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Abstract

The effectiveness of advanced ultrasonic techniques to quantitatively characterize the capillary porosity and entrained air content in hardened
cement paste is examined. Direct measurements of ultrasonic attenuation are used to measure the volume fraction and average size of entrained air
voids and to assess variations in intrinsic porosity – as influenced by water-to-cement ratio (w/c) – in hardened cement paste samples. For the air
entrained specimens, an inversion procedure based on a theoretical attenuation model is used to predict the average size and volume fraction of
entrained air voids in each specimen, producing results in very good agreement with results obtained by standard petrographic methods and by
gravimetric analysis. In addition, ultrasonic attenuation measurements are related to w/c to quantify the relationship between increasing porosity
(with increasing w/c) and ultrasonic wave characteristics.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Accurate field measurements of entrained air characteristics
and water-to-cement ratio (w/c) in concrete mixtures are
important to ensure that specifications for workability, strength,
and durability are met [1]. However current standard methods
for characterizing concrete in the field may not provide adequate
information regarding the composition and structure of in-place
concrete. For example, the w/c of a fresh concrete mixture is
typically assessed indirectly in the field by the slump test, which
is sensitive to the water content but is also sensitive to the cement
content, aggregate gradation, environmental conditions, the use
of chemical admixtures and/or supplementary cementitious
materials (SCMs), among other factors. Also, field measure-
ments to characterize the w/c and air content of concrete are
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commonly performed prior to placement, compaction, and fin-
ishing and may not always accurately reflect the actual properties
of the in-place material. Finally, with regard to characterization of
air entrainment, most standard field methods for measuring air
content, including ASTM C138 gravimetric method [2], ASTM
C173 volumetric or rollometer method [3], and ASTM C231
pressure method [4], cannot differentiate between entrained and
entrapped air, and this distinction can be critical for evaluating the
durability of concrete to freeze/thaw cycles. Of course, petrog-
raphy [5] can be used to measure both entrained air content and
w/c in hardened concrete, but an on site test could provide
results more rapidly and at potentially lower cost.

Advanced ultrasonic methods have the potential to be fast,
reliable and inherently safe tools for providing quantitative
information about the initial characteristics of plastic and in-place
fresh concrete microstructure and, subsequently, for in situ
condition assessment. A number of researchers [6–14] have
recently developed correlations between ultrasonic wave proper-
ties, such as phase velocity and attenuation, with characteristics
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Table 1
Specimen specifications

Name w/c Air-entraining agent
(% by cement mass)

Diameter (mm) Thickness (mm)

CP1 0.3 – 100 23.1–25.5
CP2 0.4 – 100 23.3–24.7
CP3 0.5 – 100 23.2–26.5
CP4 0.6 – 100 22.5–24.8
EACP1 0.4 0.2 100 23.6–26.5
EACP2 0.4 0.6 100 24.7–26.2
EACP3 0.4 1 100 22.7–24.8

Fig. 1. Magnified digital images of two specimens (a) CP2 and (b) EACP2.
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such as stiffness, porosity and w/c. However, the development of
quantitativemeasurement techniques based upon these ultrasonic
wave properties has not generally been addressed for cement-
based materials. An important aim of this research, then, is to
enable the quantitative and direct measurement of entrained air
void size and volume fraction in hardened cement paste through
the development of an inversion procedure which couples an
established ultrasonics scattering model with experimentally
measured attenuation values.

In this research, ultrasonic attenuation is used to characterize
the average size and volume fraction of entrained air voids in
cement paste of a single w/c, and then to characterize how
variations in w/c (and concomitant variations in intrinsic poro-
sity) influence attenuation. There are two basic mechanisms by
which an ultrasonic wave attenuates: geometric attenuation and
material attenuation. Geometric attenuation is the phenomenon
by which the amplitude of an ultrasonic wave decreases as the
wavefront spreads out over a wider area. Material attenuation
can be classified as either absorption or scattering. One source
of absorption losses is internal friction in a viscoelastic material,
while scattering losses are highly complex, and are dependent
upon the intrinsic length scale of the scatterer, the volume and
distribution of scatterers, and the acoustic properties of these
scatterers in relationship to the matrix material. Since these two
effects (absorption and scattering) are coupled, any attenuation
measurements will inevitably include both contributions.

