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Abstract Ultrasonic wave attenuation measure-

ments have been successfully used to characterize

the microstructure and mechanical properties of

inhomogeneous materials; these ultrasonic techniques

have the potential to provide for the in-situ charac-

terization of microstructure changes in cement-based

materials due to damage. Recent research has applied

acoustic scattering models to quantitatively predict

ultrasonic attenuation for evaluating the air void

content in hardened cement paste. The objective of

the current research is to investigate the influence of

sand aggregate on the ultrasonic attenuation as a first

step towards a full simulation of more realistic

microstructures in real concrete. Hardened cement

paste samples containing sand aggregate of varying

volume fractions are considered. The research

employs an independent scattering model and a

self-consistent effective medium theory to predict

the scattering-induced attenuation of longitudinal

ultrasonic waves by the sand inclusions distributed

in the cement paste matrix. The predicted attenuation

coefficients are compared with measured ones. It is

observed that at low volume fractions, both models

provide a good estimate of the total attenuation in the

specimens. These results indicate that it is possible to

use a physics-based model to quantify the effect of

sand aggregate on ultrasonic attenuation.
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1 Introduction

Knowledge of the microstructure of cement-based

materials can provide valuable information about the

macroscopic behavior of these materials. Ultrasonic

wave attenuation as a fundamental acoustic param-

eter of a material can be used to characterize a

material’s microstructure and therefore help predict

the material’s performance on the macro scale.

Various techniques have been applied in order to

assess the structural performance of cement based

materials in a nondestructive way. Interesting

approaches have been taken, especially for the

porosity of concrete as a parameter that is difficult

to control in the production process but important for

the material’s performance [1]. In recent studies,

ultrasonic wave attenuation measurements in combi-

nation with an acoustic scattering model and an

inversion procedure have been successfully used to

estimate the content of both entrained and entrapped

air voids in hardened cement paste samples [2, 3].
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The phenomenon of ultrasonic wave attenuation

in hardened and fresh cement-based materials has

already been addressed in previous research [4–6].

Materials investigated in these studies are concrete

samples that contain coarse aggregates as well as

fine aggregates. However, the frequency ranges in

these studies were typically below 1 MHz [4],

leading to a shortest wavelength about 6 mm,

which is about six times larger than the size of

sand inclusions (*1 mm). Since the wave scatter-

ing in this long wavelength regime is very small

(Rayleigh scattering), the low frequency ultrasound

does not have enough sensitivity to characterize the

influence of the small inclusions. The current

research uses high frequency ultrasound such that

wavelengths are comparable to the length scale of

the sand particles. On the other hand, cement grains

are generally smaller than 50 lm [6]; i.e. the grains

are much smaller (approximately one twentieth)

than the wavelengths considered in this paper.

Thus, in this long wavelength regime, this micro-

scopically inhomogeneous cement paste matrix can

be replaced with a homogeneous, viscoelastic

material [2, 7]. Jacobs and Owino [8] investigated

the effects of aggregate size on the attenuation of

laser-generated Rayleigh waves and concluded that

aggregate size is not the dominant factor in the

ultrasonic attenuation.

Measurements of the wave speed have been

successfully applied to characterize the amount of

water in concrete, and the evolution of cracks [9].

Research work by Hernández et al. [10, 11] on the

modeling of ultrasonic wave propagation in mortars

considered the mortar as a three phase material

(cement paste, pores and aggregate). However, their

micromechanical model focuses on the wave disper-

sion (thus the static moduli) and considers the cement

paste as an elastic material, rather than a viscoelastic

one. The model developed by Hernández et al. [10,

11] cannot be used to predict the ultrasonic attenu-

ation. Earlier work [8], Saint-Pierre et al. [12] and Ju

et al. [13] have shown that in cement-based materials,

ultrasonic attenuation allows for a better character-

ization of the microstructure than the wave speed

measurement.

The current research presents longitudinal wave

attenuations for a specimen of pure hardened cement

paste (no sand aggregate) in the frequency range 0.5–

6 MHz and for specimens with dispersed sand

aggregate in the range of 0.8–2 MHz. It is expected

that the attenuation in the high frequency range will

ultimately provide more information such as size

distribution, volume fraction, and interfacial bond

strength, and thus should allow for a better charac-

terization of a cement-based material’s microstruc-

ture at smaller length scales.

