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Abstract

Rayleigh waves measurements are used to characterise @mvenete and mortar in the fre-
guency range 60-180 kHz. At these frequencies, the waviileagomparable to the size of
the aggregates, and waves propagate in a multiple scattegime. Acquired signals are then
difficult to interpret due to an importaimcoherentpart. The method proposed here is the study
of the coherentwaves, obtained by averaging signals over several confignsaof disorder.
Coherentwaves give information on an equivalent homogeneous mediloracquire a large
amount of measurements with accuracy, an optimised piectigl source is used with a laser
interferometer for reception. Adapted signal processingpnique are presented to evaluate the
coherent phase and group velocities and also the cohetentiation parameter. The sensitivity
of these three parameters with the properties of concrelisisissed, as well as the necessity to
use coherent waves to obtain accurate results.

Key words: concrete, Rayleigh waves, ultrasounds, laser interferemecattering, fective
medium, dispersion, attenuation, signal processing

1. Introduction

On-site non-destructive evaluation of concrete is a majgué for monitoring the durability
of civil engineering structures. Concrete structures atgexted to aggressive attacks from the
outside (water, chlorides, weathering variations, ...)iclwhmay minimise their durability. In
particular, near surface concrete is directly in contathwhese aggressive attacks. This cover
concrete thickness is 30-50 mm and it essentially protéetsteel reinforcing bars from corro-
sion [1], which can induce macro-cracks due to the expansidhe steel. An early diagnostic
of the pathologies of cover concrete may prevent expenspairs.

Among all non-destructive testing methods available fararete [2], the use of ultrasonic
waves is of great interest to evaluate mechanical progertielocity and attenuation of such
waves can be used to determine the viscoelastic propestie @s Young Modulus, Poisson
ratio, or Lamé cofficients), and also to characterise micro-structural pigeeof materials
(porosity, grain size, micro-cracks,...). The first mettemaployed for over 50 years was the

*Corresponding author.
Email addresseshathieu. chekroun@lcpc.fr (M. Chekroun)

Preprint submitted to Ultrasonics May 19, 2009



23

24

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

ultrasonic pulse velocity [2, 3, 4], consisting in measgrihe time taken by an ultrasonic pulse
to travel through a concrete sample.

However, precise measurements and their interpretatimnslifiicult due to the inherent
strongly heterogeneous nature of concrete. Concrete isdligcomposed of a mix of cement,
sand, water and coarse aggregates. Sand are small pantttiess mean diameter below 4 mm,
while aggregates are the largest particles with dimensiamging from a few millimetres up
to 20 mm or larger. Mortar can be distinguished from concheteause it contains only the
small particles (sand, cement, water) without the coarggremyates. Mortar and concrete also
contains pores and capillaries, with sizes from aboaf h@m to a few millimetres. These pores
may be filled with air or water. Porosity of these cement pasa#erials can be directly linked
with the water to cement ratio by mass/€) of the mix proportions of the concrete. All these
heterogeneities, of various size range, stronfflgds the propagation of ultrasonic waves, their
influence depending on the frequencies used.

In the past 10 years, with the improvements in transducegdesomputing and signal
processing, several experimental studies, using thraagismission ultrasonic measurements,
with compression or shear waves, have been carried outfteralit cement paste materials:
cement, mortar or concrete.

On a pure cement matrix, measurements above 500 kHz showr@age of the attenuation
factor when 10% of entrained air voids of 1 mm diameter arsgme[5]. Measurements on
fresh mortar [6] shows that the influence of similar air voigl®egligible below 500 kHz. In
the same experiment, it is shown that the influence of sarttjesrwith a 1-4 mm diameter on
the attenuation factor is only noticeable above 500 kHz.uénfte of air voids, represented by
expanded polystyrene spheres of 2 mm diameter, in a cenaste-matrix with small aggregates
(4-8 mm), is presented in [7]. All of these studies show thatibfluence of air voids and small
sand particles on the velocity or the attenuation factamatftequencies (below 500 kHz) is very
low.

