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Chapter

Time Domain Analysis of Elastic
Nonlinearity in Concrete Using
Continuous Waves
Mourad Bentahar, Charfeddine Mechri, Paola Antonaci,

Antonio Gliozzi and Marco Scalerandi

Abstract

Concrete and consolidated granular media in general exhibit a strong nonlinear
hysteretic elastic behavior when excited by ultrasonic wave perturbations. Due to
the sensitivity of their elastic properties to the small changes that can appear in their
microstructure, the dynamic stress-strain relationship considered at low strains is
affected by the presence of microcracks and hence the progression of damage.
Tracking the nonlinear behavior can be made through the dependence on the
excitation amplitude of the amplitude of higher order harmonics or of the resonance
frequency of the sample. The present chapter shows a time domain analysis of
elastic nonlinearity based on the break of the superposition principle when
ultrasonic continuous waves are propagating in concrete samples. The latter, which
can be of different microstructures (grain sizes, mortar, or polymer matrix), helps
to understand the physical mechanisms involved in the different nonlinear elastic
responses.

Keywords: concrete, damage progression, nonlinear ultrasound,
nonlinear elasticity, microcracking, nondestructive testing

1. Introduction

Numerous experimental observations have shown that microinhomogeneous
media manifest a “new” nonlinear elastic behavior different from the one explained
by the classical theory of nonlinear elasticity proposed by Landau and applicable to
homogeneous and crystalline media. The “new” properties, described in the frame-
work of the nonlinear mesoscopic elasticity (NME) formalism, include most types
of rocks, concrete, bones, damaged metals, and composites, which manifest the
same macroscopic observations despite the existing differences in their micro-
structures and chemical constituents [1–8]. Indeed, all these materials share the
characteristic of being complex with contacts, or microdefects (i.e., cracks), grain
boundaries, dislocations, etc.

Observations on these materials concern quasi-static and dynamic acoustic
experiments. In quasi-static tests, the stress-strain relationship is governed by an
unusual multivalued function where the observed hysteretic loop contains small
inner loops showing the presence of a memory effect [9]. In dynamic experiments
with a propagating acoustic wave, the proportionality between input and output
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elastic waves is no longer valid. In such case, wave propagation (or even in standing
wave conditions) is accompanied by the generation of amplitude dependent higher
harmonics and sidebands [6, 10]. In addition, in resonance experiments, the
increase in the dynamic perturbation creates a decrease in the elastic modulus of the
propagating medium. This effect, which might be local or global, is observed
through a decrease in the resonance frequency showing thus a softening in the
elastic properties with an increase in damping around the excited resonance mode
[11]. For relatively large excitation amplitudes, in the reversible regime, experi-
ments show the presence of conditioning which means that the softening of elastic
properties persists even when the excitation is switched off. In this case, at a given
excitation amplitude, it takes seconds to minutes to stop the softening process and
leads the medium into a new “equilibrium” state. The conditioning stops when the
excitation is switched off. In this case, the medium needs minutes to days
(depending on its state) to go back to its initial elastic state. This process is called
relaxation and evolves in log-time [11–13].

So far in the literature, the aforementioned nonlinear effects have all been
grouped into the same class in contrast with the classical nonlinearity well described
by the Landau theory. However, a link has been postulated between the macroscopic
nonlinear response and the microstructure of the different media [14]. Neutron
scattering measurements have confirmed that the nonlinear behavior is localized in
small regions close to discontinuities [15]. The observed regions might have different
properties which makes the physical mechanisms described by the constitutive equa-
tion different. This makes the development of research around the existing relation-
ship between the microscopic features and the different macroscopic observations
interesting for basic research and for microcracks diagnosis in complex media.

Based on the above definitions, concrete as a consolidated granular medium is
complex. Indeed, it exhibits a complicated nonlinear elastic behavior including
hysteresis, harmonics generation, loss of reciprocity, etc. The complex structure of
concrete can be seriously affected when damage is present. The latter, which can be
of different origins, leads to important changes in the quasi-static (for advanced
damage stages) and dynamic (for early damage stages) responses of concrete. Steel
corrosion in reinforced concrete elements, mechanical stresses, thermal stresses,
chemical attack by expansive agents, etc. have all negative effects on the concrete
load carrying capacity, since they all lead to an increase in crack density and
propagation. In this chapter, we propose to study the efficiency of a time domain
analysis of elastic nonlinearity using continuous waves propagating in progressively
damaged concrete samples.

