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Developing a strategy for the management and maintenance of the built heritage is a key challenge for
research. In this context, a large experimental program was implemented to develop a methodology
for non-destructive testing (NDT) of concrete structures based on the determination of: (a) the sensitivity
of the NDT techniques, (b) the uncertainty of the NDT measurements, and (c) the optimal combination of

NDT techniques to enhance the evaluation of concrete properties.
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NDT techniques.

This paper presents the strategy employed and the first results obtained from a comprehensive exper-
imental database of NDT techniques. It also emphasizes how the variability of measurements can be
taken into account and how statistical analyses can be used to evaluate the relevance of the available

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Early stage evaluation of reinforced concrete (RC) is an impor-
tant step in establishing a detailed diagnosis of existing structures.
For this reason, assessing concrete properties using non-
destructive testing (NDT) methods can play an important role in
the process of RC structure management before any expensive
maintenance is undertaken [1]. Among the main physical proper-
ties of concrete to be assessed are:

- Water (or moisture) content, for two reasons:

1. A high value of water content can be a sign of bad qual-
ity of the material (often due to delamination), but it
can also signify a potential vector of future damage is
present, since water is an agent common to most dete-
rioration processes (such as salt ingress, dissolution,
freezing, and alkali aggregate reaction).

2. Some NDT techniques are sensitive to several proper-
ties of concrete. For example, acoustic methods are
used for evaluating mechanical properties (e.g. Young’s
modulus) but are also affected by moisture variation.
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Due to this double dependency, it is not easy to decide

on the cause of the variation in the NDT measurement.

- Porosity, since it is an important factor that controls

mechanical properties such as Young’s modulus and

strength, and also the durability of concrete (exposed to
salt ingress, carbonation, etc.).

In the past decade, research has developed ways of testing the
potential of NDT techniques to evaluate the condition of concrete.
However, the measurement of NDT physical parameters such as
velocity of ultrasonic waves, electrical resistivity or GPR (Ground
Penetrating Radar) wave attenuation is disturbed by uncertainties
due to various causes:

(a) The lack of accuracy and repeatability of the measurement
process at a given point of the tested material.

(b) The variability of the material at different scales: in a limited
volume assumed to be homogeneous, between samples of
the same concrete mixture, or between two successive
batches of the same mixture.

(c) On site, variability can also be induced in an originally
homogeneous concrete by some contrast in environmental
exposure conditions such as a variation of moisture or
temperature.

Because of these possible variabilities, the diagnosis of RC struc-
tures becomes complex due to the difficulty of NDT data interpre-
tation. For instance, in the case of detection of a damaged zone, it
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can be assumed that concrete properties (porosity, moisture,
cracking, etc.) are significantly different in this zone from the val-
ues of a representative undamaged zone. The real challenge is to
confirm that the difference between the NDT measurements in
the two zones is effectively related to a difference in concrete prop-
erties, and not simply to cases a, b, or c above. The same question
arises when comparing two measurements recorded at different
times, e.g. for assessing material evolution. To provide reliable
information to the expert of the diagnosis, it is then important to
quantify the level of uncertainty of the measurements.

Another notable problem is the limitation of using only one
NDT technique to directly evaluate one concrete property. For in-
stance, GPR technology is sensitive to water saturation but also
slightly sensitive to porosity [2], ultrasound is able to evaluate
the modulus of elasticity but it is also sensitive to moisture and
density [3,4], and so on. For these reasons, some researchers have
proposed combining several techniques for concrete strength eval-
uation [5-8] or for detection and visualization in concrete struc-
tures [9,10], or the combination of several NDT parameters
obtained with the same technique [11-13] in an attempt to con-
firm the diagnosis or to reduce the measurement noise. This origi-
nal approach, which consists in combining NDT data, is promising
but only if the additional cost is balanced by an enhancement of
the diagnosis quality [14]. As reported above, knowledge of the
evaluation quality is important in making a decision regarding
additional cost or quality enhancement of the diagnosis. In addi-
tion, it is interesting to recognize whether the combination pro-
vides complementary or only redundant information. This
information helps in the selection of the best combination for
enhancing the evaluation of the desired concrete property.

