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This research investigates the influence of partial reflection on the measurement of the absolute
ultrasonic attenuation coefficient using contact transducers. The partial, frequency-dependent
reflection arises from the thin fluid-layer interface formed between the transducer and specimen
surface. It is experimentally shown that neglecting this reflection effect leads to a significant
overestimation in the measured attenuation coefficient. A systematic measurement procedure is
proposed that simultaneously obtains the ultrasonic signals needed to calculate both the reflection
coefficient of the interface and the attenuation coefficient, without disturbing the existing coupling
conditions. The true attenuation coefficient includes a correction based on the measured reflection
coefficient—this is called the reflection correction. It is shown that including the reflection
correction also reduces the variation �random error� in the measured attenuation coefficient. The
accuracy of the proposed method is demonstrated for a material with a known attenuation
coefficient. The proposed method is then used to measure the high attenuation coefficient of a
cement-based material. © 2009 Acoustical Society of America. �DOI: 10.1121/1.3106125�
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I. INTRODUCTION

Together with the wave speeds and the acoustic nonlin-
earity parameter, the attenuation coefficient is one of the fun-
damental acoustic parameters of a material. This macro-
scopic parameter contains information on a material’s
microstructure such as grain structure, dislocations, meso-
scale inhomogeneity, etc., and thus can often be related to the
damage that evolves from the microstructural changes during
fatigue, creep, and other damage processes.1–3 For this rea-
son, an accurate measurement of the ultrasonic attenuation
coefficient of a solid material is important.

A number of different techniques have been proposed
based on different measurement principles. Hartmann and
Jarzynski4 developed an immersion technique in which both
the sample and the transducers are immersed in a bath filled
with water or other liquid that is used as the couplant. This
technique has the advantage that the coupling between the
sample and transducers is perfect and an exact acoustic re-
flection at the water-sample interface can be calculated. Tok-
soz et al.5 and Sears and Bonner6 used a reference-based
method. A material sample that has a known or very low
attenuation is taken as a reference sample. Two transducers
are attached to both sides of a sample to measure the first
transmitted signal. Frequency spectra of the transmitted sig-
nals from the reference and current samples are compared to
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obtain the attenuation of the current sample. This technique
is simple but the conditions at the interfaces between the
sample and transducers cannot be explicitly considered.
When the sample is thin such that its thickness is equivalent
to only a few wavelengths of ultrasound, pulses from the
sample are not separate in the time domain. In this case, the
so-called buffer-rod technique proposed by Papadakis7 can
be used. A buffer-rod that is much thicker than the sample is
bonded to one of the sample’s surfaces. The first echo signal
from the sample buffer-rod interface and two following sig-
nals �once and twice reflected in the sample thickness� are
compared to obtain the attenuation coefficient. In this tech-
nique, one needs to know an exact value of the transmission
or reflection coefficient at the sample buffer-rod interface
and the bond thickness. Papadakis7 analyzed influences of
the bond between the sample and the buffer-rod on the at-
tenuation measurement. However, this analysis uses an a pri-
ori knowledge on the elastic properties and thickness of the
bond. In practice, it is almost impossible to predict these
parameters precisely. This technique has been further devel-
oped by Kushibiki et al.8 for determining the attenuation in a
very high frequency range. Redwood and Lamb9,10 and
McSkimin11 used guided waves for measuring the attenua-
tion in a cylindrical rod sample. The sample boundary con-
fines the acoustic energy along the acoustic wave path, which
leads to a need for a different correction for losses due to
mode conversion upon multiple reflections from the side
wall. As pointed out by Truell et al.,12 the determination of

the losses caused by the mode conversion is difficult and
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depends on sample geometry and elastic properties, and the
error also depends on the value of attenuation that is being
measured. A more elaborated method is the pulse interfer-
ence technique13 that was modified from McSkimin’s pulse
overlap technique14 for measuring wave speed. Among oth-
ers, this paper considers, in particular, a contact measurement
technique that uses a short pulse signal.

