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The presence of discontinuity surfaces in concrete structures, i.e. two or more layers in contact, may be an
existing situation with evident relapses on damage formation and progression. Differences occur depending
on the type of discontinuity, which could be a thin weaker layer or a pre-existing crack. The behavior of pre-
existing interfaces is here studied by means of the Scaling Subtraction Method, a Nonlinear Ultrasonic Non-
Destructive Technique, that revealed to be effective in describing the mechanical evolution of concrete
samples with discontinuity surfaces under the effects of compressive loads.
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1. Introduction

Discontinuity surfaces such as joints in large concrete structures are
often indicated as weak areas where damage may begin to propagate
from. Its progression appears in the form of increasing crack density [1]
and/or growing crack openings [2,3], depending on the geometry of the
structure considered and on loading conditions. In particular, damage
mechanisms seem to differ depending on the nature of the discontinuity,
i.e. an existing crack [4] or a weaker layer [5-7]. Both kinds of
discontinuities are very common in concrete structures, often with
severe consequences on their structural performances and durability.

Macroscopic cracks may be produced by unexpected loads, seismic
events, subsidence phenomena, etc. [4]. Damage progression may
easily take its starting point from the weak area thus created and its
severity mainly depends on the crack size, opening and location.

Discontinuities in the form of a weaker material layer are also
frequent in concrete structures. One only needs to think of interfaces
between multiple castings [5] or patch repair works [6,7]: if no proper
precautions are adopted, a typical deleterious consequence could be
the formation of a thin low-quality layer at the interface between
fresh and seasoned material. Again, the layer itself or the region close
to it [8] can easily fail at load levels lower than expected.

In this paper, both a “crack-like discontinuity” and a “low-quality
layer discontinuity” have been experimentally studied. Accordingly, two
types of laboratory specimens have been produced: the first was made
of two piled concrete cubes (the interface between the two cubes
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roughly simulating a macroscopic crack) and the second was made of
two similar concrete cubes piled one on the other with the interposition
of a thin layer of low-quality cement paste. A specific damage process
was induced by means of compressive uniaxial load steps and its
progression was analyzed by means of the Scaling Subtraction Method
(SSM) [9,10], a Nonlinear Ultrasonic Non-Destructive Technique.

The same way as other well-established nonlinear ultrasonic
methods, the SSM is concerned with the detection of nonlinear terms
in the elastic response of a solid to a linear ultrasonic wave excitation.
Among them, successive harmonic components [11-13], nonlinear
attenuation [14], amplitude dependent phase delay [15], resonance
frequency shift [16,17], modulated frequencies [18,19], multi-mode
resonance spectroscopy [20] etc., are universally considered to be
related to the presence of micro-cracks and/or to a deterioration of the
material properties. Differently than most of the other filtering-based
techniques [21], however, the SSM presents the advantage that no
parameters are needed for the analysis and that the quality of the results
is less affected by the increase of the distance between transducers and
nonlinear scatterers [22]. In addition, as it will be shown in the
following, the SSM makes it possible to account for nonlinear terms at
the fundamental frequency, which in general have a relevant magnitude
and allow to conduct experiments in a narrow frequency band, with a
significant improvement of the signal-to-noise ratio.

For these reasons, and in consideration of its easy experimental
implementation and complete non-destructiveness, the SSM turns out
to be particularly attractive in view of its potential application for the on-
site assessment of existing structures. Its effectiveness has already been
demonstrated in evaluating damage occurrence in homogeneous
concrete and mortar samples with experimental evidence [10].

Here we show that the SSM (discussed in Section 2) is a suitable
technique to study the evolution of damage in proximity of
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discontinuity surfaces. Indeed, we prove it to be sensitive to very small
changes in the nonlinearity of the sample and hence to the related
damage evolution steps (Section 3.4). Furthermore, the validity of the
approach is independent on the arrangement of the transducers, i.e.
both direct and indirect transmission modes work equally well.
Elsewhere, it has also been shown that the relative distance between
damaged area and transducers is not a relevant issue [22]. Finally, we
show that the evolution of nonlinearity at low load levels is different for
the cases of a “low-quality layer discontinuity” and for a “crack-like
discontinuity”, while their behavior is very similar at large load levels
(Section 4).

