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In civil engineering, the testing of structures allows a large number of chemical, mechanical and micro-
macro structural parameters to be determined. Within the scope of ultrasonic Non-Destructive Testing
(NDT), which is often used to evaluate concrete, many different techniques can be employed to generate,
propagate, and receive the ultrasound waves, and to process the corresponding signals. The SENSO pro-
ject, developed by nine partners, provided an opportunity to test a large number of principles related to
the material’s characteristics and properties. Concerning the acoustic techniques, the first approach was
based on linear propagation with bulk waves and surface waves, or with backscattered waves. The second
method involved nonlinear analysis using wave modulation. One aim of the SENSO project was to com-
pare these different techniques, in order to select that having the most promising performance in the lab-
oratory, before transferring the measurement techniques to the field. The objectives were to evaluate the
porosity, degree of saturation, modulus of elasticity and compressive strength of concrete. In the present
paper, the measurement techniques and measured parameters are presented, together with the improve-
ments developed within the context of the SENSO project. The methodology used to classify and select
the ultrasonic techniques is described. It takes into account the sensitivity of the method to changes in
the material and associates measurement uncertainties. Finally, the most significant results to evaluate
porosity, mechanical characteristics and degree of saturation of various concretes, are developed. The
consistency of the results of the measurements is analysed. The advantages and drawbacks of each tech-
nique are discussed.

1. Investigation of concrete at various scales

The French project SENSO [1], which was run from 2005 until
2009, has overcome certain scientific problems, in particular: the
creation of a database, command of measurement techniques,
selection of sustainability indicators of the concrete, choice of ND
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parameters adapted to diagnosis and data inversion. This was
achieved through the development of a set of not only conven-
tional, but also original techniques, capable of affecting the mate-
rial and its structure at all scales, which were implemented as
part of an experimental design. This project, based on the examina-
tion of specimens conditioned under controlled conditions of
porosity and saturation, allowed material properties to be derived
from four techniques (radar, ultrasound, electrical resistivity, and
capacitance measurements). This approach is the result of a mul-
ti-technical concept, which was developed in laboratory, to be



implemented thereafter on site. A new project, referred to as:
“Analysis and Capitalization for the Diagnosis of Constructions”,
supported by the MEDDTL (French Ministry for the environment,
sustainable development, transport and housing) and RGCU (Civil
Engineering and Urban French Network) has been selected to study
the transfer of knowledge and methodologies from the laboratory
to the case of on-site assessments.

Among the above-described techniques, the propagation of
ultrasonic waves is often used alone as a first-line approach. In
the present study, our analysis was limited to comparisons based
on the use of ultrasound measurements.

Ultrasounds are mechanical waves which generate compression
and shear movements of the particles. It is common to use ultra-
sonic waves to evaluate the material’s characteristics and the
pathologies of concrete in civil engineering. Various standards
[2,3] and recommendations [4] provide details on test methods.
They often consist in developing relations between non-destruc-
tive (ND) parameters (the results provided by the measurements)
and the indicators (the information describing the concrete’s
state). The present study has been confined to the determination
of four sustainability indicators, which are: porosity, degree of sat-
uration, modulus of elasticity and compressive strength. It is
important for the conclusions of the study to be structured with re-
spect to the different ND parameters and their ability to provide
coherent information on the indicators during the investigation
of concrete structures. The study was thus committed to:

e Comparing the ND parameters in terms of their repeatability,
sensitivity, and representativeness.

e Selecting the most suitable ND parameters and techniques.

e Establishing relationships between the ultrasonic measure-
ments (ND parameters) and the four indicators.

It is known that ultrasonic waves have numerous interactions
with the material and that the data derived from such observations
is related to the behaviour of materials at different microstructure
scales. The sensitivity of ultrasonic waves to spatial and temporal
variations of the material is therefore specific to the scale at which
the interactions take place. The responses, together with their
range and uncertainties, must be studied at each scale. The concept
of multi-scale interactions can be described, starting at the level of
atomic bonds, and including that of the mesoscopic (microscopic
and millimetric) structure [5,6], the aggregate dimension, and fi-
nally the concrete structure as a single component. The advantage
of ultrasound waves is that they allow access to be gained to every
level of these interactions, thereby providing a reliable means of
characterising the material. The propagation of acoustic waves is
described at these different levels [7], and the behaviour of the
material is summarised in the form of a propagation model com-
bining both linear and nonlinear contributions.

The concrete linear behaviour governed the equations of ultra-
sonic wave propagation used in civil engineering that can be mod-
ified by multiple scattering in the case of interactions with
aggregates. This phenomenon generates a “coda” [8,9]. The rele-
vant linear parameters are the velocity and attenuation of the
ultrasonic waves [10-13].

The material’s nonlinear behaviour is driven by atomic bond,
contact, cohesion/decohesion and capillarity phenomena. These
influences have been defined through the use of a phenomenolog-
ical description [14,15].

For the purposes of the present study, specific devices were
developed, to solicit linear and nonlinear reactions of the material.
The techniques used for linear characterisation were based on the
analysis of transmission, resonance, surface and backscattered
waves, allowing the following parameters to be determined:
velocity V, attenuation o, and resonant frequency f.s. Frequency

modulation was used for the nonlinear characterisation, leading
to the dimensionless nonlinear parameter onl.

A second advantage of ultrasonic testing is that it allows differ-
ent volumes of concrete to be analysed. Investigations can be made
either through the full volume of the specimen, in order to retrieve
global information (transmission, resonance and frequency modu-
lation), or just at its surface (using surface waves and/or backscat-
tered waves), to evaluate the cover concrete. The small thickness of
the cover concrete and its ability to transport aggressive agents
plays a very important role in the protection of the reinforcing
bars.

In this paper, each of the above-described techniques is pre-
sented, together with its objectives in terms of the evaluation of
the material under investigation and the parameters which can
be derived from the measurements. Next, the methods to select
the most suitable ND parameters for the characterisation of the
material are developed. Finally, the evolutions of the different ND
parameters as a function of the indicators tested in the SENSO pro-
ject are compared.

An evaluation of the potential of these various techniques for
on-site applications is provided in the conclusions.

2. Experimental context
2.1. Experimental plan

The aim of the ANR-SENSO project [16,4] was to evaluate the indicators by non-
destructive techniques on slabs. It was possible to model the relationships of the ND
parameters with the indicators: degree of saturation, Young’s modulus, porosity,
and compressive strength. The indicators were considered to be homogeneous,
throughout the slab. For our study, the analysed data was limited to that generated
by six batches of concrete, made with the same aggregates (round, siliceous,
Dmax = 14 mm), with water to cement (W/C) ratios varying from 0.3 to 0.8. This al-
lowed different concretes to be obtained, with varying porosities (from 12.5% to
18.1%), moduli of elasticity (from 21,300 MPa to 35,500 MPa), and concrete
strengths (from 20 to 72.9 MPa) (Table 1). The sensitivity of ultrasound propagation
and other non-destructive techniques to the concrete’s characteristics were studied.

Each batch was composed of eight 50 x 25 x 12 cm parallelepiped slabs. The
concrete samples were tested in the laboratory under controlled conditions of sat-
uration, ranging from dry to saturated (0-30-50-70-100%). Wet coupling was im-
posed for this saturation control. The cores used for destructive testing were
extracted from two specific slabs [16].

The five ultrasonic parameters developed in the context of this project were:
pressure waves (PW), surface waves (SW), backscattered waves (BW), impact echo
(IE) and nonlinear analysis (NLA).