Ultrasonic attenuation measurement techniques using
contact transducers15 that are coupled to a material sample
with a coupling agent �liquid or a solid-state bond� are
widely employed in the laboratory and field. These tech-
niques have the advantage that they can be applied in situa-
tions where a high amount of incident wave energy is re-
quired, or where the nature of the material or measurement
setup does not allow for the immersion of the specimens into
water. A disadvantage may be that the coupling condition
between the transducer and the sample is not completely re-
producible, which significantly influences the measured at-
tenuation coefficient, and can potentially produce a large ran-
dom and/or bias error in the measurement results. In contact
attenuation measurement techniques, two time-domain ultra-
sonic pulse signals are experimentally obtained, and the ratio
of their spectra is taken to obtain the attenuation spectrum.
The influences of transducer-sample contact conditions in
these two experimentally measured time-domain signals are
assumed to be common and cancel out when calculating the
ratio of their spectra. As will be shown in Sec. IV, the effects
of the contact conditions are not completely removed, and
must be quantitatively accounted for. While contact measure-
ment techniques are widely used, and it is well recognized
that the interfacial condition can significantly influence the
ultrasonic measurement results, a systematic way to remove
or reduce this influence in the attenuation measurement has
not previously been presented.

In this paper, the effects of partial reflection from the
interface between the specimen and the transducer surfaces
are experimentally evaluated and compared with the well-
known beam diffraction effect16,17 to show the importance of
this effect. A systematic procedure is developed in which the
reflection coefficient of the interfaces is measured in-situ
during the attenuation measurement without disturbing the
current coupling condition. This measured reflection coeffi-
cient is used to develop a reflection correction to the attenu-
ation coefficient. It is shown that the reflection correction can
significantly reduce the experimental scatter in the measured
attenuation coefficient. The accuracy and robustness of the
proposed method are demonstrated by making measurements
on a well-known material, polymethyl methacrylate
�PMMA�. Finally, the proposed method is used to measure
the longitudinal wave attenuation coefficient of a cement
paste sample.

II. ATTENUATION MEASUREMENT USING CONTACT
TRANSDUCERS

In order to measure the ultrasonic attenuation coefficient
of a material, the spectral amplitudes of two ultrasonic pulse
signals that have propagated different distances are com-
pared; Fig. 1 shows two experimental setups using contact

transducers that are frequently employed to measure attenu-
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ation. The first setup, called a through transmission tech-
nique, uses two ultrasonic transducers, one as a transmitter
and the other as a receiver, that are acoustically coupled to
both sides of the sample �Fig. 1�a�� with a thin liquid layer of
couplant. Sufficient clamping force should be applied to the
transducers to secure good contact with the sample surface.
The first �S1� and second �S2� through-transmitted signals are
measured by the receiving transducer and used to calculate
the attenuation coefficient. These signals travel one �z� and
three �3z� times the sample thickness. The second setup,
called a double echo technique, uses a single transducer that
is acoustically coupled to one side of the sample with a thin
layer of liquid couplant �Fig. 1�b��. This transducer transmits
an ultrasonic pulse into the sample, and also receives the
echoes that are reflected from the other side of the sample,
which is left stress-free. Usually, the first �S1� and second
�S2� reflected signals, which travel twice �2z� and four �4z�
times the sample thickness, are used to calculate the attenu-
ation coefficient. The through transmission technique re-
quires the signal to travel a relatively shorter distance �three
times the sample thickness� than the double echo technique
�four times the sample thickness�. Therefore, when the at-
tenuation is high and/or the sample is thick, the through
transmission technique is likely to have better signal-to-
noise-ratio than the double echo technique.