Influence of grain size (sand and aggregates) was partigutaderlined in [8] and [9], com-
paring the frequency dependence of the attenuation and pelscity of compression waves on
cement, fine mortar, coarse mortar and concrete, over tige B01000 kHz. In particular, only
coarse aggregates with a diameter greater than 5 mm hawveificsigt influence below 200 kHz.
The influence of grain size is clearly visible on the atteimredf the waves while thev/c ratio
mainly afects the pulse velocity.

All these studies [5, 6, 7, 8, 9] consider through-transioissieasurements. Another way to
characterise concrete or mortar is to use surface measatenRayleigh waves are well adapted
to the characterisation of near surface deterioration otcete, as their penetration depth is
close to the wavelength. Thus they are suitable to provifhermation about the first centimetres
of the concrete. Another advantage of surface waves is ltlegtdre more convenient for on-
site measurements than through-transmission measurgrserme most concrete structures are
accessible only on one side.

Young modulus and Poisson ratio have been extracted fronfriequency Rayleigh mea-
surements (50 kHz) in [10], using simple compression wakasstlucers. Wedge transducers
were used in [11, 13] to optimise the generation of Rayleigheg on mortar, showing the high
sensitivity of these waves with the cover degradation ofstiraples for frequencies higher than
50 kHz. The potential use of lasers for generation and deteof Rayleigh waves on concrete
is presented in [14] and applied in [15, 16] on mortar slalleywéng non-contact measurements
over the range 200-1000 kHz. In this frequency range, it swshthat the scattering by small
particles & 5mm) does not dominate attenuation compared to the absorpmigses. A third
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way to generate Rayleigh waves is the use of a pencil leak lmmga 7, 18], which produces a
point-like source with a bandwidth 0-200 kHz, but with veswlenergy : piezoelectric transduc-
ers were used for the reception at short distance away frersdtirce. The medium was mortar
with small thin vinyl plate inclusions, simulating smallacks in cement. The study show that
Rayleigh waves are more sensitive to this kind of inclusitvas compression waves, and that
the dfect of the shape of these inclusions is important.

Another interest of Rayleigh waves is their ability to exakiproperties varying with depth,
especially in the case of layered media, for example a dadlager over a sound material. This
approach is classically used in geophysics. Attempts afguthiis property of Rayleigh waves
on mortar have been envisaged in [19], and on concrete in [20]

All studies show the influence of the heterogeneities of arast concrete in dierent fre-
guency range. The objective of this paper is the evaluatfotoeer concrete with Rayleigh
waves. The depth of penetration of Rayleigh waves is closkegavavelength, therefore, to in-
vestigate the three first centimetres of concrete, fregasrmwver the range 50-200 kHz will be
used, providing wavelength from about 10 to 50 mm. In thigdiency range, thefiect of pores
and small particles{ 5 mm) on the attenuation and velocity is negligible comparedsoaption
losses, but the coarser aggregates will interact stronigytive waves.

The first part of the paper introduces the process needecctss fon global properties of
concrete. Then experimental configuration will be desdibén the third chapter particular
attention will be drawn to the acquisition setup, allowimg tuse of very precise methods to
evaluate phase and group velocity dispersion curves agwattion factor. The last chapter give
results in terms of field properties for various concrete mudtar. All the following is written
trying to determine some mechanical and micro-structugalsgures from the field properties.

2. Homogeneous#ective medium

Concrete can be considered as a random distribution ofeseett(aggregates) offtirent
nature, shape and size in a cement matrix. Waves propagatiugh media with a wavelength
comparable to the size of scatterers will propagate in aipt@lscattering regime. As a result,
the measured signals will be composed of a coherent parpémtent to the specific position
of scatterers [21], and also of an important incoherentgzetific to the given configuration of
heterogeneities encountered.

Then it is possible to take into account an aspect of the ranésgs by considering the aver-
age value of the measurements over a statistical ensemiddedttions of scatterers. This notion
was introduced by Foldy in 1945 [22]. During the propagatepart of the energy is transfered
from the coherent part into the incoherent part due to melspattering. When performing the
ensemble average the incoherent part is eliminated, andtbalcoherent part survives. The
energy transfered to the incoherent part is lost and thisdaén additional attenuation of the co-
herent part. This field can be interpreted as the field prapage an equivalent homogeneous
medium also calledfgective medium.