The contributions of each partner are described in Table 2.

2.2. Geometry of the specimens

The geometry of the above-described specimens made it possible to work with
one technique at several points (1, 3 or 10) on each specimen. That allowed to ana-
lyse the repeatability of the measurements and the influence of spatial variability.
The dimensions of the slab also made it possible to use automated devices. The
specimen’s geometry influences mainly the resonance frequencies of the Impact
Echo and Frequency Modulation techniques.

Surface wave propagation techniques remain independent of the specimen’s
geometry, on two conditions. Firstly, the measurements should be confined to the
first component of the signal, corresponding to the coherent wave. The non-coher-
ent wave is produced by echoes from the edges and faces of the specimen in addi-
tion to the scattering effects from the aggregates. It is called the “coda” and arrives

Table 1
Characteristics of the concretes tested in the SENSO project in saturated conditions.
Reference of W/C Porosity  Modulus Strength Density
batch (%) (%) (GPa) (MPa) (kg/m?3)
G1 0.31 12.5 355 729 2441
G2 0.47 143 28.4 433 2469
G3 0.59 15.5 27.7 43.8 2457
G3a 0.57 16 279 40.5 2447
G7 0.63 15.9 27.4 38.3 2455
G8 0.9 18.1 213 20.2 2405




Table 2

Techniques implemented in the SENSO project and partners concerned.
Technique Code Partner
Pressure waves PW LMA Aix - EC Lille
Surface waves SW IFSTTAR Nantes - EC Lille
Backscattered waves BW LMA Aix
Impact Echo IE IFSTTAR Nantes
Nonlinear analysis NLA LMA Aix

later in the signal. It was not studied in this project. Secondly, the ultrasound wave-
length /4 is chosen to be much smaller than the thickness of the slab, so that the
wave does not propagate across its entire thickness. Otherwise, if the entire volume
of the specimen is affected, Lamb waves are generated. Frequencies ranging from a
few tens of kHz up to 250 kHz were used in the tests. The depths of investigation
varied from 10 to 50 mm for the surface waves, under the assumption of an average
surface wave velocity of approximately 2500 m/s.

The backscattered waves remained independent of the specimen’s dimensions,
because the studied zone was small with a depth varying, as a function of fre-
quency, between 30 and 100 mm.

Most of the ultrasound techniques allowed measurements to be made at the
three test points identified on each specimen.

2.3. Frequency and attenuation

The frequency f of the wave is a very important measurement parameter. The
size of the aggregates, Dmax = a and the wavelength 2 = V /f are related to the wave
number k= 27m/. and allow the attenuation to be quantified by the following
equations:

ka <1 Rayleigh field o(f) =by -f+¢;-a® f*
ka~1 Stochastic field o(f)=b,-f+c,-a'-f? 1)
ka>1 Geometric field o(f)=bs-f+c3-a!-f°

The coefficients by, by, bs, ¢y, Ca, c3 are specific to the material. by, b,, b3 are related to
the absorption, which was assumed to be low in concrete for our measurements.
1, G2, €3 are related to the diffusion induced by the aggregates.

For transmission or surface techniques, a variable frequency parameter ranging
between 50 and 250 kHz, corresponding to wavelengths ranging between approxi-
mately 10 and 100 mm, was used, depending on the type of wave. For the aggre-
gates, whose size did not exceed Dp,.x = 14 mm, ka varied from 1 to 10. Thus, in
most cases the tests were carried out in the stochastic field, such that the concrete
behaved like a dispersive material. A consequence of this interaction is that the
ultrasound group velocity, the phase velocity and the attenuation vary with fre-
quency. A second consequence is the production of multi-scattered waves that gen-
erated backscattered waves and transmitted waves with a coda. In this study, only
the backscattered component was used.

In addition, it is known that in order to affect increasingly small elements of the
microstructure, one possible solution is to increase the frequency. As the attenua-
tion is a quadratic function of frequency, it rapidly becomes too high to allow the
waves to be transmitted over significant distances.

In conclusion, it is important to specify that concrete can be heterogeneous. At
the scale of the slab, this can be observed in the form of segregation and a porosity
or moisture content gradient as a function of depth. In several cases, this character-
istic led the authors to study the concrete in terms of the phase velocity and atten-
uation of the transmitted waves.

2.4. Investigated volume

Pressure waves can be used to determine: the ultrasound velocity of transmit-
ted waves, the resonant frequency excited by the Impact Echo, the attenuation
(based on the measurement of backscattered waves), and also the nonlinear
parameter.
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Slab

Tran

Receiver D

The volume of concrete affected by the wave needs to be defined for each tech-
nique (Fig 1). The first arrival time is determined using the transmitted wave, which
propagates in 3D. Only those components of the wave which traverse the slab via
the shortest path, and are recorded by the receiver, contribute to this time determi-
nation. This allowed the volume affected by the wave to be considered as a cylinder
shape. Its size is that of the transducer. Two techniques were used to make the slab
resonate: the Impact Echo technique and, as explained in the following chapter,
nonlinear measurements. The volume affected by resonance was considered to be
that of the entire slab. Surface waves affect the specimen down to a depth similar
to the wavelength [17,18]. Analysis of these waves allowed the velocity and atten-
uation to be determined as a function of frequency. The backscattered waves, pro-
duced by reflection and scattering of the wave by the aggregates, were found to
affect the concrete down to a depth varying between 30 and 100 mm. This informa-
tion was used to determine the attenuation coefficient of each specimen.

The volume of the specimens is an important parameter for the test, since it can
affect its accuracy, in particular when the ultrasonic beam is smaller than the mean
size of the aggregates. In the experiments described here, the diameter of the trans-
ducers ranged between 10 and 50 mm. In the case of pressure waves, the ultrasonic
beam has a diameter two or three times the dimensions of the aggregates. The pres-
ence of the latter can thus affect the wave’s propagation time. On a larger scale, a
varying distribution of aggregates can therefore have a varying influence on the
measurements. Since the aggregates are randomly distributed, it is necessary to
determine an average value from several measurements, made at different points,
in order to take the influence of independent aggregate distributions [13] into ac-
count, and evaluate the concrete’s mean properties.

A second example is given by surface waves penetrating to a depth [19] in the
range between 10 and 50 mm, which corresponds to the approximate size of the
aggregates. Several profiles were generated by moving the receiver transducer, to
vary the statistical distribution of the aggregates resulting from these displace-
ments. However, the best approach to recording independent observations is to
change the device’s position [20]. The number of profiles needed to determine a
mean value then depends on the desired statistical accuracy of this result [21]. In
addition, the concrete’s near-surface properties can vary with depth, and a gradient
in these properties can modify the wave’s propagation.

To conclude, one difficulty encountered when comparing the various measure-
ment techniques was that of processing information from non-identical volumes or
areas. So, it was necessary to include statistical analyses in the study, in order to
take the concrete’s spatial variability into account.

3. Techniques

Five techniques and several set-ups were used, as briefly de-
scribed in the following. From the experimental data, 23 ND
parameters were derived and thoroughly studied. Table 3 provides
a summary of these parameters, with theirs codes, descriptions,
and the mean values obtained from each type of measurement.
The variation coefficient (VC) and quality index (QI) are used to
evaluate the quality of the ND measurements, as described in de-
tail in Section 4. The last column corresponds to the QI
classification.

3.1. Pressure waves

Propagation using bulk pressure wave transmission techniques
is now used on a regular basis for concrete inspection in Civil Engi-
neering. Our tests were performed by two different research part-
ners, using the setup shown in Fig. 2.