The objectives of this research are to examine the effec-
tiveness of advanced ultrasonic techniques to measure the
average size and volume fraction of entrained air voids in
cement paste and to examine how ultrasonic measurements are
affected by intrinsic porosity, as influenced by variations in w/c.
Direct ultrasonic attenuation measurements are performed on a
set of hardened cement paste specimens at constant w/c with
entrained air void contents that vary between 0 and 15%. An
inversion procedure – based on a theoretical attenuation model
and following the measurement procedure developed in [15,16]
is used to predict the average size and volume fraction of
entrained air voids in each specimen. The accuracy of these
ultrasonic predictions is verified with a direct comparison to
results obtained by petrographic analysis on the hardened pastes
(ASTM C457-98, method B [5]) and by gravimetric analysis of
the fresh pastes. In addition, attenuation measurements made on
cement pastes prepared at w/c ranging from 0.30 to 0.60 aid in
quantifying the relationship between cement paste microstruc-
ture and ultrasonic wave characteristics.
2. Experimental description

2.1. Specimen characteristics

Paste specimens were produced according to mixture
proportions listed in Table 1. A practical range of entrained
air void contents (by volume, ϕ) and w/c were selected. All
mixtures were prepared using commercially available Type I
portland cement and water. The specimens denoted in Table 1
with an “EACP” prefix include varying dosages of a chemical
air-entraining admixture. The specimens denoted in Table 1
with a “CP” prefix do not contain the air-entraining agent, but
were prepared at 4 different w/c.

All mix ingredients were weighed to 0.1 mg accuracy, and
mixing was performed using a Hobart paddle mixer. Samples
were cast in 100 mm×200 mm plastic cylinder molds, which
were covered with plastic caps and kept in a moist
environment for 24 h at 22 °C and 76% RH. At 24 h of
age, all specimens were demolded and were subsequently
stored in an environmentally-controlled fog room for 27 more
days at 22 °C. At 28 days of age, all specimens were removed
and a water-cooled diamond saw was used to cut 22.5–
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26.5 mm thick samples from the cast cylinders. The saw cut
surfaces of the specimens were polished using progressively
finer silicon carbide grit (ending with #600) producing two
parallel surfaces to allow through transmission of ultrasonic
waves without reflections from the sample sides. Note that
between ultrasonic tests, the specimens were stored in a sealed
container at 75±2% RH.

Fig. 1 shows magnified images of two specimen surfaces –
a plain cement paste sample (CP2) and an air entrained
cement paste sample (EACP2). These representative im-
ages demonstrate the relatively more homogeneous cement
paste matrix characteristic of the CP samples, as well as the
size and spacing of the entrained air voids in the EACP
specimens.
Fig. 2. A schematic diagram of the experiment
2.2. Ultrasonic measurement procedure

A schematic diagram of the experimental setup for the
attenuation measurements is shown in Fig. 2. In brief (see
Ref. [15] for details), a pair of commercially available contact
ultrasonic transducers (labeled T for transmitting and R for
receiving) were located on axis (epicenter) on opposite faces of
each specimen. Two matched pairs of broadband transducers
(one pair with a nominal center frequency of 2 MHz, and a
second pair with a nominal center frequency of 5 MHz) were
used to generate and detect longitudinal ultrasonic waves. A
typical time-domain signal is shown in Fig. 2 where the con-
tributions from the direct propagation (with a propagation
distance of one thickness, z) and the twice reflected component
al setup for the attenuation measurements.



