void volume
fraction can then be given as: vvoid-agg = 1 � vagg. If the compaction
method corresponding to ASTM C 29 is employed in the propor-
tioning of pervious concrete mixtures, then the volume fraction
of paste required to maintain a desired porosity of /d (/d < vvoid-

agg) can be expressed as: vpaste�min ¼ vvoid�agg � /d. Understandably,
  (a)                                                     

vagg 

φd

vpaste-min 

vagg 

vvoid-agg 

 Aggregates Voids 

 (b)    

Fig. 1. Illustration of the differences in aggregate, cement paste, and void volume fract
ASTM C 29 procedure (with the hypothetical minimum paste volume), (c) ASTM C 1688
procedure (low-paste content mixtures).
this is the hypothetical minimum paste volume fraction because
the aggregates are compacted to (almost) their maximum packing
densities [10]. This is shown in Fig. 1b. However, the standard
methodology for the determination of fresh porosity of pervious
concrete, ASTM C 1688, recommends a compactive effort (two lay-
ers in a 0.007 m3 container, 20 drops of proctor hammer per layer)
which is much lower as compared to the ASTM C 29 procedure of
compacting aggregates. This results in a lower aggregate volume
per unit volume of the pervious concrete mixture, and conse-
quently increased porosities than the desired values. If the com-
paction effort has to remain the same as that suggested in ASTM
C 1688, additional paste volume fraction would be required to
achieve the desired porosities (assuming the paste to be relatively
incompressible) as shown in Fig. 1c. The mixtures thus propor-
tioned, using an additional paste volume fraction of (Dv)max are
termed as high-paste content mixtures. The value of (Dv)max was
found to be about 0.09 irrespective of the aggregate sizes and de-
sired porosities [10,11]. The average compaction energy provided
for these mixtures was calculated to be 42.6 kN m/m3.

In an attempt to ensure reduced cement consumption in pervi-
ous concretes, another proportioning method was adopted, where-
in the compaction effort was increased along with a reduction in
the paste content to achieve the desired porosities. The compaction
effort was increased from the ASTM C 1688 level of two layers in a
0.0.007 ft3 container and 20 drops of proctor hammer per layer to 3
layers and 30 drops of proctor hammer per layer, providing an
average compaction energy of 95.8 kN m/m3, i.e., double the
energy provided for the high-paste content mixtures. It was also
                                                    (d) 

(Δv)max 

vagg 

(Δv)min 

Cement paste 

(c)    

ions when compacted according to: (a) ASTM C 29 procedure (aggregate only), (b)
compaction procedure (high-paste content mixtures), and (d) modified compaction
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found that desired porosities cannot be achieved using a paste vol-
ume fraction of vpaste-min, and hence it was augmented by (Dv)min as
shown in Fig. 1d. The value of (Dv)min typically ranged between
0.02 and 0.04 depending on the aggregate sizes. The mixtures thus
proportioned are termed as low-paste content mixtures.

Following the above mentioned proportioning procedures,
several trial mixtures were prepared to ascertain if the fresh
porosities, /fresh (determined based on ASTM C 1688) matched
the design porosities (/d). The final proportions for both the
high-paste and low-paste content pervious concrete mixtures are
shown in Table 1. Both the mixture proportioning methods
explained here were capable of achieving porosities close to the
design porosities (between 19% and 27%) as shown in this table.

To prepare the specimens in cylinders for strength determina-
tion, the compactive effort was adjusted so that the fresh porosity
(in 0.007 m3 containers as per ASTM C 1688) and the hardened
porosity (measured using the volumetric method in 100 mm diam-
eter � 200 mm long cylinders) would be comparable. It was found
that for the high paste content mixtures, a compactive effort of five
drops of Proctor hammer per layer for two layers in the cylindrical
molds was sufficient to bring the hardened state porosities close to
the design porosity (and the fresh porosity), whereas for the low
paste content mixtures, the compactive effort required to achieve
the same was eight blows per layer for three layers. The mixtures
were filled in 100 mm diameter � 200 mm long cylindrical molds
for compressive strength determination and image analysis proce-
dures. For the specimens to be used for porosity, permeability, and
pore connectivity determination, an inner sleeve was placed inside
the molds to reduce the specimen diameter to 95 mm. The speci-
mens were removed from the molds after 24 h and allowed to cure
in a moist chamber at a RH > 98% until the age of testing. The
compressive strengths of the hardened specimens were determined
at an age of 28 days using a 490 kN closed-loop universal testing ma-
chine operating in displacement controlled mode, at a strain rate of
100 le/s. The compressive strengths of the high-paste and low-
paste content pervious concrete mixtures are also shown in Table 1.

