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Abstract

In this letter, the time reversal mirror is used to focus elastic erargyprescribed location and to
analyze the amplitude dependence of the focus sitinal providing the nonlinearity of the medium.
By varying the frequency content of the focused waveforms, the technique can be szt tthe
surface, by penetrating to a depth defined by the wavelength of the focused wavediditgeof/this
concept is shown in the presence of gradual and distributed damage in concrete bingcacpaal

results with a reference nonlinear measurement and X ray tomography images.



The principle of time reversal acoustics is based on a simple idea. In any medium, send a pulse
from a source. That pulse propagates into the medium. The pulse is eveefledtgd many times at
the boundaries and by other scatterers. The resulting signal is recordetifiaed location by a
receiver. If the recorded signal is time reversed and sent back from the receiver, the wave will play this
propagation history backward (as a movie played backward). The wave enerdgcwdl at the
precise source location, at a given time (namely the focal time). Thanks to the recipmcip/epfl],
the same scenario can be achieved even if the time reversed signal is semnbalk fnitial source.

In this case, the focus will occur at the receiver location. Whiteis true with a single emitter, using
multiple emitters allows foa proportionately higher amplitude to be obtained at the focal time.

This physical principle has been under study for many years and has been largely developed
by Fink [2] with most of the applications in liquids or biological tissfi@sthe medical field.
Applications to the field of nonlinear elasticity in solids were developed twéhgoal of using the
high energy focus to extract some nonlinear properties of solids. It has loeessfully applied to
locate and image cracks in a metal component [3], to evaluate the quality of diffusion bonds [4], and to
probe the interior of a solid [5To probe the nonlinearity of the medium with varying amplitude time
reversal experiments, gar most of the studies have employed the harmonic content [3] or a scaled
subtraction method [6,7]. However, these methods are dedicated to locate arssigle or multiple
nonlinear scatterer embedded in a linear medium. They proved very effmiembnlinear source
localization. Here we explore the applicability to volumetrically distridbuteacks in a nonlinear
materid.

The aim of this letter is to propose a physics-based method to measure the nonbhdaeity
medium and to evaluate the nonlinearity at various depths. To provide a reliable nonliapstg@ar
we make use of concrete samples whose nonlinear elastic behavior was assesgaednbyative
Nonlinear Resonant Ultrasound Spectroscopy (NRUS) measurement. The same samplessare in thi
work also inspected by X-ray tomograpiaysearch for evidence of damage, usually considered as the
source of the nonlinear behavior [8]. The reader is invited to refer tor{8tails about samples and
NRUS results. To probe the nonlinearity at various depths, the frequency conteettEnsmitted
signals is modified. It results in a variable focal spot size which depends on the wavelength.

The experiments are conducted on four concrete samples of size 10x1®xBhenfirst
sample remains undamaged while the others are thermally damaged at 120, 250 and 400°C
respectively. A plexiglass sample with the same geometry is also usednasaraelastic reference
sample. The experimental protocol is based on reciprocal time regéisalviated “TR” hereafter).

The sample is placed onto a reverberant cavity which is a simple aluminumnliioék piezoelectric
discs (emitters) bonded to the surface at various locations. This cavity aflaltiple reflections to
occur, delaying the information available over time. It has been shown that both maftgeéans at
the boundaries and multiple scattering improve the efficiency of the tirmesed\process [9]. A laser

vibrometer records the out-of-plane particle velocity at the top of the sampl8-channel 14-bit



generator/digitizer system is used for signal generation and acquisition. Thatgeiseconnected to
an 8-channel amplifier, which drives theitgers up to a 100Vpp voltagd.computer controls the TR
experiments and allows moving the sample with a synchronized motion controller.

