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Nonlinear interaction of a monochromatic elastic wave with a low frequency should be a good tool for non-
destructive evaluation of existing concrete structures. Nonlinear indicators have already proved efficient in
detecting global damage by exhibiting a significant sensitivity regarding classical linear ultrasonic methods
like wave speed or attenuation. However, it is necessary to understand the influence of some structural
parameters such as porosity, stress state, or water saturation on the nonlinear processes. In this way, a recent
model containing all of these potential contributors is presented in this paper. It is sustained by nonlinear
interaction experiments in impact mode. This method reveals a great potential for in situ measurements
with a low frequency propagating into the whole structure. We make use of a calibrated concrete sample's
series, conditioned at different water saturation states, to quantify the influence of water content and
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porosity on the nonlinear response of concrete.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nonlinear acoustics based methods offer promising means of on site
non-destructive testing of concrete structures. Linear indicators, like
wave speed or attenuation, have a limited sensitivity and significant
variations appear late in the microstructure evolution process. Often,
nonlinear based methods present a sensitivity more than one order
magnitude greater than linear ones. This great sensitivity regarding
damage is hopeful but the influence of structural and environmental
parameters on the nonlinear elastic properties of concrete should be
understood. In case of in situ measurements, there is a need to uncouple
the influence of damage and the one of structural or environmental
conditions on the nonlinear indicators.

Concrete is a naturally highly heterogeneous and microcracked
media. It exhibits a strong nonlinear elastic response, which can be
physically explained by the classical Landau and Lifschitz theory [1] and
at different scales by dislocations, rupture and recovery of intergrain
cohesive bonds, porosity, clapping contacts, etc. As a result, concrete and
cement based materials fall into the nonlinear nonequilibrium class [2]
known to exhibit “nonlinear nonclassical effects” [3] termed slow
dynamic and anomalous fast dynamic [2].

Fast dynamic relates the quasi-instantaneous decrease of the elastic
modulus with increasing wave amplitude. The fact that this decrease is
unexpected regarding the classical Landau theory, and that these
materials also exhibit hysteresis and end point memory effects [3], has
been termed “anomalous” or “nonclassical”. Slow dynamic relates the
slow, logarithmic in time, recovery of initial elastic properties after the
disturbance (order 103°-10* s in microcracked or damaged materials).
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Van Den Abeele et al. show that this nonclassical nonlinear
behaviour largely dominates the global nonlinear response of
heterogeneous and microcracked materials such as concrete [4].
Thus, this behaviour can be phenomenologically described by a
nonlinear elastic modulus [4,5]:

M = M,[1—a(Ae + sign(&)e)], (1)

where M is the linear elastic modulus, « the nonlinear parameter, Ag
the average strain wave amplitude, and the sign function equals + 1 if
the strain rate is positive and — 1 if negative.

Nonlinear properties of materials can be non-destructively evaluat-
ed by harmonic generation, nonlinear wave interaction or nonlinear
resonant ultrasound spectroscopy (NRUS). Nonlinear indicators reveal
high potential for monitoring thermal [6], mechanical [7] damage,
curing [8] of concrete or pre-stress state [9]. Nonlinear wave interaction
is a good candidate for on site inspection, with a low frequency (LF)
propagating in the whole structure. Moreover, this LF can be easily
generated by a mechanical impact or by the natural solicitations of the
structure like wind or traffic.

Assuming two harmonic sources, S;(t) =Agcos(wqt) and Sy(t) =
Aégcos(myt), in case of w, > w,, the HF signal is amplitude modulated
by the LF one. The resulting transmitted signal spectrum Fig. 1 provides
means to extract the nonlinear o parameter [10] by the ratio of the
fundamental amplitudes with the side lobes:
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This method is valid for monochromatic waves, and experimentally,
the LF has to be sufficiently energetic to excite nonlinear phenomena.
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Fig. 1. Frequency spectrum result of nonlinear continuous wave's interaction.

Keeping in mind that the goal is on site inspection, generating high
amplitude continuous waves seems to be difficult. Consequently, a
simple apparatus will be employed with a mechanical impact that
provides means to generate the high amplitude LF. However, the
complexity of the resonant modes and the HF modulation deny using
Eq. (2) to extract the nonlinear parameter (see Fig. 2). Van Den Abeele
et al. [10] suggest and prove experimentally that the nonlinear
parameter can be extracted not by the amplitude, but by the energy
ratio:
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where Eg,, Eir and Eyr are respectively, the energy contained into side
lobes, the LF, and the HF spectrum components.

Damage has a great influence on the nonlinear o parameter in
concrete [6,7]. However, this large sensitivity may be also induced by
environmental or structural parameters such as water saturation or
porosity. In order to uncouple these potential contributors, a recent
model containing all of them is described in the next section. Then, the
experimental setup is presented and afterwards the study of these
parameters' influence on the nonlinear response of concrete is achieved
and discussed.