The incoherent part doesn't resists to the averaging ofdésolt is composed of all the late
arrivals of wave trains multiply scattered by the heteragges and is sometimes called “coda”.
This “coda” is often considered as noise, but still contaxsloitable information [23, 24]. This
paper will only focus on the coherent part of the signals.

In order to evaluate the mechanical properties of concettelying a single configuration
of disorder will lead to inaccurate results. Indeed, th@aigontaining an important incoherent
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part, the results will mainly depend on the specific confijareof aggregates at the given point,
and not on the general properties of the concrete. The di@huaf the coherent field allows

to avoid this problem. In this case the phase velocity, gnelpcity and attenuation factor of
the field will give information on the féective medium what can be interpreted as the average
mechanical properties of the concrete.

It is then essential to perform measurements on numerougagept configurations of dis-
order, i.e. at dierent positions on the tested sample of concrete, usingathe source and the
same receiver and at the same distance of propagation. pisach have been used on con-
crete by [7] with through transmission measurements angdl&]/with surface waves. [7] used
9 configurations of disorder, and [17, 18] used about 30 edgrii configurations to obtain the
coherent part.

3. Experimental procedure

3.1. Concrete slabs

The measurements are carried out on concrete slabsami8®0cmx 12cm There are two
different series of concrete withffirentw/c and a maximum grain siz®fax = 20mm). Two
series of mortar@nax = 4 mn) are made with the same/c than the concretes. The charac-
teristics of each series are summarised in table 1, and #reilgmetric curves are presented in
Fig. 1. Each series is composed of 5 slabs.

w/c=0.35 w/c = 0.65
Dmax = 20mm Bl B2
Dmax=4mm M1 M2

Table 1: Characteristics of each series of concrete ancamort

100 -
Bl —o— /‘ gw

ol B2 ——

Ml —e— /

60 / %j

40 / A

. M/

0

0.01 0.1 1 10 100

Grain size [ mm ]

Passing percentage [ % |

Figure 1: Granulometric curves of the concrete and mortecisgens.

The water content of concretes or mortars have been shovaveoehsignificant influence on
the propagation of ultrasound [12]. In order to guaranteastant water content of the concrete
slabs, they are stored immersed in water with additionaglifihe water content ratio of the
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slabs is then very close to 100%. The slabs are taken out efdber only during the ultrasonic
measurements (a few hours). When the measurements wegrped;, the slabs had an age
between 6 and 10 months. At this age, the mechanical prepeticoncrete are assumed to be
stabilised.

3.2. Experimental setup

The experimental setup is similar to multi-station acdigisicommonly used in geophysics
: a source emits a wavefield and the measurements are pedarithea linear array of receivers
away from the source. In the present case, the source witetitive and the receiver will be
moved along a line to reproduce an array of reception points.

Rayleigh waves are generated with a piezoelectric trarsdiimasonic). The transducer
emits a compression wave and is equiped with a wedge to alfoima@adence of the emitted
wave with the concrete slab at an angle favouring the coimrets Rayleigh waves [13]. The
wedge is coupled with the concrete with Gel D (Sofranel) avérin scotch-tape. The scotch-
tape avoids the gel to penetrate into the concrete, and niia@sanual positioning of the wedge
easier. The center frequency of the transducer is 120 kHz. dxcited with a Ricker wavelet
amplified by a Ritec Gated RF amplifier. The bandwidth at -2®@tiBe emitted Rayleigh waves
ranges from 50 kHz to 200 kHz.

Fixed source : Moving receiver:
Transducer with wedge Laser interferometer
| Distance di variable
from10 cm to 45 cm
< every 1 cm

»
<« y

&« ]

Figure 2: Experimental setup

The reception is performed with a laser interferometer [derby BossaNova Tech.). It
allows non contact acquisition of the normal displacemétit®surface of the concrete slab. The
beam diameter of the laser is around&0, so the measurements are point-like. A reflecting tape
on the concrete enhance the quality of the signals [14]. &fieative tape is carefully positioned
on the concrete surface to ensure that no voids are preseetia3er interferometer is mounted
on an automatic measurement bench. The laser is moved alovgia front of the transducer
to have measurements affdrent distances of propagatidnbetween 10 cm and 45 cm. The
first reception point is taken @i = 10 cm from the source to avoid nedfset dfects. A signal
is acquired everygd = 10 mm, so that the whole profile is composed of 36 signals. reigu
presents the experimental setup. To reduce the signal $e naiio, each signal is time-averaged
over 256 acquisitions at each reception point.

