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Abstract

Despite sonic and ultrasonic tomography are major NDT techniques, the resolution and the capability of these tests could be
substantially improved; this, especially for masonry structures. Moreover, although waves amplitude attenuation is strictly
related to the internal features and to the defects, some experimental and theoretical issues obstruct practical applications
of amplitude tomography for civil structures. Indeed, almost exclusively travel time tomography is employed. Here, a
new approach for ultrasonic amplitude tomography called Standardized Amplitude Tomography (SAT) is proposed. This
approach is based on a suitable formulation of the theoretical model to be implemented for the tomographic reconstruction
of the internal features of materials and on the employ of a special experimental tool. SAT approach is primarily meant
for application to masonry structures, but its principle is applicable to concrete or timber structural elements as well. The
effectiveness of SAT is discussed by means of experimental tests on Apulian tuff specimens having known internal defects.
The results obtained by the new SAT approach are compared to those obtained by the ordinary amplitude tomography and

by the classical travel time tomography.
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1 Introduction

The availability of effective diagnostic [1] and monitoring
[2] testing techniques for civil constructions is essential for
acquiring appropriate knowledge of a structure in a non-
destructive way [3, 4], and for providing data useful for pre-
venting unexpected collapses and for designing effective and
appropriate repairing and strengthening interventions [5].
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This demand is particularly urgent in the case of histori-
cal and archaeological masonry buildings, that represent the
history and the identity for many countries: thus, it is crucial
to preserve this valuable heritage. The above considerations
justify the increasing research interest on non-destructive
tests (NDT), that play a crucial role in conservation, reha-
bilitation, restoration and strengthening of the architectural
heritage [6]. Notice that also the preservation of ordinary
masonry structures is relevant, since their large diffusion.

NDT aim at indirectly evaluating some relevant structural
and morphological properties of the structure by measur-
ing suitable parameters related to the properties to be deter-
mined [7-9], and generally provide only qualitative results.
Among the large family of NDT techniques available for
civil engineering structures, and in particular for masonry
structures [1], a major role is played by acoustic tests. The
latter, classified according to the employed wave frequency
in sonic and ultrasonic tests, are based on the analysis of the
propagation of acoustic waves through the material. Indeed,
acoustic wave propagation is strictly related to the physical
features of the propagation medium, and therefore acous-
tic measurements can be conveniently employed in inverse
methods for the determination of the mechanical properties
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of the material [10, 11]. Moreover, by exploiting the rela-
tion between changes in wave propagation properties and
changes in the physical properties and in the state of the
material, acoustic tests can be used also for the characteriza-
tion of the damage [12], as well as for the determination of
applied and residual stress [13, 14].

Tomography (from the Greek words tomos, “slice”, and
grapho, “writing”) is an inverse method aiming at represent-
ing the internal features of an object without cutting it, that
is, leaving undamaged the object under investigation. This
principle has been exploited for the development of powerful
diagnostic tools in several applicative fields like engineering,
biomedical, archaecometry, etc., based on different physical
principles (X-ray, radar waves, electrical impedance, mag-
netic resonance, etc.). Acoustic tomography, in particular,
is based on the propagation of sonic and ultrasonic waves.

For concrete and masonry structures, as well as for timber
structures, acoustic tomography is a relatively fast, reliable
and inexpensive NDT technique for detecting, identifying
and locating defects, inclusions, voids and cracks [4] and for
mapping the internal distribution of some relevant physical
and mechanical properties of a structural element. Due to
the shorter wavelength, ultrasonic tomography allows for a
better resolution, whereas it cannot be applied to very thick
structures and/or with dispersive materials like, e.g., rubble
masonry because of the high attenuation of the signals; in
the latter cases, sonic tests are then preferred.

In particular, given a solid, acoustic tomography is based
on a redundant number of measurements of an “observed
parameter” related to acoustic wave propagation taken on
the boundary and aims at reconstructing the distribution in
the inner part of the domain of a certain property (called
“model parameter”) related to the observed parameter. In
the case of acoustic tomography for concrete and masonry
structures, basically two different model parameters may
be reconstructed: the velocity (velocity tomography) or the
attenuation (attenuation tomography) of propagating acous-
tic waves.

Velocity tomography, also known as travel time tomogra-
phy, is based on the inversion of wave travel time (observed
parameter). For attenuation tomography two different
observed parameters may be considered: the decreasing of
wave amplitude (amplitude tomography) or the frequency
shift of the centroid of the signal’s spectrum (frequency shift
method).

Travel time tomography is the most common technique
due to the robustness of travel time as the observed param-
eter and to the execution easiness. Several applications of
travel time tomography on masonry structures are reported
in the literature [15—18]. Travel time tomography has been
also employed for assessing the effectiveness of strengthen-
ing interventions like grout injections on multi-leaf stone
masonry walls [19]. Alongside the increase of the research
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interest in the conservation of the built heritage, recently an
increasing number of studies on the capability of travel time
tomography as NDT tool for masonry structures have been
performed [20-22]. Also in the field of timber structures
[23, 24] and reinforced concrete structures [25-27] travel
time tomography is a widely employed and acknowledged
diagnostic technique.

The quality of the results of travel time tomography
depends on many factors: the frequency (in sonic or ultra-
sonic range) and the employed source, the number and the
position of the measurements, the kind of experimental
devices and the reconstruction algorithms [4]. Anyway, by
examining the results in the literature, it is clear that for
masonry structures the capability and the accuracy of travel
time tomography in assessing hidden defects, voids, dam-
age, the masonry layout and the mechanical properties of
masonry could be still substantially improved [20]. Indeed,
the resolution has a physical limit related to the wavelengths
involved in the survey. Defects location and size can be gen-
erally resolved with decent accuracy, but the shape of defects
is difficult to determine; moreover, small defects are difficult
to detect in case of high attenuation materials [28].

Attenuation tomography has the advantage that the
attenuation of sonic waves is more sensitive to some inter-
nal defects and features: the latter have a greater effect on
the attenuation than on the propagation time. Indeed, wave
attenuation represents the decay of energy as waves propa-
gate through the material. Different materials differently
absorb or attenuate the wave energy, depending on features
such as density, viscosity, homogeneity. Moreover, waves
are reflected by the boundaries between different materi-
als, like those determined by discontinuities or defects [29,
30]. This, together with the sensitivity of the attenuation to
saturation, porosity and permeability, motivates the interest
for attenuation tomography in the geophysical field [31-33].

However, attenuation tomography is rarely applied to
civil engineering structures because of some theoretical
and experimental issues. From the theoretical point of view,
describing the relationship between material features and
wave amplitude decay is much more complex than mod-
eling the relationship between material properties and wave
velocity. Thus, amplitude data tomographic processing is
more difficult. From the experimental point of view, signal
amplitudes are strongly influenced by aspects unrelated to
the material features like, e.g., the variability of the coupling
conditions between probes and the surface of the material.