Two surfaces of the sample are carefully polished such
that they are smooth and perfectly parallel. In general, to
predict the reflection coefficient of an interface between two
solid materials, one should know accurately the thickness
and acoustic properties of the interface, which, however, can
only be obtained from a precision measurement.18,19 For con-
venience, the boundary condition of the interface between
the ultrasonic transducer and the sample surface is usually
assumed to be that of the liquid �couplant�-solid material
interface or approximately “�1” neglecting any loss at the
interface. The latter approximation implies that most of the
ultrasonic energy reflects at the interface �a near total reflec-
tion� and the transducer detects very small energy leaked on
the surface. Intuitively, the reflection from this interface will
involve two effects: partial reflection from the thin liquid
layer between two solids18,19 and diffraction from the finite-
size aperture of a reflector �transducer�. This means that the
reflection coefficient will be frequency-dependent, and its
magnitude will be less than unity. Therefore, whenever a

FIG. 1. �Color online� Attenuation measurement setups using contact trans-
ducers. �a� Through transmission technique and �b� double echo technique.
contact type transducer is used to measure the attenuation
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coefficient and other acoustic parameters, the effects of par-
tial reflection from the transducer-material interface should
be taken into account.

Neglecting losses at the interfaces under the assumption
of a near total reflection, the attenuation coefficient in either
the through transmission or the double echo setup is

��f� =
1

2z
�ln�S1�f�

S2�f�
� − ln�D1�f�

D2�f�
�� , �1�

where S1�f� and S2�f� are the magnitudes of the complex
frequency spectra of the first and second signals, and D1�f�
and D2�f� are the magnitudes of the complex diffraction cor-
rection functions20 corresponding to the propagation dis-
tances of these signals. In many cases, the attenuation coef-
ficient has been calculated using this formula. However, as
will be shown Secs. III and IV, use of this formula can lead
to large errors �overestimation� in the measured attenuation
coefficient.

III. THEORY FOR ATTENUATION MEASUREMENTS

Consider a through-the-thickness transmission ultrasonic
measurement setup in which two ultrasonic transducers are
fluid-coupled to both sides of a material sample as shown in
Fig. 1�a�. The material is assumed to be macroscopically
homogeneous and the signal distortion due to the coherent
scattering noise is relatively small. The frequency character-
istics of the material for acoustic beam propagation along the
+z axis from an acoustic source can be written as

H�f ;z� = eikz−�zD�f ;z� , �2�

where D�f ;z� is the complex diffraction correction function20

and k �=2�f /c� is the wave number in the material having a
wave speed c. In Eq. �2�, the time dependence e−i�t is omit-
ted for brevity. The acoustic properties at the interfaces be-
tween the transducers and sample surfaces can be character-
ized with the reflection and transmission coefficients, which
are denoted by RT and TT for the top surface and by RB and
TB for the bottom surface �Fig. 1�a��. More specifically, the
transmission coefficients are defined for the case in which
the ultrasonic pulse is transmitted from the transducer into
the material sample while the reflection coefficients are de-
fined for the case in which the incident pulse from the ma-
terial is reflected off the material-transducer interface. Since
these coefficients are, in general, complex quantities �and
thus frequency-dependent�, they are denoted here by bold-
face letters.

The spectra of the first and second signals in the through
transmission setup �Fig. 1�a�� can be written as

S1�f� = IGTTT�− TB�GBD�f ;z�e−�z+ikz, �3�

S2�f� = IGTTTRBRT�− TB�GBD�f ;3z�e−3�z+3ikz, �4�

where I�f� denotes the spectrum of the input signal fed to the
transmitting transducer and GT and GB are the transfer func-
tions of the transducers on the top and bottom surfaces. Tak-
ing a natural logarithm of the ratio between Eqs. �3� and �4�

yields the expression for the attenuation coefficient
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��f� =
1

2z
�ln�	S1�f�

S2�f�
	� − ln�	 D�f ;z�

D�f ;3z�
	� + ln�
RBRT
�� .

�5�

It is seen that the reflection coefficients of both interfaces are
involved in this expression while the transducers’ transfer
functions and the transmission coefficients are not. Of
course, if the reflection coefficients are assumed to be �1,
Eq. �5� is identical to Eq. �1�. This means that the retention
of the reflection term will introduce some correction to the
measured attenuation coefficient. The question is how sig-
nificant is it?