One of these partners works with industrial equipment, using
two 50 kHz transducers with no coupling. This instrument mea-
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Fig. 1. Presentation of the different volumes investigated by the different types of waves on a concrete slab.



Table 3

List of the Non-Destructive Parameters with the Code, Mean value of the ND parameter, Mean Variation Coefficient, Quality Index and CLassification (regarding the QI).

Code ND parameter Mean NDp Mean VC Ql CL
PW IE Pressure Wave Velocity by impact echo (m/s) 3972 2.85 2.75 1
IE v Dynamic Poisson’s Ratio by Impact echo 0.19 151 1.27 2
SW 4 cm Surface Wave Velocity with 4 =4 cm (m/s) 2211 1.83 1.21 3
SW3cm Surface Wave Velocity with 2 =3 cm (m/s) 2214 1.79 1.17 4
PW 250 Pressure Wave Velocity (m/s) by Transmission at 250 kHz 4413 1.62 1.08 5
IE Edyn Dynamic Elastic Modulus by Impact echo (GPa) 34.7 3.68 1.05 6
SW 2 cm Surface Wave Velocity with 2=2 cm (m/s) 2221 2.00 0.88 7
SW 5cm Surface Wave Velocity with =5 cm (m/s) 2207 1.81 0.88 8
SW1cm Surface Wave Velocity with 4 =1 cm (m/s) 2232 2.56 0.78 9
SW at Surface Wave Attenuation (dB/m) 134 23.1 0.70 10
SW sd-at Standard Deviation of Surface Wave Attenuation (dB/m) 171 29.8 0.68 11
BW 2M Backscattered Wave attenuation for 2 MHz (Np/m) 15.8 21.1 0.68 12
SW qf Quality Factor of Surface Wave 19.7 294 0.59 13
SW qf 2 cm Quality Factor of Surface Wave with 4 =2 cm 329 39.3 0.53 14
SW sd me Standard Deviation Mean Velocity of Surface Wave (m/s). 57.6 57.7 0.47 15
NLA Nonlinear Acoustic coefficient (modulation of frequency) 86.7 39.1 0.45 16
BW 1M Backscattered Wave attenuation for 1 MHz (Np/m) 16.3 14.8 0.44 17
SWqf1cm Quality Factor of Surface Wave with 41=1cm 229 16.6 0.40 18
SW me Mean Velocity of Surface Wave (m/s) 2071 3.1 024 19
SW ap Apparent Surface Wave Velocity (m/s). 2220 2.29 -10.0 20
PW 50 Pressure Wave Velocity (m/s) by Transmission at 50 kHz 4129 2.98 —10.0 21
PW sd 50 Standard Deviation of Pressure Wave PW 50 kHz 1.95 43.7 -10.0 22
SW qf ap Quality Factor of Apparent Surface Wave 215 33.2 -10.0 23

Oscilloscope
and Computer

/
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Fig. 2. Transmission principle.

sures travel times, At, based on measurements made at two differ-
ent locations (longitudinal and transverse) in the specimen.

L
V= 2)

The ND parameters are the Pressure Wave velocity : PW 50 (m/
s) and the standard deviation of the Pressure Wave velocity : PW sd
50 (m/s).

A second SENSO partner works with transducers having a cen-
tral frequency of 250 kHz. The wave is transmitted across the
12 cm thickness of the slab, and in this case the coupling is
achieved through silicone grease applied to adhesive tape, which
is stuck onto the surface to protect the concrete. For the tests at
250 kHz, the averaging over random aggregate distributions was
based on the acquisition of 100 signals, recorded by displacing
the transducer around the perimeter of a circle twice as large as

Emitter/Receiver ~ Scatterers
50
\ US|Waves

-50

Amplitude

the size of the transducer. The group velocity was determined by
extracting the time of flight, At, from the averaged signal.

The ND parameter is the Pressure Wave Velocity at 250 kHz:
PW 250 (m/s).

3.2. Backscattered waves

These are generated and received by means of a single trans-
ducer or dual piezoelectric patches (one transmitter and one recei-
ver). The signal produced by summing all the backscattered
contributions is shown in Fig. 3.

Backscattered wave tests are in principle straightforward to
implement, because they require only one lateral access point
and one transducer. The backscattered signal g(t) received by the
transducer following transmission, reflection and scattering can
be defined [22] by the function:

N
re) =up-e VY oy e 3)
k=1

where ug is the initial amplitude of the wave, or is the wave
attenuation coefficient, V is the velocity of ultrasonic compression
waves in concrete, t is the time, N is the number of scatterers (the
aggregates), oy is the diffusion cross-section, which depends on the
characteristics of the diffuser k, and ¢ = o - (t — %) is the temporal
position of the scatterer k Since the signal is in the far field zone
and the aggregates are randomly distributed, it is possible to
approximate the exponential decay curve —or - V- t by an envelope
(Fig. 3). Knowledge of the previously determined velocity V allows

Envelope

Time (ms)

50 75

Fig. 3. Backscattered wave principle.
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Fig. 4. Impact Echo principle and spectrum obtained from a concrete slab.

the attenuation coefficient of the backscattered wave to be esti-
mated [23]. The tests were conducted at 1 and 2 MHz, which is
higher than the usual frequencies specified above.

The ND parameters are respectively: BW 1 M (Np/m) and BW
2 M (Np/m).

3.3. Impact Echo

The Impact Echo technique was developed to detect voids in
building materials and to measure the thickness of slabs [24]. A
mechanical impact generates mechanical vibrations in a concrete
structure. The resonant frequencies are measured by an ultrasonic
transducer or an accelerometer. For a slab assumed to have infinite
dimensions, the detected frequency corresponds to a pseudo-sta-
tionary symmetric mode (S1) of the guided Lamb waves [25]:

fo=pV/2e (4)

where V is the compression wave velocity (m/s) and e is the thick-
ness of the plate (m). The coefficient g was initially estimated using
an empirical technique described by Sansalone and Streett [25],
who considered it as a shape factor. Gibson and Popovics [26] later
showed that the coefficient 8 can be calculated as a function of the
Poisson’s ratio v of the material.

The impact is generated by a steel ball, thus in the absence of
coupling (Fig. 4), and the measurement is made at approximately
20 mm from the point of impact. The information extracted from
the spectrum derived from each slab, and from each type of con-
crete, is identical: six frequencies (denoted Fi in Fig. 4) are identi-
fied. In view of the rectangular geometry of the specimens, the
specific resonant frequencies of the slabs should be studied. From
the six resonant frequencies Fi, it is possible to associate the fre-
quencies F1, F2, F3 with the beam’s first three resonance modes,
calculated using the model developed by Timoshenko [27]. In addi-
tion, although the infinite slab assumption is no longer valid, [27]
have shown that it is also possible to observe the first symmetric
mode of Lamb waves in slabs with these dimensions, and to asso-
ciate this S1 mode with the measured frequency F6. As a conse-
quence of the stationarity of this mode, [28] has explained that it
is weakly influenced by edge effects.