For the above-recalled issues, attenuation tomography
could provide unreliable results, especially for masonry
structures. Indeed, only a few attempts to apply attenu-
ation tomography to masonry structures are reported in
the literature [29, 34, 35]. On the other hand, for concrete
structures, where higher frequencies can be used to the
advantage of the resolution of acoustic tomographic tests,
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there is relevant literature exploring the applicability of
attenuation tomography [36-38]. Also the coupling prob-
lem has been faced by applying air-coupled transducers
[39, 40].

However, the higher sensitivity of the attenuation to
defects, voids and cracks compared to the travel time makes
attenuation tomography a very interesting and promising
technique and justifies further research efforts for fully
exploiting its capability in the applicative field of masonry
structures.

In this vein here, by following the research line started in
[41], an innovative approach for ultrasonic amplitude tomog-
raphy is proposed. This approach is primarily intended for
applications to masonry structures, but in principle can be
extended also to timber and concrete structures.

In particular, although the frequency shift method has
been already applied also to masonry structures [15, 29], in
this paper the attention is focalized on amplitude tomogra-
phy because the frequency shift method involves an indirect,
slightly more complicated approach for data interpretation.
In addition, experimental procedures for amplitude tomog-
raphy are very similar to those employed for the common
and well-established travel time tomography.

The choice of the ultrasonic tomography instead of the
sonic tomography, more diffused for historical masonry
structures, is motivated by the purpose of stressing as much
as possible the aspects of the sensitivity (the capability to
locate small discontinuities) and the resolution (the capa-
bility to locate discontinuities that are close together and/
or close to the surface). Moreover, as it will be explained
in what follows, the experimental setup usually adopted
for ultrasonic tests allows for better handle some amplitude
tomography issues.

Indeed, the sensitivity and the resolution increase with the
frequency (shorter wavelengths): a commonly adopted crite-
rion for acoustic tests is that they can resolve defects larger
than one half of the wavelength. For example, the latter reso-
lution parameter ranges from 1000 mm for a frequency of
1 kHz to 20 mm for a frequency of 50 kHz in masonry mate-
rials characterized by a sound velocity of 2000 m/s (like the
examined tuff samples), and from 2000 mm for a frequency
of 1 kHz to 40 mm for a frequency of 50 kHz in more stiff
masonry materials, with sound velocity of 4000 m/s.

It is worth noting that the proposed approach here does not
strictly require the employ of acoustic waves in the ultrasonic
range (typically from 20 kHz to 50 MHz). Indeed, the only
requirement is that transducers are employed for wave genera-
tion. This allows for employing experimental tools aimed at
the standardization of the amplitude of the emitted waves. On
the contrary, this is not possible by employing an instrumented
hammer, usual in the classical sonic tests. Notice that special
transducers for longitudinal acoustic waves are available also

with frequencies of 20 kHz, 10 kHz and below, in the upper
bound of the sonic range (20 Hz-20 kHz).

For attenuation issues, the proposed procedure cannot be
applied to thick masonry structural elements and in case of
marked discontinuities (elements with large fractures and/or
walls filled by a rubble masonry layer). Moreover, the stiffer
is the material, the better will be the quality of the results. On
the contrary, the proposed methodology appears to be very
promising for relatively thin masonry elements, or to columns
and pillars of stone.

The above-described features of the experimental setup
open possible application fields of the proposed approach to
other kinds of structures, like timber and concrete structures,
not explicitly taken into consideration in this paper.

In Sect. 2, fundamentals of acoustic tomography and the
underlying theoretical aspects are summarized, along with
mathematical operative issues like, e.g., the inversion algo-
rithms. In particular, in Sect. 2.1 the above concepts are spe-
cialized for the standard travel time tomography, whereas
Sect. 2.2 focalizes on amplitude tomography, examining the
different sources of attenuation, the modeling of the attenua-
tion and some relevant experimental issues.

Section 3 proposes some improvements for ultrasonic
amplitude tomography, aimed at overcoming the limitations
for masonry structures recalled before. The combination of
these improvements gives rise to the innovative approach
called Standardized Amplitude Tomography (SAT). In par-
ticular, in Sect. 3.1 a new suitable experimental tool aimed at
standardizing the emitted amplitude, regardless of the force
exerted by the operator on the transducers and, to some extent,
independently from the coupling conditions between the trans-
ducers and the surface of the investigated solid medium is
introduced. In Sect. 3.2 a new amplitude variation model is
proposed. This model represents an evolution of that in [35],
taking into account also the influence of the radiation pattern
of the source transducer and the receiving characteristics of
the receiver. Finally, in Sect. 3.3 a strategy for avoiding ini-
tial calibrations and measurements of the emitted amplitude
is proposed.

In Sect. 4 the innovative SAT approach is validated by
four experimental tests on tuff samples having known inter-
nal defects like holes, cuts and inclusions. The capability of
the proposed approach is discussed by the comparison with
the results of the classical ultrasonic travel time tomography
and of the standard amplitude tomography. This comparison
highlights the effectiveness of the innovative SAT approach
and suggests directions for further improvements.
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2 Acoustic Tomography: Theoretical
Background and Current Approaches

Mathematically speaking, tomography is a special inverse
problem generalizing the Radon’s problem, where the data
kernel involves measurements made along rays. The Fou-
rier Slice theorem shows how a complete slice of an object
can be extracted from a proper set of measurements [42].
According to the definition in [43, 44], given a physical
system and a mathematical model describing it, an inverse
problem aims to infer immeasurable properties of the sys-
tem (called model parameters if in discrete form or model
function if in continuous form) from measurable informa-
tion on the system (observable parameters). Clearly, observ-
able parameters are known (data) and model parameters are
unknown.

A crucial step is the definition of a mathematical model
(model equation) relating the data with the model function
(or the model parameters). In general, model equations
may be nonlinear both in data and model parameters and
the inverse problem may be expressed only in the implicit
integral form [44]:

b

d(y) = / K(x,y)m(x)dl, (1)

a

with a and b the ends of a ray path (measurement points),
d(y) the value of the observable parameter at the point y,
m(x) the model function at the point x, that is, the unknown
of the problem, and K (X, y) a kernel function.

In practical applications, the observable parameter is
determined for a discrete number of points, resulting in a
discrete set of measurements d;,i =1, 2, ..., N. For each of
these measurements, (1) can be written:

b

d = / K,(x)m(x)dl. 2)

a

Moreover, also the model function is usually discretized
in a finite number of coefficients mj,j =1,2,..,M. Thus,
once introduced a convolution N X M matrix K with com-
ponents K; the inversion problem can be represented in the
discretized form:

M
=Y Kym,i=12, .. N, 3)
=1

or, in matrix notation:

d = Km, (€]
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where d is a vector collecting the N measurements of the
observed parameter, and m is a vector collecting the M
unknown coefficients discretizing the model function.