2.2. Determination of volumetric porosity, permeability, and effective
electrical conductivity

The effective volumetric porosities (/V) of the pervious concrete
specimens were determined using a well-reported procedure,
Table 1
Mixture Proportions for 1 m3 of pervious concrete, the fresh and hardened porosities, and t

Aggregate composition Design porosity (/d) Cement
(kg/m3)

Water
(kg/m3)

Aggreg
(kg/m3

High-paste content mixtures
100% #8 0.19 554 180 1263

0.22 496 163 1279
0.27 411 137 1286

100% #4 0.19 560 181 1253
0.22 492 161 1285
0.27 414 138 1281

100% 3/800 0.19 539 175 1289
0.22 485 160 1297
0.27 398 133 1307

Low-paste content mixtures
100% #8 0.22 317 101 1579
100% #4 0.19 345 109 1612

0.22 297 95 1634
0.27 216 71 1652

100% 3/8’’ 0.19 336 107 1628
0.22 287 92 1647
0.27 206 68 1683

The figures in the parenthesis represent one standard deviation for /V or f 0c values corre
+ Determined using ASTM C 1688 procedure.
# Determined in the hardened state.
where the mass of water required to fill the pores in a pervious
concrete specimen enclosed in a latex sleeve is measured [1,16].
For a particular pervious concrete mixture, three specimens were
used for porosity determination and the average value is reported.
The hydraulic conductivities (K, in m/s) of pervious concrete mix-
tures were determined using a falling head permeameter, the de-
tails of which have been extensively published [1,9,16,17]. The
hydraulic conductivity (K) was converted into intrinsic permeabil-
ity (k in mm2) using the density and viscosity of water along with
the acceleration due to gravity.

Alternating current (AC) electrical impedance spectroscopy
measurements (using a Solartron™ frequency response analyzer)
were carried out on pervious concrete mixtures to obtain the effec-
tive electrical conductivity (reff) so as to facilitate the determina-
tion of the connectivity of the pore system. The measurements
were carried out on 95 mm diameter � 150 mm long specimens
by filling the pores with an electrolyte (NaCl) of known conductiv-
ity (3% NaCl, with a r0 of 4.4 S/m was used in this study). The
experimental details can be found elsewhere [9,16,18]. The bulk
resistance of the specimen (Rb) is obtained from the meeting of
the bulk and electrode arcs in a Nyquist plot (which plots the real
vs. imaginary impedance for a range of frequencies). The effective
electrical conductivity (reff) is then obtained using the values of
the measured bulk resistance and the specimen geometry. The
measured porosity (/V), and the conductivity of the electrolyte
(r0) were used along with reff to determine the pore connectivity
factor (b) as:

b ¼ reff

r0/V
: ð1Þ
2.3. Image processing and analysis to extract the pore structure
features

Image analysis has been widely used in the pore structure char-
acterization of pervious concretes [9,13,19,20]. For image analysis,
100 mm diameter � 150 mm long specimens were sectioned into
50 mm thick slices. For a particular pervious concrete mixture,
two to three cylinders were used, and thus 6–18 surfaces were ob-
tained. The surfaces were ground to obtain a smooth surface, and
the solid phase was painted in white. These surfaces were scanned
over a clear plastic film in gray scale mode using a flat bed scanner
he compressive strengths for the high-paste content and low-paste content mixtures.

ates
)

Fresh porosity
(/fresh)+

Volumetric porosity (/V)# 28-day Compressive
strength ðf 0cÞ (MPa)