Five frequenciesf£100, 150, 200, 250 and 300kHz) corresponding to various wavelengths are
selected. Note that the wavelength varies as a function of speed ofcsasidc/f. The size of the
focus, i.e., the penetration depth, is known to correspond to A/2 [1,6]. Over the full set of samples and
frequencies, the wavelengths range fromn®to 48mm. A chip signal (sinusoid with frequency
varying in a given range) with a 50kHz bandwidth is sent to one emitter. Tis sigecorded by the
laser vibrometer, cross-correlated with the initial chirp signal (this operatlows obtaining the
impulse response of the sample in the selected frequency range) and recorded bynthé& lsystame
chirp is emitted from another emitter and the corresponding propagated signal is recordedraswell.
process is executed for each channel. When the 8 impulse responses are recorded, a aigim cont
4 successive amplitudes (scaled by 1, 0.9, 0.8 and 0.7 respectively) is buithfaheanel. All of
them are then time reversed and sent back from their initial emitbentaneously. The laser then
records the four resulting focused waves, repeated each 50ms to average 64 timgmceébssis
performed for 4 increasing voltages (12.5, 25, 50 and 100Vpp respectively) productabad fis
amplitudes.The full protocol is repeated at 2 other locations on the sample, 2cm away from each
other’s, in order to average the nonlinearity over the surface.

In materials such as rocks and concrete, so called nonlinear mesoscopic elasttsridier
several nonlinear and non-equilibrium phenomena occur. The phenomenon of interest in thgs work
related to the material softening subjected to high strain waves; d6o called fast dynamics.
Figure 1(a) shows an example of a recorded retro focal time series zoomed| dinfecdt is
noticeable [refer to the dotted circles] that the zero crossing occurs at the same time fompdiadiea
in the linear Plexiglas sample while a time delay is clearly vigiblee 400°C sample. The faldime
appears more delayed, due to the decreasing speed of sound with increasing ampligjndéyra of
the material softening. This time shift refers to the relative resonaegeehcy shift measured in
NRUS experiments [8]. The softening of the material is evaluated as the re&dtieiy change\c/c,
with ¢, being the low amplitude speed of sound. The time d&ldetween signals is estimated by the
cross-correlation of the low amplitude signal with higher amplitudes onearginto the methods
used by Riiere et al. [11] and Tournatt al. [12], for assessing nonlinearity. For more accuracy, the
maximum position of the cross correlation is obtained by fitting the pg&n with an oversampled
second order polynomial function. The delay measured for the 400°C sample [Fig.X{@]for the
highest amplitude. Over all measurements, the delay ranges from 20ps. to 140 ns.

As most of the energy is concentrated iatd/2 region, the hypothesis is that the foeds
waves reach the softening nonlinear reg[@®] only in this region. Assuming in first approximation
the retro-focused wave field as a standing wave in a volume extended in deplnfgthaofi/2, the

relative velocity change can be approximagsiAc/c, = - Atlty = - 2f At, wheref is the central



frequency of the chirp source signal aidthe time of flight fora A/2 path. Similar to NRUS
experiments [8], the nonlinearity parameteiis extracted from the slope of the relative velocity
change versus the strain amplitutigc, = a Ae [solid lines Fig.1(l. The relative velocity change is
averaged over the three measurements points at the surface of the sample. As an apprakienati
strain amplitudes evaluated as Ae, = AV,/Cy where Avy, is the out-of-plane particle velocity amplitude
recorded by the laser. Due to the dispersive nature of concrete, the speed af $sumeasured by
time of flight for each frequency. Figure 1(b) shows results at 150 kslzxpected, the Plexiglas
sample is less nonlinear than concrete ones and the nonlinearity increasbenwitl damage in the
concrete samples.

Imperfections in the linear fit Fig. 1(b) are explained by experimental conuhsra
associated with the coupling between nonlinearity and conditioning [14]. In each auited pt Fig.
1(b), considering a group of four points, the successive 4 amplitudes focuseqd asreged 64
times, make the material conditioned at the highest amplitude. Therefore, fmvéreamplitudes, the
material does not have time to entirely recover. Due to experimental cosdithe other groups of
points are recorded about one minute later, leaving time to the material to redgpw@msidering
only the highest amplitude signals at each voltage (suppressing the citedtledfeetults are affected
by less than 2%. However, as for NRUS, time delay is evaluated under fully condit@mmitions. It
is also noticeable that in some cases Fig. 1(b), the fit could also apply witbratagufunction. Over
the entire data set, there is no general trend allowing to draw a conclusion.efothies/nonlinear
trend can be explained by the strain estimation which relates more the effectsafeeEsnponents
here. The complex interplay of compressional and shear components at the focus is noédiccount
thus depending on the orientation of the microcracks into the focal spot,likelg that the
nonlinearity could answer more to shear than pressure waves or inversely. Tde fifliresults is

presented and discussed in the next section.
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FIG. 1. (Color online) (a) Zoom at focal time for the linear plexiglass sample and the mosedamag
sample at 150kHz. For clarity, the time delay is magnified. (b) Relative velocity change ldiz 160k

the full set of sample.