In a similar fashion, the spectra of the first and second
signals in the double echo setup �Fig. 1�b�� can be written as

S1�f� = I�GTTT�2D�f ;2z�e−2�z+2ikz, �6�

S2�f� = − I�GTTT�2RTD�f ;4z�e−4�z+4ikz. �7�

Note that it is assumed that the transducer acts in a reciprocal
fashion, that is, its reception and transmission frequency
characteristics are identical, and that the reflection coefficient
at the free surface is assumed to be RB=−1. The expression
of the attenuation coefficient is

��f� =
1

2z
�ln�	S1�f�

S2�f�
	� − ln�	D�f ;2z�

D�f ;4z�
	� + ln�
RT
�� .

�8�

It is seen that this expression also involves the reflection
coefficient term. Note that most previous research did not
take these reflection effects into account, but instead implic-
itly assumed free surface reflections on both sides of the
sample. Section IV examines the significance of these reflec-
tion coefficients on the attenuation measurement.

IV. INFLUENCE OF PARTIAL REFLECTION

Equations �5� and �8� both contain the term of the re-
flection coefficient that defines the acoustic characteristics of
the interface between the sample and the transducer. Two
influences of the partial reflection are as follows. First, since
the reflection coefficients are chiefly determined by the cou-
pling conditions of the measuring transducers, variations in
contact conditions lead to variations in the measured reflec-
tion coefficients from measurement to measurement; this can
cause a large scatter in the attenuation coefficient when mul-
tiple measurements are performed. Second, taking reflection
effects into account in the analysis of the attenuation coeffi-
cient prevents the attenuation coefficient from being overes-
timated.

As an example, Fig. 2 shows the reflection coefficients
for the top and bottom surfaces for a cement paste material
sample. Broadband contact transducers with a nominal cen-
ter frequency of 5 MHz and a diameter of 12.7 mm are used
in this measurement. The transducers are coupled to the
sample surfaces with light lubrication oil, and the sample
surfaces are flat and smooth. The reflection signals from the

free surfaces �top and bottom� are measured first to get the
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transducers’ spectra, and the reflection signals from the
transducer-mounted surfaces are then measured. The reflec-
tion coefficients are calculated18,19 using

R =
S�f�

S�f�free
, �9�

where S�f� and S�f�free are the spectra of the ultrasonic
pulses reflected from the transducer-mounted and free sur-
faces, respectively. As described in Sec. V, this reflection
coefficient measurement is combined with the attenuation
measurement procedure. The reflection coefficients shown in
Fig. 2 are obtained from the combined measurement proce-
dure.

It is observed that 
RT
�1 and 
RB
�1, so the assump-
tion of a free surface is not valid, and the reflection coeffi-
cients of the top and bottom surfaces are different even
though the mechanical parameters of the transducers are the
same, and the clamping forces on the transducers are quite
similar. While both curves show similar trends, indicating
similar coupling conditions on the top and bottom sides of
the sample, they are not exactly the same, which signifies
that it is impossible to reproduce the exact same coupling
situation every time. This unrepeatability inevitably intro-
duces random errors in the measured attenuation coefficients.
The variance of the random errors will depend on various
factors such as applied pressure, amount of couplant and so
on, which cannot be fully controlled to be the same in every
measurement. Note also that the reflection coefficients are
frequency-dependent �and thus complex quantities�. All of
this means that the reflection coefficient of the transducer-
sample interface has to be measured in-situ while the attenu-
ation coefficient is being measured; this partial reflection co-
efficient cannot be measured separately or simply assumed to
be a specific value. Any overestimation of the attenuation
coefficient will be due to partial reflection, as can be ob-
served by inspection of Eqs. �5� and �8�. Since 
RT
�1 and

RB
�1, it always holds true that ln
RTRB
�0 and ln
RT

�0 for the through transmission and the double echo modes,

FIG. 2. �Color online� Reflection coefficient magnitudes of the top and
bottom interfaces.
respectively. Consequently, the last terms in Eqs. �5� and �8�
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are negative, which causes a decreasing correction to the
attenuation coefficients in both cases. Physically this de-
creasing correction corresponds to some energy absorption
by the thin viscoelastic couplant layer and some energy
transmission into the transducer material.