2. Model

Up to now, the most employed model was phenomenological,
based on hysteresis description into the Preisach-Mayergoyz space
[5]. The present model [11], quantitatively validated in sedimentary
rocks, describes both slow and anomalous fast dynamic phenomena
by the dependence of defect concentration on temperature and water
saturation. Then, this concentration is related in the elastic modulus
by:

M(c,g,t) = My [l—f(s,T) <1 + @)}, (4)

0

where My is the linear elastic modulus, f(s,T) a function depending on
water saturation (s) and temperature (T), éc is the instantaneous
defect concentration variation and cq the initial defect concentration.
Under an alternative strain drive (frequency @ and amplitude Ag), the
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Fig. 2. Typical spectrum obtained in experiments.

defect concentration variation associated with the excitation can be
written to the first order:

vcoMy

8 = kT

Agsin(ot), (5)

with k being the Boltzmann constant, T the temperature, and v the
typical volume of a single defect. Authors [11] assume that both fast
and slow dynamic effects result from the interaction of two elastic
subsystems: a fast elastic subsystem governed by the A parameter in
Eq. (6), and a slow elastic subsystem governed by the 7 parameter in
Eq. (6). It is interpreted by the defect concentration that evolves as a
function of strain and time following a kinetic equation:

% = —[10(6c—bCy) + NO(6c,;—dC)](6c—dCy), (6)

where A is the defect creation rate, 7 the defect annihilation rate, and
0 is the Heaviside step function. Solving this equation at each ¢t time
allows estimating the instantaneous elastic modulus M (Eq. (4)). The
large disparity between slow and fast dynamic time scales makes
A>T, and thus implies that solutions of Eq. (6) are stable and tend to
track the amplitude of 6c,, [11].

The present study focuses on the fast dynamic effect that enables
evaluating the nonlinear a parameter by the interaction of the HF
continuous wave with the high amplitude LF. In the experiments, the
typical wavelength of the LF is order 20 times larger than the HF one.
Consequently, it can be reasonably assumed that experiments are
performed in permanent regime (6c — max(8c.)). Therefore, assum-
ing the temperature and water saturation are not influential during a
single experiment, the elastic modulus can be written:

_ WM,
M =M, {1 k—TAa}. (7)

This equation demonstrates the analogy between the phenome-
nological model [5] and this one [11] (see Eq. (1)). The nonlinear o
parameter can also be expressed:

_ WMo
o=t 8)

Measuring the nonlinear o parameter of concrete samples for
varying water saturation states will make possible the f(s,T) function
(Eq. (4)) determination. The next section presents performed
experiments, results, and comments.

3. Experiments

To study the influence of porosity and water saturation on the
nonlinear behaviour of concrete, a battery of measurements is
performed on a concrete sample (50x25x12cm?) series with a
water cement ratio varying from 0.3 to 0.8 conditioned at 0, 40, 60, 80
and then 100% saturation. Five series of six identical samples are studied.
All samples of the same series have the same water cement ratio (w/c)
and composition. First, every sample is conditioned at 0% water
saturation in a steam room at 80 °C during months with a very slow
increase then decrease in temperature. Then, they are conditioned at
100% by immersing samples in water. Finally, a part of each series is
conditioned at 40, 60 or 80% saturation in a carefully controlled
atmosphere.

The experimental setup Fig. 3 consists of a monochromatic HF
wave (250 kHz) transmitting through the sample. The LF wave is
generated by the impact of a steel ball (24.8 g) unhanded from a constant
height (20 cm). The resulting LF signal is recorded and synchronizes the
acquisition.
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Fig. 3. Experimental apparatus.

Van Den Abeele et al. [10] suggest estimating the energies by a
time frequency analysis (Fig. 4a). Recorded signals have a 200,000
points length with a sampling frequency of 10 MHz. A sliding
Blackman time window of 0.8 ms is used with a time step of 0.3 ms.
In view of increasing frequency resolution, the power spectrum is
obtained by a chirpZ transform (See [7] for more details) instead of
standard FFT. The HF frequency spectrum is normalized with respect
to the HF amplitude assumed to be a constant. The SL energy is
estimated all around the 250 kHz spectrum component so as to take
into account all the energy contained in the side lobes. The energies of
the side lobes (Es;) and of the low frequency (Eig) are extracted in
each time window. We then plot Eg; in function of Ej¢ (Fig. 4c). The
signal processing is illustrated Fig. 4b. The analysis stops when the
LF signal reaches noise level. The nonlinear parameter is obtained by
the slope of the fitted line (Fig. 4c). The determination coefficient
(R?) of this fitting has a mean value of 0.84 over all experiments. The
time frequency image (Fig. 4a), is obtained by a reduced time step
(0.03 ms). We show it to illustrate the signal processing method and
the decay of the side lobes and the low frequency in time after the
impact but not used in this form for calculation.

Note that the resulting nonlinear parameter is not an absolute value,
and depends on the transducers. Nevertheless, the same transducers are
employed during experiments. Thus, the obtained values are compara-
ble to each others, obtained in the same manner.