The objective of this research is to investigate the

influence on the ultrasonic attenuation of relatively

fine sand aggregates as they are present in real

concrete components, and also to determine how the

wave attenuation can be represented by different

acoustic scattering models. The research considers

mortar specimens with relatively low volume frac-

tions of sand aggregates (9–18.5%). First, the total

ultrasonic attenuation of these materials is simulated

using two different theoretical models. The ultrasonic

attenuation is then measured in four different spec-

imens and the measured attenuation is compared to

those predicted with the models. The research

analyzes the capability of both models in predicting

the scattering behavior of the sand inclusions and in

quantifying their effects on the ultrasonic attenua-

tion. Both models are then compared to each other

in order to analyze the different resulting predic-

tions. These results are one step in the development

of a general technique to characterize the micro-

structure and damage in cement based materials

using the measured attenuation coefficients; they are

one step toward a full understanding of how

aggregate affect ultrasonic signatures in cement-

based materials. The relatively low volume fraction

of sand is not the critical aspect, instead what is

important is to measure and model attenuation in a

real cement-based material, which includes both the

paste and aggregate components. A simplified,

physical representation like the one proposed in this

research will help develop physics-based predictive

models for ultrasonic wave propagation in cement-

based materials.

The paper is organized as follows: In Sect. 2, the

two models, their underlying physical ideas and how

these are used to predict the total attenuation are

described and then calculated attenuation coefficients

are presented. In Sect. 3, the measurement setup and

specimens are briefly introduced and the measured

attenuation coefficients are shown. Finally, the pre-

dictions and measurement results are compared and

discussed, and conclusions are drawn.
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2 Modeling of coherent wave attenuation

Cement-based materials are inhomogeneous in multi-

ple scales, widely ranging from some nano-meters to

a few centimeters. In general, it is not feasible to

describe the ultrasonic interaction with the inhomo-

geneities at all length scales. For example, ultrasonic

scattering by nanoscale calcium-silicate-hydrate will

require a very complex molecular-level simulation

which is currently not available. For this reason, in

order to apply a macroscopic ultrasonic scattering

model, ultrasonic interactions under a certain length

scale needs to be considered phenomenologically and

the net effects are accounted for through effective

parameters obtained from an experiment. An earlier

study [2, 3] considers the cement paste as a homo-

geneous viscoelastic material, and uses the measured

attenuation coefficient as an effective parameter that

represents all ultrasonic phenomena in the cement

paste matrix in the microscopic scale.

Now, the ultrasonic wave attenuation in a visco-

elastic matrix containing randomly distributed parti-

cles is caused by two different effects: absorption in

the viscoelastic matrix and scattering by the particles.

Both of these effects are present in the material under

the current investigation. The second effect arises

from the scattering of the ultrasonic waves by the

sand inclusions. When the wave hits a sand inclusion

that is embedded in the cement paste matrix, the

wave energy is scattered in many directions that are

different from the original direction of propagation.

While there is no net energy loss in the scattering

process, the wave energy in the direction of propa-

gation looks to be apparently reduced, as much as the

energy is scattered in all directions. The attenuation

of coherent waves due to scattering by many particles

is called the coherent attenuation or the apparent

attenuation.

A full mathematical description of the multiple

scattering processes is extremely difficult, and

numerous approximation models have been pro-

posed. Among others, this research employs two

existing, relatively simple scattering models for

predicting the attenuation in the cement paste

material containing randomly distributed sand inclu-

sions. The first is the independent scattering model

[14, 15] while the second follows the self-consistent

model proposed by Sabina and Willis [16]. In this

study, the sand inclusions are assumed to be

spherical in shape and that all inclusions have the

same size with a radius a. The sand volume fraction

is given as g.

2.1 Independent scattering model

To calculate the amount of energy scattered by

randomly distributed inclusions in a homogeneous

material, the independent scattering approach has

shown to provide useful results for the application of

modeling cavities in cement-based materials [2, 3].