This paper focuses on the implementation of a general strategy
for enhancing the diagnosis of RC structures by NDT techniques. A
large laboratory and on-site experimental programme has been
implemented as a part of the French ANR project SENSO [15].
The first part of the strategy is based on the analysis of the quality
and the sensitivity of many NDT techniques. In the second part, the
complementarity or correlation between the selected NDT param-
eters is discussed and quantified for an optimal combination lead-
ing to improved concrete condition evaluation.

2. Experimental program and data analysis
2.1. Experimental program

The experimental program was implemented within the frame-
work of the French national project “SENSO”. The aim is to (a)

Table 1
Mixtures and characteristics (S is the water saturation).
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evaluate the uncertainty of NDT measurements due to the imper-
fect repeatability and the material variability, (2) combine appro-
priate techniques in order to enhance the diagnosis of our built
heritage. The program concerns a set of plain concrete samples of
different mixtures. About 90 slabs (50 cm x 25cm x 12 cm),
implementing eight different compositions of concrete, were cast.
The mixes covered a range of porosity sufficiently broad to be
representative of what is classically found in structures. A large
variety of NDT measurements were performed. These techniques
can be summarized as follows:

- Electrical resistivity methods (Wenner and four-probe
square array).

- GPR (Ground Penetrating Radar), direct wave analysis
(arrival time and amplitude).

- Capacitive Method (3 frequencies of measurement).

- Ultrasonic surface waves method, with and without con-
tact (velocity, attenuation, quality factor) [16,17].

- Ultrasonic waves in direct transmission (UPV).

- Impact echo (first peak frequency).

Table 1 summarizes the laboratory benchmark: mixtures, num-
ber of slabs, and the corresponding properties (degree of satura-
tion, porosity, modulus of elasticity and strength). These
properties were measured on cylindrical cores (modulus of elastic-
ity, compressive strength, porosity) or by monitoring the slab’s
weight (degree of saturation). All the NDT measurements were
performed on nine slabs (for each batch) for dry and saturated con-
ditions and on three slabs for three intermediate levels of satura-
tion (40%, 60%, 80%), as summarized in Table 1. For each slab, the
different NDT techniques provided about 52 measured physical
parameters (e.g. UPV, surface wave velocity, GPR amplitude, elec-
trical resistivity, frequency of impact echo, etc.).

2.2. Methods for data analysis

After all the series of tests, about 12,700 numerical values have
been included in a database. The first aim of the data analysis was
to reduce this large set of values and to find the most relevant NDT
parameters for the evaluation of each concrete property. (In this
paper, only porosity and saturation are analyzed but the strategy
is identical for other properties such as strength and modulus of
elasticity).

In a first step, several indices were defined for the evaluation of
the quality and the degree of sensitivity of each NDT measurement
regarding each concrete property. The indices were defined using
two statistical approaches (variance analysis and multiple

Aggregates Round siliceous Round Siliceous Crushed Siliceous Crushed limestone
0-14 mm 0-20 mm 0-14 mm 0-14 mm
w/C 0.30 0.45 0.55 0.65 0.80 0.55 0.55 0.55
Reference G1 G2 G3 G3a G7 G8 G4 G5 G6
Number of batches 1 1 2 1 1 1 1 1
Series S (%) Number of slabs
Series 1 0 9 9 9 9 9 9 9 9 9
Series 3 40 3 3 3 3 3 3 3 3 3
60 3 3 3 3 3 3 3 3 3
80 3 3 3 3 3 3 3 3 3
Series 2 100 9 9 9 9 9 9 9 9 9
Porosity (%) 125 14.3 15.5 16.0 159 18.1 14.2 15.2 149
Modulus of elasticity (GPa) 0 35.75 30.92 29.72 28.91 29.18 22.86 30.76 33.32 39.36
100 35.46 28.36 30.04 27.93 27.45 21.27 26.71 29.71 35.8
Strength (MPa) 0 77.2 55.6 - 46.0 44.0 27.0 47.0 53.0 44.0
100 77.9 433 435 40.5 383 20.2 36.6 45.0 38.2
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regression). Based on these indices, a ranking between the NDT
parameters became possible for identifying the most relevant.