Thus, the theoretical frequencies (denoted fi) depend only on
the dynamic Young’s modulus, the Poisson’s ratio and the known
slab dimensions. By minimising the difference between the theo-
retical and experimental frequencies |Fi — fi| (for i=1,2,3,6), and

Emitter Receiver

profile

Fig. 5. Surface wave measurement principle.

ensuring that the difference |Fi — fi| remained below 50 Hz (fre-
quency sampling), it was possible to evaluate the dynamic modu-
lus of elasticity Edyn and Poisson’s ratio v, following which the
velocities of the compression and shear waves, and their uncertain-
ties, could be determined. For the nine types of concrete, the stud-
ied frequencies ranged between 1.5 and 19 kHz. The ND
parameters are the dynamic modulus of elasticity: IE Edyn (GPa),
the dynamic Poisson’s ratio: IE v, and the Pressure Wave velocity
obtained from the Impact Echo test: PW IE (m/s).

3.4. Surface waves

The principle of the surface wave measurements is shown in
Fig. 5. Two transducers are oriented at the critical angle [29], one
of which can be translated along a line (profile) to different posi-
tions R;. For a single transducer, the displacement Ax and the time
difference At between the points allow the velocity and attenua-
tion of the wave to be calculated. Concrete is a dispersive material,
such that the phase velocity Vp,(w) and group velocity Vg {w) are
frequency dependent.

The surface waves referred to as Rayleigh waves, have three
advantages:

o they allow one side of the structure to be accessed,

o they are highly sensitive to changes in the concrete’s mechani-
cal properties,

o they are characterised by a depth of penetration equivalent to
the wavelength. Variations in the concrete’s properties (mois-
ture content, porosity, modulus of elasticity) as a function of
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Fig. 6. Robot to generate and receive the surface waves.

depth can indeed be studied with the corresponding frequen-
cies. In the context of the SENSO project, the ND parameters
were defined for chosen frequencies or wavelengths.

In the SENSO project, two types of equipment were used:

e A robot with air-coupled transducers, developed by the French
Central Engineering School of Lille (Ecole Centrale de Lille)
[29] to automatically move non-contact sensors along the mea-
surement profile.

e A robot developed by IFSTTAR-Nantes that uses a moving laser
interferometer as a receiver [13].

3.4.1. Non-contact robot

Fig. 6 shows the robot used to generate and receive surface
waves by varying the distance between the emitter and the recei-
ver (Fig. 5). Two identical, air-coupled, angular transducers were
positioned at the critical angle for Rayleigh wave generation and
then moved incrementally, parallel to the surface of the specimens.

Due to significant energy losses (98%) at the air/concrete inter-
face, very long, amplified signals that change continuously in fre-
quency (“chirp”) need to be generated and received. The chirp
varies in frequency over the range [50-300 kHz]| and has a central
frequency close to 150 kHz. This technique allows higher peak
power levels to be achieved [30].

Wave emission, displacement of the transducers and signal pro-
cessing are controlled by a computer. The signal recorded by the
receiver can be described in time and frequency by the following
equation:

s(t.R) =3 "si(t,R) and S(@(R) = Is(t,R) (5)

where 3 is the Fourier transform, t the time, R the transmitter-re-
ceiver distance, and  the pulsation.

Measurements made along a line with N points (generally 20)
designate a “profile”, and the acquisition time for one profile is
about 20 min. The study frequency f. and the common frequency
band were fixed. For the project described here, f. = 150 kHz. Three
parallel profiles were averaged, in order to minimise the influence
of the concrete’s spatial inhomogeneities.

The following parameters were calculated:

1 - For two distances R; and R, the dispersion characteristic of
the surface waves as a function of frequency allows the phase
velocity Ecouter V,x(f) to be determined as:

(R —Ry) AR
V = = 6
L Y V() ©
in which Ag = ¢, — @, is the phase difference between the signals
measured at two different observation points, where the difference

in the source-to-observation point distances given by AR=R, — Ry,
and Vpy(f) is calculated using the Slant Stack transformation [31]
[32].

Four distinct velocities are calculated [29]: the group velocity,
using the time domain correlation technique, the group velocity
derived from a linear regression of the maxima of the signals s,(t,R),
the phase velocity at the central frequency f. V,u(f=f;) and the
phase velocity at the frequency which produces a maximum value
for the Slant Stack transformation. The velocity V(f;) is taken as the
average of these four different velocities.

To take the concrete’s inhomogeneities into account, P = 10 par-
allel profiles were used. By averaging the values of V(f.) obtained
over P profiles, the following output ND parameters were obtained:
the Mean Velocity of the Surface Wave: SW me (m/s), and its stan-
dard deviation, referred to as the Standard Deviation of the Mean
Velocity of the Surface Wave: SW sd me (m/s).

The frequency-dependent attenuation coefficient o(w) is calcu-
lated for each pair of signals, recorded at distances R;, R; [33]:

e L IR I

The value of the attenuation «(f,) at the central frequency and
its standard deviation are obtained from the average of 8 signal
characteristics, using a specific fit, with a theoretical variation in
which V is assumed to be constant [33]

A(o,R) = e~k /R (8)

By averaging o(f;) over P profiles, the output ND parameters ob-
tained are: the Surface Wave Attenuation SW at (dB/m), and the
Standard Deviation of the Surface Wave Attenuation SW sd-at
(dB/m).

The attenuation o(w,) is also expressed using the quality factor
commonly used in Civil Engineering [3]

T
W) = —+— 9
Q( C) O((fc) j jvc ( )
where /. is the wavelength corresponding to the frequency f. under

study.
The ND parameter is the Quality Factor of the Surface Wave: SW

qf.

3.4.2. Laser interferometer robot

For this second development, the surface waves were generated
with a piezoelectric wedge type of contact transducer [29] operat-
ing over the frequency range [50 — 250 kHz] and centred at
120 kHz. The waves were detected by a laser interferometer which
measures a particle’s velocity in a direction normal to the surface.
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A specific device was designed to monitor the displacement of the
interferometer during measurements on the project slabs. The
emitter was fixed to one end of the slab, and the interferometer
was displaced along a line, allowing measurements to be made
at 5 mm steps, over a total length of 430 mm. The acquisition time
needed for one profile was generally 30 min.

The phase velocities were determined from the seismogram
shown in Fig. 7, using the Slant Stack procedure in the frequency
domain [31,32], based on signals recorded at distances ranging be-
tween 3 cm and 38 cm from the source, in order to avoid near-field
effects [34]. The phase velocities corresponding to wavelengths: 1,
2,3, 4 and 5 cm were selected.

The ND parameters are the Surface Wave Velocity at different
wavelengths 4: SW 1 .cm (m/s), SW 2 cm (m/s), SW 3 cm (m/s),
and SW 4 cm (m/s). These correspond to frequencies ranging from
approximately 50-250 kHz.

It was decided to extract the phase velocity from the dispersion
curve as a function of wavelength, in order to investigate the mate-
rial at a similar depth in all of the slabs. An apparent velocity was
also calculated for each profile, using a linear regression based on
the amplitude maxima of the signals. The apparent velocity is re-
lated to the group velocity, since it can be directly correlated with
the signal’s energy, via the amplitude of the main wave packet. The
ND parameter is: SW ap (m/s).

Some other ND parameters specific to the attenuation measure-
ments were also measured, but were found to have widely dis-
persed values. This can be explained by the fact that the averaging
process is not sufficient to recover the attenuation properties of
the equivalent homogeneous medium [13]. Using a process similar
to that applied in the case of the non-contact robot, an apparent
quality factor (Eq. (9)) was obtained from regression analysis of
the amplitude maxima of the signals following the geometrical

damping correction. The ND parameter is the Quality Factor of the
apparent surface wave: SW qf ap.

The regression processes were applied in the frequency domain
for two other quality factors, calculated for the wavelengths 1 cm
and 2 cm. The ND parameters are the Quality Factor of the Surface
Wave at wavelengths /: SW qf 1 cm and SW ¢f 2 cm.