2. Classical nonlinear theory

2.1 Stress-strain relations

In the approximation of small deformations, the free energy of an elastic system
can be expanded as a power series with respect to the strain tensor. The general
expression for the free energy of an isotropic body in the third approximation can
be reduced by the convention of Einstein notation to

F ¼ f 0 þ Cijkl ϵijϵkl þ Cijklmn ϵijϵklϵmn (1)

where f0 is the constant, and Cijkl and Cijklmn are, respectively, the second and

third order elastic tensors. For small strain amplitudes, the cubic term in the elastic
energy can be neglected and the free energy reduces to
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F ¼ f 0 þ Cijkl ϵijϵkl (2)

In the specific case of isotropic materials, the expression could be further
reduced as

F ¼ f 0 þ μ ϵij
2 þ

1

2
λ ϵii

2 (3)

where μ and λ are the Lamé coefficients.
At larger but still infinitesimal strains, the contribution of the third-order elastic

term in the free energy expansion can no more be neglected. In such a case, the
general expression for an isotropic medium becomes

F ¼ f 0 þ μ ϵij
2 þ

1

2
λ ϵii

2 þ
1

3
A ϵij ϵikϵkl þ B ϵij

2ϵii þ
1

3
C ϵii

3 (4)

where A, B, and C are the components of the third order elastic tensor for
isotropic bodies. Consequently, the components of the stress tensor, obtained
deriving the free energy with respect to strain are

σij ¼
∂F

∂ϵij
¼ 2μ ϵij þ

1

2
λ ϵii δij þ

1

3
A ϵikϵkl þ 2 B ϵij δij þ C ϵii

2δij (5)

Since strains are still infinitesimal, the corresponding elastic constants of the
medium are

Kijkl ¼
∂σij

∂ϵkl
(6)

In the 1-D case, these equations reduce to the compressional stress σ

σ ¼ 2μþ λð Þ ϵþ
1

3
Aþ 3Bþ C

� �

ϵ2 (7)

The elastic modulus becomes

K ¼ K0 1þ βϵð Þ (8)

K0 is the Young modulus, and β ¼
1
3Aþ3BþC

2μþλ
is the quadratic nonlinear coefficient

for longitudinal waves in isotropic media. Note that higher order terms of the elastic
modulus can be obtained if we develop the free energy to the fourth order. In such a

case, the modulus K would be K ¼ K0 1þ βϵþ δϵ2 þ…ð Þ, where δ ¼ 3lþ2m
2μþ2λ is the

cubic nonlinear coefficient and l,m are the 3rd order elastic constants (called
Murnaghan constants).

2.2 Wave equation

In the 1-D case, the equation of motion corresponding to a longitudinal plane
wave propagating in a quadratic nonlinear medium can be written as

∂
2u

∂x2
�

1

C2
L

∂
2u

∂t2
¼ �2β

∂
2u

∂x2
∂u

∂x
(9)
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where CL is the wave speed in the linear medium. Eq. (9) can be rewritten as

∂
2u

∂t2
¼ C2

L

∂
2u

∂x2
1þ 2β

∂u

∂x

� �

¼ C2 ∂
2u

∂x2
(10)

where C2 ¼ C2
L 1þ 2β ∂u

∂x

� �

is the wave speed. Note that, when higher nonlinear

parameters are considered, the wave speed becomes C2 ¼ C2
L 1þ 2β ∂u

∂x þ 3δ ∂u
∂x

� 	2
h i

.

The velocity then becomes strain dependent and could be affected by any change in
the strain amplitude of the propagating wave as a consequence of the change in the
elastic modulus.

C2 � C2
L

C2
L

¼ βϵþ δϵ2 (11)

As a consequence, in the case of a nondispersive medium, the same dependence
could be observed and measured for the resonance frequency, wr, the latter being
proportional to the velocity

C2 � C2
L

C2
L

∝
w2

r �w2
L

w2
l

∝ 2
wr �wL

wL
(12)

The strain dependence of velocity is resulting in a shift of the resonance fre-
quency when strain (or stress) amplitude increases. Therefore, the relation between
the resonance frequency shift and the strain amplitude could be written as

<
wr � wL

wL
>∝ β< ϵ tð Þ>þ δ< ϵ2 tð Þ> (13)

When the excitation is considered as a sinusoidal function, the frequency shift
could be reasonably dependent on the higher order expansion term, where
δ< ϵ2 tð Þ> ¼ 1

2 δ ϵ2max, which makes wr�wL

wL
∝

1
2 δ ϵ2max .