In a second step, and on the basis of a limited set of NDT param-
eters, the correlation and the complementarity between NDT
parameters were analyzed by means of a data mining technique
(principle component analysis, “PCA”) [18].

The two steps (selection of individual parameters and use of
best combination) are described with several practical examples,
which show how the concrete properties can be better assessed
in practice. It is also shown how the uncertainty on the estimated
properties can be quantified.

3. Methodology for identifying the most relevant NDT
parameters

3.1. Quality and sensitivity of NDT techniques

The relevance of a technique and of its corresponding physical
parameters can be assessed by two criteria related to (1) the qual-
ity of the measurement (repeatability) and (2) the sensitivity to a
given concrete property. Each of these criteria can be evaluated
using two approaches:

Approach 1: Variance analyses at various scales.
Approach 2: The quality of the models (relationships) linking
NDT parameters and concrete properties.

The following section describes the two approaches and defines
how the criteria can be used to select the most relevant NDT
parameters.

3.1.1. Approach 1: variance analysis for quality and sensitivity
evaluation

The first approach is based on a statistical analysis of variability
of the NDT measurements by calculating the variances (Eq. (1)) of
the measurements and their corresponding coefficient of variation
at four levels as presented in Fig. 1.

V= Z?:] (X — Xi)z
n

(1)

X is mean of x; values, x; is the value of sample i and n is the number
of samples.

=

V2i

In Fig. 1:

e Variance V1 (point scale) results from the imperfect
repeatability of a measurement on the same point of
the slab, at which measurements were repeated ten
times;

e Variance V2 (specimen scale) results from the internal
variability of the slab, due to the heterogeneity of the
material. Ten measurements are carried out on the same
slab by moving the sensor along a profile when this is
feasible;

e Variance V3 (batch scale) estimates the variability of the
material between slabs within a given batch. The mean
values of the NDT parameter calculated on each slab
are used for the calculation of V3.

e Variance V4 (global scale) results from the variability of
the concrete property (porosity or saturation for the case
of this study). It is calculated from the mean values
obtained on all the measurements of one subset of the
whole experimental programme. For example, the vari-
ability between the different batches at a fixed saturation
degree is considered as the variance regarding the poros-
ity (V4p). The variability between the mean values for
one batch at different degrees of saturation reflects the
effect of water saturation variation and is named V4.

The intrinsic quality of an NDT parameter can be evaluated from
the accuracy of the measurement at different scales. For a better
evaluation of a concrete property using NDT technique, the uncer-
tainty of repeatability (V1 and V2) must be as small as possible
compared with the effect of concrete property variation. The limit
of V2 is 0 if the repeatability of the measurement is perfect and the
slab homogenous.

The sensitivity characterizes the ability of the NDT parameter to
differentiate between concrete mixtures or between saturation
conditions. In this logic, at least one of the two V4 values (either
V4, or V4;) must be as large as possible (V4 > V2). This ensures
that the measured NDT parameter is able to detect a variation of
concrete porosity or of the degree of saturation. The lack of sensi-
tivity of a technique to a concrete property (the case when V4 is
small) can, however, be of interest: if a first NDT parameter is sen-
sitive to two concrete properties (Xi,X») while a second NDT
parameter is only sensitive to X;. The second measurement enables

Mean variability in a slab

/

= Variability in a

.r//fy.vﬂl/!vﬂl/-ry

batch ‘n”