0.192 0.183 (0.002) 19.89 (1.50)
0.202 0.211 (0.008) 14.65 (1.48)
0.265 0.255 (0.007) 9.66 (0.25)
0.196 0.169 (0.010) 20.60 (1.86)
0.219 0.223 (0.012) 15.89 (0.44)
0.261 0.256 (0.006) 9.30 (0.59)
0.197 0.195 (0.003) 19.13 (0.41)
0.214 0.238 (0.004) 15.66 (1.87)
0.268 0.246 (0.003) 7.55 (2.06)

0.235 0.202 (0.013) 12.51 (1.20)
0.196 0.195 (0.004) 17.61 (2.05)
0.233 0.242 (0.016) 13.20 (0.85)
0.272 0.289 (0.013) 7.70 (0.45)
0.195 0.178 (0.023) 17.01 (0.31)
0.211 0.242 (0.016) 12.24 (0.62)
0.271 0.264 (0.004) 6.90 (0.76)

sponding to two or three specimens from a certain mixture.
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at a resolution of 300 dpi. The images without any edge effects
were further processed using an image processing and analysis
software (ImageJ™) [21]. The gray scale images were cropped into
circular images of 570 pixels (95 mm) diameter, and thresholded
to obtain binary images (showing the pore and solid phases) by
analyzing the gray level histogram. The binary images were further
cleaned to remove the noise. From these processed circular images,
400 pixel � 400 pixel square images were extracted and used to
obtain the pore structure features. Adequacy of this image process-
ing procedure in providing representative images corresponding to
different pervious concrete mixtures for feature analysis has been
quantified in [13,19].

2.3.1. Area fraction of pores, pore sizes, and specific surface area
For two-dimensional images, the image analysis software mea-

sures the area of each individual pore, sums them up, and divides it
by the total area of the image, to provide the pore area fraction
(/A). For a particular pervious concrete mixture, /A values for all
the two-dimensional images were obtained and the average value
is reported.

The characteristic pore sizes for pervious concrete mixtures
were extracted using granulometric density and two-point correla-
tion (TPC) functions [9,19]. The granulometric density function is a
well known morphological method that can be used to character-
ize the feature size distribution in two-dimensional images [22,23].
The use of opening granulometric density functions for obtaining
the characteristic pore size of pervious concretes has been dis-
cussed in previous studies [9,19]. The method involves the use of
structuring elements (SE) (circular SEs are used in this study) of
increasing sizes to ‘‘open’’ the image, i.e., when the image is opened
using a SE of diameter ‘‘x’’ mm, all pores less than ‘‘x’’ mm are re-
moved from the image. The result is a plot of the area fraction of
pores remaining as a function of the size of SE. The size of the SE
corresponding to the local maximum in the discrete 1st derivative
of this relationship is the critical size of the opening (dcrit) that cor-
responds to the smallest pore that completes the first connected
pathway in the material. In other words, dcrit is related to the per-
colation threshold of porosity in the material [24].

TPC function is another morphological means of feature estima-
tion and it contains information about area fraction of pores, char-
acteristic pore sizes, and the specific surface area of the pores. The
use of TPC functions in image analysis-based performance predic-
tion of porous materials can be found in [25–27]. The TPC function
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Fig. 2. Two-point correlation function of a typical two-dimensional image of a
pervious concrete mixture (100% #8, /V = 21.9%, /A = 22.0%).
for a two-phase material can be obtained by randomly throwing
line segments of length ‘‘l’’ with a specific orientation into the
structure and counting the fraction of times the end points of the
line lie in the phase of interest [28]. Fig. 2 shows a typical TPC func-
tion [S2(l)] for a pervious concrete mixture. The area fraction of the
image (/A) is given by the value at l = 0 [S2(l = 0)]. The correlation
length (lTPC) is defined as the abscissa of the intersection point of
the slope of TPC function at l = 0 and the horizontal asymptote at
which l ?1 (Fig. 2). lTPC can be related to the average pore diam-
eter (dTPC) as:

dTPC ¼ lTPC=ð1� /AÞ ð2Þ

The specific surface area of the pores (sp), defined as the total
pore surface area for a unit volume of the material, can also be ex-
tracted from the TPC function. The slope of S2(l) at l = 0 is related to
sp as [28,29]:

Lt
l!0

@S2ðlÞ
@l
¼ � sp

4
ð3Þ
3. Results, analysis and discussions

3.1. Analysis of pore structure features of high-paste and low-paste
content pervious concrete mixtures

A comparison of the pore structure features such as the volume
and area fractions, characteristic pore sizes, and specific surface
area of high-paste and low-paste content pervious concrete mix-
tures are provided in this section.

