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In this article we present two experimental studies of mechanical wave propagation in a concrete
building around 1 kHz. The first experiment is devoted to the observation of the coherent backscat-
tering enhancement, which demonstrates the presence of multiple diffractions in the late part of
the wave records. An application of multiple diffraction and reverberations is proposed in a second
experiment. Thanks to their sensitivity to weak changes of the medium, the late records are used to
monitor weak change in concrete wave velocity induced by thermal variations. The velocity change
measurements have a precision of δv/v = 10−4. Such a precision is difficult to obtain with direct
waves. This experiment is the first step to other applications like stress, damage, aging or crack
monitoring in concrete structures.

PACS numbers: 43.20.Gp, 43.58.+z, 43.40.+s

I. INTRODUCTION

The dynamic response of concrete structures provides
useful information about their mechanical and acoustical
properties and has thus been widely studied. For in-
stance, from the main resonant frequencies one can infer
the concrete slab thickness and crack depth [1]. From
the attenuation of direct waves, one can also deduce
the surface damage [2, 3]. Because it is much more
complicated to interpret, the late part of the records has
allways been less studied. This part is made of waves
that have traveled very long paths, much longer than
the source-sensor distance. These waves have undergone
scattering [4, 5], absorption, reverberations, diffractions
and interferences before being recorded. They constitute
an example of seismic ”coda”, though at much higher
frequencies. One central point in interpreting these late
arrivals is to know whether or not they have been simply
or multiply scattered or reverberated and diffracted.
This is of primary importance for practical applications
in imaging or non-destructive testing. Extracting
information from diffuse waves is a challenging goal. A
great variety of applications of diffuse waves has been
proposed in the last 20 years, in optics [6–9], acoustics
[10–14], and even more recently in seismology [15–17]. Is
the physics developed there applicable to elastic waves
in concrete at kHz frequencies?

In a steel reinforced concrete structure of complex
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shape, we can distinguish two kinds of scattering.
The first one is due to the complex geometry which
results in random and partial reflections at the lateral
sides, edges and angles. These reverberations and
diffractions are present as long as the absorption time
is greater than several travel times within the structure,
which can be valid for frequencies ranging from Hz
to kHz. At low enough frequency (kHz), the complex
reverberations due to the structure shape is dominating
the coda records. Another scattering phenomena is
due to concrete heterogeneities or granularity. This
scattering behavior should dominate as soon as the
wavelength is of the order of (or smaller than) the
size of the heterogeneities or of the steel structure.
This was recently observed, for instance by Turner and
co-workers [4, 5] who have established the diffuse na-
ture of elastic waves in concrete at ultrasonic frequencies.

The purpose of the present paper is first to demon-
strate the presence of multiply scattered or multiply re-
verberated waves in the dynamic response of a concrete
structure. This will be done by observing the Coherent
Backscattering Enhancement (CBE). Though the physics
is not new, CBE has never been observed at kHz fre-
quency for elastic waves in concrete. The second pur-
pose is to propose an application of multiple scatter-
ing/diffraction of elastic waves. In general, thermal vari-
ations of wave velocity in concrete are neglected under
ambient conditions (0◦-40◦C). We will demonstrate the
possibility of using the late arrivals (coda waves) to mea-
sure velocity changes accurately, and then to monitor the
temperature.
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II. OBSERVATION OF COHERENT

BACKSCATTERING

A. Physical principle

CBE is a consequence of interferences in multiple scat-
tering or multiple reverberations of waves in a complex
environment. It was first observed for electrons [18], then
in optics [6, 7] where it emerged as a doubling of the
backscattered energy in the incident direction. Later, it
was applied to various field of wave physics, like ultra-
sounds [11, 19], cold atoms [20], and more recently to
seismology [16]. In all these fields, CBE was shown to be
an accurate way to measure transport mean-free paths
of the medium, a quantity that characterizes its degree
of heterogeneity. CBE finds its origin in the constructive
interference between long reciprocal paths in wave scat-
tering or reverberation. This enhances the probability for
the wave to return to the source by a factor of exactly 2,
which results in the local energy density enhancement by
the same factor. For a complete description of WL and
CBE, we refer to the review of van Tiggelen and Maynard
[21]. In the near field, or if sources and receivers are sur-
rounded by random reflectors, the enhancement width is
the order of the wavelength. An heuristic interpretation
of this enhancement is given in Fig. 1.