Figure 3 shows the influence of this partial reflection on
the attenuation coefficient of the cement paste sample for the
two measurement setups of Fig. 1. Note that these results are
obtained using the measurement procedure described in Sec.
V in which the reflection and attenuation coefficients are
measured simultaneously, and average values from three re-
peated measurements. Figure 3 compares attenuation coeffi-
cients with and without these reflection effects taken into
account. The effect of the reflection coefficient is very pro-
nounced; when the reflection effects are not accounted for,
the attenuation coefficient of this material is overestimated
by as much as about 40 Np/m in the through transmission
setup, and by about 20 Np/m in the double echo setup. The
overestimation is stronger in the through transmission mode
because the reflection coefficients of both sides are involved,
rather than only one side as is the case of the double echo
mode. Even though the position and sample are exactly the
same in both measurements, the uncorrected curves show a
large deviation, while the corrected attenuation curves coin-
cide almost exactly. This agreement indirectly proves the va-
lidity of the correction concept and method proposed in this
paper. Theoretically, the corrected curves should be identical.
However, due to the measurement uncertainty, small discrep-
ancies between the two reflection curves still exist even after
the corrections are made. The effects of the partial reflection
will of course depend on the material �the acoustic imped-
ance mismatch�. In the case of a metal specimen that has
higher acoustic impedance, the effects will be even more
significant than in the cement paste specimen.

Figure 4 compares the effect of beam diffraction to that
of reflection; beam diffraction describes the spatial variation
and decay in amplitude of an acoustic beam radiated from a
baffled piston source.17,20 Figure 4 shows the results of an
attenuation measurement on a cement paste sample, where
the attenuation coefficients are evaluated first with both dif-

FIG. 3. �Color online� Influence of the reflection coefficient.
fraction and reflection effects taken into account, then with
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the diffraction effect neglected, and finally with the reflection
effect neglected. Both effects commonly produce an overes-
timation of the attenuation coefficient when they are ne-
glected. However, the influence of the reflection effect is
much stronger than the diffraction effect for the material and
frequency range presented here.

V. MEASUREMENT PROCEDURE

The reflection coefficient quantitatively describes the
current coupling state of the transducer to the sample. While

FIG. 4. �Color online� A comparison of the influences of partial reflection
and beam diffraction.
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one may attempt to precisely control the coupling conditions
with a clamping device, this control will be extremely cum-
bersome and based on trial-and-error. An easier and more
straightforward approach is to measure the current coupling
condition in each measurement being performed, and then
make a correction to the attenuation coefficient—this proce-
dure will require a few more measurement steps in the fun-
damental attenuation measurement procedure shown in Fig.
1. Since the coupling state is unique �not reproducible once
disturbed�, these additional measurements should be done
in-situ during the attenuation measurement. Here, a measure-
ment procedure that has been used in the present research is
described. The procedure integrates the measurement of the
current reflection coefficients into the attenuation measure-
ment without disturbing the coupling conditions at the inter-
face. In addition, both measurement techniques �through
transmission and double echo� are combined into this single
procedure as shown in Fig. 5. Note that while it is not the
only procedure possible and one may develop another pro-
cedure that can achieve the same goal in a different manner,
the proposed methodology has been found to be quite useful
and easy to implement.

In the first step M1, a reflection signal from the free top
surface �sfree;top

R �t�� is measured with transducer 1. Then,
transducer 2 is mounted on the top surface. In the next step
M2, a reflection signal from the sample-transducer 2 inter-
face �sinterf;top

R �t�� is obtained. In M3, a signal transmitted to
transducer 2 from transducer 1 �sbott→top

T �t�� is collected.