Fig. 3. The total attenuation results (a) from a typical specimen (EACP2)for a
frequency bandwidth from 0.25–5 MHz (b) a summary of the (average) values
for all EACP specimens plus the CP2 specimen.
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(that propagates three-thicknesses, 3z) are identified as S1(t) and
S2(t), respectively. The attenuation analysis (detailed in [15])
compares the frequency-dependent amplitudes of these two
contributions (which are Hanning windowed and diffraction
corrected) to obtain the experimentally measured phase velocity
and attenuation. Typical plots of these intermediate steps are
shown in Fig. 2, and note that the measured attenuation
(in Nepers/m) is the total attenuation, containing both the
absorption and scattering contributions.

2.3. Theoretical attenuation model and inversion procedure

The theoretical relationship between ultrasonic attenuation
and the size and volume fraction of entrained air voids is based
on the model proposed in Ref. [17]. Following Ref. [15], the
total attenuation, α, of a longitudinal ultrasonic wave in these
specimens is a combination of the absorption contribution αa,
occurring in the cement paste matrix, and the scattering
contribution αs, due to the presence of a volume fraction, ϕ of
entrained air voids. This relationship can be described by

a ¼ aa þ as ¼ ð1−/Þaa þ 1
2
nsg

sca ð1Þ

where ns is the number of scatterers (entrained air voids) per
unit volume, and γsca is the scattering cross section of a single
scatterer, which is assumed to be a single entrained air void
with spherical geometry. Note that the absorption attenuation is
due to the intrinsic viscoelasticity of the cement paste matrix,
and its contribution is reduced by the “missing” volume frac-
tion which is occupied by the entrained air voids. For this
simple spherical scatterer geometry, the number of scatterers,
ns is related to the volume fraction, ϕ by / ¼ 4

3
ka3ns, where a

is the radius of the sphere. Since the entrained air voids have a
(relatively) low volume fraction (under 15%), this model
assumes there is no acoustic interaction between the scattered
acoustic wavefields from each individual entrained air void. In
addition, this model assumes that all scatterers have the same
size (i.e., all have the same radius, a). Finally note that the
scattering cross section, γsca is defined as the ratio of the
scattered power divided by the intensity of the incident wave
on a single scatter, and accounts for differences in geometry
and elastic properties of the scatterer. The calculation of γsca is
a classical problem and has been addressed by several re-
searchers. This study follows Ref. [18], with calculation details
given in Ref. [15].

Eq. (1) is a direct or forward model that can be used to relate
the total frequency dependent attenuation, α, with the size and
volume fraction of entrained air voids in a particular specimen.
This model is used as part of an inversion procedure to use
experimentally measured attenuation results to predict the best
fit for two variables – the entrained air void size and volume (a
and /) for that particular specimen. Note that this inversion
procedure uses the Nelder–Mead simplex method [19] on the
scattering contribution (the absorption contribution is sub-
tracted out before inversion) and is based on a model that
assumes only single-sized entrained air voids (i.e., monosize per
Eq. (1)). Further details on the implementation of this inversion
technique are available in Ref. [15].

3. Results and discussion

To examine the effect of air entrainment on attenuation,
results from measurements on air entrained and non-air
entrained cement pastes at a single w/c will be described first.
Additionally, results using an inversion procedure to predict the
average size and volume fraction of entrained air voids are
compared to results obtained by petrography and gravimetric
techniques. Then, to examine the influence of variations in the
porosity inherent in cement paste on attenuation, measurements
were made on neat cement pastes prepared at a range of w/c;
these results are presented in Section 3.4.

3.1. Directly measured attenuation results

Attenuation measurements were made at five different spa-
tial locations, as generally specified in Fig. 2, in each of the



Fig. 4. Correlation plot of predicted vs. actual values of total attenuation
coefficients from all EACP specimens.
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seven specimen types, described in Table 1. Results obtained at
these five locations were averaged to develop a frequency
dependent, total attenuation curve for each specimen. Results
from a typical specimen (EACP2) are shown in Fig. 3(a) for a
frequency bandwidth from 0.25–5 MHz, where the error bars
are based on the maximum and minimum values from all five
spatial locations (at each specific frequency). Fig. 3(b) presents
a summary of the average total attenuation values for all three
types of EACP specimens (the three specimens prepared with
the air-entraining agent), as well as the CP2 specimen, which is
a cement paste specimen without air-entrainment, prepared at
the same w/c as the EACP specimens. Note that error bars,
which have similar trends to those presented for the EACP2
specimen in Fig. 3(a), have not been included for visual clarity.