3.1.1. Volumetric porosity (/V) and area fraction of pores (/A)
Porosity is one of the most important pore structure parameters

of porous materials, as it can be directly related to the material per-
formance. The volumetric porosities (/V) and area fraction of pores
(/A) were obtained for all the high-paste and low-paste content
mixtures using the procedures explained in Section 2. Fig. 3 shows
a comparison of the volumetric porosities (/V) and area fraction of
pores (/A) for the high-paste and low-paste content pervious con-
crete mixtures. It can be seen from this figure that /A values of
high-paste and low-paste content pervious concrete mixtures are
in a reasonable agreement with the corresponding volumetric
porosities (/V). This is in conformance with the stereological theory
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Fig. 3. Relationship between the pore volume and area fractions for the pervious
concrete mixtures proportioned using both the methods.
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which states that, if a statistically significant number of random
samples are used, the area fraction of pores should be similar to
the volumetric porosities [30]. The horizontal error bars in Fig. 3
indicate one standard deviation for /V values corresponding to
three specimens corresponding to the same mixture, and the ver-
tical error bars indicate one standard deviation for /A values of
three to seventeen images corresponding to a certain mixture.

3.1.2. Characteristic pore sizes and pore specific surface area
As mentioned in an earlier section, TPC and granulometric den-

sity functions were used to extract the characteristic pore sizes
from two-dimensional images of pervious concrete cross sections.
Fig. 4a and b show the characteristic pore sizes determined using
TPC functions (dTPC) and granulometric density functions (dcrit),
respectively for the high-paste and low-paste content pervious
concrete mixtures. A general trend of increasing pore sizes (both
dTPC and dcrit) with increasing aggregate sizes can be easily noticed.
For a certain aggregate size, increase in porosity is generally not
found to result in a considerable increase in the pore sizes, for a gi-
ven proportioning method. This could be attributed to the fact that
the compaction method is the same for a given proportioning
method. It can also be noticed from Fig. 4a and b that the pore sizes
(both dTPC and dcrit) are slightly lower for the low-paste content
mixtures, because of the increased consolidation effort (see Section
2.1) provided to these mixtures. The statistical similarity of the
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Fig. 5. Specific surface areas of the high-paste and low-p
pore sizes obtained for the mixtures proportioned differently will
be discussed in a later section. Based on Fig. 4a and b, it can be sta-
ted that dTPC and dcrit values are reasonably close to each other,
facilitating the use of either of these parameters as a representa-
tion of pore size in pervious concrete mixtures. Similar results
are reported in [9,19].

Fig. 5 shows pore specific surface areas (sp) of the pervious con-
crete mixtures proportioned using the two different proportioning
methods. As can be seen from Fig. 5, sp is found be higher for the
mixtures designed for larger porosities using a certain aggregate
size. Since there is no significant difference between the pore sizes
of pervious concretes made using a certain aggregate size irrespec-
tive of the porosities (for both high-paste and low-paste content
mixtures, see Fig. 4), the number of pores in a unit volume of per-
vious concrete should be higher for the mixtures designed for lar-
ger porosities, in order to account for the increase in porosity. Thus,
the total pore surface area in a unit volume of concrete in such
mixtures is higher, which results in a higher sp. Also, the sp values
are found to be relatively higher for the low-paste content mix-
tures as compared to the high-paste content mixtures, for the fol-
lowing reason. If pervious concrete mixtures are proportioned for a
desired porosity, the number of pores in a unit volume of the low-
paste content mixture should be higher as compared to that in the
high-paste content mixture, in order to preserve the desired poros-
ity, as the characteristic pore sizes are slightly lower (even though
gn porosity, %
22 27 19 22 27

