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h i g h l i g h t s

� An ultrasonic method to determine the air voids size distribution is proposed.
� The measured ultrasonic wave attenuation increases with the amount of air voids.
� The size distribution of air voids affects the wave frequency-attenuation curve.
� The maximum likelihood for the air voids size distribution is log-normal distribution.
� We compare the results obtained by the proposed method and the microscopical determination.
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a b s t r a c t

Voids in cement-based materials influence their material properties. While air voids within a certain
range are beneficial for freezing-and-thawing resistance, large-size voids decreases strength and durabil-
ity. This paper proposes a method to quantify the air voids size distribution, which use the concept of
ultrasonic wave attenuation. The wave attenuation increases with the inclusion of air voids. Its measure-
ment is compared with a theoretical model, and then three-dimensional information of air voids can be
obtained. An application example of cement paste is presented and the results are discussed with the
measurement of permeable pores and the result of a microscopical determination.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Air voids in concrete affect and determine its resistance to
stress and durability [1,2]. The void is inherently entrapped when
a cement-based material is being mixed and sometimes it is inten-
tionally entrained to enhance freezing-and-thawing durability. The
entrained air void is distributed in a range of 50–200 lm [1]. The
void of such a size adjusts to water expansion when concrete is
freezing, and consequently reduces the imposed hydraulic pres-
sure and the freezing-and-thawing damage [3]. Even though an ex-
act physical theory of the freezing-and-thawing resistance is still
hardly formulated, it is doubtless fact that the dimensions and
spacing of air voids are the most important parameters.

The dimension and spacing of air voids is usually characterized
by microscopical determination, in accordance with ASTM C457
[4]. A saw-cut section of a sample is captured via a microscopy,

where the chord lengths of voids are measured in the cross section.
The size distribution of the air voids is obtained from the measure-
ment records of the chord lengths. A spacing factor is then calcu-
lated from a model, called spacing equation. The measured chord
lengths and the numbers of air voids are input parameters in the
model. Various spacing equations including the model adopted
for ASTM C457 can be found in the literature [5] and they have pro-
vided reasonable evaluation based on the size distribution of air
voids. Nevertheless, the air voids characterization still needs to
be verified in terms of the size distribution of air voids. The micro-
scopical determination is based on two-dimensional cross section
images. The chord length measurement has lack of three-dimen-
sional information. In addition, the reliability on the cross-sec-
tional measurement is probably obtained with a number of
sectional images, even more than 100.

On the other hand, many researchers have recently performed
characterization of air voids in hardened cement-based materials
using ultrasonic waves. The ultrasonic methods, nondestructive
test, have been proposed to characterize the damage of concrete

0950-0618/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.070

⇑ Corresponding author.
E-mail addresses: jaekim@unist.ac.kr, jhk3001@gmail.com (J.H. Kim).

Construction and Building Materials 47 (2013) 502–510

Contents lists available at SciVerse ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat

http://crossmark.dyndns.org/dialog/?doi=10.1016/j.conbuildmat.2013.05.070&domain=pdf
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.070
mailto:jaekim@unist.ac.kr
mailto:jhk3001@gmail.com
http://dx.doi.org/10.1016/j.conbuildmat.2013.05.070
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat


such as crack depth or contact-type defect [6–8]. Especially, the
measuring of amplitude decay has advantage of obtaining three-
dimensional information on the path where stress wave propagates.
A previous study measures pulse-echo attenuation and finally deter-
mines the average void size and volume fraction [9,10]. Yet, analyz-
ing the full distribution of air voids has not been attempted because
the previous study relies on the assumption of monosize spheres.

This paper proposes a method to obtain the air voids size distri-
bution rather than the average value. The quantitative ultrasonic
wave attenuation of longitudinal through-transmission wave was
measured via a self-compensating technique [11]. This technique
ensures the quantitative measurement of wave attenuation, which
is discussed more in the paper. The measured wave attenuation
was compared with a theoretical model prediction, and finally the
air voids volume fraction and size distribution were obtained by
minimizing the difference between the model prediction and the
measurement. The theoretical model adopted the modified scatter-
ing Roney formulation [12,13], and considered normal, log-normal,
and Weibull distributions for the air voids size distribution. The ob-
tained air voids volume fraction was compared with the experimen-
tal results by a test method for estimation of the total volume
fraction of permeable voids (ASTM C642) [14]. The obtained size
distribution was also compared with that obtained on a typical sec-
tion of the sample via an image processing technique. That can be
considered as the microscopical determination (ASTM C457) [4].

2. Background

Ultrasonic wave attenuation, decay of the amplitude of a prop-
agating wave, is the result of geometric spreading and intrinsic
attenuation. Geometric spreading is due to the wavefront spread-
ing out. Intrinsic attenuation consists of wave absorption and scat-
tering if a medium is composed of a matrix and inclusions, such as
air voids. An attenuation coefficient is said to be a material prop-
erty when it expresses the amount of intrinsic attenuation exclud-
ing the geometric spreading [15].