Fig. 3(b) enables a qualitative comparison of the directly
measured attenuation results in these four specimens, and
clearly shows the influence of the presence of entrained air on
attenuation. From this data, the attenuation is much lower in the
neat cement paste specimen than all three of the entrained air
specimens. It appears that the presence of entrained air voids
causes significant scattering and attenuation in the frequency
range examined. The attenuation in the EACP3 specimen is
relatively high, which results in some scatter in the data above
1.5 MHz, as well as a limited frequency bandwidth. That is,
there is no useful data above 3 MHz in this specimen.

The total attenuation in the three EACP specimens (Fig. 3(b))
appears to be directly related to the amount of air-entraining
agent used (Table 1) and, hence, to the relative amount of
entrained air voids contained in the paste. That is, as the air-
entraining agent dosage is increased, a larger total attenuation is
observed at a particular frequency. The attenuation in the neat
CP2 specimen generally increases linearly with frequency, while
the three EACP specimens exhibit a nonlinear behavior with
frequency. These trends in behavior are predicted by fundamen-
tal scattering theory. Thus, this agreement with theory and the
differences in the attenuation for the various sample types
indicates that the presence and amount of entrained air voids
produces measurable differences in attenuation.

3.2. Inversion results and analysis

An inversion procedure was performed on the scattering
portion of the measured attenuation in the entrained air samples.
Here, the absorption due to the cement paste is “removed” by
subtracting the measured attenuation (αa) in the cement paste
Table 2
Results of ultrasonic measurement of entrained air hardened cement paste
specimens in comparison with results obtained by ASTM C457–98

Name Volume fraction, ϕ (%) Radius, a (mm)

ultrasonic
inversion
prediction

ASTM C457–98
(method B)

Gravimetric
(fresh paste)

Simplex
prediction

Image
analysis
maximum

EACP1 3.3 4.1 3.43 0.33 0.32
EACP2 7 8.1 6.67 0.35 0.36
EACP3 11.3 12.2 11.32 0.50 0.49
sample produced at the same w/c (i.e., CP2). The predicted size,
a and volume fraction, ϕ of entrained air voids for each speci-
men is presented in Table 2. The inversion predictions of vol-
ume fraction obtained by the attenuation measurements may
be compared to values measured, by a trained petrographer,
following ASTM C457–98, method B [5], and that from a
gravimetric technique. Very good agreement between these
three sets of values is noticed. The variation between the pre-
dicted entrained air void content and the petrographic results
fall within the expected accuracy of ASTM C457 method B,
where variations of 1 or more percent between petrographic
results and measurements on fresh concrete or predicted results
may be expected, according to the standard [5]. There is even
better agreement between the gravimetric results (made on the
fresh pastes) and the entrained air void content predicted with
the ultrasound. The agreement between the predicted and mea-
sured values demonstrates the accuracy and effectiveness of
using attenuation to measure entrained air void size and volume
fraction in hardened cement paste.

However, it is worth noting that the results from the ultra-
sonic inversion are consistently lower than the ASTM C457–98
results, and the agreement between these two techniques
improves with increasing values of ϕ. One reason for these
differences could be that the petrographic results are obtained
by a surface “point counting” procedure, which is likely to more
accurately reflect the actual void volume when a greater number
of voids are present. Thus, the petrographic results at higher
void volumes may be expected to more closely match those
predicted by the inversion procedure. Additionally, only a small
portion of the sample (i.e., a region of a polished surface) is used
to represent the entire specimen in point counting. In contrast,
the ultrasonic results are “bulk,” or through-thickness mea-
surements, and use a (relatively) large volume of material
to represent the entire specimen. Finally, note that ASTM
C457–98 measures the total air content, sometimes with a 1 mm
threshold serving as an arbitrary distinction between entrained
and entrapped air, while the ultrasonic inversion procedure
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isolates the contribution of the air entrained voids. As a result of
these considerations, it is proposed that these ultrasonic
measurements might be more representative of the actual
entrained air content in the specimens.