#4
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granulometry, for high-paste and low-paste content mixtures of different design

 porosity, %
22 27 19 22 27
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aste content mixtures of different design porosities.
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there is not a large difference) for the low-paste content mixtures.
Lower pore sizes, and a greater number of pores contribute to an
increase in the total pore surface area per unit volume.
3.1.3. Statistical analysis of the similarity in pore structure features
between high-paste and low-paste content mixtures

In order to determine the statistical similarity between the pore
structure features of high-paste and low-paste content mixtures, a
detailed statistical analysis was carried out using the two-sample
t-test. This test can be used determine whether the pore structure
features corresponding to two methods are likely to have come
from distributions with equal population means. The null hypoth-
esis in a two-sample t-test is that the two data sets come from dis-
tributions with equal population means [31]. The test results in a
p-value, which is defined as the smallest level of significance that
would lead to a rejection of the null hypothesis. A p-value greater
than 0.05 indicates that the null hypothesis can be accepted at a
level of significance of 0.05 (i.e., at a 95% confidence level). The
summary of the observed p-values for the different pore structure
features are given in Table 2. The p-values that are lower than 0.05
are shown in bold in this table. It is observed that the porosities (/V

and /A) and characteristic pore sizes (dcrit and dTPC) of high-paste
and low-paste content mixtures are statistically similar. The fact
that there is no statistical difference between the measured poros-
ities of specimens proportioned using both the proportioning ap-
proaches confirms the adequacy of these proportioning methods.
Though Fig. 4a and b have shown that the low-paste content mix-
tures have slightly smaller pore sizes, the t-test shows that the
means are not statistically different between the high-paste and
low-paste content mixtures. However, for specific surface area,
the t-test shows that the means of the high-paste and low-paste
content mixtures are generally different. Even though there is only
a marginal difference in the pore sizes, they contribute to apprecia-
Table 2
Summary of the p-values obtained from a two-sample t-test for the high-paste and low-p

Aggregate
Composition

Design
porosity (%)

Resultant p-values from t-test for different pore struct

Volumetric porosity (/V)
(2–3 specimens)

Area fraction of porosity
(/A) (3–17 images)

100% – #8 22 0.461 0.249
100% – #4 19 0.536 0.794

22 0.506 0.090
27 0.207 0.284

100% – 3/800 19 0.382 0.637
22 0.122 0.719
27 0.351 0.988
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Fig. 6. Pore connectivity factors of the high-paste and low
ble changes in the surface area of the pores. For mixtures made
using larger aggregates (i.e., having larger pore sizes), no statistical
difference in specific surface areas is noticed. This is because, when
the pore size is large, the number of pores for a given porosity are
lower, which correspondingly results in smaller changes in the
specific surface area.
3.2. Connectedness of the pore structure

The connectedness of the pore structure in porous materials can
be expressed using an experimentally determined pore connectiv-
ity factor (b). b plays an important role in determining the trans-
port properties of porous materials such as pervious concretes
[9,16]. Higher b has been shown to essentially result in higher per-
meability, even though the permeability is dependent on several
other pore structure features. The pore connectivity factors of the
pervious concrete specimens used in this study were determined
using Eq. (1). Fig. 6 depicts the variation in b for the high-paste
and low-paste content pervious concrete mixtures proportioned
using different aggregate sizes and designed for different porosi-
ties. For the same aggregate size (or the same pore size), increase
in the porosity increases the effective electrical conductivity [32]
and thus the pore connectivity factor. For the same porosity, an in-
crease in aggregate size (or pore size) is also found to increase the
pore connectivity factor. Increasing pore sizes at the same porosity
translates into a fewer number of larger pores. The measured effec-
tive conductivities of larger pore size systems are observed to be
higher than those of systems with smaller pore size at similar
porosities, thereby resulting in higher connectivities as per Eq.
(1). For the smaller pore size system (or, larger number of pores
at the same porosity), the measured conductivity is lower because
of the presence of the larger number of throats connecting the
pores [33], consequently lowering the pore connectivity factor.
aste content pervious concrete mixtures.

ure features

Critical pore size (dcrit)
(3–17 images)

Pore size from TPC (dTPC)
(3–17 images)

Specific surface area (sp)
(3–17 images)

0.066 0.053 0.018
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0.678 0.756 0.734
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4
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-paste content mixtures of different design porosities.