3. Nonclassical nonlinear wave propagation in solids

The above discussed theory revealed to be nonsufficient to describe nonlinear
behavior of elastic waves in diverse solids (concrete, cracked metals or composites,
rocks, etc.). Indeed, these materials revealed that they belong to the class of
nonlinear mesoscopic elastic materials (NMEM), where several experimental
observations are in contradiction with the classical Landau theory expectations. In
quasi-static stress-strain experiments (performed on sandstone, for instance), the
dependence of stress on strain was nonlinear, hysteretic and showed the presence of
memory effect [16]. Such evolution cannot be predicted in the framework of clas-
sical nonlinear Landau theory. Therefore, we need to introduce an additional term
into the definition of stress by taking into account new parameters such as the stress
dependence on the sign of the strain rate.

In addition to the quasi-static behavior described above, other observations sug-
gest that nonlinearity in NMEM materials should have a different origin from that of
atomistic nonlinearity and should therefore be related to the material structure. Most
of these experiments are showing an anomalous dynamic behavior in NMEMmate-
rials, that is, when a time dependent perturbation is applied. In the different work in
the literature, there is an agreement about the fact that most undamaged materials
such as intact aluminum, Plexiglas, and monocrystalline solids show only a very small
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nonlinear response related to strain at the atomic scale. In this range, their behavior is
well described by the Landau theory. Evidence of such nonlinearity is only
manifested at moderately high strain levels. Indeed, when these materials are

microdamaged, their behavior at strain amplitudes ε>10�7 is more similar to that of
Berea sandstone. Here, we should note that classical nonlinearity remains present,
and as strain grows larger, its effect is hidden by stronger effects due to the presence
of hysteresis. The following equation was therefore written as:

∂
2u

∂ t2
¼ C2

0

∂
2u

∂ x2
1þ β

∂u

∂x
þ δ

∂u

∂x

� �2

þ…

 !

þH ε; sign
∂ε

∂t

� �� �

(14)

H is a function describing hysteretic nonlinearity, and ∂ε
∂t is the strain rate. Note

that this function depends on the strain rate and on the strain history as well.
However, we should point out that an analytic expression of the H function is still
missing the reason for which only few discrete models have been proposed to
reproduce and give some understanding of the experimental observations related to
nonlinear mesoscopic elastic materials [17–19].

As it was discussed for the classical nonlinearity, the dynamic nonlinear response
of NMEM may manifest itself in a variety of ways. Many indicators can therefore be
defined to link the detected strain amplitude of the driving frequency to resonance
shift, harmonics amplitude, break of the superposition principle, etc. In that case,
additional indicators not existing for classical nonlinear materials can be introduced,
in the sense that the observed effects on mesoscopic materials might be very different
depending on the excitation duration (seconds, minutes, etc.). Therefore, two cate-
gories of experiments can be defined: fast dynamics, when the experiment lasts one
or few periods of the perturbation, and slow dynamics when the response of the
system is tracked on much longer time scale to observe conditioning and relaxation.

3.1 Fast dynamics

During a dynamic experiment, fast dynamic effects appear rapidly (the very
early pico or nanoseconds are sufficient to observe the amplitude dependence) and
could be observed using standing or transient waves.

Harmonic generation consists in exciting a sample with a source function and
analyzing signals detected by receivers in the frequency domain by determining
harmonic amplitudes via a Fourier analysis. Most experiments were conducted
using compressional waves; however, some bending [20] and torsional wave mea-
surements have been conducted as well [21].

The plot of the second and third harmonic amplitudes as a function of the strain

amplitude of the fundamental remains a power law y ¼ axb, as for classical
nonlinearity. However, the calculation of the slope b of the same curve plotted in
logarithmic scale provides a new quantitative information (i.e., in contradiction with
what theoretically expected), certainly linked to the nature of the nonlinearity, where
the exponent revealed to be the same for the second and third harmonics. In addition,
for the same dynamic strain, the amplitude of the third harmonic (i.e., odd harmonics)
is larger than the one corresponding to the second harmonic (i.e., even harmonics).