From a physical point of view, the above discretization
corresponds to a discretization of the domain to be investi-
gated in M blocks, and therefore K,_-/- assumes the meaning
of the arc length of the ith ray in the jth block [42]. In par-
ticular, in the case of 2D tomographic problems, as well as
those studied in the present paper, blocks are usually called
cells or pixels.

The discrete formulation (4) represents the natural data
structure for discrete data values; this formulation reduces
the problem to the inversion of the matrix K or, if K is
noninvertible (as often happens), to the computation of a
“pseudoinverse”. Thus, in tomography the data inversion
algorithm plays a fundamental role. Moreover, since tomog-
raphy (like most inverse problems) is usually an ill-posed
problem, some regularization tools shall be employed in the
inversion procedure.

Many inversion algorithms have been proposed for tomo-
graphic purposes [44]: matrix inversion methods, iterative
methods, etc.. The most common is the iterative algorithm
called Simultaneous Iterative Reconstruction Technique
(SIRT), characterized by a more stable convergence than
other tomographic iterative algorithms, and capable of con-
sidering the effect of all ray-paths crossing each pixel. Any-
way, in the presence of inconsistent data (and this is often
the case in acoustic tomography of masonry structures) also
SIRT algorithm presents some relevant convergence diffi-
culties, and the estimated parameters could fluctuate as the
iterations are progressing [44].

Among the possible tomographic NDT techniques for
civil engineering structures, acoustic tomography is based
on the propagation of mechanical waves, and it is used for
characterizing the distribution in a cross-section of a struc-
ture of internal features like, for example, mechanical prop-
erties, discontinuities and defects. In particular, in travel
time tomography the model parameter is the wave slowness,
i.e., the inverse of wave velocity, and the observed parameter
is the wave travel time. In attenuation tomography, instead,
the model parameter is the wave attenuation coefficient,
whereas the observed parameter may be the frequency of the
centroid of the wave spectrum (frequency shift method) or
the amplitude of the first peak of the received wave (ampli-
tude tomography). For the reasons set out in the Introduc-
tion, in what follows the attention will be focused only on
amplitude tomography.

The results of acoustic tomography may be strongly
affected by modeling, experimental and mathematical issues.
Indeed, it is crucial to define a suitable theoretical model
relating the model parameter to the observed parameter.
Experimentally, the measurements should be as precise
and accurate as possible, aiming at gathering reliable data.
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Mathematically, the inversion strategy must be carefully
chosen.

2.1 Travel Time Tomography

Travel time tomography (TT) is by far the most used tomo-
graphic approach for concrete and masonry structures. This
is due to the easiness of the experimental measurements,
concerning the wave travel time from the source, placed in
a given position on the perimeter of the investigated cross-
section, to the receiver, placed in another position on the
perimeter. The model parameter is the sectional distribution
of the wave slowness s(x); once evaluated the latter, it is
possible to determine the sectional distribution of the wave
velocity, which is represented in the tomographic map.

Wave velocity is strictly related to physical and mechani-
cal properties like, e.g., the density and the elastic constants;
moreover, if there are cracks or voids, wave travel time
increases, and this yields to an apparent reduction of wave
velocity. Thus, the tomographic map immediately gives a
representative overview of the internal features of the solid
medium, relevant for structural analysis purposes.

In TT, the model equation relating the travel time with
the slowness is usually determined according to the follow-
ing two hypotheses. First, the ray theory is considered for
modelling wave propagation. Ray theory is based on a high-
frequency approximation of the solution of the elastody-
namic problem for a generally heterogeneous solid medium
[45]; this approximation is plausible only for high fre-
quency waves or, equivalently, for smoothly varying media
with respect to the wavelength. Second, it is assumed that
the solid under investigation is a non-dispersive medium,
and therefore that wave velocity does not depend on wave
frequency.

By the above two hypotheses, in the ith measurement
for an arbitrary ray path g connecting the source and the
receiver the travel time 1, can be expressed as [46]:

ty = / s(x)dl, o)
®

where the line integral is performed along the ray path go.
The Fermat'’s principle allows for identifying, among the
infinite possible, the actual ray path R, that is, the ray path
of least overall travel time, minimizing (5) with respect to
all possible ray paths go [46]:

= / s(x)dl = min / s(x)dl, (6)
R # Jp

i

with ¢, the actual travel time. For tomographic purposes, the
actual ray path R, is determined by ray-tracing algorithms,
see, e.g., [47].

Therefore, the discretized form (3) of the travel time tomo-
graphic problem becomes:

M
=) Lym,i=12,...N, @)
j=1

or, in matrix notation:
t =Lm (®)

where the components L; of the N X M matrix L represent
the arc length of the ith ray in the jth pixel, t is a vector
collecting the N measurements of the travel time (observed
parameter), and m is a vector collecting the M unknown
slowness coefficients (model parameters).

2.2 Amplitude Tomography

Amplitude tomography (AT) aims at evaluating the distribu-
tion a(x) of the wave material attenuation coefficient (model
parameter) in a cross-section of the investigated solid medium
starting from the measurement of the decrease of the wave
first peak amplitude from the source to the receiver (observed
parameter).

It is worth noting that when an acoustic wave propagates
through a solid medium, its amplitude reduces for two primary
attenuation phenomena: a) material attenuation and b) geo-
metrical attenuation. Other sources of attenuation might be:
c) reflection, refraction and mode conversion at interfaces; d)
wave dispersion (both velocity and attenuation dispersion); e)
scattering and diffraction due to obstacles and voids; f) mul-
tipath phenomena; g) the radiation pattern of the source probe;
h) the receiving characteristic of the receiver (the receiving
pattern for PZT transducers, or the normal and tangential
sensitivity with respect to the surface of the transducer if the
receiver is an accelerometer) [48, 49]. To be representative, a
comprehensive amplitude variation model, relating the attenu-
ation coefficient to the measured amplitude decrease, should
consider all the above-listed attenuation sources.

In current AT approaches — from here on called ordinary
amplitude tomography (OAT) in order to distinguish them
from the innovative AT approach here proposed — generally
only a few of the above-listed attenuation sources are taken
into account, and in particular only material and geometrical
attenuation. In so doing, according to [35] in the ith measure-
ment, for the generic ray path g connecting the source and
receiver it is possible to write:

A; = Bog(l,) e o ™, ©)

with A; the first peak wave amplitude measured at the
receiver, By, the first peak amplitude of the emitted wave, [,
the length of the ray path g and g(l, ) the value assumed by
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the geometrical attenuation g(/) at the end of the ray path g,
i.e., at the receiver.