0.15 0.18 0.21 0.24 0.27 0.30
Hardened Porosity, φhardened

0.0

0.5

1.0

1.5

2.0

2.5

3.0

In
tr

in
si

c 
pe

rm
ea

bi
lit

y,
 k

m
2  

( x
 1

0-
9 )

 

High Paste Content
Low Paste Content

Fig. 8. Intrinsic permeability as a function of the porosity for the high-paste and
low-paste content pervious concrete mixtures.
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The observations of Fig. 6 show that pore connectivity factor can be
used a convenient experimental measure to quantify the connect-
edness of the pervious concrete pore structure.

In general, Fig. 6 shows that the high-paste content mixtures
have a lower pore connectivity factor which can be attributed to
paste clogging. The permeability measurements, shown later in
this paper also supports this observation. Higher amounts of paste
can be expected to drain through the pore structure, resulting in a
paste-rich lower layer in pervious concrete specimens, which was
visually observed for the high-paste content mixtures. A quantifi-
cation of paste draining is presented here using the variation of
pore and paste area fractions along the depth of high-paste content
pervious concrete mixtures. Image analysis was performed on ver-
tical slices from 150 mm long cylindrical specimens. The 150 mm
long � 95 mm wide rectangular sections were thresholded to sep-
arate the pore and solid phases as shown in Fig. 7a. These images
were divided into 25 mm deep � 95 mm wide strips, and the pore
area fractions in each of the strips were determined. To determine
the paste volume fractions, the cut sections were sprayed with
phenolphthalein to distinguish between the cement paste and
aggregates. These sections were then subjected to image analysis
using a color thresholding procedure. The color thresholded image,
where the paste area was separated from the remaining features
was then converted to a binary image as shown in Fig. 7b. The
paste area fractions were also determined for every 25 mm
deep � 95 mm wide strips along the depth. The variation of pore
and paste area fractions along the depth for high-paste content
mixtures using all three aggregate sizes, designed for 19% porosity
are shown in the plots in Fig. 7a and b, respectively. The plotted
values correspond to the average of pore area or paste area fraction
measurements on six different vertical sections obtained from
hardened specimens corresponding to each mixture. It can be
noticed that the pore area fraction decreases and paste area frac-
tion increases along the depth of the specimens for all the high-
paste content mixtures. A minimum porosity, and correspondingly
a maximum paste area fraction, is observed at the bottom of the
specimen, confirming that paste clogging occurs near the bottom
of the specimens. Similar trends were observed for the mixtures
proportioned for 27% porosity also; however, the variation in the
pore and paste area fractions with depth were lower for such
mixtures since the amount of paste used was lower compared to
the mixtures proportioned for 19% porosity. Paste clogging was
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vertical slices for the low paste content mixtures.
3.3. Permeability predictions based on pore structure features

Fig. 8 shows the relationship between intrinsic permeability (k)
and volumetric porosity (/V) for all the pervious concrete mixtures
used in this study. Permeability increases with an increase in
porosity, as expected. It can be observed from Fig. 8 that the intrin-
sic permeabilities are lower for the mixtures made with high-paste
contents as compared to those made with low-paste contents. This
could be attributed to the localized paste clogging in high-paste
content mixtures that result in lower pore connectivity, which
has been shown in the earlier section.

The Katz–Thompson (K–T) equation is commonly used to pre-
dict the permeability of porous materials [34]. For a porous med-
ium with a characteristic length scale lc, intrinsic permeability (k)
can be expressed as:
150

125

100

75

50

25

0

D
ep

th
 fr

om
 th

e 
su

rf
ac

e,
 m

m

10 20 30 40 50
 Paste fraction, %

#8
#4
3/8"

(b)
orosity high-paste content pervious concrete mixture to confirm paste clogging. The

s represented by the dark areas in the thresholded image in (b).