In order to have dferent configurations of disorder to evaluate the coherdnt feparallel
profiles, separated @f = 40 mm, are acquired on both sides of the sldbsias chosen so that
L > DmaxandL > Amax/2 to ensure that profiles are not correlated. As there arells $ta
each series, we acquire a data-set of Bedént multi-station profiles for each concrete series
B1 and B2. Only 36 profiles were acquired for mortar series Md B2 as the heterogeneities
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Figure 3: Acquiring parallel profiles to obtainftiirent configurations of disorder

of mortar are too small to generate an important incoheraritfpr the frequencies considered.
Figure 3 shows a picture of the setup, with the wedge traresdared the laser interferometer.
The reflecting tapes shows the positions dfatient acquisition profiles.

4. Coherent field

4.1. Preprocessing

Before evaluating the dispersion and attenuation curv@sespre-processing have to be
undergone to eliminate artifacts due to the experimentapse

For each profile measured, the source transducer was pladeglol, and the focus of the
laser beam was adjusted. The whole 36 signals of the profile atomatically acquired with
the same adjustments, so that the amplitudes of these sigreatomparable one from the oth-
ers. On the contrary, from one profile to another the adjustsnehange and the amplitudes
are not fully comparable. For example Fig. 4 presents thamqmax amplitude of the measured
displacement for each profile of the series B2 at tlisedd; = 10 cm. The average maximum
amplitude is about 100 A but the variation is very importaiptfo 750 A. This €ect is corrected
by normalising each profile by the maximum amplitude of itstféignal (at ffsetd; = 10 cm).
Doing so, the relative amplitude variation inside a giveafi remains the same, but all dif-
ferent profiles become comparable. The absolute displatgeimeot needed by the following
signal processing methods, as they only use relative i@m@bf phase or amplitude along the
propagation path.

Another dfect of the hand positioning of the source transducer is tiatrfansducer can-
not be positioned exactly at the same distance from the &csfption point. The dierence, a
few millimetres, induce short time-lags between the sigffi@dm a profile to the others. These
time-lags are evaluated doing cross-correlation betwieefirtst signals of each profile, and the
correction is applied on all the signals of the profile.

Figure 5 presents two single seismograms for two given pofih a concrete slab on the
series B2. All signals present an important incoherenttbaittfluctuates from one seismogram
to the other. Some of these individual signals are presentgrhy on figure 6, along with the
coherent signal.

6
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Main wave train
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(a) Incoherent part (b)

Figure 5: Comparison between two given profiles measurefenteries B2.

The coherent field for each series is obtained by spatiallyaming the dferent equivalent
configurations of disorder (90 configurations for concré&&sand B2, and 36 configurations
for mortars M1 and M2). In elastic media the amplitude of acef waves decreases with the
distance of propagatiathas / Vd due to geometrical spreading in the case of a point source or
in the axis perpendicular to a line source. This approxiomeiti 1/ Vd is still valid in the axis of
our transducers. This decrease is contained in the atienuaeasurements and is corrected on
this coherent field to focus on the material properties (iplelscattering by heterogeneities and
viscoelasticity &ects).

The coherent field for series B2 is presented in figure 7-f@pherent contributions to the
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Figure 6: Visualisation of some individual signals, and¢beresponding coherent field for B2.

field are no longer visible on the seismogram and two main viiaias can be noticed. The
first one is the most important and corresponds to the cohBagrieigh wave. The second one
is parallel to the first one : it is a wave travelling in the sadirection and with approximately
the same velocity as the main wave train. This second waire ¢caresponds to a reflection
of the wave emitted by the transducer inside the wedge. Toirgite artifacts induced by this
reflection, the main wave train is windowed with a flat top Havindow. The width of the
window was kept constant for all distances of propagatidme fiesulting coherent seismogram
for B2 is presented on figure 7-(b).

distance [cm ] distance [cm ]

10 Zp 3‘0 4p 40
£ 3001 2 3004
400 400
(a) coherent field (b) windowed coherent field

Figure 7: Averaged profile over 90 configurations for B2. (@) windowed coherent field, (b) coherent field windowed
around the main wave train.