Asin TT, it is possible to determine the actual ray path R,
by a ray-tracing algorithm, see e.g.[31]. This way, the model
equation assumes the following expression:

A; = Bog(ly, ) e, (10)

According to [35], it is possible to take g(I) = (1/ 1)?, with
p = 0.5 for cylindrical wavefronts and f = 1.0 for spherical
wavefronts, and By = A, (lo)ﬂ, with A the amplitude meas-
ured at an arbitrary distance /. Therefore, (10) yields:

/ b

Ing

In order to get a form useful for tomographic applications,
(11) can be manipulated as follows:

B
AO l() _

Now, by reducing the model function a(x) to M
model parameters describing the material attenuation
a;, j=1,2, ..., M (q; is the material attenuation coefficient
at the pixel j), and by putting:

B

g;=In|=2 L i=1,2,..,N, (13)

(12) can be discretized in a model equation of the form (3):
M

g = Ly, i=12 . N (14)
j=1

The data g; for the ith measurement has to be calculated
starting from the measured value of the first peak wave
amplitude A;; notice that (13) contains two parameters: A,
the amplitude measured at the arbitrary distance /,, and [
itself.

In matrix notation, (14) may be written as:

g=La, (15)

where the meaning of the symbols is clear from the above.
In AT, some relevant experimental problems arise.
Indeed, some technical issues can affect the reliability of
wave amplitude measurements at the receiver: the coupling
conditions between the probes and the surface of the investi-
gated solid medium, that are usually unknown and may vary
in an unpredictable way due to the thinning of the coupling
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medium, or to the variation of the pressure exerted by the
operator on the transducers (in terms of magnitude and dis-
tribution), or to the variation of features like the roughness
of the investigated surfaces. Moreover, again for the uncer-
tainties of coupling conditions, it is difficult to evaluate the
amplitude of the emitted wave, corresponding to B, in (10),
as well as the amplitude A, at the arbitrary distance [, in
(13).

The influence of the above experimental issue in the accu-
racy of AT results is usually underestimated; indeed, it is
common to employ the same experimental setup used for
TT. However, travel time can be measured in a much more
reliable way than the amplitude, strongly affected by the
coupling conditions. Then, often the quality of the results
obtained by AT on civil structures is very poor, and this
strongly obstructs the use of AT approaches.

3 Proposed Improvements of AT:
Standardized Amplitude Tomography

In order to overcome some of the limitations of OAT
approaches for civil structures, in this paper a novel approach
to amplitude tomography, called Standardized Amplitude
Tomography (SAT), is proposed. The improvements con-
cern two fundamental issues of amplitude tomography: the
experimental setup and the model equation. Moreover, an
alternative approach for evaluating the parameter B in (10),
representing the first peak amplitude of the emitted wave,
is adopted.

SAT is thought for applications to masonry constructions
and, indeed, this new approach is validated through experi-
mental tests on masonry specimens. However, SAT approach
can be applied to timber and concrete constructions as well,
although in the latter applicative field the resolution achieva-
ble with standard travel time ultrasonic tomography is much
more satisfactory.

3.1 Improvements of the Experimental Setup

As recalled just above, possible variations of the coupling
conditions could drastically affect the value of the ampli-
tude measured at the receiver: this observation suggested
the development of a specific experimental setup aimed at
minimizing the uncertainties in the amplitude data due to the
variation of the coupling conditions.

Based on the experimental results reported in Appendix,
showing a marked correlation between the force pulling the
transducers and the measured amplitude, an experimental
tool aimed at leveling the pressure of the transducers on the
investigated surface, regardless of the pressure exerted by
the operator during the tomographic test, has been designed
and built (see Fig. 1). Basically, this tool consists of a sleeve



Journal of Nondestructive Evaluation (2020) 39:49

Page70f19 49

Fig. 1 Experimental tool aimed at leveling the pressure on the trans-
ducers

housing the transducer, with a spring placed between the
handle for the operator and the transducer. The spring and
the stroke of the transducer in the sleeve have been designed
in order to apply a nearly constant force of about 50 N on
the transducer when the instrument is pushed against the
measurement surface.

At our knowledge, a similar functional principle has been
already employed in advanced arrays of ultrasonic probes for
tomographic inspection of concrete structures. However, the
special handle is proposed here to manage big low-frequency
ultrasonic probes and has the peculiarities of being expressly
designed for leveling the pressure in order to improve ampli-
tude measurements, and of being very simple and inexpen-
sive to manufacture. The application of this device is for
tomographic inspection either of masonry structures (like in
case of the present paper), or of concrete structures.

If this special handle is used for operating both the source
and the receiver, and if the surface of the investigated solid
has uniform physical and mechanical properties (impedance,
roughness, etc.), the coupling conditions can be considered
substantially invariant during the test, and consequently the
amplitude of the emitted and received waves is rather inde-
pendent from the pressure exerted by the operator, as it is
discussed in Appendix. This justifies the adjective “Stand-
ardized” in the name given to the innovative approach pro-
posed in the present paper.

3.2 Improvements of the Amplitude Variation
Model

In Sect. 2.2 it is underlined that OAT model equations like
(10) consider only some of the sources of wave amplitude
attenuation. In view of developing effective amplitude
tomography procedures for application to civil structures,
in this paper the model equation is improved taking into
account also the influence of the radiation pattern of the

PZT
Accelerometer
Receiver

)

PZT Source

Fig.2 Spatial angles of the source and the receiver

source transducer and the receiving characteristic of the
receiver transducer.

Indeed, it is well known that given a propagation medium,
at a fixed distance from the center of a source transducer,
the spatial distribution of the generated acoustic pres-
sure depends also from the direction. This dependence is
described by a radiation pattern. Similarly, the sensitivity of
a receiver transducer depends also on the direction accord-
ing to a receiving pattern. In particular, a PZT receiver is
characterized by a receiving pattern having the same direc-
tional features of the radiation pattern of source transduc-
ers, whereas when the receiver is an accelerometer generally
only the component of the wave displacement field orthogo-
nal to the surface of the transducer is detected. In conclu-
sion, it follows that the measured value of the received wave
amplitude is strongly influenced by the direction.

Here, the directivity features of the radiation pattern of
the source transducer are represented by a function d(@),
where 6 is the spatial angle from the axis of the source, and
the directivity aspects of the receiver are represented by a
function r(€), where ¢ is the spatial angle from the axis of
the receiver (see Fig. 2). Accordingly, (10) is modified in:

A= Bog(lm,-)d(ei)r(fi)e_/mi o (16)

where the spatial angles 8 and ¢ are referred to the ith
measurement. Now, since by [35] it is possible to assume
g = (l/l)ﬁ (see Sect. 2.2), it results:

A= ! Bod(ei)r(et)e_/m[a(xw'
(Iy,)”

a7

The latter equation can be expressed in a format suitable
for tomographic applications as follows:

(0. :
In EM =/ a(x)dl. (18)
A (lm,-)ﬂ R

i

Now, by putting:
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| Bod@)rle) 1 19)

Ai fm b
)

(18) can be discretized in the form (14), or in matrix notation
in the form (15).

In principle, the functions d(6) and r(g), appearing in
the above equations, should be determined through experi-
mental tests: indeed, their expressions depend on the
characteristics of the transducers and of the investigated
solid medium, and therefore usually both are unknown in
advance.