0.0 1.0 2.0 3.0 4.0 5.0
Experimentally measured
 permeability (x 10-9), m2

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0
Pr

ed
ic

te
d 

pe
rm

ea
bi

lit
y 

(x
 1

0-9
), 

m
2 #8-High paste 

#4-High paste 
3/8"-High paste
#8-Low paste
#4-Low paste
3/8"-Low paste 

1:1 line
#8

#4

3/8"

Fig. 9. A comparison of the experimentally determined permeabilities and those
predicted by the standard Katz–Thompson (K–T) equation for high-paste and low-
paste content pervious concrete mixtures. Notice the wider scatter for specimens
made using larger sized aggregates,

M.S. Sumanasooriya, N. Neithalath / Cement & Concrete Composites 33 (2011) 778–787 785
k ¼ 1
226

� �
reff

r0
l2
c ¼

1
226

� �
ð/bÞ � l2c ð4Þ

( 1
226) is a constant developed by Katz and Thompson for rock speci-

mens based on a number of assumptions including the cylindrical
nature of the pore geometry and an equivalence of local rock con-
ductivity to the conductivity of the pore solution [34]. The other
terms of this equation have been defined elsewhere in this paper.
While the critical path analysis of transport in porous media [35],
which is the precursor to the Katz–Thompson equation, assumed
similar conduction pathways for electrical and fluid flow in the por-
ous media, the K–T equation considers different electrical and
hydraulic flow paths. The characteristic length scale, lc, can be con-
sidered to be related to the percolating pore size in porous materi-
als. Since the granulometric density function based pore size (dcrit)
is a percolation related parameter, lc is approximated using dcrit in
this paper.
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Fig. 10. (a) Mean free spacing of pores (a pore space dispersion parameter) as a function o
made using three different aggregate sizes. The symbols correspond to the critical pore
When the predicted permeabilities using reff/r0 (or /b) ob-
tained from electrical conductivity results and dcrit in Eq. (4)
are plotted against the experimental permeabilities, a wide scat-
ter is observed as shown in Fig. 9. A closer observation of this fig-
ure reveals some trends: (i) for the specimens made using #8
aggregates (i.e., having smaller pore sizes), the K–T equation as
given in Eq. (4) predicts the permeabilities fairly adequately
and (ii) the scatter is more for specimens made using larger
aggregate sizes (i.e., larger pore sizes), and it decreases with a
reduction in aggregate size. Explanations for this behavior are
provided below.

In the development of the original K–T equation, it was consid-
ered that the conduction through pores of size less than lc can be
ignored [34]. When the pores are smaller and regular as is the case
with specimens made using #8 aggregates (dcrit � 2.0 mm), for a
certain porosity, there is quite a uniform distribution of pores
[9,13,19]. The mean free spacing between the pores [9,19], which
is a dispersion related parameter, is smaller when the pore sizes
are smaller, as shown in Fig. 10a, also indicating better pore phase
dispersion, as compared to the specimens with larger pore sizes
(and aggregate sizes). Conduction is then dominated by the pores
that are of the critical size and larger because of the low proportion
of pores smaller than this size. See Fig. 10b which shows the pore
size histograms for representative pervious concretes of 22% poros-
ity made with all the three aggregate sizes. The distribution of pore
sizes is narrower for the specimens made using smaller aggregate
sizes and broader for the specimens made using larger aggregate
sizes. This figure shows that 70% of the pores in the specimen made
with #8 aggregates lie in the 1 mm–3 mm diameter range, i.e., the
size distribution is relatively narrow. Since the pores are already
smaller, the conductance through pores smaller than the critical
size will be relatively lower, and can be neglected. This has also
been verified in two-dimensional pore networks with narrow pore
size distributions [35]. In this case, the system is closer to the ide-
alized one assumed in the development of the K–T equation. Thus
there is no need to change the constant (1/226) in Eq. (4). This is
evident from the K–T predicted permeabilities of specimens with
smaller aggregate sizes (or pore sizes) being comparable to the
experimental values as shown in Fig. 9.