3.5. Nonlinear acoustics

The nonlinear behaviour of several materials is described by the
equation

G =My - &(1+ pnle + onle? ..) + anl(e, &) (10)

in which o is the stress, ¢ the strain and My the linear modulus of
elasticity.

Nonlinear behaviour of the Landau-Lifshizt type [35] describes
the nonlinearity of atomic bonds with the parameters pnl and énl.
As proposed by the authors in [14], at the mesoscopic scale, the
nonlinearity induced around networks of pores and microcracks
by contact, cohesion/decohesion, capillarity phenomena etc., is
represented by the phenomenological parameter anl.

Several techniques can be used to estimate the material’s non-
linear behaviour [36]: harmonic generation [37], amplitude sub-
traction [38], resonant frequency shift [39-41], and frequency
modulation [42,43]. In order to take the geometric constraints
and experimental conditions into account, the wave’s modulation
was used. An example of crack excitation is presented in Fig 8:
spectral analysis reveals the presence of the second harmonic
2-m; and frequency modulation. The use of two sources emitting
at different frequencies w; and w,, where w, > w1, leads to mod-
ulation of the higher frequency w, by the lower frequency w; if



there is any nonlinearity present in the material. The spectrum is
then characterised by sidebands at the frequencies w, + w1, cen-
tred around w, as shown in Fig. 8A.

In the case of the specimens studied during our project, the low-
er frequency w; was generated, as in industrial situations, using
the mechanical energy associated with structural resonances. An
impact, exciting all of the slab’s resonance modes, generated a
low frequency with sufficient energy to activate the nonlinear ele-
ments included in the network of pores and cracks in the concrete.
As the wave spectrum is very wide (all modes are sought), it is dif-
ficult to extract the amplitude of the sidebands. In this case, it has
been shown [44] that onl is proportional to the ratio of the energy
generated in the sidebands Energy(SB) to that supplied to the sam-
ple at the low Energy(LF) and high Energy(HF) frequencies:

Energy(SB)

ol o Energie(LF) - Energie(HF)

(11)

The experimental protocol is illustrated in Fig. 9 [45], where the low
frequency is generated by a 24.8 g ball dropped from a height of
20 cm onto the same point of each specimen.

A continuous sine wave (250 kHz), modulated by the low fre-
quency, is transmitted through the thickness of the slab and used
to analyse the material. The excitation frequencies and the slab’s
response are recorded simultaneously.

The ND parameter is a dimensionless quantity referred to as the
NonLinear Acoustic coefficient NLA.

4. Classification of the ND parameters

The aim of this section is to propose a classification, based on
specific criteria, for the ND parameters. The ND parameters are
listed and classified in Table 3, together with the quality estimators
and classification of the measurements in the last three columns.
In this section, the estimators are defined and the ND parameters
are classified. This process allowed five ND parameters to be se-
lected, and their dependence on the indicators to be studied.

4.1. Methodology

Two classification approaches are used.

In the first approach an index is proposed, reflecting the ability
of the ND parameter to discriminate between useful information
and noise. This quality index, QI, calculated from the variance of
the measurements at different scales, is well suited to studies in
the laboratory under controlled experimental conditions.

In the second approach, the variation of the measurements ob-
tained from each batch was used: this variation coefficient, VC,
represents the uncertainty of the measurements in a context of

spatial variability, which can be
measurements.

The latter technique allows different techniques to be com-
pared, even if they do not generate the full set of data required
to compute the QL

The first approach analyses the variances at different scales: V1,
V2, V3 [46].

V1 is the variance resulting from 10 identical measurements
made at one point. It represents the variability of the measure-
ment. V2 is the variance resulting from measurements made at
three different points on each slab. It represents the spatial vari-
ability of a slab. V3 is the average of the variances taken over the
eight slabs of each batch. It represents the spatial variability of
the slab in a given batch.

The classification criterion used in this table is related to the

quality index, which is defined as:

compared to in situ

B Vi v,
Ql = —logv3 —logv—3 (12)

The quality index QI increases when the variabilities V1 and V2
are low compared with V3. It demonstrates the good repeatability
of the measurement in a localised, but spatially variable context.
The ND parameter becomes more effective for the detection of
changes in the material when the index increases. The last column
of Table 3 indicates the classification given to the ND parameters,
when they are ranked by decreasing quality index (QI). Some tech-
niques were ranked at the bottom of the list (QI = —10) when insuf-
ficient variance data (V1 and V2) was available.

The second approach to the classification of the ND parameters
is based on the calculation of the variation coefficient VC:

VC = zsz(SD(NDpi) /NDp;,) (13)

i=1

where a smaller VC coefficient corresponds to a more reliable
measurement.

For the eight slabs in each batch i, and for each degree of satu-
ration, the average value of the ND parameter NDp; and the mean
standard deviation SD(NDp;) were defined, for all values of i. The
variation coefficient allowed a new classification to be established,
including the ND parameters with the lowest ranking in the previ-
ous classification, as a consequence of their poor quality index
(QI=-10).

4.2. Results
The previous definition of the classification index allowed the

most relevant ND parameters to be retained for the evaluation of
the concrete slabs. The smaller the coefficient VC and the higher
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Fig. 9. Nonlinear acoustic parameter measurement principle.



the quality index QI, the more reliable the measurement. The best
results are generally ranked at the top of Table 3. This classification
of the ND parameters can be analysed and explained as follows:

e With the exception of some specific cases, velocity measure-
ment techniques have the best performance in terms of quality
index and coefficient of variation. These can be found at the top
of Table 3.

The velocity calculated from the impact echo #1 (PW IE) has the
best QI, but not a very good VC. In practice, it is derived from a
set of four equations and measurements, and the measurement
errors are cumulative.

Although the Impact Echo measurements often have the best
Quality Index, they do not always have the best Variation Coef-
ficient. The response is conditioned by the total volume of con-
crete, and the measurements do not depend on the local
composition of each slab. The mechanical properties (Poisson’s
ratio and the modulus of elasticity) obtained with the Impact
Echo technique do not have a satisfactory variation coefficient,
even though they have a good quality index. As their value
depends on the square of the measured ND parameter (fre-
quency), the uncertainties increase accordingly.

The reference measurement for the evaluation of the sound
velocity is that based on the wave transmission at a central fre-
quency of 250 kHz #5 (PW 250). Although it does not have the
best quality index, its variation coefficient shows that it leads to
reproducible results throughout the batch.

Surface wave velocities are well ranked. It should also be
noted that the surface wave velocities measured at a fixed
wavelength (#9 SW 1 cm - #7 SW 2cm - #4 SW 3 cm - #3
SW 4 cm - #8 SW 5 cm) lead to better results than the surface
wave velocities obtained from a combination of frequencies,
such as the mean (#19 SW me) or apparent (#21 SW ap) sur-
face wave velocities. The latter two velocities are highly sensi-
tive to gradients in the concrete’s properties as a function of
depth, and have varying influences at each wavelength. These
two parameters are averaged. The suitability of the various
techniques needs to be studied, in the context of the on site
implementation capabilities.

The ND parameters of surface wave velocity are related to the
depth of penetration. The greater the wavelength, the greater
the affected depths and, with respect to the size of the aggre-
gates, the better the quality. This may be due to the fact that
the slabs have near-surface inhomogeneities, the influence of
which is averaged when the entire volume is considered.