Ying and Truell [14] analyzed the scattering of elastic

waves by a single sphere and noted that when the

volume fraction of scatterers is low, the total

scattered field from these multiple inclusions can be

predicted by summing up the individual scattered

fields by each inclusion. Therefore, the total wave

attenuation due to the scattering can then be calcu-

lated as a simple summation of the scattering effects

of every single scatterer. In this approach, no higher

order multiple scattering effects among the inclusions

are taken into account. This condition limits the

applicability of the model to a low volume fraction,

typically below 20%, since at higher volume frac-

tions, scatterer interactions become more and more

important and thus need to be accounted for. Brauner

and Beltzer [17] used this theory to develop a

differential effective medium theory. Biwa [15]

improved on this model by removing the volume

occupied by the inclusions, so that the material

absorption is calculated in a more accurate way. This

theory was used to characterize the volume fraction

of multi-scale porosity (entrained and entrapped air

voids in multiple sizes) in hardened cement paste by

Punurai et al. [2, 3, 18].

The total power loss due to scattering by all

inclusions is considered with the scattering cross

section csca of a single inclusion. Following [2, 14,

15], the total attenuation coefficient a for the

particulate material is approximated

a ¼ 1� gð Þaa þ
1

2
nsc

sca; ð1Þ

where aa denotes the viscoelastic absorption in the

matrix and ns is the number of scatterers per unit

volume and is related to the volume fraction g by

g ¼ 4
3
pa3ns for a spherical inclusion of radius a. The

scattering cross section csca for the plane longitudinal

wave incidence is given by

Materials and Structures (2010) 43:1–11 3



csca ¼ 4p
X1

m¼0

1

2mþ 1
Amj j2þmðmþ 1Þcl

cs

Bmj j2
� �

;

ð2Þ

where cl is the longitudinal wave speed, cs the shear

wave speed, m is the mode number, and Am and Bm

are the coefficients of the series expansions for the

longitudinal and shear wave potentials as are given in

[14]. Note that Am and Bm are a function of frequency

and so is csca.

2.2 Effective medium model

The second model used in this research is a self-

consistent effective medium model described by

Sabina and Willis [16] which is a dynamic general-

ization of the static self-consistent theory of Budian-

sky [19]. The model defines a homogenization

process of an inhomogeneous material. The effective

medium theory treats an inhomogeneous material

with its acoustic behavior as a homogeneous material

defined by a set of yet-unknown overall (effective)

material parameters. The model does not directly

describe the higher order scattering of waves and

their interactions, but instead describes the overall

acoustic behavior on a macro scale by solving the

scattering problem in an effective medium in a self-

consistent manner. The model thus is supposedly

suitable for higher volume fractions of inclusions.

The self-consistency condition states that the mean

wave field in the inhomogeneous material coincides

with the wave field propagating in the effective

medium [20]. Furthermore, the behavior of the

inhomogeneous material with N inclusions can be

changed for the effective homogeneous material

while each additional single inclusion N ? 1 behaves

as an isolated scatterer embedded in the effective

medium. With that condition, the multiple scattering

problem is reduced to the solution of a single

scatterer that is embedded in a material with the

effective medium properties. In the literature, many

evaluations of these ideas can be found, e.g. in

[20, 21].

For a plane incident longitudinal wave, the model

finds the effective acoustic parameters for the inho-

mogeneous material: the two effective elastic con-

stants, ~jEM; ~lEM and the effective elastic density ~qEM.

These complex valued ð~Þ properties are functions of

the frequency x of the incident wave field. With the

effective complex dynamic moduli, the effective

complex wave numbers (~kl and ~ks for longitudinal

and shear waves) are calculated.

Finally, the longitudinal wave attenuation of the

effective medium can be calculated as the imaginary

part of the complex wave number of the longitudinal

wave travelling in the effective medium as,

al ¼ Im ~kl

� �
: ð3Þ

Note that in this model, the effect of matrix

attenuation enters into the complex wave numbers,

and the total attenuation is simply the imaginary part

of the effective complex wave number.

2.3 Model results

Both, the independent scattering and effective

medium models are applied to predict the longitudi-

nal attenuation coefficient in hardened cement paste

samples with different sand volume fractions. Their

average diameter is a = 0.4 mm and is assumed to be

constant for both models. The material properties for

both cement paste and quartz sand are listed in

Tables 1 and 2. Note that the attenuation in quartz

sand is very small and neglected in this study.