Each sample is conditioned at 0 then 100% water saturation. That is
not the case of intermediate values for which only a portion of each
series is conditioned at 40, 60 or 80%. For that reason, the influence of
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Fig. 5. Evolution of nonlinear o parameter as a function of w/c ratio for 0% (white) and
100% (grey) water saturation.

water cement ratio on the nonlinear o parameter is studied for these
extreme water saturation states (see Fig. 5).

Two essential observations appear. The first is that porosity rate
(w/c) does not seem having a notable influence on the nonlinear
parameter into the usual w/c range (0.3<w/c<0.65 or 12.5<porosity
in %<16). The second one is that water saturation has a large influence
on the nonlinear parameter, with a mean decrease of 102% between
dried and wetted state.

The limited influence of porosity rate allows averaging the
nonlinear parameter values of every sample over each saturation
state, in the common w/c range. The result obtained in the full water
saturation range is plotted in Fig. 6.

There are few measurements of the nonlinear o« parameter for varying
water saturation states in the literature [12,13], and none to our
knowledge in concrete and cement based materials, meaning these
values are the first reported for these materials. Without reference results
and with the purpose of optimising the model, experimental points (4 in
Fig. 6) are fitted with an exponential type function (solid curve in Fig. 6).
Experiments were conducted at constant temperature, so the f function
(Eq. (3)) can be written as f(s,T=cst) =Kexp(— 2.3s> 4 4.65s> — 3s),
with s being the water saturation (0<s<1). These experiments provide

...... ) ) [
Sur=HF(1;4000 pts)
@ |:250 R:IHZ S1 r=BF(t:£4000 pts)
¥
Esi. (t) CZT (SuEL)
Er ) [ czr s
g o Es.
F: LF V\ —
N © L
4 : : s .
2 .S
= . . &5 t
- o
0 S L slope =«
__LF ) Frequency L_S.L_JHFK_SL} T

Fig. 4. lllustration of the signal processing method used to evaluate the nonlinear parameter. (a) Time frequency analysis. (b) Signal processing algorithm and (c) extraction of the
nonlinear parameter for a concrete sample conditioned at 0% (log scale). Note that the frequency scale is not the same for the HF and LF components. The LF frequency axis has been
stretched in order to clearly show the resonant modes.
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Fig. 6. Evolution of the nonlinear « parameter with water saturation (0<s<1). ¢ Present
experimental values of the nonlinear parameter, error bars are the associated
uncertainty. The solid line is the fit of experiments (f(s,T= cst) function).

relative values, so K is a constant to be determined by a reference
measurement. The determination coefficient of this fitting is R = 0.94.

4. Discussion

The sudden decrease of the nonlinear o parameter from 0% saturation
is qualitatively equivalent to observations made in chalk [12] but very
different from those made in rocks such as sandstone or limestone [12,13].
As for rocks, in the low saturation range (up to 20%), authors assume that
the increase of the nonlinear parameter is due to solid-fluid interactions.
In the latter saturation range, capillarity condensation dominates.

This physical interpretation, valid for rocks with small pores
(typically <10 um for sandstone), does not hold in concrete. The
porosity scale is much larger and varies from nano (smallest pores) to
millimetre (microcracks). Moreover, in intact concrete, “natural”
microcracks are located in mortar or at the aggregate/mortar interface
but not into aggregates. Thus, it is not surprising that the evolution of
the nonlinear behaviour of concrete is different from rocks.

Physically, we posit that the abrupt decrease of the nonlinear
parameter in the low saturation range may be due to larger porosities.
Dried rough contacts are very nonlinear and it can be presumed that like
for granular media [14], a small quantity of fluid added is sufficient to
greatly modify the mechanical behaviour. Water lubes scrapping
microcracks, and as a result, the nonlinear behaviour falls. In the latter
saturation range, like for rocks [13], the capillarity condensation
phenomenon dominates in the smallest pores. These results show that
in the typical w/c range, it is not the rate but the size of porosities that
seems to manage the nonlinear response of concrete. This is in
accordance with the presented modelling, where the influential
parameter is v (Eq. (5)), the typical volume accounting by a single defect.

5. Conclusion and prospects

A promising method, with a high potential for on site inspection, is
presented to extract the nonlinear parameter of concrete. The poor

influence of porosity rate on the typical w/c range is shown and the
influence of water saturation is quantified. A recent model that
describes the influence of water saturation on the nonlinear response
of concrete is presented and optimised.

Regarding the evolution of the nonlinearity with water saturation
from 20% to 100%, the nonlinear parameter can be considered as
constant in this range. As concrete structures are exposed to
atmospheric conditions, between 30% and 100% of water saturation,
nonlinear acoustics should not be used for water saturation
characterization. However, this insensitivity makes this method a
better candidate to process damage characterization.

Future research will be aimed at studying the influence of some
concrete pathologies such as carbonization and chlorination on the
nonlinear response of concrete.
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