Fig.2 relates the full set of results and validations. Figure 2(a) shows the nonliasast
function of penetration depth for the full set of samples. The lindareree, i.e., the plexiglass
sample, is one order of magnitude less nonlinear than the concrete. It provides théoSigmnse
Ratio (SNR) of this experiment. The SNR is more important in this measurémaenfor the NRUS
measurement performed on the same samples [8]. Due to the homogeneity of thermal idamag
concrete [15], the 20,120 and 250°C samples exhibit roughly constant nonlinearity. For teedull s
concrete samples, the evolution of the average nonlinearity matches very welleteace NRUS
measurements [See [8] and Figc)2 The underestimation of the nonlinearity in the present study is
due to the strain evaluation which is approximatedAby measured at the surface instead of the
volumetric strain evaluated in [8]. Janssen et al. [6] have shown that the focalashaplke a pear
shape with a maximum volumetric stress at the surface. Considering tlaetintezone as the whole
focal spot, the average strain amplitude should be lower than the one measured &dbe Ehis
leads to an overestimation of the strain amplitude, which tends to decrease the nonlinear parameter

Figure 2(a) shows that the 400°C sample does not exhibit a constant nonlinearitiiewith
depth of the material, with a clear increase of the nonlinearity in the sueface (~1cm). To
understand this result, X-ray tomography measurements are performed on the refererate conc
sample (20°C) and on the 400°C one. The details of such measurements are reporéed in th
Supplementary Materials [15]. During thermal loading of concrete, the main dartfage (
nonlinearity) source consistsf debonding at the interface between the cement paste and the
aggregates [8,16]. Figure 2(b) shows two vertical, digital cross-sections extfemin two X-ray
tomographic datasets, one dataset for the reference sample at 20°C (top imagbgr thataset for
the sample thermally loaded at 400°C (bottom image). The arrows overlaid ontbgpteb images
point to regions of potential debonding between the aggregate and the cenmenDesgite the low
spatial resolution (about 1Qdm) compared with the debonding size, it is clear from the two sample
images that such regions of potential debonding are more frequent and muchidespread in the
thermally loaded sample. A semi-quantitative, 2D image analysis of such regiorsdstpd in the
Supplementary Materials [1%nd it confirms that the thermally loaded sample is characterized by
aggregatde-cement paste boundary regions with more debonding features. The bottom image in Fig.
2(b) clearly shows that the debonding runs all along the boundaries between a largeeaggretiat
surrounding cement paste. Signs of debonding with such a spatial extension areirpahentparts
of the sample. However, their concentration is larger within the first cetairfrom the surface. This
is due to aggregate segregation by size, occurring during mixing, leading to arhigtier of large
aggregates closer to the surface than in depth. Larger aggregates correspond tm&amaligregate
distances, which then leads to larger, localized thermal stresses in the cement paste, thus more frequent
debonding [16]. In addition, debonding at the aggregate-cement paste interface isvalsdoyr
drying shrinkage, which occurs more easily closer to the surface [17], especiadigvated

temperature such as 400°C.
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FIG. 2. (Color online) (a) Compilation of the results. Solid lines are the average natlif@agach
sample. (b) Xray CT images of the 20°C sample (top) and the 400°C sample (bottom). (c) &wmpari
of the average nonlinearity noted TR with NRUS data from [8].

We show in this letter the feasibility of using time reversal at various freigseiocprobe the
nonlinearity of materials at various depths. The correlation of the resultsefétemce measurements
from the literature, along with X-raZT images which explain the results for the 400°C sample,
validates the concept. The time delay observed in the experimerggnature of nonlinear
mesoscopic elasticity, suggests a phybichhsed method to quantitatively evaluate the nonlinearity.
This approach could be extended to the classical nonlinearity by monitoring the harméerit with
increasing amplitude or slow dynamics by looking at the slow recovery @fl ifotal time. A better
estimation of strain amplitude is under study by further numerical simulationsaésdogith three
component laser measurements. It should ultimately allow precise and local nonlinearity
measurements usirgtime reversal mirror and it has the potential to be easily appliesitu for

practical applications, such as inspection of concrete infrastructures.
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