FIG. 1: Example of wave paths. (a) Random interference
in the simple scattering regime resulting in a uniform distri-
bution of energy along the array. (b) Random interference
of reciprocal paths in the multiple reflection regime with re-
ceiver away from the source: uniform energy distribution. (c)
Coherent interferences of reciprocal paths in the multiple re-
flection regime at the source: energy enhancement.

B. Experimental set-up and data processing

To observe CBE, we designed an experiment using
a linear array of 15 accelerometers. The experimental
set-up is comparable to the one used by Larose et al.

[16], except that frequencies are higher by a factor of
100. These accelerometers (Bruel&Kjaer BK-4381) have
a nearly flat response in the 10 Hz-5 kHz frequency
range (resonant frequency: 16 kHz). To obtain a perfect
mechanical coupling, they are glued on the concrete
horizontal slab (Fig. 2) using phenyl-salicylate. The
building is made of several horizontal and vertical,

steel-reinforced concrete slabs of width 20 cm. Note that
the slabs are mechanically coupled to each others, and
that the overall structure has a complex geometry. The
main horizontal slab has dimension 12× 5.5× 0.2 m (see
Fig. 2). A hammer strike on the concrete generates the
wave. As the impact area is small (1 cm2) compared to
the wavelength, the transient source can be considered
as point-like. Signals are conditioned and acquired
immediately using a 24 channels 24-bit acquisition
device (Geometrics Stratavisor). The strike triggers the
acquisition sequence.

FIG. 2: (Color online) Coherent Backscattering Effect set-up.
15 vertical accelerometers (BK-4381) are aligned and stuck
on a 20 cm thick concrete slab. The inter-element spacing
is 15 cm. Each sensor is connected to a conditioning de-
vice (Nexus) and then to a 24-bit acquisition device (sam-
pling rate: 16 kHz). The source is a vertical hammer strike
5 cm from the receivers array, and is repeated 50 times for
each location. The source is also repeated for the 15 different
available locations. The concrete structure is a conventional
two levels garage, the experiment being conducted on the sec-
ond floor. Note that not the whole structure is displayed, it
is build with several coupled concrete slabs and has a very
complex geometry.

During the CBE experiment, a series of 50 repro-
ducible hammer strikes was performed 5 cm away from
receiver i. The 50 records at receiver j are then averaged
out, yielding to the impulse response hij(t) between
i and j with a good SNR. The averaging is repeated
for each receiver. Moreover this acquisition sequence
is repeated for the 15 possible locations of the source.
Finally a set of a matrix of 15 × 15 time-dependent
impulse responses is obtained. Each impulse response is
filtered in the 500 - 1500 Hz frequency range. At those
frequencies, the seismic records last 500 ms before being
dominated by the ambient elastic noise. The late arrivals
constitute the so-called seismic ”coda” and correspond
to travel paths of several hundreds of meters, which is
much greater than the concrete structure’s characteristic
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size. Typical waveforms are shown in Fig. 3. The power
spectrum is relatively flat in the whole 500 Hz-1500 Hz
frequency band and is not showing any isolated resonant
peak.
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FIG. 3: (a) Example of one acceleration record h(t) near the
source. (b) Zoom into the coda. (c) Energy decay of the
seismic record. Data are averaged over 50 strikes to reduce
the noise level, and filtered in the 500 Hz - 1500 Hz frequency
band. The coda is lasting more than 500 ms before reaching
the initial noise level.