4.2. Amplitude spectrum

The amplitude spectrum provides useful information ablbetdropagation. The major part
of all the processing to evaluate phase and group velocihlaattenuation factor will be done
in the frequency domain.
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Figure 8 presents an example of the spectrum modulus of théowied coherent field for
the concrete series B2, afi@irent distances of propagation; the first reception poih0atm, in
the middle of the profile at 27 cm, and the last reception pait5 cm. The transducer center
frequency is 120 kHz, and its bandwidth ranges from 60 kHB®KHz. Figure 8 shows that the
higher frequencies are more attenuated as the distancepdgation increases; the last reception
points will not be suitable to evaluate thextive parameters for the higher frequencies.

5. Signal processing methods

5.1. Phase velocity

The coherent phase velocity(w) is computed using th@ — w transform. This method
is commonly used to study the dispersion of surface wavegaplgysics [26, 27, 28, 36]. It
consists in transforming the entire data wave field into tbe/nsess-frequency domain, where
p represents the slowness of the wavps< 1/v,) andw the angular frequency. It was first
described by McMechan and Yedlin (1981) in the time doma$j.[®Mokhtar (1981) proposed
another formulation of this method entirely in the frequedomain which is used here [26].

In the case of media with a single mode of propagation of theewavith the slownesgy(w),
the Fourier transform over time of the coherent figld, d;) at the angular frequeney and at
the distance of propagatiahcan be written as:

Sw, d) = Alw, di)eiiwpo(w)di’ )

whereA(w, d) is the amplitude spectrum dt The p—w stackSw, p) is

N
w. p)= ) Alw, d)guP-ml)d .
i=1

The computation o§(w, p) is performed for several values pf Givenw, the maximum of the
modulug§w, p)| is reached fop = po(w); the|Sw, p)| map is plotted as a 2-D function pfand
w and the maximum locus is extracted for each frequency.
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Some problems of aliasing and limited resolution may be entmyed as in any spectral
analysis of discrete data. All these artifacts were deedrlty Forbriger (2003) [27]. Aliasing
occurs when the distan@e between two reception points is too large compared to theesto
wavelength considered, while resolution is limited by th&lk length of the acquisition setup
(i.e. the distance between the first and the last receiver)geheral, the longest wavelength
accessible (corresponding to the lowest desired frequénagsumed to be shorter than 40-50%
of the total length of the acquisition setup. If this setufpis short, the estimated phase velocity
for the lower frequencies will be inaccurate.

Experimental setup presented in Sec. 3.2 was designeddatalount of all these artifacts
and to provide accurate measurements in the bandwidth 6@BAkHz. For the lowest frequen-
cies, all the reception points will be used to evalugiw), to have an acquisition setup long
enough. For the highest frequencies, only the receptiamt@oontaining enough energy at these
frequencies compared to the noise level will be used, asied€g. 8.

5.2. Group velocity
Itis theoretically possible to deduce the group velocigpeéirsion curvey(w) from v, (w), as

these two quantities are linked in elastic mediums by theviehg relation [29] :

w _6w

V, = X and Vg = K )

However, in the case of experimental measurements, thenaheerivation ofv,(w) is per-
turbed by the quick small fluctuations in measured valuesndJsnother processing method to
evaluate the coherent group velocity from the measurenpeatéde additional complementary
information on the propagation.

vg(w) provides information about the velocity of wave-packegstered around a given fre-
guency. It is classically obtained by the calculation ofctpEgrams, or through the Multiple
Filter Analysis (MFA) [30]. The principle is the followinghe signal is filtered in the frequency
domain by a series of narrow Gaussian filters centered areanals frequencie§. The width
of each filteri is chosen at f; = 0.7f;. Each filtered signal produces a wave-packet in the time
domain. It is then possible to draw a time-frequency repred®n of the signals. The time
of flight At; of the maximum of the envelope of each wave-packets is thaluated between
two acquisition points separated by a distandeproviding an evaluation of the group velocity
around the frequencfy.