2. The Scaling Subtraction Method

The presence of elastic nonlinear portions of material in damaged
media breaks the proportionality between input signals (i.e. the
electrical signals, measured in Volts, proportional to a mechanical
excitation, usually expressed as stresses) and output signals (i.e. the
electrical signals proportional to the dynamic deformations in the
medium due to the ultrasonic propagating wave, usually expressed as
strains). The superposition principle is no longer applicable and the
elastic response to an impinging ultrasonic wave contains nonlinear
terms which show a dependence on the amplitude of the injected
wave. The break of proportionality can be retraced to three main
mechanisms [9,23]:

1. Nonlinear losses of elastic energy.
2. Redistribution of energy among the various generated frequencies.
3. Dependence on amplitude of the phase of the response.

The Scaling Subtraction Method (SSM) takes advantage of such
break of proportionality in order to extract the signature of damage in
an ultrasonic signal. In a very general treatment, when a nonlinear
medium is excited by a sinusoidal monochromatic wave of amplitude
A and frequency o, the signal recorded after propagating through
the sample can be written in terms of a Fourier Series:

o

Vo(t) = 3 By(A)[cos(nogt + by (A)]. (1)

n=1

Notice that both the amplitude coefficients B,, and phases ¢, have
a dependence on the amplitude A of the excitation. Nonlinear features
are extracted from the signal in the form of Eq. (1) by means of a
simple subtraction with a linear reference signal vie¢(t).

To define vi¢f(t), it is reasonable to assume that when the sample is
excited by a sufficiently low amplitude Ay, nonlinear terms are negligible
and the recorded signal, which can be experimentally measured, can be
considered as the linear elastic response of the specimen:

Viin(t) = By (A—0) cos(apt + by). 2)

Thus, the linear reference signal (v,¢r) at a higher amplitude A = kAj;,
(k>1) can be constructed by applying the proportionality principle,
valid if the system was linear. The elastic response expected from an
equivalent linear sample would have been:

Vier () = kvijn () #Va(t) 3)

where v, is the actual nonlinear signal at high amplitude, i.e. the one
measured in the nonlinear sample.

Once the reference signal is defined by simply subtracting the
linear reference of Eq. (3) to the nonlinear measured signal (which is
in the form of Eq. (1)) one obtains an electric signal containing only
the nonlinear response of the specimen, which will be denoted as the
SSM signal:

WA(t) = VA<t)_Vref<t)~ (4)

The SSM signal depends on the amplitude (A) of the injected wave.
We stress here that the nonlinear signature in the SSM signal wg(t)
takes into account not only higher order harmonics and sidebands
(which may be present depending on the experiment), but also the
nonlinear contributions at the fundamental frequency, such as
nonlinear attenuation and phase shift, both normally cancelled by a
filtering technique.

A quantitative parameter able to represent the nonlinear signature
can be defined. In particular, the SSM indicator was introduced as the
“energy” of the SSM signal wy(t):

B(A) = % jOT wi (t)dt (5)

where T is a proper time window. Likewise, a variable that represents
the “energy” of the recorded output was defined as:

X(A) = % ) "2 (0)de 6)

Here, the term “energy” is used in a signal processing context [24].
The energy in the usual physical meaning can be derived using the
electrical load of the acquisition set-up, but that goes beyond the
scope of this paper.

3. Experimental set-up
3.1. Materials and samples

Four test pieces were produced, each one obtained by piling up
two concrete cubes measuring 10 cm on each side. Two kinds of
discontinuities were obtained at the interface between the cubes. Two
of the test pieces, which in the following will be denoted as specimens
A1l and A2, were joined using a thin layer of cement paste. The two
other test pieces, which in the following will be denoted as specimens
B1 and B2, were laid one on the other, with cubes casting surfaces in
direct contact. All cubes were produced using a concrete mix with
CEM II A-L 42.5 R cement, ordinary aggregates (max. size =16 mm)
and a water to cement ratio equal to 0.74, with no admixtures. Their
age at the date of testing was approximately six months.

The mechanical characteristics of the concrete were preliminarily
evaluated by means of mono-axial static compression tests, that
resulted in a compressive strength of 24 N/mm? (240 kN maximum
load). The longitudinal wave speed in the cube was measured to be
v,= 3850 m/s and the density of the cubes was p=2330 kg/m>.

3.2. Testing equipment

The following ultrasonic testing equipment was used:

* Four identical piezoelectric transducers with a diameter of 40 mm
and resonance frequency of 55.5 kHz. One was used as emitting
source and the remaining three as receivers.