Fig. 1. Significance of the different variance levels V1, V2, and V3.
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X; to be estimated first, after which X; is estimated from the first
measurement. However, the issue at this stage is to estimate the
degree of uncertainty of the two NDT parameters before selecting
them for combination. Based on the above definition, V4 can be
considered as the “signal” of the measurement, and V1, V2, V3
are the “noise” of measurement at different levels. For a better
comparison between NDT parameters, the calculated variances
are normalized and two indices are defined as follows:

1. The quality index (QI) results from the imperfect repeatability
of the measurement, which is directly related to the accuracy
of the local measurement. For a high quality measurement, V1
and V2 must be as low as possible in comparison with V3:

Ql = —log (:%) —log (%) (2)

2. The sensitivity index (SI) is defined as the “signal to noise ratio”
of the measurement with respect to a concrete property. There-
fore, an NDT parameter is strongly sensitive to a concrete prop-
erty if V4 is much larger than V3. In this study, two SI were
proposed, the first for the sensitivity to saturation and the sec-
ond for the sensitivity to porosity:

V3
SIs = —log <V4s> 3)
V3

3.1.2. Approach 2: multiple regression models for quality and
sensitivity evaluation

3.1.2.1. The choice of models form. The first step concerns the iden-
tification of empirical relationships (models) linking the NDT
parameters and concrete properties. This is also important with re-
spect to the final objective, which concerns data combination of
the selected NDT parameters for a better evaluation of concrete
properties. Multiple linear regressions were chosen to obtain a first
series of relationships. This was because the linear form is suitable
for the majority of NDT techniques. For instance, the capacitive
technique is linearly related to the volumetric water content of
concrete [19] and also the velocity and amplitude of a GPR wave
[20,21].

However, this kind of relation does not apply for some NDT
techniques, such as electrical resistivity of concrete, for which
the empirical Archie’s model, a power law, is more suitable than
linear relationships [22]. For this reason, for electrical methods,
the logarithm of the resistivity was considered instead of the resis-
tivity itself. The issue of linear models was also addressed for
acoustic techniques. Experts in acoustic techniques confirmed that
the relation between the velocity of ultrasonic waves and the
porosity is almost linear between the saturated state and air-dry
state [23]. However, the dependence on water saturation is not a
monotonic function over the range [0%,100%]. A minimum value
of this NDT parameter was recorded on concrete slabs having a
water saturation of about 30%. For lower saturation rates, the wave
velocity increased. Considering that, in practice, concrete struc-
tures have saturation levels higher than 30%, concrete slabs which
had been oven dried to reach 0% of water saturation were excluded
from the data set on which models were calibrated and a linear
model was kept.

Of course if alternative relationships (either theoretical or
empirical) were available, they could also be considered instead
of linear ones, following the same methodology. In this study,
the priority was to develop the strategy of combination and not

to improve the quality of regression models. For these reason,
the choice was made by considering only empirical linear relation-
ships identified through statistical analysis of the data set.

3.1.2.2. Identification of regression coefficients. Based on the above
section, multiple linear regressions were statistically identified
and selected for modelling the relations between NDT parameters
and the concrete porosity and saturation pair, as presented in

NDT;) = Ai(£Eq) x S+ Bi(£Ey) x P + Ci(%E,) (5)

where NDTj; is the response of the NDT parameter i (i=1-52); S is
the degree of saturation and P is the porosity (both expressed as
percentages); A;, B; and, C; are the regression coefficients of the
empirical model regarding the parameter NDT;; E is the standard
error on the coefficients, calculated using the following equation:

_ Ly X0 -y
E= -y = 6)

in which n is number of samples; X and Y are mean of x and y values,
respectively, on the series of n samples; and x and y are the values of
the sample.

Figs. 2 and 3 illustrate typical results of the multiple regressions
identified, which show the response surface for the NDT parame-
ters GPR travel time and the velocity of surface wave with respect
to porosity and saturation. In fact, the figures show simulations of
NDT measurements with respect to saturation (30-100%) and
porosity (12-18%) variations based on multiple-regression models
“empirical models identified on the experimental results”.