However, for the same porosity, if the critical pore size is larger
as is the case with mixtures made using 3/800 aggregate sizes
(dcrit � 4.0 mm), the pores smaller than this size also might
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f the critical pore size and (b) histograms of pore size for specimens of 22% porosity
sizes of each of the three different mixtures.
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Fig. 11. Relationship between the percolation related pore size and a correction
factor (ratio of the permeability predicted using Eq. (4) to that of the experimental
permeability) that can be used in the denominator of the K–T equation.
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facilitate a fair amount of conduction. From Fig. 10b, it can be seen
that the size range that incorporates 70% of the pores is 1 mm–
6 mm, and about 40% of the pores are smaller than dcrit. Here, the
estimated dcrit using the granulometric density function could in
fact be higher than the actual smallest percolating pore size, thus
influencing the permeability predictions. Granulometry provides
only a 2-D pore size distribution and provides little information
on the apertures that connect the pores [36]. The above inference
is also in agreement with [37], where the characteristic length
scale lc is reported to be much smaller than the percolation related
diameter when there is a disorder in the diameter of pores, which
is dominated by the disorder in the aspect ratio of pores. It was
shown in previous studies [9,13] that the disorder in the aspect ra-
tio of pores is more for specimens made using larger aggregate
sizes, i.e., the pores tend to be more irregular with increasing sizes.
This results in an over-estimation of permeabilities for specimens
with larger pore sizes when the K–T equation is used. Since the
square of the pore sizes (dcrit) is used in the K–T equation, it is
not surprising that the scatter increases with the pore size. When
a correction factor to be used along with the denominator in the
K–T constant, expressed as the ratio of the permeability predicted
using Eq. (4) to the experimental permeability, is determined, it
shows a very good relationship with the critical pore sizes. This
is shown in Fig. 11. While not a universal relationship, this facili-
tates an understanding of the limits under which the K–T equation
can be adopted for permeability prediction of pervious concretes. It
is anticipated that similar pore size – correction factor relation-
ships could be extracted for random porous media so as to facili-
tate permeability prediction using a modified Katz–Thompson
equation.
4. Conclusions

A detailed evaluation of the pore structure features that dictate
the performance of pervious concretes proportioned for desired
porosities using two different methods have been provided in this
paper. The adequacy of these proportioning methods was ascer-
tained through the similarities in design and actual porosities as
well as the similarities in porosities between the mixtures propor-
tioned differently. The salient conclusions are listed below:
(i). The two porosity determination methods – volumetric and
image analysis-based, and the two different morphological
means of pore size determination – opening granulometry
and two-point correlation function resulted in statistically
similar values for both the high-paste and low-paste content
pervious concrete mixtures. Pore sizes were found to be
influenced only by the aggregate size and not by the poros-
ity. In general, there was a statistically significant difference
in the specific surface area of pores between the high-paste
and low-paste content pervious concrete mixtures, attribut-
able to the magnified effect of the small differences in pore
sizes (though the differences in pore sizes were statistically
insignificant) between these mixtures when areas are
determined.

(ii). The pore connectivity factor (b) determined from electrical
measurements increased with increasing porosity and pore
sizes for both the high-paste and low-paste content mix-
tures. The high-paste content mixtures had lower b values
because of paste clogging, which was confirmed through
image analysis on vertical cross-sections. Smaller aggregate
sizes (and thus pore sizes) at a given porosity resulted in
reduced connectivities because of the presence of a larger
number of apertures or throats in such specimens, which
contribute to reduced conductivity.

(iii). The high-paste content mixtures showed lower permeabili-
ties because of the effect of paste-clogging that reduces the
pore connectivity factor, thus providing two distinct poros-
ity–permeability relationships for the high-paste and low-
paste content mixtures, respectively. Application of the
well-known Katz–Thompson (K–T) equation using the ratio
of effective electrical conductivity to the electrolyte conduc-
tivity (reff/r0 = /b) and the percolation related pore size
from granulometry (dcrit) as the inputs along with the K–T
constant of 1/226 resulted in over-estimation of intrinsic
permeabilities, especially for the mixtures with larger aggre-
gate (and pore) sizes. The possible over-estimation of the
critical pore sizes in specimens made using larger aggre-
gates, which leads to non-negligible conduction through
pores smaller than the critical size was attributed to this
observation. The correction factor required for the K–T con-
stant was found to scale linearly with the critical pore size.
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