In order to render the proposed approach feasible, the
strategy here proposed is that of adopting for d(8) and r(e)
the simplest analytical expressions available in the literature,
i.e., the expressions for cylindrical transducers in the so-
called acoustic case [45, 49]. Notice that the latter expres-
sions refer to wave propagating in fluid media; anyway, they
allow for taking into account the influence of the direction
on the measured wave amplitude value, although in a very
simplified way. This already ensures a substantial improve-
ment in the accuracy of tomographic results.

In particular, with respect to the source directivity func-
tion d(0), for a cylindrical source transducer and for the
acoustic case, in the far field (the Fraunhofer region) it is
possible to assume [49, 50]:

8i

2J,(kRsind)

40 = —remo

(20
where J, is the Bessel function of the first kind of order
one, R is the radius of the transducer surface, k = w/v is the
wavenumber of the emitted wave, with angular frequency
w and velocity v. Notice that both @ and v are not known in
advance. Therefore, with respect to the wave velocity v the
mean value of the wave velocity distribution v(x) obtained
by a preliminary travel time tomography, needed also for
determining the actual ray paths, has been considered in
the proposed approach. Specifically, by adopting a homo-
geneous pixel discretization the mean value of v(X) can be
computed as the arithmetic mean value of the local wave
velocity v; determined for each pixel. Moreover, with respect
to the evaluation of the angular frequency w, it should be
pointed out that (20) rigorously holds for continuous waves,
whereas transducers usually emit pulses. To overcome this
issue, according to the considerations in [49] narrowband
transducers have been used and w has been identified with
the peak frequency of the emitted wave.

Regarding the receiver directivity function r(e), for
PZT receivers the reciprocity theorem [51] states that the
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receiving pattern has the same directional features of the
radiation pattern of source transducers; thus, it is possible
to assume:

2, (kRsing)

") = Rsine @D

where the symbols have the same meaning of those in (20);
furthermore, the same observations about the determination
of the angular frequency and the wave velocity hold.

With respect to accelerometric receivers, r(e) depends on
the sensitivity of the transducer in directions normal and tan-
gential (three mutually orthogonal directions) with respect to
its surface. The most common case is that of accelerometers
sensitive only in the direction of their axis, that is, capable of
measuring only the component of the amplitude orthogonal
to the surface of the transducer. For this special case, by
simple geometric considerations suggested by Fig. 2, it is
possible to take:

r(e) = cose. (22)

3.3 Evaluation of the Parameter B,

By (14) and (18) the discretized model equation can be writ-
ten in the form:

In

d(0, ;

L}’(slg = ZLijaj’ (23)
M j=1
Jj=1

where, besides the unknown material attenuation coefficients
a; all the terms have to be considered known or measured,
except for B, representing the first peak amplitude of the
emitted wave.

As it is recalled in Sect. 2.2, for the OAT formulation in
[35] it is assumed that B = Ao(lo)ﬂ, where A is the first
peak amplitude measured at an arbitrary distance [, to be
determined by a calibration procedure. Anyway, when the
internal features of the investigated structure are unknown,
as in the cases of our interest, this calibration becomes prac-
tically unreliable, causing possible large errors in the evalu-
ation of B,

For this reason, here a different strategy for determin-
ing the parameter B, is proposed. In particular, since the
data gathered (i.e., the measured values of the observed
parameter) are usually largely redundant, thus making the
tomographic equations form a highly overdetermined sys-
tem, it is possible to include B, among the unknowns to be
determined by the inversion of the tomographic equations. A

B,
A;
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similar approach is adopted in [31] with reference to another
unknown tomographic parameter.

From a mathematical point of view, (23) can be arranged
in the form:

d(6;)r(e;)

s
Ai /'m b
j=1

then, if a test value B, for the unknown parameter B, is con-
sidered, the factor:

M
InB, + In 2 4 (24)

g =InB, - 1InB, (25)

can be introduced; notice that q in (25) is unknown, since B,
is. By adding (25) to both sides of (24), it follows:

1d9
XM—
(E)

that can be written in the classic tomographic form:
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H; are the components of a N X (M+1) matrix H
obtained from the N X M matrix L by adding a last column
whose components are all equal to 1, and h; are the M+ 1
components of a vector h having the first M components
equal to those of the vector a, and the last component equal
to g in (25). Equation (27) can be represented in matrix nota-
tion as:

o
I

, (28)

g =Hh. (29)

Notice that the transformation of (26) in (27) has not only
a formal meaning because it corresponds to the choice of
including q among the unknown of the tomographic problem
in addition to the attenuation coefficients a;.

The linear system (29) can be inverted by using a classical
tomographic approach, obtaining as the solution the vec-
tor h, and therefore the vector of the unknown attenuation
coefficients a and the value of the factor g. This way, the
unknowns in a are determined with reference to the correct
value of By, that is:

B, = —. (30)

In the implementation of the above algorithm for eval-
uating B, is recommended to perform some iterations for
enhancing the precision of the results. For each iteration, the
value of B, determined at the end of the previous iteration
should be taken as the test value B,. The iterations can be
stopped when no significant variations in the values of B
are observed.

The described strategy for evaluating B is very effective
and robust if the number of data gathered is largely redun-
dant and if the coupling conditions can be considered sub-
stantially invariant during the test. Clearly, for the validity
of the latter condition the use of experimental devices like
that described in Sect. 3.1 and the uniformity of physical and
mechanical properties of the investigated surfaces (imped-
ance, roughness, etc.) are needed.

4 Experimental Validation and Discussion

For the validation of the proposed innovative Standardized
Amplitude Tomography (SAT) procedure, an experimental
campaign has been carried out.

In the experiments, 4 different specimens have been ana-
lyzed (Test 1, 2, 3 and 4) by SAT; moreover, to evaluate the
effectiveness of SAT with respect to ordinary TT and OAT,
also the latter procedures have been applied. All specimens
included known internal defects specifically designed simu-
lating real-life defects as cracks, voids and inclusions, and
for stressing the limitations of the tomographic procedures
under investigation. All the specimens were in Apulian tuff,
a material widely employed for historic masonry construc-
tions of Apulia, in Italy.

The experimental setup consisted of a commercial appa-
ratus for sonic and ultrasonic tests on masonry and concrete,
called Boviar Solgeo CMS. An ultrasonic PZT probe (TSG-
55) with a nominal frequency of 55 kHz has been used as the
source transducer, and an active high sensitivity PZT accel-
erometer (RSG-55) has been used as the receiver transducer.
The control unit was equipped with a 12-bit data acquisition
card, capable of acquiring signals with frequencies between
50 kHz and 1,25 MHz. A time/amplitude window, with the
time displayed in ps and the amplitude in mV, allowed for
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Fig.3 Sample of the received 150
signals

mV
°

0 0.05 0.1

visualizing the acquired signals. A sample of a received sig-
nal is contained in Fig. 3.