FIG. 5. �Color online� A six-step mea-
surement procedure �a� and a sche-
matic of fixture used in the present re-
search �b�.
Treiber et al.: Reflection correction in attenuation measurement



Then, the two transducers are switched. In M4, the transmis-
sion in the opposite direction �stop→bott

T �t�� is measured. Fi-
nally, reflection signals with and without transducer 1 on the
bottom surface �sinterf;bott

R �t� and sfree;bott
R �t�� are taken in steps

M5 and M6, respectively. Spectra of two echo signals in
sfree;top

R �t� and sfree;bott
R �t� are denoted Sfree;top

R1 �f�, Sfree;top
R2 �f�,

Sfree;bott
R1 �f�, and Sfree;bott

R2 �f�, respectively. Those of the first
echo signals in sinterf;top

R �t� and sinterf;bott
R �t� are Sinterf;top

R �f� and
Sinterf;bott

R �f�. The spectra of transmitted echo signals in steps
M3 and M4 are Sbott→top

T1 �f�, Sbott→top
T2 �f�, Stop→bott

T1 �f�, and
Stop→bott

T2 �f�.
The reflection coefficients of the transducer-mounted top

and bottom surfaces are calculated RT=Sinterf;bott
R �f� /

Sfree;top
R1 �f� and RB=Sinterf;bott

R �f� /Sfree;bott
R1 �f�. With these reflec-

tion coefficients, one can determine the attenuation coeffi-
cients in the double echo mode in two ways: one with
�Sfree;top

R1 �f� and Sfree;top
R2 �f�� and the other with �Sfree;bott

R1 �f� and
Sfree;bott

R2 �f��, using Eq. �8�. In a similar fashion, there are also
two ways to determine the attenuation coefficients from the
signals obtained in the through transmission mode: one with
�Sbott→top

T1 �f� and Sbott→top
T2 �f�� and the other with �Stop→bott

T1 �f�
and Stop→bott

T2 �f��, using Eq. �5�. This procedure yields the
attenuation coefficients measured by four different ways.

The measurements in this research use a specially de-
signed fixture that enables mounting or demounting the
transducer on one side without disturbing the coupling con-
dition on the other side. A schematic is shown in Fig. 5�b�.

VI. APPLICATIONS

A. Reference measurement

To demonstrate the robustness and accuracy of the pro-
posed measurement technique, reference measurements on
two PMMA samples �Lucite� with thicknesses of 25.4 and
9.2 mm are performed. This material is chosen because its
attenuation characteristics �the level and linear dependence
on frequency� are similar to those of materials under inves-
tigation in our current research. As a signal �pulse� source,
the pulser/receiver Panametrics 5072 PR with a 30 MHz fre-
quency band is used. The transducers are coupled to the
sample using low viscosity oil �Bel-Ray AW Lube 10�. The
ultrasonic transducers used are a broadband longitudinal pair
with center frequencies of 5 MHz, and a diameter of 12.7
mm � 1

2 in.�. The transducers are selected such that their fre-
quency spectra are as close to Gaussian as possible. A rect-
angular window is used to extract the ultrasonic pulses out of
a whole length signal prior to performing the fast Fourier
transform, avoiding any undesirable windowing artifacts be-
ing introduced. The diffraction correction of Rogers and Van
Buren20 is performed. The result obtained for the longitudi-
nal wave attenuation coefficient is shown in Fig. 6. As seen
in Fig. 6, the attenuation coefficient of PMMA can be well
approximated by a linear function, �=12.8f −2.68 with f in
MHz. Similar linear behavior has been observed in many
polymeric materials.21 The attenuation mechanism in poly-
mers is explained with the hysteresis motions of long mo-
lecular chains—due to their length and the complex molecu-

lar structure in polymers, these molecular chains do not
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return to their initial locations once they are dislocated by
ultrasonic waves and thus some portion of work done by the
ultrasonic waves is not stored elastically, causing the hyster-
esis cycle and reduction in the wave amplitude. The linear
behavior may be characterized by the attenuation per wave-
length ��=const, where � denotes the wavelength of the
propagating wave. Considering the first term of the linear
regression, the attenuation per wavelength is obtained as fol-
lows:

� · � = 12.8f
cL

f
= 12.8cL = 0.036 Np. �10�

This result falls in the range of published values that show a
large variation: Hartman and Jarzynski21 who used the im-
mersion technique reported ��=0.022 Np, Asay et al.13

measured ��=0.020 Np using the pulse interference tech-
nique, and Kono22 found ��=0.044 Np also using the im-
mersion technique. It is noted that the difference in these
measurement techniques does not seem to cause this large
variation; probably the large variation in the physical prop-
erties and chemical compositions of polymeric materials is
responsible.