* An arbitrary waveform generator, used to drive the emitting source,
forcing it to vibrate according to a burst law of 10 sinusoidal cycles
at a frequency of 55.5 kHz. The amplitudes of the input signals thus
generated were controlled in order to be progressively increasing.

* A high voltage linear amplifier.

* A data acquisition unit, equipped with an oscilloscope for real-time
data visualization. Signals were recorded with a sampling rate of
10 MSa/s, according to Nyquist's theorem.

Linearity of the testing apparatus in working conditions was
carefully verified in order to avoid any possible spurious effect that
could alter the experimental data. Transducers were attached to the
faces of each specimen through a thin layer of phenyl salicylate,
whose linearity was preliminarily verified using a reference linear
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sample. Tests were conducted simultaneously in direct transmission
mode (i.e. transducers attached to two opposite faces of the
specimen) and in indirect transmission mode (i.e. transducers
attached to the same face of the specimen). For a more detailed
explanation of the experimental set-up see Fig. 1. Repeatability of
measurements was also verified.

Different load levels were applied to the specimens thus equipped
by means of a 250 kN servo-controlled Mechanical Testing System
(MTS), working under controlled loading velocity.

3.3. Experimental procedure

The same mechanical and ultrasonic testing protocol was followed
for the four test pieces. Specimens were loaded by means of a uniaxial
compressive force, with increasing intensity until rupture occurred. At
selected load levels, ultrasonic measurements were conducted
keeping the specimen under constant load in the MTS frame.
Experiments with ultrasonic measurements performed on unloaded
samples are in progress to analyze the reversibility of damage
processes.

Each set of measurements, i.e. one for each load level, was
performed according to the SSM procedure described in Section 2. In
particular, the amplitude of the excitation was varied between 1 and
200 V peak to peak, after amplification, for a total number of 27 steps.
Notice that albeit samples were excited by means of short sinusoidal
bursts, the theoretical conclusions of Section 2 still remain valid, with
slight modifications of the formalism.

The 27 recorded signals v;(t) (i=1...27) were analyzed as
discussed in Section 2. The linear signal vy, was chosen, for each
load level, so as to assure signals to be out of noise level: vy, was
chosen as the first output signal with a peak to peak amplitude larger
than 25 mV. The SSM indicator 6 was calculated and plotted vs. x (see
Egs. (5) and (6) for the definitions). The faster the increase of 6 as a
function of x is, the stronger the nonlinearity of the sample is expected
to be. Note that, for a perfectly linear sample, 6 is identically zero
(except for noise effects) for any value of x.

3.4. Efficiency of the SSM

With reference to the specimen A1, experimental output signals at
different input amplitudes and corresponding to diverse load levels are
shown in Fig. 2, in order to prove the efficiency of the SSM. When low
load levels are applied, which is the case of the first and second rows
(representing signals recorded at 5 kN and 35 kN loads respectively),
signals do not show a significant change of their shape with the

Fig. 1. Experimental set-up: arrangement of transducers on the sample. Transducer T1
was used as emitter while transducers R2, R3 and R4 were used as receivers. Notice that
R2 and R3 receive signals in direct transmission mode while R4 receives signals in
indirect transmission mode. Also, the direct path to R2 and R4 crosses the discontinuity,
while that for R3 does not.

increase of amplitude. Slight modifications of the shape as a function of
the injected amplitude can be appreciated in signals recorded at larger
loads (last row, corresponding to 75 kN). The shape dependence on
amplitude can be here an indication of nonlinearity, as it will be pointed
out in the application of the SSM (Section 4).

We would like to remark that the FFT analysis of all signals reported
in Fig. 2 (including those at larger excitation energy) does not enlighten
the presence of higher order harmonics, since they fall below noise level,
probably also due to the use of narrow band transducers. Accordingly,
traditional nonlinear methods concerned with the detection of
harmonics, such as Nonlinear Elastic Wave Spectroscopy [25], are
expected to be inefficient in highlighting the presence of nonlinearity in
our experiment.

A variation of the signal shape is appreciable when comparing
signals at different load levels but corresponding to the same injected
amplitude (read Fig. 2 per columns). Such an effect can be interpreted
as an indication of the change of the elastic properties of the medium
due to the application of the mechanical load and can be thus related
to damage. On the other hand, this is not an absolute measurement of
damage and the same effect of variation of the shape could be ascribed
to other effects as well, e.g. to a change in the coupling quality or in the
transducers arrangement, which could be eventually detached and re-
attached due to experimental reasons. The nonlinearity indication
provided by the SSM is instead an absolute measure of nonlinearity,
since the reference signal is contained in the measurement itself.