The energy of each impulse response is calculated for
different lapse times t:

Iij =

∫ t+δτ/2

t−δτ/2

h2
ij(τ)dτ (1)

where δτ = 1 ms is the width of the integration win-
dow (one cycle of 1 kHz central frequency). In order to
extract the CBE enhancement the energy on the jth re-
ceiver (Ii=i0 ;1<j<15(t)) due to the i0 source is normalized
by the averaged energy over different receivers far from
the source, corresponding to a distance |i − j| greater
than the dominant wavelength λ. This is done to com-
pensate for the coda decay. Thus,

Sij(t) =
Iij(t)

〈Iij(t)〉|i−j|>λ

(2)

As for optical or ultrasonic diffuse waves, at a given
time and for a given medium, the backscattered inten-
sity shows random fluctuations without any peak around
the source. These fluctations are named speckle. This co-
herent backscatering enhancement is only obtained after
averaging out these speckle fluctuations. The first one is
achieved over lapse time t. The second is carried out over
all the available source-receiver pairs for a given distance
∆r between accelerometers i and j. These averagings are
assumed to be equivalent to ensemble averaging:

S(∆r) =
〈

〈Sij(t)〉t∈[T1;T2]

〉

|i−j|=∆r
(3)
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FIG. 4: Energy ratio S(∆r) along the receiver array for two
consecutive time windows: the early coda (3 ms - 10 ms:
dotted line with crosses) and the late coda (10 ms - 100 ms:
continuous line with crosses). The CBE effect corresponds
to the energy enhancement around the source (r=0) and is
observed beyond t=10 ms, which provides an estimate of the
time between two successive diffractions: t∗ ∼ 10 ms. A
theoretical fit is proposed in gray dotted line. The width of
the enhancement ”cone” is the order of the wavelength.

The average energy distribution S(∆r) is displayed on
Fig. 4 for two different averaging time windows [T1; T2]:
the early coda made of direct and simply reflected waves
[3 ms; 10 ms] and for the late coda [10 ms; 100 ms].
The energy enhancement observed for the second time
window demonstrates the presence of multiply scattered
or multiply reverberated waves and sets approximatively
the typical time between two successive scattering in the
structure around approximately t∗ ≈10 ms [16, 22, 23].
This roughly corresponds to two lateral travel times
in the concrete slab, suggesting the coda waves to be
due to multiple diffractions in the structure. Hence,
the scattering on the concrete internal heterogeneities
seems negligible. This is consistent with a central
wavelength( λ ∼1 m) that is much larger than the
biggest heterogeneity(∼3 cm) estimated to be present in
concrete.

At the working frequencies, the smallest wavelength
is still much larger than the slab thickness h. In that
case, the vertical-vertical impulse response is dominated
by flexural waves (A0 Lamb waves). Thus the theoretical
distribution for the backscattered intensity in 2D for a
given wavelength λ is then described by [22]:

S(∆r) = 1 + J2
0 (

2π

λ
r) (4)

where J0 is the Bessel function. A theoretical fit is
shown in Fig. 4 (dotted line). We observe that Eq. 4 is
in good agreement with experimental data.
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To verify the dependence of the ”cone” on the Lamb
wavelength, the data were re-deduced using six consec-
utive frequency 0.2 kHz wide band filter. At each fre-
quency, we process the parameter λ of eq. (4) that best
fits the data. The corresponding phase velocity λf is dis-
played in Fig. 5 (squares). In the same figure we display
the theoretical phase velocity cϕ of the flexural waves
(solid line) given by [24]:

cϕ =

√

√

√

√

2π√
3
fhcS

√

1 − c2
S

c2
P

(5)
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FIG. 5: Theoretical dispersion curve of the A0 Lamb mode
of the slab (solid line). Velocities marked with squares are
calculated from the CBE experimental width.

This theoretical curve requires to know the com-
pressional (cP ) and shear (cS) wave velocities in bulk
concrete. They have been carefully estimated using
the experimental configuration depicted in Fig. 6. Two
receivers are stuck on the edge of a concrete slab. The
P-velocity of compression is obtained when the two
receivers and the hammer strike (around 1 kHz, 100
% BW) are oriented in the direction of propagation
(X). We found cP =4290 m/s± 2%. The S-velocity
(cS=2500 m/s± 2%) was estimated using receivers
and hammer strike perpendicularly oriented to the
wave propagation direction (Y). Though these records
are dominated by flexural waves, weak first arrivals
corresponding to bulk propagation are still visible.