3.2 Nonlinear resonance frequency shift

Nonlinear effects can also be determined through the amplitude dependence of
the resonance frequency through the technique named nonlinear resonant ultra-
sound spectroscopy (NRUS). The amplification provided by resonance makes
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NRUS one of the most sensitive ways to observe nonlinear behavior, even at small

dynamic strains (ε � 10�8Þ. In general, we can excite resonances by sweeping
upward and downward around a given resonance frequency, and frequency sweeps
are repeated at successively increasing amplitude over the same frequency interval.
The frequency shift resulting from the different strain amplitudes helps learning
about the nature of nonlinearity. Note that the dependence of the normalized

frequency shift on the strain is a power law y ¼ axb, where the exponent measured
in different experiments revealed to be (b ¼ 1) again different from the prediction
of the classical Landau theory.

3.2.1 Slow dynamic effects

Slow dynamics is by far the most typical characteristic of the nonclassical NMEM.
It refers to the logarithm dependence recovery of the elastic modulus to the original
initial value (i.e., at rest) after being excited and therefore softened by a large
amplitude strain. The log-time evolution of the elastic modulus resembles to a creep-
like behavior observed in quasi-static experiments. However, it is important to note
that slow dynamics is more likely a new creep behavior due to the fact that modulus is
not following the symmetry of the strain. Furthermore, contrary to creep experi-
ments, slow dynamics is a reversible and repeatable behavior, and observations on
rocks and some damaged metals are performed at dynamic strain levels two or three
orders of magnitude below those of a typical creep experiment. Slow dynamics
includes two different scale mechanisms: conditioning and relaxation.

3.2.1.1 Conditioning

Conditioning or softening of the material takes place at dynamic strains
corresponding to �10�6. Note that full conditioning could be obtained quite rapidly
(few seconds to minutes), which seems to be long enough to allow neglecting its
effects in fast dynamic experiments (much shorter time-scale). However, experi-
ments show that most of conditioning occurs mostly instantaneously, which makes
the coupling between fast dynamics and conditioning unavoidable, in the sense
that the same wave propagating in a dynamic experiment is causing non-negligible
self-conditioning. The elastic modulus decreases continuously during the dynamic
excitation of NMEM until the material reaches a new equilibrium state where no
more change takes place (see Figure 1). The amount of conditioning depends on the
excitation time and amplitude [11, 22].

Figure 1.
Scheme of the experimental set-up (left); frequency (or elastic modulus) conditioning and relaxation evolution
as a function of time (right).
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3.2.1.2 Relaxation

Relaxation starts right after the full conditioning (see Figure 1). In practice, a
first frequency sweep around a given resonance mode is performed at a small strain
amplitude to verify that the material is relaxed (resonance frequency and damping
remain unchanged in time). Then, the same excitation is applied at a very large
strain level (equivalent to 10�6 or 10�5) for few minutes. Afterward, successive
sweeps are repeated at the lowest excitation amplitude (linear excitation �10�8) in
order to probe relaxation around the excited resonance mode. Relaxation takes
relatively large time and changes as the logarithm of time before the final recovery
over minutes, hours, or days depending on the conditioning characteristics (strain
amplitude, materials state, strain duration, etc.) [11, 22].

4. Experimental analysis

4.1 Experimental set up

Experiments are conducted generating ultrasonic signals through a waveform
generator. Ultrasonic signals defined as monochromatic waves of amplitude Ainp

and frequency w0 are used to excite the sample under test not far from one of its
compressional resonance mode (the fundamental in general)

u tð Þ ¼ Ainp cos w0tð Þ (15)

The emitter transducer is glued to the sample using a linear coupling (phenyl
salicylate, for instance). A second (identical) transducer is used to detect the
response of the material under test, and it is connected to a digital oscilloscope for
data acquisition. Signals are recorded in a short time window once stationary
conditions are reached. In order to excite longitudinal modes, the transducers are
put, in general, on opposite faces of the samples.

The experimental procedure starts by detecting the output signal at a very low
excitation level Ainp. The latter is chosen the lowest possible in order to not have any
change in the mechanical properties of the material under test. To verify this, we
should have a good signal-to-noise ratio to generate output signals emerging from
the noise level. In most of the presented experiments, the lowest amplitude was

chosen as A
inp
0 ¼ 5mV:Under these conditions, the sample under test behaves

almost linearly, and the recorded low amplitude response will be termed as “linear
signal” v0 tð Þ. The linear signal measurement, performed without amplification
in general, is followed by N acquisitions repeated increasing the amplitude of
excitation up to a maximum level. The recorded N signals vi tð Þ, i ¼ 1; ::;Nð Þ are

recorded, each corresponding to an excitation amplitude A
inp
i .