For the same load levels and amplitudes, the SSM signals were
reported in Fig. 3: the SSM approach acts as a magnifying glass,
enabling to observe the variations of the waveforms with increasing
excitation amplitude. The SSM signals shown here have been
calculated according to the procedure described in Section 2 and
normalized to the output amplitude of the corresponding v;(t) signals.
Notice that the magnitude of the SSM signals significantly increases
with the increase of the injected amplitude, thus showing that
nonlinearity increases with the increase of the injected amplitude.
Despite the increase of attenuation given by the increase of damage
(read Fig. 2 by columns), the normalization of the SSM signals to their
corresponding v;(t) allows to observe that the nonlinear response
increases with the increase of the applied load and hence with the
increase of damage (read Fig. 3 by columns).

4. Results

In this Section we will discuss a few experimental results to show
that:

» The SSM is sensitive to small changes in the nonlinearity of the
sample.

« The validity of the approach is independent on the arrangement of
the transducers, i.e. both direct and indirect transmission modes
work equally well.

 The evolution of the nonlinearity at low load levels is different for
the cases of a low-quality layer and for a crack-like discontinuity,
while the behavior is very similar at large load levels.

The two discussed cases will be analyzed separately in the following.
4.1. Low-quality layer discontinuity

With reference to specimen A1, signals recorded at each load step
have been analyzed by means of the Scaling Subtraction Method. Fig. 4
shows the 6 parameter versus the energy of the recorded output
signal (x) for a few selected load steps; experimental data (symbols)
have been fitted by means of a power law (solid lines):
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Fig. 2. Experimental signals recorded on specimen A1 (“low-quality layer discontinuity”): columns correspond to 5,41 and 166 V of input amplitudes, while rows correspond to 5, 35
and 75 kN load levels. Notice that, for low load levels (5 and 35 kN) the shape of the waveforms does not show relevant changes among signals at the same fixed load. A variation of
the shape as function of the injected amplitude can be appreciated for higher load levels (75 kN, last row).

with Xper=Ajn2, Where Ay, is the lowest excitation amplitude. See
Egs. (5) and (6) for the definition of 6 and x.

The analysis reported in Fig. 4 refers to signals recorded by
transducer R4. The nonlinearity does not immediately increase with
the rise of load and for low compressions a compaction effect is
observable. Indeed, the slope of the curves decreases until about
10 kN load level is reached (less than 10% of the failure load). A slight
increase of nonlinearity can be appreciated from 10 to 50 kN. A clear
rise of 0 is reached for higher load levels when the specimen is close to
collapse. Indeed, fractures close to the bonding layer are evident at
90 kN and their propagation can be visually followed, resulting in
macroscopic fractures. For higher load levels, portions of cement were
spalled from the cubes.

A clearer view of the evolution of nonlinearity, and thus of damage
progression, can be appreciated by analyzing the nonlinear indicator
as a function of the applied load at a fixed value of the input energy. In
Fig. 5 the value of 6o =6(xo), extrapolated from the fitting function, is
reported versus load. The value of x, was fixed at 0.5V? and no
qualitative changes occurred when varying this choice.

According to the trend of nonlinearity expressed in Fig. 5, three
main stages in the evolution of the specimen properties can be
envisaged:

1. For low compressive loads (0 to 20 kN) a rearrangement of the
internal structure, with micro-structures collapsing and pores
closing down, occurs. It is possible that also early damage in the
discontinuity takes place, but the decrease in nonlinearity indicates
that it is a minor effect if compared to compaction in the cubes and
in the layer too.

2. Higher load levels (20 to 70 kN, about 50% of the failure load) give
rise to a small increase of nonlinearity and reasonably early
damage occurs in the discontinuity.

3. Late damage occurs from 70 kN to rupture (failure occurred at
150 kN). Here, a noticeable increase of nonlinearity indicates
damage in the cubes. Notice that Fig. 5 shows a change in the slope:
nonlinearity (damage) increases faster and faster with load.

Fig. 6 reports the same analysis of 6, versus load on signals
recorded by all three transducers. Even if differences in magnitude are
visible, no relevant changes occur for receivers R2 (direct transmis-
sion) and R4 (indirect transmission): from the equivalence of the
results obtained in the two configurations it follows that the SSM may
as well be applied in direct or indirect transmission modes.