FIG. 6: Sketch of the velocity measurement. Top: receivers
and hammer strike oriented in the propagation direction to
measure the longitudinal velocity. Bottom: receivers and
strike oriented perpendicularly to the propagation direction
to measure the transverse velocity.

It can be noticed from Fig. 4 that the observed CBE
enhancement factor is ∼1.6. Why not 2 as theoretically
expected? Several arguments can be invoked. First, the
central receiver is never perfectly at the source but 5 cm
away. Secondly, the source is never a perfectly vertical
hammer strike: its average orientation depends on the
operator. These two arguments lower the theoretical
enhancement factor 2. Thirdly, the ensemble averaging
is not perfect and some speckle fluctuations remain.

As a preliminary conclusion, the CBE effect has been
experimentally demonstrated in a complex concrete
structure around 1 kHz. This demonstrates the presence
of multiple diffraction and reverberations (and possibly
some multiple bulk scattering) of seismic waves, and
provides an elegant way to estimate the scattering mean
free time in the structure. This also confirms previous
studies that late arrivals constituting the coda have a
deterministic nature, despite the randomness of the wave
paths and the unpredictability of the coda waveforms.
This opens up new applications for elastic waves in
concrete and structure, that derive from the physics of
multiply scattered or reverberated waves. One of them
is the Coda Wave Interferometry.

III. APPLICATION OF CODA WAVE

INTERFEROMETRY TO MONITOR WEAK

CHANGE OF VELOCITY

A. Physical principle of Coda-Wave Interferometry

The idea of the present section is to take advantage of
multiply scattered/reflected waves. They have traveled
much longer paths than direct waves, and are therefore
much more sensitive to weak variations of the medium.
The possibility of monitoring weak changes with seismic
coda waves is not new. One of the first attempts was
reported by Poupinet et al. [25] in 1984. They used
seismic doublets in a volcano to monitor its internal ge-
ological change. In the late 80’s, an analogous principle,
called Diffuse Wave Spectroscopy (DWS), was developed
in optics and applied to quantify the Brownian motion
of particle suspension using light scattering [8]. A
similar application was developed in acoustics (DAWS)
[26, 27]. More recently, DAWS was applied to ultrasonic
reverberant cavities [28, 29] (DRAWS) to quantify the
scattering strength and the motion statistics of random
scatterers (e.g., a school of fish in a water tank).

Applications were also developed in reverberant or
open systems to a global change of the medium property:
the thermal changes [30–32]. In this last case, this tech-
nique was also referred to as Coda-Wave Interferometry
(CWI). Here CWI is applied to 1 kHz coda waves of
the concrete dynamic response hθ(t) to monitor the
daily variations of temperature θ. Indeed, this impulse
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response does not only depend on the time t but also
on the temperature θ. In this experiment, nothing is
supposed to change except temperature, in particular the
source and the receiver are supposed to be perfectly fixed.

The thermal change of the concrete structure results
in a change in the wave velocities:

cP = c0
P + ∆cP ; cS = c0

S + ∆cS (6)

where c0 is the initial velocity at temperature θ0, and
∆c the shift due to rise in θ. For the sake of simplicity, we
do not take into account thermal expansion of the con-
crete structure, which is one order of magnitude lower.
At first order, it corresponds to a temporal dilation of
the impulse response:

hθ(t) = hθ0
(t(1 + ε)) (7)

with ε the time dilation rate [31]. It is related to a
delay δ in the coda around time t given by:

ε =
δ

t
≈ ∆c

c
(8)

This is a good approximation as long as the waveforms
are weakly distorted. Distortion was carefully studied by
Lobkis et al. [31] with ultrasounds in aluminum cavities.
It is linked to different temperature dependence of cP

and cS . In our concrete structure, it could also be due to
changes in the diffraction patterns of the scatterers, and
is additionally subject to the spatial thermal variations
in the structure. Distortion will be shortly discussed at
the end of the section.