The material properties of the cement paste matrix

are experimentally determined using the measured

values of al and as, the measured phase velocities cl, cs,

and the measured density q [22].

Figures 1 and 2 show respectively, results from the

independent scattering model and the effective

medium theory. The two models predict quite

different attenuations at frequencies higher than

Table 1 Material properties of hardened cement pastea,b

Property Symbol (unit) Value

Longitudinal wavespeed cL
m
s

� �
3680a

Shear wavespeed cS
m
s

� �
1990b

Density q Kg
m3

� �
19701

Longitudinal attenuation aL0
Np
m

� �
-10.19a

aL(f) = aL0 ? aLaf aLa
Np

m�MHz

� �
16.18a

Shear attenuation aS0
Np
m

� �
8.85b

aS(f) = aS0 ? aSaf aSa
Np

m�MHz

� �
90.46b

a Values measured in the current research
b Values taken from [1]
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2 MHz due to the different assumptions in these two

theories, while their predictions are coincident below

this frequency.

3 Specimens and measurement procedure

The two types of specimens examined in this research

are: a single pure cement paste specimen that

contains no sand aggregate and three mortar speci-

mens that contain varying amounts of sand aggregate.

The pure cement paste specimen is used to charac-

terize the acoustic properties, specifically, the den-

sity, the wave speeds and the attenuation coefficients,

of the hardened cement paste matrix material in the

mortar specimens, while the three mortar specimens

are used to examine the influence of the scattering of

sand aggregate.

The cement paste specimen is cast from commer-

cial type I Portland cement powder into cylinders of

76.2 mm diameter. The cement powder is mixed with

water, at a water-to-cement ratio w/c = 0.4 in weight

utilizing a Hobart mixer before a vibration table is

used to diminish the amount of entrapped air in the

material. The mortar specimens contain different

amounts of non-reactive sand, i.e. sand that is

chemically treated in order to prevent ASR cracks

at the interface with the cement paste matrix material

[23]. The sand is sieved between two sieves with

nominal grid sizes of 0.76 and 0.841 mm to yield a

size distribution between these values. For further

investigation, especially regarding the modeling

predictions, the radius of the sand inclusions is

assumed to be a = 0.4 mm and is identical for all

sand grains. The grains are assumed to be spherical in

shape. Note that the sand aggregate is mixed with the

cement powder before contacting it with water in

order to ensure a proper mixing condition provided

for the aggregate. The volume fractions are 9, 16 and

18.5% for the three aggregate specimens. Since the

control of the volume fraction during the casting

procedure is cumbersome, the volume fraction is

controlled after the molding process using a simple

procedure that compares the different densities of the

materials and the cast specimens [22].

After 24 h of hydration time in an airtight

environment, all specimens are hard enough to be

demolded. For another 14 days, they continue to

hydrate in a water bath where calcium hydroxide is

added to decrease the amount of leaching of calcium

hydroxide from the cement itself and to prevent

cracking that arises from a chemical alkali-silica

reaction (ASR) between the inclusions and the

cement paste. From the demolded cylinders, various

Table 2 Material properties of quartz sand [31]

Property Symbol (unit) Value

Longitudinal wavespeed cL
m
s

� �
5570

Shear wavespeed cS
m
s

� �
3540

Density q Kg
m3

� �
2600

Bulk modulus j (GPa) 36.96

Shear modulus l (GPa) 32.58

Fig. 1 Attenuation coefficients for the independent scattering

model

Fig. 2 Attenuation coefficients for effective medium theory

model
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specimens are cut with a water cooled diamond saw.

The cut specimens are polished with a diamond

polishing paper to guarantee that surfaces are flat and

parallel to secure a good contact between the

measuring transducers and the specimen. It has been

shown that the roughness of the coupling surface is

important to allow for the transfer of the wave energy

into the specimen [24]. To dry the specimens after the

polishing process, they are kept in a drying oven at

40�C for 12 h. Note that between each measurement,

the specimens are kept in an airtight box at room

temperature. The surface of one of the mortar

specimens is shown in Fig. 3.