As the ND parameters associated with the measurements
affecting the entire volume of the specimens (transmission
at 250 kHz PW 250 and impact echo PW IE) have the best
quality index or variation coefficient, the volume affected by
the wave should be carefully taken into account when design-
ing experimental protocols and selecting ultrasound
techniques.

Although they are sensitive to changes in the material, attenu-
ation, quality factor and nonlinearities lead to significant uncer-
tainties, as shown by their high coefficient of variation and low
quality index. Further technical developments are required
before practical use can be made of these ND parameters. This
has already been achieved in the case of several specific tech-
niques [21,47].

In the following section, only the velocity measurements are
taken into account, since in most applications they had a high
ranking in our classification. These techniques are also compara-
ble in terms of results and quality. The velocities (italicized in
Table 3) obtained by impact echo #1 (PW IE), surface wave #4
(SW 3 cm) and transmission #5 (PW 250) were selected for the
quality index. Despite their apparently mediocre performance,

two other velocities were also selected (#21 PW 50 and #19
SW me) because they are derived from industrial or robotic
techniques.

5. Comparison of ND parameters versus the indicators

In this section, the ND parameters derived from the ultrasonic
measurements are compared, to determine whether they have
similar responses to the indicators: porosity, degree of saturation,
modulus and compressive strength. Five velocities, three pressure
waves (PW IE, PW 250, PW 50) and two surface waves (SW 3 cm,
SW me), derived from different techniques and determined by
three different partners, were selected using the same set of slabs.
Only one ND parameter derived from each experimental device
was selected. Their variation coefficients ranged between 1.6 and
3.1. These parameters have good Quality Indexes, with the excep-
tion of PW 50, for which not all of the data were provided. Table 4
lists the five selected ND parameters together with data (code,
classification, frequency, wave’ length, the partner that has devel-
oped the technique). We have three pressure waves.

The following observations can be made:

e The Impact Echo measurements affect the entire volume of the
slab.

e The transmitted waves (PW 250 and PW 50) are propagated
through the smallest thickness of the specimen (12 cm), and a
volume of material, depending on the size of the transducers.

e The waves transmitted at 50 kHz (PW 50) correspond to the
Pundit type of industrial material.

e When surface waves are used, the investigated depth is approx-
imately 3 cm for the SW 3 cm ND parameter, and approximately
1.5 cm for the SW gr ND parameter.

The data generated by this study was thus provided by a variety
of techniques and different operators. The various techniques al-
low different volumes of concrete to be analysed. That can lead
to difficulties, when the results of different experiments are
compared.

In the first place the five selected ND parameters were com-
pared for the cases of 0% and 100% saturation characterised by a
large number of measurements. For these two degrees of satura-
tion, they were compared as a function of the following indicators:
porosity, modulus and strength.

Then the evolutions of the five ND parameters were studied as a
function of the degree of saturation (0-30-50-70-100%).

The analyses are limited to the six batches having the same
aggregates (nature and size), but variable water to cement ratios
hence different porosities and mechanical properties.

5.1. Velocity dependence on porosity

Variations of each ND parameter were compared in two stages.

First the variation of the five velocities as a function of porosity
is shown in Fig. 10, for the case of a controlled degree of saturation
equal to 100%. For each batch, the porosity was measured with
three cores [1] and a mean value and the standard deviation were
calculated. The velocity and its standard deviation (+1 SD) were
calculated for each of the ten slabs in the batch, and the average
of these ten values was then plotted. The lowest values of the stan-
dard deviation were found for the PW 250 and SW 3 cm tech-
niques. Both techniques have the best uncertainties because
either they homogenise a large volume of material or they affect
a depth that remains constant. The other techniques are less accu-
rate because they are more difficult to implement or the calcula-
tions involve several measurements, each of which has its own
specific errors.



Table 4

Selected ND parameters for comparison: CLassification, Code, Frequency, Wave Length and Partners that have measured.

Velocity (m/s) determined by CL Code f(Hz) 2 (cm) Partner
Impact echo : calculated velocity 1 PW IE 20 20 IFSTTAR
Surface Wave /=3 cm: laser measurement 4 SW 3 cm 70 3 IFSTTAR
Transmission: central frequency 250 kHz 5 PW 250 250 1.8 LMA
Surface Wave Group velocity: air transducers measurement 19 SW me 150 1.2 ECL
Transmission: central frequency 50 kHz 21 PW 50 50 9 ECL

Secondly for the two degrees of saturation, 100% and 0%,
although the bulk velocities plotted in Fig. 11 could be expected
to be identical, nearly parallel, although shifted, curves are ob-
tained. The same remarks can be made for both of the techniques
relying on the use of surface waves.

These differences can be explained by the following factors:

e the measurements were not made at the same time by all the
partners. The material properties may have changed between
these different times,

o the surface waves affect different depths of the cover concrete,
which is dispersive as a result of gradients in the material’s
composition, and a possible gradient in the degree of saturation,
as a function of depth. The phase velocity (SW 3 cm) and the
group velocity (SW me) have different wavelengths, and differ-
ent contributions from the concrete are averaged. This leads to
different calculated velocities,

the velocities obtained for pressure waves transmitted through

the slab (PW 250) are higher than those measured by the Pundit

(PW 50) and the Impact Echo (PW IE) techniques. The two

methods, PW 50 and PW IE, give very similar results, with

velocities obtained at lower frequencies (between 10 and
50kHz) than those wused in the transmission method

(250 kHz). The observation of greater velocities at higher fre-

quencies is related to the material’s dispersion [17].

This is confirmed by the homogenisation models [48,49], when
implemented for the case of spherical scatterers used to approxi-
mate the aggregates. A decrease in the measured velocity of the
ultrasonic waves can be expected for frequencies below 150 kHz,
and this behaviour was confirmed by experimental results [50].

PW 250 - Porosity (SR 100%)
5000

PW IE- Porosity (SR 100%)

This frequency dependence is the same for both degrees of satura-
tion, because the wave frequencies are identical.

All of these results can be described with regression laws, in or-
der to compare the slopes, which indicate the sensitivity, with the
porosity indicator shown in Table 5. The observed linear trend cor-
responds to a relationship of the type V=a - P+ V,, where P is the
porosity and a and Vj are constants, similar to those found in the
case of mortar [20]. The distribution of the experimental points
with respect to this linear regression is expressed by the determi-
nation coefficient r%. The extreme porosity values correspond to ex-
treme values of Young’s modulus and strength (G1 and G8).

In the case of a controlled degree of saturation equal to 100%,
the slopes a and equation constants Vy are very similar for all
transmission wave excitations, as well as for the two types of sur-
face wave. The correlations are all similar, with a good coefficient
12, except for the case of the Mean Velocity of Surface Wave (SW
me): the non-contact robot was under development during these
measurements, and did not allow the signals to be recorded with
an adequate signal-to-noise ratio. The slopes of the surface wave
techniques are twice as small as that of the transmission tech-
nique. This ratio corresponds to the ratio of the velocities. It should
be noted that for the case of 0% degree of saturation, only two cor-
relations emerge with a determination coefficient above 0.9, be-
cause it is far more difficult to achieve and maintain the degree
of saturation at 0% than at 100%.

5.2. Velocity dependence on elasticity modulus
The variations in velocity as a function of the modulus of elas-

ticity are plotted in Fig. 12A for the PW 250 tests only, in order
to present the uncertainties corresponding to 0% and 100% degree
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Table 5
Linear regression of ND parameter (velocity m/s) as a function of the porosity (Por %)
for the degrees of saturation 100% and 0%.