This method lead to systematic errors as with many timedieaeqy representations. Kodera
et al[31] present a method called reassignment to improve theracg of time-frequency rep-
resentations, using the fact that these kind of errors adigable if the filters are known. This
notion was later developed in a practical way and genedhhigeAuger and Flandrin [32]. Clas-
sical time frequency methods such as MFA allocate the enefrglye signal at a point in the
time-frequency plane. Due to the width of the filters usedh gtven frequency the energy is
spread around its real location. The principle is to chahgeattribution point of this energy
and to assign it to the center of gravity of all these energyridoutions. Then the reassignment
method improves the sharpness of the localisation of theasigomponents by reallocating its
energy distribution in the time-frequency plane. Tligc&ency of this method applied on sur-
face waves was presented by Pedersen [33]. The developiibiet method is fully presented
in [32, 33] and is over the goal of this paper.

Only two reception points are theoretically needed to camthe reassigned MFA maps. As
we use an array of 36 reception points, it is possible to preduwariety of time-frequency maps.
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We choose to take the first reception pointlaas a reference and then compute reassigned MFA
maps with the signals from reception points numberd@ € d; = 9 cm) to the number 30
(dsp — d; = 29 cm) and then compute the average of the maps. Receptioaisigcquired too
close to the reference signal are not used as too sdahdAt; induce great fluctuations in the
result. The farthest reception points do not contain enargrgy compared to the noise level
and are also eliminated. The coheregftv) is then picked from the maxima of this average map.

5.3. Attenuation factor

The attenuation factor is estimated from the decrease @fttpditude spectrum of the coher-
ent field during propagation.

In the frequency domain, the amplituédéw, d;) in equation (1)-(2) is assumed to take the
following expression (Eq. 4):

Alw, ) = Ag(w)e 4%, (4)

where Ay (w) is the amplitude of at the first receiver located at th&setd;. The attenuation
parameter(w) is determined by the slope of a least-square linear fit d&((d;)). To elimi-
nate small noise variation in the spectrums, a light smogtiias performed on each coherent
amplitude spectrums with a moving average offerGeometrical spreading was corrected by
multiplying the signals byyd; (see Sec. 4.1).

In the same way as for the phase velocity, the attenuatiaarféar lower frequencies will be
estimated using the whole reception points of the setupg@&ation points), while for the higher
frequencies only the first reception points containing goenergy will be used, according to
the study of Sec. 4.2.

6. Results and discussion

6.1. Phase velocity

Experimental coherent phase velocity dispersion curvespegsented in Fig. 9. The two
concretes are represented with the empty circle and teanglhile the mortars are presented
with the filled items. Series with the same item share the safoeatio; triangles correspond to
w/c = 0.65 and circles correspondig/'c = 0.35.

The curves are clearly distinguishable the one from therotRer a givernw/c ratio of the
cement paste, the presence of the aggregates increaséstigevelocity of about 10%. The fact
that the phase velocity also decreases with the increasgais commonly observed [9], as a
highw/c ratio induces higher porosity and hence lower mechanicahgth.

For the series with the highev/c ratio (B2 and M2), a slight decrease can be noticed on
the dispersion curves of the phase velocity. This decreasalso be noticed on concrete B1,
but is less important. For Rayleigh waves, this is in geneual to a gradient of properties of
the material with depth; larger wavelengths penetrateelagpereas short wavelengths are only
sensitive to the upper part of the material, leading fiedent phase velocity values if a gradient
is present. It is known that aggregate distribution withtdeégnon uniform due to wallféects, as
the bigger aggregates cannot be as close to the surfacd #sdiratlimension [34]. However, as
this phenomenon occurs either on concrete B2 or mortar Magaing only small particles, this
aggregate distributionfiect is not the main cause of this dispersion behaviour. A gbaf free
water content may be envisaged, due to a drying of the suofabe slabs during the experiment,
but weight measurements showed that the water loss wagyitegli It is also remarkable that
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Figure 9: Dispersion curves for the coherent phase velogiiy).

this decrease is less important in the case ofugw, with low porosity. Then the reason of the
dispersive behaviour for M2 and B2 can be a change of poresitydepth.

6.2. Group velocity
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Figure 10: Dispersion curves for the coherent group velogj{w).