3.1 Measurement procedure

The procedure developed to measure the wave speed

and the attenuation coefficient over a broad range of

high frequencies (0.8–6 MHz) is a combination of

different setups of contact transducer measurements

that was specifically developed to measure highly

attenuating media and is described in detail in [22,

25]. The general measurement setup is shown in

Fig. 4a. Ultrasonic pulses are sent through the

specimen using broadband longitudinal transducers

with nominal frequencies of 2 and 5 MHz. The

frequency spectra of two signals are compared to

obtain the attenuation coefficients: the signal of the

directly transmitted impulse (Fig. 4b), denoted as S1,

and the signal of the wave that has been reflected on

both surfaces of the specimen denoted as S2 (Fig. 4c).

Thus, the attenuation coefficient can be calculated as

aðf Þ ¼ 1

2z

"
ln

S1ðf Þ
S2ðf Þ

����

����
	 


� ln
Dðf ; zÞ

Dðf ; 3zÞ

����

����
	 


þln jRBRTjð Þ
#
; ð4Þ

where z denotes the specimen thickness, D(f; z) is the

diffraction correction function proposed by Rogers

and Van Buren [26] and RB and RT denote the

reflection coefficients at the top and bottom interface

between the specimen and the transducer whose

values vary between zero and unity. The interface

coupling conditions may vary quite significantly in

each measurement as shown in Fig. 4d, and these are

compensated for using in-situ measured reflection

coefficients in each measurement. This procedure is

described in detail in [25]. The measurement thus

corrects for the effects of partial reflection on the

interface between the contact transducers and the

specimen surface. These effects have not been

considered in former research, e.g. [27, 28]. The

correction allows for an accurate determination of the

absolute ultrasonic attenuation of a material. The

specimen thickness z is *12 mm in this research; for

this thickness, the measurement is limited to an upper

frequency of 6 MHz for the pure cement paste

specimens which are less attenuative. The measure-

ments for the mortars conducted and presented in this

paper provide reliable information in a frequency

range between 0.8 and 2 MHz. This range is larger

for some of the less attenuating media considered in

this study.

Fig. 3 Sand including specimen with a volume fraction of g = 9%
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4 Results

After the attenuation coefficients are measured, the

results are compared to the different model predic-

tions and their respective prediction precision is

examined.

4.1 Pure cement paste specimen

First, the material properties of the matrix material of

the composites—the pure cement paste—are mea-

sured. The resulting dispersion curve (wave speed

versus frequency) is shown in Fig. 5.

It is observed that cement paste is weakly disper-

sive in the frequency range considered here. There-

fore, the simulations use a representative constant

value of cl = 3680 m/s. The attenuation measurement

results and the respective error bars of the various

measurements are depicted in Fig. 6. Note that the left

figure shows error bars from multiple measurements

while the right one includes the best linear fit. Clearly,

the attenuation in pure cement paste can be well

approximated by a linear function. This corresponds

to the effect of hysteresis absorption [29, 30] of

cement paste that has been observed by Punurai [2, 3].

As discussed earlier, these measured values for the

longitudinal phase velocity and attenuation coefficient

are input into both the independent scattering and

effective medium models to predict the attenuation of

the three mortar specimens with varying amounts

of sand aggregate. To our knowledge, reliable values

of the attenuation coefficient of cement paste up to

6 MHz have not been reported earlier.

4.2 Cement paste specimens with sand aggregate

The measured and simulated wave attenuation coef-

ficients for the three different cement paste specimens

with sand aggregate are shown in Figs. 7, 8, 9. The

attenuation coefficients are taken as an average of

three different measurements carried out at positions

over the specimen surface in order to provide more

representative values for the randomly distributed

sand inclusions.

First, it should be noted that the transducers that

are used in this research are band-limited, having a

band between 0.8 and 2 MHz. This means that the

measured data below this frequency range would be

unreliable and likely influenced by extraneous

effects. Therefore, the negative valued attenuation is

not physical. The undulation in the measured atten-

uations is due to the coherent noise generated by the

multiply scattered waves which smear into the first

and second ultrasonic pulse signals. Unlike the

incoherent noise that can be significantly reduced

by improving instrumentation and the measurement

procedure, this noise which is due to the inhomoge-

neous nature of the material’s microstructure cannot

be fully removed, while it has been suppressed by

properly windowing the pulse signals and taking a

spatial average over three locations. The major

portion of the coherent noise signal follows closely

and overlaps with the tail part of the coherent signal.