Determination
coefficient R?

ND parameter Degree of saturation

Velocity (m/s) 100% 0% 100% 0%

PW 50 6286 — 132.1 «Por 5740 — 116.9 « Por  0.969 0.837
PW 250 6602 — 125.6 « Por 6748 — 149.6 « Por  0.961 0.971
PW IE 6613 — 156.6 « Por 6398 — 152.9 « Por  0.953 0.974
SW me 3137 - 65.8«Por 3242 - 72.6«Por  0.754 0.845
SW 3 cm 3578 —78.2«Por 3180 — 62.7 xPor  0.959 0.865

of saturation. These are identical for the ultrasonic measurements
described in the case of the porosity analysis. On the other hand,
the modulus of elasticity uncertainties are derived from three com-
pression tests. These uncertainties can be significant and pose the
problem of the representation and the quality of the mechanical
tests.

Fig. 12B shows the variation of the five velocities as a function
of the modulus of elasticity. It is of interest to observe the distribu-
tion of the modulus data: most of the data points are centred
around the Young’s modulus value of 30,000 Mpa. The two

extreme values (21,000 and 38,000 MPa) that correspond to the
cases of the most and least porous concretes are very far from this
central value. A small variation or error in the measurement of
these velocities can have a strong influence on the regression laws
derived for the five ND parameters.

Concerning the regression laws provided in Table 6, which are
used to describe the velocity as a function of Young’s modulus,
the same remarks can be made as in the case of the porosity. In
each group of techniques (transmission or surface waves), the
slopes are very similar and three of these techniques merge in
terms of coefficients of determination (PW 250 - PW IE - SW
3 cm). The lower values of these coefficients correspond to surface
waves.

5.3. Velocity dependence on strength

The variations in ultrasonic velocity as a function of the con-
crete’s compressive strength are shown in Fig. 13A and B. This infor-
mation is of considerable interest to the engineer. The same
observations can be made as for the study of the modulus of elastic-
ity. Once again, there are very significant uncertainties in the com-
pression tests, such that the quality of these measurements is an
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Fig. 12. Linear regression between ultrasonic velocities and modulus of elasticity A for the PW 250 ND parameter (degrees of saturation 100% and 0%) B for the five ultrasonic

ND parameters (degree of saturation 100%).
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Table 6

Linear regression of ND parameters (velocity m/s) as a function of the elastic modulus (E MPa) for the degrees of saturation 100% and 0%.

ND parameter

Degree of saturation

Determination coefficient R?

Velocity (m/s) 100% 0% 100% 0%

PW 50 2806 +0.051 « E 2324 +0.0547 < E 0.862 0.898
PW 250 3265 +0.0494 « E 2428 +0.0683 « E 0.887 0.988
PW IE 2403 +0.0634 x E 1983 +0.0698 + E 0.933 0.991
SW me 1394 +0.0257 + E 1132 +0.0336 + E 0.686 0.885
SW 3 cm 1474 +0.0317 xE 1354 +0.0292 « E 0.941 0.916
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Fig. 13. Linear regression between ultrasonic velocities and strength. A for the PW 250 ND parameter (degrees of saturation 100% and 0%) B for the five ultrasonic ND

parameters (degree of saturation 100%).

issue, which remains to be clarified. Although the regression laws
appear to be well correlated, as shown by the coefficient of determi-
nation given in Table 7, these values have non-negligible errors, and
considerable difficulties could be expected when using such ultra-
sonic measurements to determine the concrete’s strength.

As for the modulus analysis, the regression law constants are
very similar for each group of techniques (transmitted and surface
waves).

5.4. Velocity dependence on the degree of saturation

Whereas previous analyses have focused on only two cases of
saturation, in order to study the sensitivity and accuracy of each
ND parameter as a function of the indicators, the experimental pro-
tocol was designed to include tests at intermediate degrees of con-
trolled saturation. It was thus possible to test the velocity
variations as a function of the degree of free water saturation in
the porous network. In this aspect of the study, data for the ND
parameters: PW 250 - PW IE - SW me - SW 3 cm was recorded.

The variations of two velocities (PW 250 - PW IE) as a function
of the degree of saturation are shown in Fig. 14. Each concrete is

Table 7

characterised by its batch number and porosity ratio (G1 12.5% -
G2 14.3% - G3 15.5% - G3a 16% - G7 15.9% - G8 18.1%).

The variations are quite similar for both velocities. The PW 250
measurements are always about 10% higher than the PW IE values.
This confirms a previous comment concerning the velocity’s sensi-
tivity to frequency.

It can be seen that two quite different trends are present.

The first corresponds to the G8 batch, showing an increase and a
maximum in the variation of the velocity as a function of degree of
saturation (70%).

The second trend indicates a fall in velocity at intermediate de-
grees of saturation. The amplitude of this fall is very small for the
G1 concrete, which is a low porosity concrete. On the other hand,
for specimens with a higher porosity, the velocity falls by approx-
imately 20% before increasing again at higher values of degree of
saturation. This specific behaviour has been observed for the cases
of sandstone and rock [51,52]. The wave velocity is a function of
the ratio between the Young’s modulus and the density. When
the concrete’s degree of saturation increases, the modulus and
density both increase, but the Young’s modulus appears to be the
dominant effect. Meanwhile, at very low saturations, the velocities
are higher than at about 40% saturation. This phenomenon could

Linear regression of ND parameters (velocity m/s) as a function of the strength (f. MPa) for the degrees of saturation 100% and 0%.

ND parameter Degree of saturation

Determination coefficient R?

Velocity (m/s) 100% 0% 100% 0%

PW 50 3650 + 14.00 = f, 3376 +13.58 * fc 0.896 0.916
PW 250 4104 +13.09 * f, 3597 +16.85 * f. 0.858 0.953
PW IE 3448 +17.55 * f. 3172 +17.53 * f. 0.985 0.987
SW me 1809 +7.32 x f. 1698 +8.18 x f. 0.767 0.911
SW 3 cm 2008 +8.51 * f, 1857 +7.00 = f. 0.935 0.864
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Fig. 15. SW 3 cm and SW me ultrasonic velocities versus the degree of saturation for the six batches.

be explained by a higher modulus, due to the presence of strong
capillary forces [27,51,52].

In the case of the G8 batch, which is very porous, another expla-
nation can be given: the experimental campaigns lasted for more
than 18 months, and concrete carbonation may have occurred over
the 1 year period between the dry and intermediate degrees of sat-
uration, which could have increased the velocities of the interme-
diate states.

In this context, if the behaviour at 0% saturation is not taken
into account, a linear correlation can be established between the
ultrasonic wave velocity and the degree of saturation. In practice,
0% is not a realistic value for the purposes of on site analysis. For
the study reported here, it was agreed to work with realistic satu-
rations only, lying in the range between 40% and 100%.

The variations of the SW 3 cm and SW me surface wave veloc-
ities under the same conditions are shown in Fig. 15. Again, the two
devices used to measure the surface waves recorded similar varia-
tions. However, in the case of 0% saturation, the velocities mea-
sured by the two techniques were very similar, since under these
conditions there is no water in the concrete and thus no gradient
as a function of depth. Otherwise, in the case of intermediate and
saturated degrees of saturation, the measured velocities were low-
er for the SW me. It strongly integrates the gradient in the mea-
surement. Any gradient in the concrete’s properties leads to
additional difficulties, when it comes to measuring the ultrasound
velocity. The use of only one fixed wavelength improves the quality
of the results.