B. Experimental set-up

FIG. 7: Set-up of the CWI experiment. A vibrating source
(TIRA TV51120) sends a sweep in the concrete structure (fre-
quency ranging from 20 Hz to 2000 Hz, sweep length = 10 s).
The seismic acceleration is sensed 7 m away (BK-4381). Each
sweep record is averaged 10 times, defining one acquisition
sequence. This sequence is repeated every 5 min from July
28th, 0 a.m. until July 28th, 1 p.m. The 5 min. delay sets
the temporal resolution of the monitoring.

Like the first experiment presented in this article, the
experiment is conducted at the second floor of a con-
crete structure built with several coupled concrete slabs.

An accelerometer (BK-4381) is placed seven meters away
from a kHz seismic source (see Fig. 7). Strong attention
was paid to the reproducibility of the source. In par-
ticular, a human hammer strike cannot remain perfectly
reproducible over several hours. Thus an electrically con-
trolled vibration system (TIRA TV-51120) excited by a
10 s sweep s(t) of frequencies linearly increasing from
20 Hz to 2000 Hz has been preferred. To reduce the
noise, one response rθ(t) of the concrete structure to the
sweep at temperature θ results in the averaging of 10 con-
secutive records. 156 responses rθ(t) have been recorded
every 5 minutes during 13 hours, from midnight until 1
p.m. The signals rθ(t) are then correlated with the sweep
s(t) to get an estimation of the impulse responses hθ(t)
of the structure (pulse compression):

hθ(t) =

∫

rθ(t + τ)s(τ)dτ (9)

Waveforms recorded at 0h03 am and 7h00 am are
displayed in Fig. 8. They correspond to a temperature
decrease of ∆θ ≈ 3◦C. The delay of direct waves (around
t = 4 ms) is not noticeable, but later in the coda, a clear
delay is observed (0.18 ms in average around t=40 ms),
which corresponds to a dilation rate ε ≈0.45 %.

The delay δ between the two waveforms is defined fol-
lowing Lobkis et al. [31] and Snieder et al. [30] using the
time-correlation Ct

θ(τ):

Ct
θ(τ) =

∫ t−
tW

2

t+
tW

2

hθ0
(ν)hθ(ν + τ)dν

√

∫ t−
tW

2

t+
tW

2

h2
θ0

(ν)dν
∫ t−

tW

2

t+
tW

2

h2
θ(ν)dν

(10)

where θ and θ0 are respectively the instantaneous and
reference temperatures. The correlation is calculated
for a time window tW around the time t in the coda
(which can be different and larger than the δτ of the
CBE). The main features of the central peak composing
this correlation are: 1) the delay δ defined as the time
τ of the maximum. Note that it should depend on the
lapse time t in the coda and on temperature θ; 2) the
distortion, which is quantified by 1 − Ct

θ(δ) where Ct
θ(δ)

is the peak amplitude. It equals 0 for a perfect temporal
dilation of the coda.

In Fig. 9 we present the measurement of the delay
δ during 13 consecutive hours. Delays are calculated
around the first arrivals (t=4 ms) and for multiply
scattered/reflected waves (t=40 ms). The experiment
was conducted in summer time (on July, 28th) when
very high thermal variations were observed outside. The
outside temperature was indeed increasing from 17◦C
(night) to 32◦C (1 p.m.). This resulted in noticeable
variations of the concrete temperature: from 26◦C to
30◦C. From the structure’s thermal variation (4◦C) and
its delay estimation (=0.25 ms), we calculate that the
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thermal dilation rate of concrete velocities is 0.15 %/◦C
[32]. At night, the structure was much warmer than
outside and was slowly cooling down. During daytime,
the outside temperature is increasing very quickly and
the structure is warming up. This is verified by the
delay presented in Fig. 9, delay decreases at night and
increases in the day. Due to the thickness of the slabs
(20 cm) and thermal diffusion process, the variation of
temperature inside the structure is both delayed (≈1 h
[32]) and attenuated compared to the outside temper-
ature. In addition, spatial variations of temperature of
the structure are noticeable: sometimes, variations of
4◦C within the structure were observed. Therefore, the
delay δ is attibuted to a thermal variation averaged over
the structure, rather than the actual local change of
temperature measured near the receiver.