A commercially available quantitative image analysis
software package, IMAGE-PRO Plus, was used to measure
the maximum size of the entrained air voids in each EACP
specimen type. A “maximum” circularity index (or radius) was
calculated by examining magnified digital images, similar to
Fig. 1 which were obtained by optical microscopy of each
sample's surface. This procedure considers five randomly
selected images, each with an area of 238 mm2, from each
sample; further details on this procedure are provided in Ref.
[16]. Results for the three EACP specimens are summarized in
Table 2, where they are presented, for comparison, with the
Fig. 5. Assumed two void size distribution, where the smaller radii represent the entr
void fraction (b) number void density vs. void radius (mm).
entrained air void sizes, a predicted with the inversion
procedure. There is very good agreement between the entrained
air void sizes predicted by inversion of the attenuation data, and
those measured by quantitative image analysis. These results
further validate the accuracy of the proposed ultrasonic
procedure for characterization of cement-based materials.

3.3. Consideration of entrapped air voids

Additional insights into specimen void content and size
distribution may be gained by further examination of these
ultrasonic attenuation results. Consider Fig. 4, which presents a
set of forward prediction results, determined by substituting the
values of a and ϕ predicted by the inversion procedure with the
αa absorption attenuation measured in CP2, into the theoretical
ained air voids, and the larger radii represent the entrapped air (a) percentage of



Fig. 6. Comparison of the experimentally measured attenuation with the
analytical predictions using simplex optimized values ad the assumed two void
size normal distributions for all the EACP1, EACP2 and EACP3 specimens.

Fig. 7. Effect of w/c on frequency dependent attenuation coefficient,
α (longitudinal only) measured in each type of cement paste (CP) specimen.
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model, Eq. (1). Comparison of these forward prediction total
attenuation curves to the experimentally measured values shows
general agreement between the two data sets. However, the best
agreement between the predicted and measured values occurs in
the frequency range 1.5–5 MHz. A possible explanation for this
behavior could be the initial assumption that only a single size
scatterer (i.e., entrained air voids) exists within the cement
paste. It is proposed that the deviation between the predicted
behavior and the measured values at low frequencies can be
explained by the presence of larger, likely entrapped, air voids,
which are not accounted for in the monosize scatterer model of
Eq. (1).

Following Mehta and Monteiro's [20] description of the
multi-scale structure of cement-based materials, a more com-
plicated structure for the cement pastes examined may be con-
sidered. In this structure, it is assumed that two dominant void
sizes exist, each having normal distributions as shown in Fig. 5.
These two dominant regimes correspond to entrained and
entrapped air voids, and Fig. 5(a) shows the assumed void
volume fraction distribution [16]. Using this data, Fig. 5(b)
shows the number of voids at a particular radius, per unit
volume, which was calculated by ns ¼ 3/

4ka3
. Note that the voids

with the smaller radii represent the entrained air voids and have
normal distributions centered on the radii a predicted by the
inversion procedure and listed in Table 2. The second
distribution of voids, with the larger radii, represent entrapped
air. For simplicity, these larger entrapped air voids are assumed
to be normally distributed about a single radius.

Using this two-size model for void distribution, new forward
predictions may be calculated, following Ref. [21]. Results from
these predictions are shown in Fig. 6(a)–(c), along with the
respective experimentally measured attenuations and previously
discussed monosize forward predicted values. Much better
agreement is found between the experimental results and the
two-size predictions, indicating that larger scatterers, likely
larger entrapped air voids, are present in the EACP specimens.