For both the source and the receiver transducers plasti-
cine has been used as the coupling medium to tuff speci-
mens. Moreover, during all the tests, both the source and
the receiver transducers have been handled by the experi-
mental tool described in Sect. 3.1; this allows for pushing
the transducers against the specimen surface with a practi-
cally constant force of 50 N. Finally, in all the performed
tests source and receiver transducers were always placed on
opposite or neighboring sides of the specimen, and thus no
measurements have been made with the transducers on the
same side of the specimen.

The experiments have been performed in normal ambi-
ent conditions; the mass density of the examined tuff was of
about 1400 kg/m>.

With respect to travel time evaluations, for each measure-
ment path three ultrasonic pulses were emitted and for each
of them the received signal was acquired and normalized
with respect to the maximum waveform amplitude. Then, a
threshold of 5% of the maximum normalized amplitude was
set for the determination of the first peak, such that all the
peaks below the threshold are considered as noise. The time
of flight (TOF) of each ultrasonic pulse is then selected to
be the first time point where the signal is above the thresh-
old level. Finally, for the considered measurement path the
average of the three TOF values determined according to the
above has been identified as the travel time.

With respect to amplitude evaluations, the amplitude of
the first peak above the considered threshold has been taken.
This approach, according to [29], yields a more consistent
data set. In particular, the amplitude for the considered
measurement path has been determined as the average of
the actual amplitudes of the first peak (above the threshold)
of the three signals.
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For data processing, some ad hoc MATLAB™ scripts
have been created, and for tomographic inversion the com-
mercial software aTom™ by Adding Ltd. and Solgeo Ltd.
has been used. The latter performs the reconstruction of the
wave paths (ray-tracing) and then iteratively determine the
distribution of the model parameters (ultrasound velocity or
attenuation) by the SIRT inversion algorithm.

In what follows the results obtained in the above-men-
tioned experimental campaign are described. The recon-
struction of the internal features of each specimen obtained
by SAT, TT and OAT has been discussed in order to assess
the capability of the three different tomographic approaches
to detect defects and to give a reliable map of the internal
morphology.

In particular, the tomographic maps in figures represent
the distribution in the cross-section of the specimen of the
ultrasound velocity (m/s) for TT, and of the attenuation
(1/m) for OAT and SAT. In what follows, the color scales of
tomographic maps are arranged in such a way as to enhance
to the greatest possible extent the resolution with respect
to internal inhomogeneities. In other words, the minimum
and the maximum value of the ultrasound velocity or of the
attenuation are chosen such that the observer get the best
perception of the inhomogeneity in the distribution of the
model parameters. Moreover, the tomographic maps con-
tain an outline of the defects for an immediate qualitative
assessment.

Finally, it is worth noting that both amplitude tomography
maps, OAT maps and SAT maps, are obtained starting from
the same data on the amplitude of the received signals. Thus,
the improvements of SAT over OAT in terms of the resolu-
tion are exclusively due to the enhancements of the model
equation described in Sect. 3.2-3.3.
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Fig.4 a Picture of the speci-
men. b Relevant dimensions of
the specimen and of the defect
(cm). ¢ Layout of tomographic
measurements. d TT velocity
map (m/s). e OAT attenuation
map (1/m). f SAT attenuation
map (1/m)
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4.1 Test1

Test 1 concerned a cubic tuff block with a cross-section of
24.5 cm % 24.0 cm, with a drilled pass-through hole having
6.5 cm diameter (see Fig. 4a, b). The study of this speci-
men aims at assessing the sensitivity of the tomographic
techniques under investigation in detecting a big defect (a
big void) with a very marked discontinuity in the acous-
tic impedance. For the tomography, 144 measurements
were carried out; the mutual position of the source and

the receiver transducers are displayed in Fig. 4c, that also
shows the discretization of the cross-section in 9 X9 =81
pixels.

The obtained results are displayed in Figs. 4d (velocity
map obtained by standard TT procedure), 4e (attenuation
map obtained by standard OAT procedure) and 4f (attenua-
tion map obtained by the innovative SAT procedure).

Firstly it emerges that, despite the use of the experimental
tools aimed at leveling the pressure of the transducers on
the specimen (anyhow improving the quality of the results),
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the standard amplitude tomographic approach (OAT) gives
back a tomographic map (Fig. 4e) completely inconsistent
with the actual internal morphology of the specimen. This
result justifies why amplitude tomography is almost never
employed for analyzing masonry structures.

Both the maps obtained by the standard travel time
tomography (Fig. 4d) and SAT (Fig. 4f) reveal the pres-
ence of a pseudo-circular damaged area, but comparing the
results it is clear that SAT gives back a sharper image of the
actual internal morphology of the specimen, allowing for a
much more accurate determination of the location and of the
dimensions of the defect.

Anyway, both TT and SAT maps exhibit some incon-
sistencies; in particular, TT map (Fig. 4d) presents a little
low-velocity area top right, which does not correspond to
any discontinuity of the specimen, and SAT map presents a
little wider high attenuation area low left, also not related to
visible discontinuities of the specimen.

It is possible to conclude that for the examined specimen
having a relatively large pass-through hole, SAT not only
is validated by the experiments, but also can be considered
the more effective technique among those considered. In
particular, SAT results are more accurate than TT results.
This result is arguably ascribable to the well-known limita-
tion of TT in reconstructing the exact shape and extension
of low-velocity anomalies, like the examined hole. Indeed,
these anomalies determine a deviation of acoustic rays with
a relatively small change in the distance traveled, and then
of the travel-time in the solid domain; therefore in TT these
kinds of defect result in a smooth and far from the real veloc-
ity reduction, distributed in an area quite larger of the actual
defect dimension.

4.2 Test2

Test 2 concerned the same cubic tuff block considered in
Test 1 (see Sect. 4.1), examined again after the pass-through
hole has been filled with a mortar having approximately the
same acoustic impedance of the tuff block material (Fig. Sa,
b). Now, the aim of the test is that of assessing if the tomo-
graphic techniques under investigation can characterize dis-
continuities in the material without the presence of cracks or
voids, and without marked differences in the acoustic imped-
ance. Also in this case, 144 measurements were carried out
for the tomography, as it is represented in Fig. Sc, that also
shows the discretization of the cross-section in 9x 9 =281
pixels.

The obtained results are displayed in Figs. 5d (velocity
map obtained by standard TT procedure), Se (attenuation
map obtained by standard OAT procedure) and 5f (attenua-
tion map obtained by the innovative SAT procedure).

For the standard amplitude tomographic approach (OAT)
the same comments made for Test 1 hold: the obtained
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tomographic map is meaningless and is incapable of describ-
ing the actual internal morphology of the specimen (see
Fig. Se).