4.2 The scaling subtraction method (SSM)

Under a dynamic excitation, the presence of nonlinearity can be detected
through the validity of the superposition principle, which represents a requirement
for a system to be linear. By considering a linear function F, if v tð Þ ¼ A v0 tð Þ is the
input function, we have

uA ¼ F Av0ð Þ ¼ AF v0ð Þ ¼ Au0 (16)
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F is the transfer function, u denotes the output signal, and A is the amplification
factor. Here, u0 is the response at the excitation amplitude v0.

Consider an elastic wave propagating in a microdamaged medium. In such a case,
one might expect that if the propagation excites the nonlinearity of the system, it will
consequently break the superposition property. Therefore, if the exciting wave is
generated at amplitude A0, small enough so that nonlinearity of the medium is
negligible, the system will behave linearly and its response is u0 tð Þ. At a larger
excitation amplitude A, the response u tð Þ of the same system is no longer equal to

uref tð Þ ¼
A

A0
u0 tð Þ (17)

which would be the response of that system if it remains linear even at large
amplitudes. Therefore, the difference between the two responses can be taken as an
indicator of nonlinearity. The nonlinear scaled subtracted signal w tð Þ, termed SSM
signal, is introduced as (see Figure 2)

w tð Þ ¼ u tð Þ � uref tð Þ (18)

This time domain analysis of elastic nonlinearity, called scaling subtraction
method (SSM), has proved to be sensitive to damage detection and easy to set [16].

From the quantitative point of view, if exciting signals are in the form of
monochromatic continuous waves and measurements are taken in standing wave
conditions, the SSM signal w(t) is also a continuous wave. Thus, a parameter could
be introduced either as the maximum or the “energy” of the nonlinear signal w(t) as

θ ¼ max w tð Þð Þ (19)

θ0 ¼ 1=T

ðT

0
w2 tð Þdt (20)

where T is the wave period. The parameter could then be shown as a function of
excitation amplitude in order to highlight nonlinearity.

From the point of view of damage monitoring, for a given sample state, a
quantitative nonlinear indicator must be defined. To this purpose, we observe that
in materials exhibiting hysteresis, a power law holds in the form

θ ¼ axb (21)

where x is the maximum of the output amplitude. Thus, experimental data could
be fitted to derive the coefficient a and the parameter b, normally called slope, since

Figure 2.
Basic principle of SSM analysis.
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in log-log scale, the above equation reduces to a straight line 20 log10 θ ¼ a0

þ b20 log10 x:
As an alternative, the nonlinear indicator could be defined as the value of θ at a

fixed value of x (excitation level).

5. Application to nonlinear characterization of concrete

Consolidated granular media and in particular concrete exhibit a strong
nonlinear hysteretic elastic behavior when excited by ultrasonic wave perturbations
[23–28]. The nonlinear behavior is strongly enhanced when the concrete is
damaged [29]. A significant enhancement of the nonlinear response can be created
by one of the numerous damages that might occur within concrete structures
via quasi-static loading [30, 31], thermal stresses [8, 32, 33], carbonation [34],
corrosion [35], and salt expansion [36]. Here, we show how different damage
types affect the nonlinear observations derived from the scaling subtraction
method, thus suggesting SSM to be a suitable method to monitor damage evolution
in time. We also wish to highlight how nonlinear indicators defined using the SSM
approach (particularly the slope b) allow to discriminate between different types of
damage.

5.1 Load effects on discontinuities in concrete

One of the major effects that create damage in concrete is the application of
mechanical loads in the presence of discontinuities. Indeed, discontinuity surfaces
are very often the place from where damage may begin its progression. The effects
could be the increase in crack density [37] and/or the crack openings [38, 39],
depending on the nature of discontinuity such as existing cracks [40] or weak layers
[41–43].