While absorption is inherent in the matrix, the scattering due to
the inclusions in media is more evaluated. The scattering phenom-
ena due to spherical uni-diameter grains such as air voids in a
medium can be explained with the Roney formulation [12]. The
formulation assumes that (1) the medium is comprised of two
phases, a solid matrix and spherical grains; (2) the spherical grains
in the medium do not interact with each other; and (3) wave en-
ergy scatters on the boundaries of the grains. Wave attenuation
due to scattering on the grain boundaries depends on the wave-
length, the grain size, and the material properties (elastic moduli)
of the solid matrix and spherical grains.

A modified Roney formulation to overcome the limitation of
uniform grain size using a log-normal distribution has also been
introduced [13,16–18]. The scattering attenuation coefficient, as,
is given as follows [13]:

as ¼ NT
Dk
k

� �2 Z 1

0
pðDÞ 2

l
X1
m¼0

ð2mþ 1Þ sin2 dmdD ð1Þ

where D is the diameter of the spherical grains, p(D) is the probabil-
ity density function of the diameter (

R1
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is an average elastic mismatch parameter of which amount is

similar to the ratio of acoustic impedances of two phases [12]. The
spatial parameter l is
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where Dm is the mean diameter of grains (Dm ¼
R
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the applied wave length, and then the corresponding parameter
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where jm(l) and nm(l) are spherical Bessel functions of order m and
spherical Neumanns functions of order m, respectively,

As a result, the intrinsic attenuation coefficient ai attributed
from both matrix absorption and spherical inclusions scattering
is represented as follows:

ai ¼ as þ ð1�uÞaa ð4Þ

where aa is the absorption attenuation coefficient of the solid ma-
trix and u is the volume fraction of the spherical inclusions
(u ¼ NT

R pD3

6 pðDÞdD).

3. Experiment and evaluation

3.1. Sample preparation

The objective of this study is to evaluate excessive or abnormal air voids with
wave attenuation measurement. The air voids in cement paste samples were pre-
pared with use of an Air Entraining (AE) admixture. Cement paste samples labeled
as P1, P1A1, P1A2, and P1A3 were proportioned with admixture-to-cement weight
ratios of 0%, 0.2%, 0.7%, and 1.0%, respectively. The water-to-cement ratio of all sam-
ples was 0.4 by weight. The total mixing time was about 10 min using Hobart plan-
etary mixer with a paddle beater. The amount of air voids in each fresh mix was
measured following the ASTM C231 pressure method [19] as reported in Table 1.
The samples were subsequently cured in 20 �C water for 6 months. In order to visu-
alize the air voids, a sample was cut with a diamond saw and then polished to ob-
tain cross-sectional images. Images were acquired using an optical microscope with
a charged coupled device, as shown in Fig. 1.

Table 1 also reports the permeable voids in the hardened samples measured in
accordance with ASTM C642 [14]. In order to obtain the air voids volume fraction, it
is necessary to subtract capillary pores from the permeable voids measurement.
Fig. 2 shows the schematic for the calibration. When the total volume of samples
is the unit volume, the volume of capillary pores in the reference sample is uc1

(Fig. 2a); the volume fraction of permeable voids u1 can then be calculated as
uc1. Other samples can also be represented by the volume of generated air voids
ua and capillary pores uc2 (Fig. 2b), and the volume fraction of permeable voids
u2 is then calculated as (ua + uc2). The volume fraction of capillary pores excluding
generated air voids in other samples is uc2/(1 � ua), which should correspond with
u1. Hence, the volume fraction of increased air voids ua can be obtained using Eq.
(5), and the results are given in Table 1.

ua ¼
u2 �u1

1�u1
ð5Þ

3.2. Wave attenuation measurement

In order to measure the wave attenuation, a quantitative attenuation measure-
ment technique previously proposed by the authors was used [11]. A block diagram
of the experimental system setup for the attenuation measurement is presented in
Fig. 3. The most important component to quantitatively measure the wave attenu-
ation is lead-zirconate–titanate (PZT) ceramics, which are located between the con-
ventional transducers and the sample. The PZT ceramic excludes the effect of
coupling between the transducer and the sample on the attenuation measurement
via a self-compensating principle [11]. When longitudinal waves are generated sep-
arately in the forward and backward directions, from-left-to-right and from-right-
to-left, the stress waves at the channels of X and Y are measured via the PZT ceram-
ics. Applying the principle of self-compensating isolates the frequency response
function of the sample, where the effect of the coupling conditions is robustly ex-
cluded. The derived wave attenuation is, which peak amplitude corresponding to
generated frequency of both channels, as follows:

Table 1
Air voids volume fraction of the samples.

Label AE dosage
(%)

Air content
(%)

Permeable void
(%)

Air void (ua)
(%)

P1 0 1.4 26 –
P1A1 0.2 3.8 29 4
P1A2 0.7 5.9 34 10
P1A3 1.0 More than 15 40 19
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