Slight differences can be appreciated in the analysis of data
recorded by receiver R3 (direct transmission and not crossing the
discontinuity), where the distinction between intermediate and late
stages of damage evolution is less evident. This configuration of
transducers is indeed less sensitive to the damage of the discontinuity
and most of the nonlinear information contained in the signals
recorded by R3 comes from reflections.

4.2. Crack-like discontinuity

The same experiments (with the same experimental set-up)
conducted on specimens Al and A2 have been performed on
specimens with a “crack-like discontinuity”, i.e. two piled concrete
cubes (specimens B1 and B2), which could be a rough approximation
of the case of a pre-existing crack.

The analysis of the nonlinear parameter 6, versus load for
specimens B1 and B2 shows differences in damage occurrence. In
particular Fig. 7, which refers to specimen B1, shows a dissimilarity in
the low loading stage (0 to 20 kN) and in the evolution of damage.

Regarding the first stage (low load levels), the space between the
cubes acts here as a clapping element: when no load is applied the two
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Fig. 3. SSM signals calculated using Eq. (4) from waveforms of Fig. 2: columns correspond to 5, 41 and 166 V of input amplitudes, while rows correspond to 5, 35 and 75 kN load
levels. Notice that the magnitude of the signals significantly increases with the increase of the injected amplitude. SSM signals have been normalized to the corresponding recorded
output. As load increases (fix a column and scan through rows) the SSM signals show an increase of amplitude, thus showing an increase of nonlinear content.

surfaces are free to clap one against the other, generating strong nonlinear
contributions in the elastic response of the system (much higher than for
sample A1). A very low load is sufficient to close the surfaces together and
prevent them from clapping, with a consequent drastic decrease of
nonlinearity. The further decrease of 6y is due, in our opinion, to
compaction of concrete. Notice that only receivers R2 and R4 capture this
trend, while receiver R3 (direct transmission mode, not crossing the
interface) does not show any decrease of nonlinearity. Indeed, we assume
that as long as the “crack-like discontinuity” is open almost none of the
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Fig. 4. SSM indicator 6 versus energy of the output signal for sample A1 (“low-quality
layer” discontinuity). The analysis corresponds to receiver R4. A decrease in nonlinearity is
observable for loads up to 10 kN. For larger loads, the SSM indicator begins to rise.
Nonlinearity has a relevant increase when 100 kN are reached and fracture in the bulk
begins. Solid lines represent a power law fitting. Failure occurred at 150 kN.

components of the signal recorded by receiver R3 has crossed the
discontinuity in its travelling path and only few nonlinear components
are present in the recorded signal. For the same reason, when low loads
are applied, signals recorded by receiver R3 have higher amplitudes than
signals recorded by receivers R2 and R4, which are highly attenuated
when crossing the interface.

For what concerns the damage evolution (intermediate and high
load levels), notice that the three stages previously observed (see
Figs. 5 and 6) are not evident here. Indeed, the intermediate stage is
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Fig. 5. SSM indicator at a fixed output energy value (6o =6(xo)) as a function of load for
sample A1: analysis of data recorded by receiver R4. The value of 6y has been extracted
from the fitting function at a fixed output energy value x, = 0.5 V2. Three stages in the
evolution of the nonlinearity can be defined: compaction, formation of early damage
and formation of late (macroscopic) damage. Solid lines only serve as a guide to the eye.
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not evident and only bulk damage occurs since the interface is a
“crack-like discontinuity”.

4.3. Discussion

The results reported in the previous Subsections allow us to make
a few considerations about the efficiency of the SSM procedure and
the mechanisms of damage evolution in concrete in proximity of
discontinuity surfaces.

For what concerns the SSM procedure, it appears that it works
equally well in both direct transmission mode (source and receiver on
opposite faces of the sample) and indirect transmission mode (source
and receiver on the same face of the sample), as it can be seen in the
results for R2 and R4 reported in Figs. 6 and 7. The advantages for “in
situ” applications are evident.