This major portion can be removed by adjusting the

window size. Note that it is inevitable to lose some

information of the coherent signal during this oper-

ation. The coherent noise is due to the scattering by

the randomly distributed scatters along the path of

waves between the two transducers. By taking

measurements at different locations in the same

sample, the coherent noise which is due to the spatial

randomness can be suppressed.

It is observed that in general, there is good

agreement between the experimentally measured

and the predicted attenuation coefficients. Note that

the measured attenuation of the pure cement paste

specimen is included in all three plots for comparison

purposes. As expected, the sand inclusions give rise

to higher attenuation over the entire frequency range
Fig. 5 Phase velocity of longitudinal waves in pure hardened

cement paste

8 Materials and Structures (2010) 43:1–11



due to scattering effects. This effect becomes stronger

when the volume fraction of the sand inclusions

increases, as can be seen in the generally higher

attenuation for the higher volume fractions.

For the frequencies measured in this research, the

model predictions are both in a comparable range

which lies within the extent of the measurement

precision. Thus, the only reliable statement concern-

ing the precision of the prediction of the wave

attenuation for the models that can be made is that

both models accurately simulate the scattering-

induced attenuation in the mortar specimens.

Figure 8 also includes the simulation data of the

independent scattering model for g = 9%. It is

observed that the experimental data are in better

agreement with the model predictions for g = 16%

than g = 9%. Thus, it can be said that the model is

capable of distinguishing between two materials with

different volume fractions (9 and 16%). Since the

modeling results are very comparable to each other,

this statement also holds true even if the effective

medium model result is not shown. Additionally,

Fig. 9 which for comparison purposes also includes

the simulation data for the independent scattering

model for g = 16% shows that the difference

between the two simulations (g = 16% and

g = 18.5%) lies within the range of the measurement

precision. It is clear from this plot that the ultrasonic

attenuation is not sensitive enough to distinguish

between materials with only small differences in the

Fig. 6 Attenuation for pure hardened cement paste

Fig. 7 Attenuation for the cement paste specimen with 9%

sand aggregate: measurement and simulation

Fig. 8 Attenuation for the cement paste specimen with 16%

sand aggregate: measurement and simulation

Materials and Structures (2010) 43:1–11 9



volume fraction of sand aggregate with the measure-

ment setup utilized in this research.

Finally note that the addition of the aggregate will

potentially modify the porous structure when com-

pared to the cement paste microstructure. This change

in porosity can be due to either the formation of a

transition zone in the paste around the aggregate, or

the replacement of porous cement paste with less

porous aggregate. The influence of the first effect is

reduced with the use of use of a fine, natural

aggregate, while the second effect is accounted for

in both models. The overall combined influence of

this modification to the pore structure on attenuation

should be a complicated, but higher order effect,

which is beyond the scope of this study. However, the

attenuation measurements in this study are very

consistent, and the overall behavior from paste to

increasing volume fraction of fine aggregate behaves

as predicted by the physics-based models.

5 Conclusion

This paper presents an experimental and model study

on the influence of sand aggregate in cement paste on

the attenuation of ultrasonic longitudinal waves. The

total ultrasonic attenuation of these particulate mate-

rials is simulated using two existing acoustic scatter-

ing models. It is observed that in the frequency range

used in this study, both models provide comparable

results. The attenuation is then measured for mortar

specimens with different volume fractions of sand

aggregate. There is good agreement between the

measured and simulated attenuations in the frequency

range under consideration. Computations and mea-

surements show that both models are capable of

distinguishing between specimens with largely dif-

ferent volume fractions of sand inclusions (more than

7%). However, small differences in the volume

fractions cannot be clearly distinguished with the

measurement accuracy and the model sensitivity

described in this work. These results indicate that it

is possible to use a physics-based model to quantify

the effect of sand aggregate on ultrasonic attenuation.
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