From a practical point of view, our aim is to estimate
the dilation ε with optimal precision. On the one hand,
this requires going deep into the coda to measure a de-
lay δ which varies linearly with time t [30–32]. On the
other hand, distortion also increases with time t in the
coda. Distortion was carefully studied in our experiment.
From t=0 ms to t=40 ms, distortion is relatively negli-
gible (ranging from 0% to 12%), allowing a good delay δ
estimation. Later in the coda, distortion increases, and
from t=90 ms on temperature monitoring has become
impossible. Distortion can have several origins. It is first
due to different temperature dependences of cP and cS

[31]. Secondly, it can be caused by changes in the dif-
fraction patterns of scatterers and reverberation due to
the dilatation. In our experiment, it is additionally due
to the inhomogeneous thermal heating of the structure,
which is clearly a strong limitation of our technique. The
optimal lapse time is found to be t= 40 ms in our exper-
iment. Note that an in-deep study of distortion should
give information on spatial variations of temperature and
on the temperature dependencies of cP and cS .

IV. CONCLUSIONS

We have presented two different experiments aimed
at studying the late arrivals (the coda) of the dynamic
response of a concrete structure. These observations
have revealed the presence of important information in
the late part of the records, which might be relevant to
engineering applications like non-destructive testing or
concrete evaluation. They are performed in a complex
structure made of several coupled 20 cm-thick concrete
slabs of various dimensions and shape. The seismic
impulse response was acquired around 1 kHz using piezo-
electric accelerometers glued on the principal slab. In
the first experiment, the presence of multiple scattering
or multiple diffractions in the coda was demonstrated
using the Coherent Backscattering Effect. This phe-
nomenon allows a direct measurement of the scattering
mean free time without the bias of intrinsic absorption.
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times: at midnight and at 7 a.m. The direct waves, i.e. the
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mal changes of the structure, resulting in an increase in the
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We estimate it to be equal to ≈10 ms, implying the
origin of coda waves to be multiple reverberations and
diffractions, rather than internal scattering. At even
higher frequencies [4, 5] where diffuse waves are still
present, this Coherent Backscattering technique would
provide useful information on the concrete internal
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heterogeneity at a millimeter scale.

In the second experiment, we suggest Coda Wave Inter-
ferometry (or Diffuse Wave Spectroscopy) as one possi-
ble application of multiple diffraction, reverberations and
diffusion of waves around 1 kHz in concrete. This exper-
iment was designed to monitor weak velocity changes in
the structure due to strong outside thermal variations.
To that aim we employed a perfectly reproducible seis-
mic source and acquired the dynamic response of the
structure every 5 minutes during 13 h. No variations
were observed when looking at first arrivals (as do stan-
dard pulse-echo techniques). However, later in the dif-
fuse part of the records, thermal variations resulted in a
measurable dilation of the coda. Consequently, we ob-
tain an estimate for the velocity change which would
have been much more difficult to obtain with standard
pulse-echo techniques. The precision obtained in this ex-
periment is δv/v = 10−4. Because of important spatial
variations, the internal temperature of the structure was
very hard to evaluate, nevertheless we estimated an av-
erage variation of ∼ 4 ◦C within 13 h, from which we de-
duced a thermal variation rate for velocities in concrete
of 0.15 %/◦C. Now this dependence has been established,

one could hope to correct for the thermal dilation of coda
waves in order to monitor even weaker changes caused by
other mechanisms. As it results in a similar coda dilation,
we could for instance expect to quantify stress loading.
Aging or cracking would have a different effect on coda
waves, and could be quantified by means of the distor-
tion parameter. These are of course possible applications
among others.
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