3.4. Influence of w/c

Because of the importance of the attenuation due to the
presence of the cement paste itself, further measurements were
made on cement paste samples prepared at w/c of 0.30, 0.40,
0.50, and 0.60 to better understand the influence of intrinsic
paste porosity on attenuation. Fig. 7 shows the measured total
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attenuation, α, as a function of frequency. A generally linear
relationship is observed between α and frequency in Fig. 7.
Also, by comparing this data for neat cement pastes with data
for air-entrained pastes in Fig. 3(b), the total attenuation is much
higher in the EACP samples as compared to the CP samples.
Lower attenuation is expected in the cement paste (CP) samples
because the scattering contribution of Eq. (1) is nonexistent in
the CP specimens at these frequencies. Rather, changes in w/c
are responsible for the changes in absorption attenuation, αa in
Fig. 7. This same type of linear relationship between absorption
attenuation and frequency has been reported in polymers
and biological tissues [23,24] and is referred to as hysteresis
absorption.

It is proposed that this measured absorption attenuation
behavior can be explained by considering the influence of w/c
on the nano to microscale porosity of the paste. Changes in w/c
are known to affect the relative volume of solids and capillary
voids or pores [22]. Capillary voids, which are the irregular
nano- to microscale voids which may be filled or partially
filled with viscous liquid, are distinct from significantly larger
entrained and entrapped air voids. The total capillary porosity
in a volume of cement paste may be estimated by using the
simple approach described by the Powers model. Following
the approach to the Powers model presented by Mehta and
Monteiro [20], the ratio of capillary voids to total solids (i.e.,
hydration products and unhydrated cement) for the four w/c
examined is shown in Fig. 8 with a 75% degree of hydration
assumed. The volume fraction of capillary voids increases and,
correspondingly, the volume fraction of solids decreases – with
increasing w/c.

The resulting attenuation behavior in these cement paste
specimens can be qualitatively explained by considering Biot's
theory [25], which describes ultrasonic wave propagation in a
fluid saturated porous solid. Biot's theory may be used to
consider the friction losses of a fluid as it moves within the
Fig. 8. Microstructural phase model of hardened cement paste comprising solids,
capillary voids and air with varying water/cement ratio with 75% degree of
hydration assumed.
capillary voids. Accordingly, Biot's theory qualitatively
predicts an increase in absorption attenuation with an increase
in the volume fraction of capillary voids in cement paste. As a
result, Biot's theory can justify the experimentally observed
ultrasonic behavior of increasing absorption attenuation with
increasing w/c, as an increase in fluid-filled capillary voids
would be expected. Further research is needed to quantify this
effect and to further develop the use of absorption attenuation
to quantitatively measure w/c in a range of cement-based
materials.

4. Conclusions

The effectiveness of using ultrasonic attenuation as a
measure of the average size and volume fraction of entrained
air voids in cement paste was examined. Very good agreement
was found between predictions of entrained air content, ob-
tained from an inversion procedure based on a theoretical
attenuation model, and using ultrasonic measurements, and
measurements of entrained air content by standard petrographic
methods and by gravimetric analysis. These results demonstrate
the accuracy of using attenuation to measure the size and
volume fraction of entrained air voids in hardened cement paste.
These attenuation measurements were then used to suggest the
existence of additional, larger entrapped air voids in the cement
paste.

Because understanding the attenuation due to the inherent
porosity of the cement paste is critical for developing accurate
models to quantify entrained air content and size, the influence
of w/c on attenuation behavior was also examined. A direct
relationship between attenuation and w/c was observed. Over-
all, this research shows the potential of combining ultrasonic
measurement techniques with theoretical wave propagation
models to quantitatively characterize the multi-scale structure
of cement-based materials.

Note that this study considers only a real, but simplified,
cement-based material – cement paste. An understanding of
attenuation in this material is a critical step towards the quan-
titative modeling of ultrasonic wave propagation in concrete
components. By taking a fundamental, mechanics-based
approach, it should be possible to add additional components
(such as scattering by fine and coarse aggregate [26]) in a
systematic fashion and eventually build a realistic (predictive)
model for ultrasonic wave propagation in concrete. Finally, it
should be possible to extend this technique to characterize
multi-scale porosity in the fresh state.
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