There are a number of factors that may influence the
attenuation measurement result, including the viscosity of
couplant, contact pressure, and roughness and parallelism of
sample. A full discussion on the influences of all these fac-
tors will be given in a separate paper; here, only the effects
of couplant and contact pressure are briefly discussed. Figure
7 shows attenuation coefficients measured using two differ-
ent couplants and loose and tight contact conditions. The two
couplants used are the low viscosity oil �45.4 cST at 40 °C,
couplant 1� and vacuum grease having a viscosity of
2 000 000 cST at 25 °C �couplant 2�. The transducers and
sample are hand-tightened. Figure 7 shows that the attenua-
tions for the two different couplants are very close in the
frequency range 2–5 MHz while they are a bit different at
frequencies out of this range. This result demonstrates that
the proposed method can successfully compensate the varia-

FIG. 6. �Color online� Measured longitudinal wave attenuation coefficient
of PMMA and linear regression.
tion of couplant �viscosity�. The dotted line in Fig. 7 corre-
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sponds to the attenuation measured with a loose contact con-
dition. This condition is produced by untightening the
clamping screw such that the transducers are still at the same
position, but can slide on the sample surface by a small force
�a quantitative device is not used to measure the contact pres-
sure�. The attenuation measured under this condition visibly
deviates from the other two and exhibits undulation as fre-
quency increases. This deviation may be attributed to some
perturbation in alignment due to the loose clamping. Theo-
retically, any boundary condition can be compensated in the
proposed method; however, there seems to be certain limita-
tions in applying the method, which requires further investi-
gation. This result provides one simple instruction that a
transducer should be in a tight contact with the sample under
examination in order to get a consistent and reliable result.
These performed reference measurements demonstrate par-
tially the accuracy of the proposed measurement procedure.

B. Attenuation coefficient of cement paste

The overall objective of the present research is to find
the correlation between the measured ultrasonic attenuation
and the microstructure of cement-based materials. The pro-
posed measurement procedure has been used to assess the
high longitudinal wave attenuation of pure cement paste
samples and cement paste samples with different amounts of
sand inclusions. This paper presents the result for the pure
cement paste sample. Details about the sample used in these
measurements can be found in Ref. 23. The attenuations for
the cement paste used are input parameters for simulating the
attenuation in these materials, defining the matrix material
absorption of the composites �concrete� considered in this
research.

As seen in Fig. 8, the longitudinal wave attenuation of
the cement paste increases linearly with frequency. This be-
havior is similar to the hysteresis absorption phenomenon in
polymeric materials21 and is observed in cement paste by
Punurai et al.24 The attenuation of cement paste that is fitted

FIG. 7. Measured longitudinal wave attenuation coefficient of PMMA using
two different couplants and under loose and tight contact conditions.
by a linear regression is �=16.18f −10.19.
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VII. CONCLUSION

This paper describes the influence of the partial reflec-
tion at the specimen and transducer interface in contact at-
tenuation measurements, and proposes an experimental
method to measure the actual reflection coefficient and to
include a reflection correction in the attenuation coefficient.
The reflection coefficient is presented as a quantitative
acoustic measure of the current coupling condition of the
measuring transducers. It is demonstrated that failure to ac-
count for these reflection effects causes a large overestima-
tion, and a large variation in the measured material attenua-
tion coefficient. This paper presents a combined
measurement procedure that integrates the reflection coeffi-
cient measurement into the attenuation measurement, which
removes the overestimation of the attenuation coefficient,
and significantly reduces variations in the resulting attenua-
tion coefficient. The accuracy and robustness of the measure-
ment procedure are demonstrated for PMMA, a reference
material with a known attenuation coefficient. The proposed
measurement technique has shown to improve the accuracy
and reliability of contact attenuation measurements.
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