It can be seen that the water content has the same effect on
both parameters: an increase in the water content induces an in-
crease in the velocity of the surface wave and an increase in the
GPR travel time. In contrast, the effect of the porosity is opposite
on these two parameters: increasing the porosity lowers the ultra-
sonic wave velocity and increases the GPR travel time. The very dif-
ferent orientation in space for the two regression planes reveals
good complementarity between the surface wave velocity mea-
surement and the GPR travel time.

3.1.2.3. Evaluation of the quality and the sensitivity of NDT tech-
niques. To evaluate the quality of the relation between the NDT
parameter and the concrete properties, two indices were consid-
ered. The first one was the determination coefficient R? (Eq. (7))
that represents the general quality of the regression with respect
to at least one concrete property. R? increases:

GPR travel time of direct wave (ns)

40

Water saturation (% )

20 12 Porosity (%)

Fig. 2. Response surface of the GPR travel time variations with respect to water
saturation and porosity.
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Ultrasonic surface wave velocity (m/s)

2000 . .

1800 ..
100

60 _
10

Water saturation (%) 20 12 Porosity (%)

Fig. 3. Response surface of the ultrasonic surface wave velocity variations with
respect to porosity and water saturation.

(a) if the measurements are of high quality (low level of noise
“V17);
(b) if the model fits the experimental measurements well.

This statistical parameter (R?) was then taken as the quality in-
dex (QI) of NDT parameters regarding concrete properties
evaluation.

g X=X -y
SX =2 LY ~y)’

The second index was based on a significance test of the regres-
sion coefficients (A and B). Student tests were applied to the A (sat-
uration) and B (porosity) coefficients for each NDT parameter. The
test consists of comparing the ratio between o, (Eq. (8)) and the
Student limit. This limit depends only on the probability (95% in
this study) and the number of degrees of freedom of the model.
The NDT parameter is strongly sensitive to concrete properties if
at least one slope (A or B) is estimated with a smaller uncertainty
(high value of g, at least equal to the Student limit, which was
2.036 in the case of this study).

(7)

_ Coy

Ox="F (8)

where Coy is the slope of the regression regarding concrete property
(x); A; for saturation and B; for porosity; and Ey is the error in esti-
mating the slope of concrete property (x) (see Eq. (6)).

From o,, two indices of sensitivity are proposed, one corre-
sponding to the saturation sensitivity named Sls and the other to
the porosity sensitivity (Slp). The NDT parameter is of good rele-
vance if the two indicators (QI = R?) and (SI) have high values, as
it then gives useful information regarding the concrete properties
evaluation. Typical results are presented in Table 2. In this table,
a comparison between GPR amplitude and velocity of surface wave
indicates that, on the one hand, both the velocity of the surface
wave and the GPR amplitude present acceptable quality indices

Table 2

Table 3
Selection criterion - comparison between the proposed approaches.
Approach 1 Approach 2 Common
Selection criterion QI>0.6 Ql>04
SI>0.5 SI>2
Number of selected NDT Ultrasound:  Ultrasound:  Ultrasound:
parameters 6 10 5
Impact- Impact- Impact-
echo: 2 echo: 0 echo: 0
Capacitive: Capacitive: Capacitive:
0 2 0
Electrical: 4  Electrical: 3  Electrical: 3
GPR: 11 GPR: 6 GPR: 4
Total: 23 Total: 21 Total: 12

Table 4
List of the 14 selected NDT parameters from the different techniques.