In [25], one specimen with an internal discontinuity surface was produced by
piling up two concrete cubes (measuring 10 cm on each side). The two pieces were
joined using a thin layer of cement paste. Concrete 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 6 months. The evaluation of the
mechanical characteristics of the concrete was performed using mono-axial static
compression tests that resulted in a compressive strength of 24 N/mm2. The longi-
tudinal wave speed in the cube was measured to be V ¼ 3850m=s and the density of
the cubes ρ ¼ 2330 kg=m3. For this experiment, one emitter (T1) and three
receivers (R2, R3, and R4) were used, as schematized in Figure 3. Two receivers
(R2 and R3) performed direct transmission measurements; whereas, the third (R4)
was used in indirect transmission mode. It is important to note that the direct path
from the emitter to R2 and R4 crosses the discontinuity of the concrete, while the
path to receiver R3 does not (See Figure 3). Only the results obtained from receiver
R4 will be shown here for the sake of conciseness.

As explained above, the evolution of damage as a function of the applied load
can be followed using different nonlinear indicators. However, in these experi-
ments, it is important to note that the frequency analysis (using FFT for instance)
was not efficient, since the nonlinear indicators related to the possible generated
frequencies (higher order harmonics) were below the noise level. Therefore, the
application of the traditional nonlinear elastic wave spectroscopy is not expected
to be efficient in detecting the presence of nonlinearity during these experiments.
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In general, when comparing different signals at different load levels, even if we
observe a change in the signal shape, we should keep in mind that the change might
not be due only to the damage of the interface, but also due to the other effects such
as a change in the coupling quality or in the transducers arrangement especially
when detaching and reattaching transducers. In that sense, it is important to note
that the nonlinearity indication provided by the SSM represents an absolute mea-
sure since the reference signal is contained in the measurement itself.

Experimental results from [25] are shown in Figure 4. As anticipated above, the
latter refers to signals recorded by the receiver R4. The SSM indicator θð Þ shows that
the increase of load does not immediately cause a raise of nonlinearity, which starts
to increase slightly only from 10 to 50 kN. However, we notice a clear increase in θ

for higher loads, when the specimen is close to collapse, where fractures close to the
bonding layer become evident around 90 kN. The log-log scale of θ on the same
figure shows that θ changes linearly as a function of the amplitude. The slope of this
logarithm evolution, which is around �2 at low loading steps, becomes �3 for
higher load levels. Therefore, the evolution of nonlinearity as a function of damage
progression can be appreciated, for a fixed value of the input energy, by analyzing
the nonlinear indicator as a function of the applied load. This is done by extrapo-
lating θ from the fitting function in order to obtain (θ x0ð ÞÞ at each loading step.

The trend presented in Figure 4 leads to the following conclusions. The low
compressive loads create a rearrangement of the internal structure (e.g., pores
closing) where the damage in the discontinuity is expected to be minor. When loads
are increased (up to �50% of the failure load), the nonlinearity increases slightly,
and early damage (microdamage) is expected in the discontinuity. Finally,
macrodamage is created at loads larger than �50% of the failure load, where a clear
change of the slope is observed.

5.2 Corrosion effect on elastic properties of reinforced concrete

Steel corrosion in reinforced concrete elements has negative effects on their load
carrying capacity [44]. Furthermore, the expansion of the oxidation products cre-
ates cracking [45, 46] and deteriorates the bond between steel and concrete [47].
The overall weakening of the concrete structures by reinforcement corrosion is then
expected [48].

Figure 3.
Experimental set-up based on the use of four identical transducers, one transmitter (T1), and three receivers
(R2, R3, and R4).
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In [35], ultrasonic tests were performed on one reinforced concrete sample
sizing (90 � 90 � 500 mm3), which contained a steel bar (14 mm of diameter)
located approximately in its center, making a reinforcement ratio corresponding to
0.19% (see Figure 5). Ultrasonic measurements consisted in exciting the sample
using sinusoidal bursts at increasing amplitudes (10 cycles of 55.5 kHz frequency).
Ultrasonic measurements were performed at different corrosion steps, as induced
by an accelerated corrosion set-up, and data analysis was made on the basis of linear
and nonlinear indicators. Linear indicators were the ultrasonic phase velocity
(compression mode) and attenuation. Linear wave velocity was determined using
the lowest excitation amplitude. Since transducers were removed before the begin-
ning of each accelerated corrosion step, it was preliminarily verified that effects due
to small differences in coupling were negligible compared to the ones induced by
corrosion. Transducer positioning was made in such a way to be able to detect the
direct transmission of the traveling ultrasonic wave. Furthermore, another trans-
ducer was put on the same side as the transmitter (at �15 cm) in order to estimate
the sensitivity of the proposed techniques when the access to the opposite face is not
possible.