Coherent group velocities dispersion curves show additimfiormation about the propaga-
tion of waves. For non-dispersive materials, group and@kakcities should be equal, but their
values dffer in dispersive media. Experimental results (Fig. 10) shomie similarities with the
phase velocity dispersion curves (Fig. 9). The 4 series lagelg distinguishable the one from
the others, and the average group velocity is close to theigeghase velocity.

The main diterence is the behaviour of the two concrete series B1 and Bi#le\ttie mortar
series M1 and M2 show a nearly constant group velocity, botttete series show similar vari-
ations with frequency. Group velocity decreases aroundkH0of about 100 m:3, stabilises,
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and increases again after 150 kHz. B1 and B2 containing the saount, nature and size of ag-
gregates, the presence of the aggregates clearly modifiestterent group velocity dispersion
of Rayleigh waves.

In this frequency range, the presence of aggregates is neadycvisible on the coherent
group velocity dispersion curves than on the coherent phelseity, asvg(w) shows a particular
signature when aggregates are present. On the contrargngein thew/c ratio is more visible
on the coherent phase velocity measurements by the dispavbi,(w). These two coherent
velocity measurements provide complementary informatiothe concrete or mortar. It is then
important to make a distinction between phase and grougitglmeasurements to characterise
concrete as their sensitivity aref@irent in this frequency range.

6.3. Attenuation factor
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Figure 11: Coherent attenuation parametgp).

Attenuation parameter measurements are of great interesin-destructive evaluation, as
attenuation is sensitive both to microstructural and \e¢astic parameters of the media. How-
ever, interpretation is complex because the attenuaticanpeter measured (i.e. the decrease
of the frequency component with the distance of propagationtains information about all
the attenuative processes : geometrical spreading, sogttey large and small heterogeneities
(aggregates, sand, air voids, pores,...), and intrinsemaation due to the viscoelasticity of
the materials. All theseffects are mixed together and it isffitiult to evaluate the contribu-
tion of a single &ect. Geometrical spreadingfects were corrected in Sec.4.1. Thus, coherent
attenuation parameter curves presented in Fig. 11 comfamaation about the scattering by
aggregates, attenuation due to porosity and micro-crackseocement paste, and attenuation
due to viscoelasticity.

For the mortar series M1 and M2, the attenuation factor ciare almost linear with fre-
guency, and a highew/c (higher porosity) logically induces a higher values of ttteruation
parameter. When aggregates are present,fiketef scattering by the aggregates are added to
the other &ects. The contribution of the multiple scattering can beuded by comparing the
mortar and concrete sharing the sawje and mix properties (B1-M1 or B2-M2).
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360 At low frequencies, no dierence is visible between a concrete and its correspondang m
s« tar (below 80 kHz for B1-M1, and below 120 kHz for B2-M2), theet of the aggregates is
w2 hegligible comparing to all othertfects. As the frequency increases, the wavelength becomes
w3 comparable with the aggregate size, and the attenuati@my@er increases due to scattering.
w Forw/c = 0.35 (B1-M1), these scatteringfects are not important, and the attenuation param-
s eter increases only of about 1 Np:in On the contrary, fow/c = 0.65, the change in the
xs attenuation factor due to aggregates is very importarg.difiicult to distinguish the three series
w7 Bl, M1 and M2, while B2 is clearly dierent.

a8 Concretes series B1 and B2 share the same kind and quansiggoégates, andftier only

w0 by theirw/c. Multiple scattering does not only depend on the shape addfithe scatterers,

s butalso on the contrast between the mortar and the aggsedraevariousv/c the macroscopic

sn  properties of mortar are fierent what can explain the change of attenuation. Moreowsn

s porosity of the cement paste is high, contact between agtge@nd mortar may be non perfect,
sz this modification of the microstructure in the interface eonay cause the distinct behaviour of
s the attenuation curves. This investigation can not distiisiybetween these two hypotheses, but
a5 highlight that evaluation of attenuation of wave in coneretoks very #icient to evaluate and

s Characterise concrete.