PW 250 - SW 3cm

2600

2400

2200

2000 ~
(]

Ultrasonic Velocity m/s PW 250

1800 T T
3500 4000 4500 5000

Ultrasonic Velocity m/s SW 3cm

Fig. 16. Correlation between ultrasonic velocities (PW 250 versus SW 3 cm) for all
the degrees of saturation.

It is also interesting to note the particularity in the behaviour of
the concrete from the G1 batch, by comparing the two sets of data
shown in Figs. 14 and 15. In the case of surface waves, the curves
do not appear to have a minimum for G1. This is probably due to
the volume affected by the waves, which differs from one tech-
nique to another. In addition, it is difficult to control the saturation
as a function of depth, for slabs with a low porosity. In the case of
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Table 8
Cross correlation laws between ND parameters (velocities m/s) for all the degrees of
saturation ratios and for the six batches.

ND parameter Equation R?

PW 250 712 +1.070 = (PW IE) 0.901
PW 250 237 +0.559 % (SW 3 cm) 0.951
PW IE 298 +0.482 « (SW 3 cm) 0.895
SW me 115+1.121 % (SW 3 cm) 0.816
PW 250 303 + 0.404 * (SW me) 0.764

the G1 concrete, it is difficult to homogenise the degree of satura-
tion. The presence of water distribution gradients as a function of
depth locally modifies the properties affecting the velocity of the
ultrasonic surface wave. As a consequence, significant differences
can be observed in measurements based on the use of surface
waves for materials with a water content gradient, and those ob-
tained by volume wave transmission.

A global comparison of the results can be made using a cross
correlation, as shown for example in Fig. 16. All of the results are
summarised in Table 8. The determination coefficient of the corre-
lation allows the velocities to be compared in pairs.

The best combination is that including the two velocities PW
250 and SW 3 cm (Fig. 16). This pair also has the best Variation
Coefficients, as can be seen in Table 8. This indirectly confirms
the validity of the VC as a classification tool for the quality of the
ND parameters. The slope of this correlation is 0.559, correspond-
ing to the ratio between the transmission wave and surface wave
velocities.

The slope of the correlation between the two surface waves
generated by the two robots should be equal to 1, whereas the
experimentally determined value was 1.12. This confirms that
there is an absolute difference between SW 3 cm (phase velocity)
and SW me (association of group velocity and phase velocities),
which are defined in different ways and characterise different
depths (respectively 30 and 15 mm). In addition, it appears that
the depth characterised by the surface wave should be chosen to
be as great as possible.

6. Conclusions

The techniques used during the SENSO project have on the one
hand led to the development of new, original methods for ultra-
sonic measurements, and on the other hand promoted the study
of the applicability and relevance of ultrasonic techniques for the
investigation of concrete. Our conclusions are related to three main
points: the technical input related essentially to the project, the
progress achieved in the study of concrete, which will enrich future
research work, and emerging studies.

e The most significant technical contribution of this study is the
development of concrete investigation techniques based on
the use of ultrasonic waves. Our research into wave propagation
led to the proposal of solutions for the measurement of ND
parameters related to different scales of the microstructure,
which can be used to determine the material’s sustainability
indicators. Robots using air coupled transducers or lasers,
designed for the study of surface wave propagation, have been
proposed. The analysis of resonance frequency measurements
using the Impact Echo technique has also allowed the mechan-
ical characteristics of the concrete to be determined.

o The progress achieved in techniques for the analysis of concrete,
which is likely to enrich future research efforts, can be
described in terms of three different aspects: measurements —
results —classification of the techniques.
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Concerning the measurements, the importance of knowing
which zones are affected by the propagating wave has been dem-
onstrated. The Rayleigh waves affect weak depths, and are sensi-
tive to the gradients of concrete properties in this dimension. On
the other hand, waves propagating through a slab average out
the material’s properties, and are only slightly sensitive to such
gradients. The importance of the working frequency and its rela-
tionship with the diffusion phenomenon has also been demon-
strated. In concrete, the velocity of sound increases with
frequency, and in the case of surface waves it is important to work
with a fixed frequency. It has also been shown that the phase
velocity is more accurate than the Mean Velocity of the Surface
Wave.

Concerning the results, it has been shown that the propagation
velocities, measured using various different techniques, all have
similar variations as a function of the different sustainability indi-
cators. There are differences in the absolute value of the measured
velocities, however these have been explained by the choice of
wave frequency and the likelihood of local gradients in the mate-
rial properties. It has been observed that variations in velocity as
a function of the material’s degree of saturation correspond to a
particular case, and for future studies it is proposed to limit the
material’s degree of saturation to the range between 40% and 100%.

Concerning the classification, those techniques which currently
lead to the most reproducible results can been identified through
the Quality Index and the Variation Coefficient. The spatial vari-
ability of the concrete is taken into account to quantify these two
estimators. The pressure wave (PW 250) and Impact Echo wave
(PW IE) transmission methods are confirmed in their role as refer-
ence techniques. The recently developed surface wave techniques
are able to produce measurements with the same degree of repro-
ducibility, if the phase velocity is measured at a high working fre-
quency (SW 3 cm).

e Finally, the three potential areas of concrete evaluation
research, which emerge from this study are:

- New methods should be developed to investigate the relation-
ship between attenuation, nonlinear behaviour and the physics
of the concrete. Energy focalisation by temporal reversing, and
the analysis of coda and backscattered waves are important
research themes. It will also be useful to develop techniques
for the measurement of gradients in the material (e.g. carbon-
ation, degree of saturation) as a function of the distance below
the surface.

- Wave propagation modelling will allow parametric studies to
be developed, and signal patterns and their variations, as a func-
tion of concrete ageing, to be predicted. The analytical models
which have already been tested have limited applications,
because it is very difficult to accurately represent the complex-
ity of the material. Numerical methods are likely to lead to
promising solutions.

- In order to transfer ultrasonic techniques to in situ testing
applications, the local material and environmental conditions
will need to be assessed, in order to modify the regression
laws between the ND parameters and the indicators, as
shown by the results of the SENSO project. Moreover, the
quality of the correlations generally depends on the quality
of the ND parameter measurements, as well as the indicator
measurements. The regression laws cannot be generalised to
all types of concrete, without applying various modifications
in order to take the environmental conditions and material
composition into account. Two new on-going French projects:
“Analysis and Capitalization for the Diagnosis of Construc-
tions” and “Non-destructive evaluation of structures for dam-
age prediction and optimisation of the follow-up” implement



methodologies designed to make use of such corrections, for
the on-site diagnosis of concrete. Finally, concerning the
transfer of ultrasound technologies, it is important to bear
in mind the ease or difficulty with which these techniques
can be implemented on site. Transmission and resonant mea-
surements are generally straightforward to implement, but
depend on the geometry and thickness of the structure. It
is possible to measure the surface wave velocity with a
laser-assisted robot, or air-coupled transducers, and these
measurements are reproducible. At this stage of develop-
ment, the laser device is the most suitable technique for lab-
oratory measurements, and the non-contact robot is the best
option for on-site testing. Measurements made with the lat-
ter technique have a low signal-to-noise ratio, and thus have
greater uncertainties. Their sensitivity to local vibrations and
the surface conditions need to be introduced in future
research.

The authors are confident that these three lines of research will
lead to new and useful developments. Numerous methods and
techniques, which are currently being deployed for in situ mea-
surements, have been developed. The selection of the best solution
for a given industrial problem will depend not only on the perfor-
mance of the available techniques, but also on the context of the
required tests and measurements.
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