Figure 4.
Evolution of the SSM indicator θ as a function of energy of the output signal in the case of the low-quality layer
discontinuity.

Figure 5.
Reinforced concrete samples affected by an important corrosion (left); ultrasonic transmitters and receivers
placed on the concrete sample (right).
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At the time when linear indicators, namely ultrasonic velocity and attenuation,
manifested a weak sensitivity to corrosion (the velocity regularly but slightly
decreases and the attenuation increases), the nonlinear indicator showed an impor-
tant evolution. Indeed, the relative variations corresponding to velocity and atten-
uation as a function of the corrosion step were determined as 4 and 70% at most,
respectively. However, larger effects were observed for the relative variation of the
nonlinear indicator by changing up to 350%. Here, it should be pointed out that
when comparing the first and the last corrosion steps (instead of considering as
reference the intact sample), the relative change of the velocity and attenuation
were 1.5 and 30%, respectively, while the nonlinear indicator was �250%. This
evolution shows the high sensitivity of nonlinear methods to the microstructure
modifications due to corrosion. Finally, the nonlinear indicator remains sensitive to
corrosion creation and evolution even when the access to the opposite side of the
corroded concrete samples is not possible. Indeed, Figure 6 shows that the
nonlinear indicator extracted from data of receivers 1 and 2 was almost the same at
the first two stages of corrosion. For the last two corrosion states, a difference can
be noticed between both results, but the increase of sensitivity to corrosion is clearly
visible for both sensors.

5.3 Thermally induced damage in concrete

Thermal stresses are a further cause of damage formation in concrete. To ana-
lyze the efficiency of the SSM in monitoring evolution of damage due to heating,
mortar samples of size 25 � 25 � 100 mm3 were prepared in [8]. Ordinary Portland
cement (CEM I 42.5N) was used with aggregates from alluvial sand, with well-
rounded particles and dry density of 2659 kg m3. The amount of aggregates in the
mortar was about 40% by volume, corresponding to a cement-to-aggregate ratio
(c/a) by a mass fraction of 0.917. Water-to-cement ratio (w/c) was chosen as 0.3 by
mass. Samples with larger and smaller grains were prepared.

Samples were heated in an oven at different temperature levels and ultrasoni-
cally monitored at each temperature level after having removed from oven and let
cool down to room temperature. A linear analysis was applied measuring time of

Figure 6.
Relative variations of the nonlinear indicator (with respect to the uncorroded initial state) as a function of the
corrosion step. Squares and circles correspond to data recorded by receivers 1 and 2, respectively.
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flight, but it proved to be only slightly sensitive to the increase of damage and
without any difference in the behavior of samples with small and large aggregates
sizes.

Thus, in order to appreciate the different behaviors expected for the different
samples, the SSM technique was applied as discussed previously, with ultrasonic
sensors attached on the bases of the sample prisms. Results are reported in Figure 7,
where the nonlinear parameter is shown vs. the output amplitude. It is possible to
observe that damage starts earlier in the sample with large aggregates, as expected.
Macrocracks are more rapidly formed and at the largest thermal excitation, the
increase in nonlinearity is noticeable.

Furthermore, it is also possible to observe a change in slope (nonlinear indicator
b) when macrocracks start appearing (large aggregates case only). This is similar to
what observed for the case of quasi-static loadings. Indeed, in both quasi-static and
thermal cases, the situation is similar: microcracking (first) and coalescence into
macrocracks (later) is due to the presence of localized mechanical stresses (due to
load or local gradients of thermal expansion), without the formation of any reaction
products, as in the cases of corrosion and salt expansion (see next subsection).

5.4 Degradation by expansive salts in masonry systems

The presence of soluble salts into capillary water is one of the major problems
affecting masonry structures. Numerous works pointed out the potential noxious-
ness of water-transported salts (which might happen during repeated wet-dry
cycles). Indeed, due to crystallization of some salts in the form of expansive com-
pounds, progressive cracking and detachment phenomena happen especially at the
interfaces between different material layers. In that sense, there is a clear need to
develop an effective and reliable diagnosis of the onset of such damage phenomena
in order to make corrective actions, in terms of repair and maintenance optimiza-
tion, possible [49–53]. The close interaction between the ultrasonic wave and the
material mechanical/elastic properties made ultrasonic methods widely used for

Figure 7.
Nonlinear parameter vs. output amplitude for samples with small and large aggregates at different levels of
thermal damage.
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damage characterization in civil engineering, in particular when dealing with
cement-based materials. However, it has been remarked that ultrasonic pulse
velocity, dispersion, and attenuation phenomena in concrete and multiphase mate-
rials in general are only considered in the linear regime at the time when without
taking into account any possible dependence on the excitation amplitude [54–56].
Indeed, degradation of material mechanical properties can be more easily detected
using nonlinear ultrasounds, which is significantly more sensitive at the very early
damage stages than traditional linear ultrasonic techniques.