On the contrary, TT and SAT provide more appreciable
results. Specifically, differently from what observed about
Test 1, now TT map (Fig. 4d) characterizes the anomaly
(the filled hole) more accurately than SAT map (Fig. 5f). A
possible explanation of the difference between Test 1 and
Test 2 results is that in Test 2 the anomaly and the rest of
the tuff block have similar acoustic impedance, and then
the wave energy reflected by the hole is very small, espe-
cially if compared with what is reasonable to expect in Test
1. In synthesis, the obtained results suggest that when the
discontinuity is represented by the coexistence of different
materials divided by an interface, travel time appears to be
a more reliable parameter, whereas in presence of voids or
cracks the attenuation allows for a better reconstruction of
the internal morphology.

It is worth noting that also in Test 2 the TT map is quite
blurred and presents a little low-velocity area top right not
corresponding to visible discontinuities of the specimen.
SAT map shows a high attenuation area actually correspond-
ing to the filled hole, but presents also a higher attenuation
area low left with no physical meanings, and wrongly sug-
gests the presence of a discontinuity top left.

In conclusion, Test 2 validates SAT, but in this case TT
reveals to be more effective. Moreover, the comparison of
the results of Test 1 and Test 2 indicates that TT and SAT are
capable of better detecting different kind of defects, and then
that for a better reconstruction of the internal morphology
of the masonry it could be convenient to carry out both TT
and SAT tomographic analyses.

4.3 Test3

The specimen employed for Test 3 was a prismatic tuff block
with cross-section dimensions 48.5 cm X 24.5 cm (Fig. 6a,
b), presenting three artificial defects: two pass-through
holes, one with diameter 4.5 cm (top left) and one with
diameter 2.5 cm (bottom right), and a cut that runs through
the whole thickness of the block and has the depth of about
8.0 cm (bottom center).

The aim of the test is that of assessing if the tomographic
techniques under investigation can detect and distinguish
different and well-separated kind of defects simultaneously
present in the specimen. In this case, tomography is based
on 236 measurements, whose layout is depicted in Fig. 6c,
that also shows the discretization of the cross-section in
9x 18 =162 pixels.

The obtained results are displayed in Figs. 6d (velocity
map obtained by standard TT procedure), 6e (attenuation
map obtained by standard OAT procedure) and 6f (attenua-
tion map obtained by the innovative SAT procedure).
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Fig.5 a Picture of the speci-
men. b Relevant dimensions of
the specimen and of the defect
(cm). ¢ Layout of tomographic
measurements. d TT velocity
map (m/s). e OAT attenuation
map (1/m). f SAT attenuation
map (1/m)

Test 3 confirms the total failure of OAT in under-
standing the internal features of the examined specimen
(Fig. 6e). But, in this case, also TT and SAT give results
of quite low quality. Indeed, Fig. 6d shows that TT map
indicates the presence of a low-velocity area near the cut
edge of the specimen, but the low-velocity area has a shape
very different from that of the actual defect, being parallel
to the bottom edge and not, instead, orthogonal. Moreover,
a less defined and smaller low-velocity area is detected
near the actual position of the smaller hole, but at some

distance. The larger hole is not detected at all. Finally, the
map determined by SAT (Fig. 6f) presents a high attenua-
tion area near the cut (also in this case the area indicating
the defect is parallel to the bottom edge rather than orthog-
onal) and near the larger hole; furthermore, a marked high
attenuation area is detected below the smaller hole, and
another high attenuation area is found in correspondence
of the bigger hole (top left).

It is worth noting that the area of holes of Test 3 is quite
smaller than the area of the defect of Test 1; in particular, in
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Fig.6 a Picture of the specimen. b Relevant dimensions of the specimen and of the defects (cm). ¢ Layout of tomographic measurements. d TT
velocity map (m/s). e OAT attenuation map (1/m). f SAT attenuation map (1/m)

Test 3 the area of the holes is around 48% (the larger) and
11,5% (the smaller) of the area of the hole considered in Test
1: this could partially justify the difficulties of TT and SAT
approach in detecting the defects of the specimen in Test
3, albeit in Test 1 both techniques give quite satisfactory
results. Indeed, the observed difference between Test 3 and
Test 1 may be ascribable to the wavelength. Indeed, for the
employed frequency of 50 kHz and for ultrasound velocities
around 2000 m/s the wavelength turned out to be around
4 cm. A classic criterium in ultrasonic tests is that a discon-
tinuity must be larger than one-half the wavelength to stand
a reasonable chance of being detected. Now, in Test 1 the
diameter of the hole is larger than the wavelength, whereas
in Test 3 the diameter of the hole is (intentionally) similar
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or smaller than the wavelength, and this is very challenging
for the detection.

In conclusion, it is possible to claim that TT does not
allow for identifying the big hole, but detects (although
badly) the cut and the small hole; SAT allows for a quite
rough characterization of the actual position and dimension
of the holes (with worst and somewhat misleading results for
the smaller hole) and of the cut. Moreover, also the results of
Test 3 suggest that the detection capability of TT and SAT
are to some extent complementary.

4.4 Test4

In Test 4 another prismatic tuff specimen with a cross-sec-
tion of dimensions 48.5 cm X 24.5 cm was analyzed (Fig. 7a,
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Fig.7 a Picture of the specimen. b Relevant dimensions of the specimen and of the defects (cm). ¢ Layout of tomographic measurements. d TT
velocity map (m/s). e OAT attenuation map (1/m). f SAT attenuation map (1/m)

b). The artificial defects were now two pass-through holes
close together and located approximately near the center
of the specimen; in particular, the diameter of the hole on
the left is 4.5 cm, whereas that of the hole on the right is
2.2 cm. In this case, the aim of the test is that of assessing if
the tomographic techniques under investigation can detect
and distinguish two different defects with similar geometry,
and close to each other. For tomography, 236 measurements
were carried out according to the layout shown in Fig. 7c,
that also shows the discretization of the cross-section in
9x 18 =162 pixels.

The obtained results are displayed in Figs. 7d (velocity
map obtained by standard TT procedure), 7e (attenuation
map obtained by standard OAT procedure) and 7f (attenua-
tion map obtained by the innovative SAT procedure).

Also in Test 4 OAT map (Fig. 7e) is practically uncor-
related to the actual internal morphology. TT gives overall

the best results, although the accuracy is quite low (as
in the other cases). Indeed, Fig. 7d shows a low-velocity
area surrounding the two holes, with lowest velocity val-
ues near the exact location of the holes. Anyway, the low-
velocity area is much more extended of the actual area
containing the holes, interesting also a part of the speci-
men near the upper edge, where no defects are. Moreover,
according to TT map right defect wrongly appears to be
bigger than the left defect. SAT map (Fig. 7f) allows for a
quite sharp location of the larger hole, whereas the smaller
hole is practically not detected, and physically meaning-
less high attenuation areas are displayed along the edges
of the specimen.