s 7. Configurations of disorder

ars Coherent phase velocity, group velocity, and coherenha#tgon parameter studied in the
s Section before were measured using a voluntarily high numbeonfiguration of disordeNy;s

w0 for the evaluation of the coherent fieldNgis = 90 for the concrete series algis = 36 for
s the mortar series. As a result, the evaluation of the cohgnepagation parameters are very
s accurate and correctly take into account the heterogemeduee of the materials. In particular,
s coherent attenuation parameters measurements showeldiférence between B1, M1 and M2
s« is very low (less than 2 Np.m), but all three series can still be compared due to the acgwfa
s the measurements. However, it is usually not possible taiee@0 diterent configurations of
s disorder, for economic or time reason. Fig. 12 and 13 shovinflieence ofNgis on the value of
s the phase velocity and the attenuation factor at low freqiesn(60 kHz) and high frequencies
388 (180 kHZ)
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Figure 12: Influence of the number of configurations of disomh the evaluation of the phase veloaity
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Figure 13: Influence of the number of configurations of digomh the evaluation of the attenuation parameter

Both v, and « present fluctuations as the number of configurations of desoincreases,
and comes to a stabilisation. The number of configuratioggired to get to this stabilisation
depends strongly with the frequency : for low frequencyvhiees ofv, anda stabilise quickly,
while a relatively high value ofly;s is needed to reach a complete stabilisation at 180 kHz.

Bl M1 B2 M2

Nopt for v, 20 1 30 10
Nopt for a 50 5 70 15

Table 2: Optimal number of configurations of disorder reggiito get stabilisation of the attenuation parameterith
Ngis at f = 180 kHz.

The value ofe is much more sensitive thlgis thanv,, because the relative amplitude of
the fluctuation ofx is important compared to the stabilised value. Table 2 shbeptimal
number of independent configurations of disortlgg: required to get a stable value of(at
+0.5 Np.nt?) or v, (at+10 m.s?) at the frequency = 180 kHz. Itis clear that the evaluation
of coherentv, requires less configurations of disorder than the evaloaifar. These values
of Nopt can be directly linked with the degree of heterogeneity efrtraterial at the frequency
considered. In particular, concrete series need more aoatigns of disorder than mortar and
an increase oW/c increases th&, required. If the value oNgs chosen for the measure-
ments is too low, the coherent field will not be properly eeadd and the error om or v, will
increase; comparison between two series with very simiapggation parameters (for example
comparing the attenuation parameteior B1 and M1) will not be possible.

8. Concluding remarks

Surface waves are well adapted to characterise cover dencfeoherent phase velocity,
group velocity and attenuation parameter show senségitd diferent properties of concrete:
wj/c ratio, presence of aggregates, ... The accuracy of theastins of the propagation param-
etersv,, vy anda is primordial to characterise properly the materials, asynghenomena are
involved in the propagation of Rayleigh waves in concrete.

15



410

412

413

414

415

416

417

418

419

420

422

423

424

425

426

427

428

429

430

431

432

433

434

435
436
437
438
439
440
s
442
443
444
445
446
447
448
449
450

452
453
454
455

Geophysical methods provide appropriate signal procg$sois for the treatment of Rayleigh
waves. Particular attention has to be drawn to the acouissetup required by these signal pro-
cessing tools. Another key point is the use of coherent wagsined by averaging the signals
over a large amount of configurations of disorder. Propagatarameters of the coherent waves
provide information on the mean mechanical properties efcibncrete, avoidingfiects due to
a particular configuration of the concrete that are non sepr&tive of the average structure.

The experimental procedure presented in this paper haggtowe very fiicient to under-
line differences betweenftiérent concrete and mortar samples. However theéEereinces come
from different phenomena coupled together. Then a better underggasfdhe propagation of
Rayleigh waves in such complex media is needed, to be ableatoate mechanical parameters
such as Young modulus, Poisson ratio, or porosity. In palgica model of the multiple scatter-
ing process by the heterogeneities have to be studied iogligsh the attenuation process due
to scattering and the one due to porosity or viscoelasti8hy. Dispersion of the coherent phase
and group velocity of Rayleigh waves can be used to estinzatations of properties with depth.
This approach is commonly used in geophysics [36].

Subsequently, the case of damaged concrete, for exam@eragion, cracks or micro-
cracks, have to be studied to show the ability of our methatetect and identify some defaults.
Furthermore, a special robot equipped with a smaller lagerferometer is being developed to
be usedn situ on real concretes structures.
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