On the contrary, considering the location of the discontinuity with
respect to transducers, we observe that the sensitivity decreases when
operating in reflection rather than in transmission modes. Indeed, the
signal at transducer R3 is mostly dominated by reflections at the
discontinuity and the SSM method, in this case, is not sensitive
enough to appreciate damage at the interface. This is valid for both the
“low-quality layer” and the “crack-like” discontinuities.
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Fig. 7. SSM indicator at a fixed output energy value (6o = 60(x,)) as a function of load for
sample B1: analysis of data recorded by the three receivers. The value of 6, has been
extracted from the fitting function (power law) at a fixed output energy value
Xo=0.5 V2 Apart from low loads, where different receivers highlight the different
response of the specimen, the behavior of the “crack-like” discontinuity is qualitatively
similar to that of sample A1 reported in Fig. 6. Solid lines only serve as a guide to the eye.

Also, the sensitivity to low loads (see Fig. 8) is different for R3 with
respect to the other transducers. Indeed, results for samples A2 and B2
confirm the behavior observed for the A1 and B1 samples (Figs. 6
and 7) and the nonlinear response for receiver R3 is much lower than
for the other two receivers in both cases.

As for the mechanisms of damage evolution, they are different for
the two kinds of discontinuities, since for samples B1 and B2 there is
no evidence of the intermediate stage observed for samples A1 and
A2. This is actually to be expected, since only the weak layer can be
damaged independently from the bulk, thus revealing an “active” role.
This is confirmed by the fact that R3 is not sensitive to the second
damage state also in the case of a “low-quality layer” discontinuity
(see Fig. 6).

After the stage in which damage occurs at the interface only, the
two discontinuities behave similarly till rupture. It is interesting to
remark that the failure load is approximately the same for the four
samples (about 150 kN) and much lower than the one expected for an
equivalent sample without interfaces (the latter being expected to be
slightly lower than the single cube failure load: 250 kN). However, it is
important to observe a variation in the onset of bulk damage. In the
“crack-like” discontinuity it appears already at around 30% of the
failure load, while it begins at about 50% of the failure load in the case
of a “low-quality layer” discontinuity.

It is also interesting to observe that some analogies can be found
between nonlinearity and the changes in permeability [26-28] or the
progression of Acoustic Emission (AE) phenomena induced by
compressive loads [29-31]. Linking these three complementary
observations may help to shed light on the physical processes which
play a role in damage formation.

Although all these techniques provide information about crack
opening/closure and damage development, it has to be pointed out,
however, that significant differences characterize them in terms of
potential applications for the purposes of material assessment. For
instance, AE-based techniques are particularly suitable to be used as
passive monitoring techniques, while the SSM is expected to be
applicable as an active inspection methodology, since nonlinearities
can be stimulated and eventually detected whenever required
through active external US excitation.

5. Conclusion

In this paper we have shown that the evolution of damage due to
quasi-static compressive loads applied to concrete samples with
discontinuity surfaces cannot be easily detected using traditional
methods. On the contrary, the Scaling Subtraction Method has
revealed to be an efficient Nonlinear Non-Destructive Technique to
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Fig. 8. Comparison of the trend of the SSM indicator at a fixed output energy value
(6o=0(xp)) for the “low-quality layer” discontinuity (sample A2) and the “crack-like”
interface (sample B2). 6y is reported versus load levels, for low loads only. Solid lines
only serve as a guide to the eye.
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evaluate the mechanical evolution related to damage in the samples.
In particular, its ability to highlight the dependence of a recorded
waveform on the input energy has borne out to be sensitive to the
evolution of the elastic properties of the specimens.

The method, while extremely requiring in terms of linearity of the
acquisition system, does not need accurate electronic devices or
broad-band transducers. Furthermore, since the signal-to-noise ratio
is improved due to the use of the fundamental frequency component
of the signal, the closeness of the transducers to the damaged area is
not as relevant as for other nonlinear techniques.

The method has proven to be very efficient in discriminating
between “crack-like discontinuities” and “low-quality layer disconti-
nuities”, which manifest a different nonlinear behavior at low load
levels. Further applications of the SSM method can be envisaged, e.g.
to study the effect and extent of Alkali Silica Reaction [32], micro-
cracks induced by concrete shrinkage [33] and chemical degradation
[34] in laboratory specimens. We expect this method to be efficient
also in such applications and further improvement should be
obtained, from a quantitative point of view, based on the investigation
about the possible existence of critical thresholds.

Finally, with regard to the assessment of full-scale structures, the
SSM appears to be promising, albeit realistic applications still need the
solution of several technical problems. In particular, issues regard the
proper choice of the excitation frequency in order to overcome
difficulties related to material attenuation.
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