The above results are consistent with the considerations
made with regards to Test 3, namely that the rather worse
quality of TT and SAT results with respect to Test 1 can be
justified by the large difference in the hole area: indeed, in
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the present case the area of holes is about 48% (the larger)
and 11,5% (the smaller) of the area of the hole of Test 1.

About the difficulties of both TT and SAT in accurately
characterizing defects, see also the considerations made at
the end of Sect. 4.3 about the influence of the dimensions of
the defect, also compared to the wavelength, on the detec-
tion capability.

Again, TT and SAT appear to have a complementary
capability, and this suggests that a possible way for obtaining
a more thorough reconstruction of the internal morphology
is that of performing both TT and SAT and to find criteria
for taking simultaneously into account the results obtained
in terms of velocity and attenuation.

5 Conclusions

In this paper, the capability of amplitude ultrasonic tomogra-
phy (AT) in giving worthwhile information about the inter-
nal morphology, and of characterizing internal defects is
studied and discussed with tests performed on stone masonry
elements. AT is based on amplitude measurements, and the
reconstructed parameter is wave attenuation. In theory, the
latter is more strictly affected by internal discontinuity and
defects; thus, in principle AT is very promising, but its dif-
fusion in the applications is obstructed by several limitations
that practically cancel out AT advantages.

To overcome these limitations, here an innovative ampli-
tude ultrasonic tomography approach, called Standardized
Amplitude Tomography (SAT), is proposed. SAT is based
both on theoretical improvements of the tomographic proce-
dure, concerning the model equation and the determination
of the initial amplitude, and on the use of a suitable experi-
mental device, expressly designed and built. It is noteworthy
that although the new SAT approach has been developed for
masonry structures, and although the reported experimental
tests concern masonry elements, the field of application of
SAT includes also concrete structures. Moreover, the prin-
ciple can be easily extended to timber structures.

Experimental results obtained on laboratory specimens
with known artificial defects show that SAT can drastically
improve the capability of AT. Whereas experiments have
been performed on masonry construction materials (tuff
blocks), it is clear that similar improvements can be obtained
also for other materials like, e.g., concrete and timber.

It is worth noting that in the case-studies discussed in
Sect. 4 the improvements of SAT over the standard OAT
are only due to the theoretical improvements, since both for
OAT and SAT wave measurements are made by using the
above recalled special experimental device.

@ Springer

The examined case-studies show that the quality of SAT
results is comparable to those obtained by travel time tomog-
raphy (TT), and in some cases even better.

Generally speaking, SAT has shown sharper results than
TT, even if not in all tests all the defects have been detected.
On the other hand, also TT proved to be unable to reveal
some defects. Indeed, some limitations of TT well known
in literature emerged: for example, TT is incapable to find
central small low-velocity anomalies.

The difference in terms of the model parameter between
TT and SAT suggests that these two tomography approaches
have complementary capabilities, and therefore that by
employing both TT and SAT it is possible to gather a more
accurate overview of the internal morphology of masonry
structures. In this vein, notice that referring to other applica-
tive fields some Authors have already proposed to suitably
combine travel time and attenuation tomography informa-
tion [52]. This challenging task will be the object of further
investigations, aimed at overcoming a number of theoretical
and experimental issues related to the combination of TT
and SAT results, and at identifying an effective combina-
tion strategy.

The obtained results encourage to further deepen the
study and the enhancement of AT approaches suitable for
applications to masonry structures: for example, some issues
worth of investigation are the calibration of the wavelength
of the emitted wave with respect to the expected dimen-
sion of the discontinuities in masonry elements, and the
enhancement of the model equation proposed in Sect. 3.2
by considering more complex directivity functions valid for
describing the spatial distribution of the acoustic pressure
generated in isotropic elastic solids by cylindrical trans-
ducers. To this aim, it is noteworthy that the knowledge of
the ratio between the velocities of longitudinal waves and
shear waves is required. Since those velocities are usually
unknown in advance, it is possible to overcome the problem
by incorporating these parameters in the inversion procedure
as additional unknowns.

Finally, the accuracy of SAT results may be further
improved by developing ad hoc inversion procedures, which
can better manage the inconsistent data gathered on masonry
structures. The latter improvement can be fruitfully extended
also to TT approaches.
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Fig. 8 Experimental tests on
the influence on the measured
amplitude of the pressure
exerted on the transducers: a)
Test 1 (weight 1 kg); b Test 2
(weight 2 kg); ¢ Test 3 (weight
5kg)

Table 1 Results of the

. Test 1 (weight 1 kg) Test 2 (weight 2 kg) Test 3 (weight 5 kg)
experimental tests on the
influence on the measured Mean amplitude (mV) 0.48 Mean amplitude (mV) 0.67 Mean amplitude (mV) 1.16
amplitude of the pressure
exerted on the transducers Range (mV) 0.11 Range (mV) 0.09 Range (mV) 0.17
Standard deviation (mV) 0.03 Standard deviation (mV) 0.02 Standard deviation (mV) 0.04
Coefficient of variation (%) 5.69 Coefficient of variation (%) 3.45 Coefficient of variation (%) 3.43

Appendix: Experimental evaluation
of the dependence of the amplitude
from the pressure exerted

by the transducers

Here, an experimental test for investigating the correlation
between the variation of the coupling conditions and the
value of the measured amplitude is reported. In particular,
the correlation between the pressure exerted by the transduc-
ers, both source and receiver, in the investigate surfaces and
the measured amplitude has been studied.

In particular, three tests were carried out on a tuff block
by using an ultrasonic equipment having a source transducer
with peak frequency 55 kHz and a PZT receiver. For all the
performed tests a weight with a mass of 1 kg was placed
on the top of the source transducer. The three tests differ
for the mass of the weight placed on the top of the receiver
transducer, which is 1 kg in the first test, 2 kg in the second
and 5 kg in the third (see Fig. 8).

Each test consisted of 25 cycles, each composed by a
loading phase, in which the receiver transducer was loaded
by the weight, and by an unloading phase, in which the
weight was removed. The load on the source transducer was
constantly maintained. For each cycle, the received wave
amplitude was measured at the end of the loading phase.
The 25 amplitude values acquired for each test have been
statistically processed.

The obtained results, listed in Table 1, clearly show that
there exists a marked pressure-amplitude correlation; the
values of the coefficient of variation indicate that the value
of the measured amplitude becomes as more stable as the
load on the transducer increases.

In addition, it is worth noting that for each of the consid-
ered values of the weight acting on the receiver transducer,

the coefficient of variation evaluated on the 25 acquired val-
ues of the amplitude is rather small, ranging from 3.43% to
5.69%. This shows that once leveled the pressure exerted
on the transducer, the amplitude can be considered con-
stant within an order of approximation consistent with the
approximations typical of the tomographic experiments
under investigation.

Finally, the obtained results indicate that also the posi-
tion of the weight is influential on the measured amplitude:
indeed, in order to get reliable measurements, it is necessary
that the force exerted on the transducers is centered.
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