In [36], the sensitivity of the SSM was investigated, with respect to its applica-
tion to the characterization of damage induced by the crystallization of expansive
salts in masonry systems. Salt crystallization in coupled brick-mortar specimens was
carried out through a damage protocol, which consisted of repeating cycles of
imbibition in a salt solution followed by a drying phase. Specimens were
manufactured by coupling a clay brick with two external layers of dehumidifying
mortar using commercially available bricks in order to be representative of most
common building products. A hand-molding procedure was used with natural dry-
ing and subsequent baking at the temperature of 1030°C. Irregular prismatic shape
sizing 240 � 115 � 63 mm3, lightly sanded on the outside surface, was then
obtained. In analogy with typical restoration systems, a dehumidifying mortar was
used for the external layers of the specimens in order to protect the underlying
masonry from capillary rising dump, in the presence of soluble salts.

Recommendations from Standard UNI EN 12370 were used as a starting point
for producing an accelerated decay protocol on the lab specimens. Then, the fol-
lowing damage protocol is applied.

• Immersion in a solution (14% of Na2SO4, by weight), for 2 h at 20� 0:5°C
� 	

.

• Heating at 85� 5°C during �14 h.

• Heating at 105� 5°C during �4 h.

• Cooling at room temperature during �2 h.

Direct transmission of longitudinal ultrasonic waves was performed using two
identical piezoelectric transducers with a central frequency of 55.5 kHz and 40 mm
diameter (see scheme in Figure 8). Input bursts are composed of 10 sine cycles with
a frequency of 55.5 kHz and fixed amplitude. Then, the excitation amplitude was
progressively increased for successive bursts: for each damage step, the excitation
amplitudes ranged between 1 and 20 V, before amplification. A time window of
200 ms was used for the acquisition of the received waveforms, and only first
arrivals were considered in the analysis.

Figure 9 shows the evolution of the nonlinear effects caused by damage accu-
mulation. Indeed, through the latter, it is possible to see the change in the rise of the
nonlinear parameter as a function of the excitation energy when damage increases.
Indeed, the power law evolution shows that the necessary amount of the excitation
energy to trigger the nonlinear behavior decreases as a function of damage. Note
that during the same damage steps, almost no mass variation occurred. This means
that the brick-mortar adherence of the tested specimen ensured a very good resis-
tance to damage growth during the first imbibition-drying cycles. On the other
hand, the SSM analysis is in accordance with the mass variation measurements.
Indeed, the semi-log plot of the same curve shows that the slope remains unchanged
(approximately 2) during the first damage steps (partially cracked specimen), and
the presence of first cracks (or microcracks) increases the sensitivity of the SSM
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parameter without changing the power law behavior. At the end of the damage
steps (fully cracked sample), a clear change of the slope can be noticed, since it goes
from �2 to �1, again in accordance with the mass variation measurements.

6. Conclusion

In this chapter, we analyzed effects of different types of damage on the
nonlinear properties of concrete using longitudinal direct transmission mode mea-
surements. Our results suggest that, despite the damage origin (mechanical stress,
thermal actions, corrosion, etc.), nonlinear ultrasonic measurements could be a
useful tool for monitoring damage. In particular, the analysis performed in the time
domain using the scaling subtraction method allows obtaining a sufficiently large
signal-to-noise ratio, which is not always the case with standard analysis in the
frequency domain. Furthermore, the high sensitivity to the appearance of degrada-
tion allows to provide precursory indications with approaching rupture. Further

Figure 8.
Experimental set-up for ultrasonic characterization tests.

Figure 9.
Evolution of the nonlinear parameter vs. normalized energy at increasing degradation steps by expansive salts.
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studies will be performed to exploit the possibility of using our approach to assess
full-scale structures where, beyond the technical problems, we still need to perform
a real strategy to choose the proper excitation frequency in order to overcome
difficulties related to material attenuation.
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