Code NDT NDT physical parameters
techniques
US_Sw1 Ultrasonic Pulse velocity of surface wave™ (m/s)
US_SW2 Ultrasonic SW phase velocity corresponding to the
wavelength equal to 3 cm"™”
uprv Ultrasonic “UPV” Ultrasonic Pulse Velocity at 250 kHz (m/
s)
US_Att Ultrasonic US attenuation
Us_Q Ultrasonic US Quality factor
IE Impact echo  IE peak frequency
CM Capacitive Frequency Capacitive method (large size sensor)
method
ER_1 Electrical Electrical resistivity, Four-probe square array
methods (5 cm distance)
ER_2 Electrical Electrical resistivity, Four-probe square array
methods (10 cm distance)
ER_3 Electrical Electrical resistivity with Wenner sensor
methods (Ohm m)
GPR_Amp Radar (GPR)  Peak to peak temporal amplitude of the GPR

direct wave (1.5 GHz)

GPR_V Radar (GPR)  Velocity of GPR direct wave (1.5 GHz) m/s

GPR_T1 Radar (GPR)  Direct travel time (offset 7 cm) of direct wave,
ns

GPR_T2 Radar (GPR)  Direct travel time (offset 14.7 cm) of direct

wave, ns

" Surface wave phase velocity obtained by a spectral analysis [17].
" Surface wave phase velocity obtained by a p-w transform [16].

(Ql larger than 0.62) and, on the other hand, the sensitivity indices
show that GPR is only sensitive to saturation (SI, = 1.41 is below
the Student’s limit of 2.036) whereas ultrasound is sensitive to
both saturation and porosity.

3.2. Expert’s decision: selection of the relevant NDT parameters

The selection of the relevant NDT parameters for the concrete
properties evaluation was based on the two proposed approaches:
(a) variance analysis and (b) multiple regressions. The two ap-
proaches involve the calculation of the quality index (QI) and the
sensitivity index (SI) for selecting the more relevant NDT tech-
niques. The choice of the minimal values of the criteria QI and SI
was done with NDT’expert. The NDT parameters selected by both

Typical example of quality and sensitivity indices calculated using multiple regressions.

Ql Coefficient (A) saturation Coefficient (B) porosity

=R? Value Error Sls Value Error Slp
Ultrasonic surface wave velocity 0.62 4.96 0.89 5.6 -55.90 14.13 3.91
GPR amplitude 0.70 —-0.0016 0.0002 8.12 —0.0044 0.0031 1.41
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Normalized surface wave velocity

0.6 0.7 0.8 0.9 1 1.1
Normalized frequency of impact echo

Fig. 4. Example of typical correlation between NDT techniques (impact echo
frequency vs surface wave velocity).

approaches were systematically adopted. However, the experts
decided to eliminate the redundant NDT parameters, e.g. GPR tra-
vel time measured at different offsets. At least 11 NDT parameters
were selected as can be seen in Table 3. In a last step, a few NDT
parameters measured by two different experts or systems were
added to the 11 previously selected, to enable some comparisons,
even if they did not satisfy the minimal values of QI and SI. Table 4
summarizes the final selection of 14 NDT parameters, based on
the two selection approaches and the discussion with the NDT
experts.

4. Methodology of combining NDT techniques
4.1. Analysis of the complementarity between NDT techniques

As presented above, NDT techniques (measured physical
parameters) are subject to uncertainty due to the “relative” quality
of the measurements and to the variability of the concrete. More-
over, evaluating concrete condition on the basis of one NDT tech-
nique is difficult since several concrete properties can affect a
single NDT measurement. The combination of several NDT param-
eters can be useful for enhancing the quality of the diagnosis. For
example, it is interesting to combine NDT parameters that are
highly correlated in order to confirm a diagnosis, as can be seen
in Fig. 4 (high correlation between the NDT parameters surface
wave velocity and impact echo). Moreover, combining comple-
mentary NDT parameters, which are differently correlated to the
concrete property considered (e.g. GPR and ultrasonic), can be
interesting since it opens the way to the inversion of the equation
system for evaluating concrete properties.

Due to the large number of NDT parameters, this analysis is dif-
ficult to implement and the systematic analysis of all possibilities
among 14 parameters would be impossible in practice because of
the time required. Data mining methods can be useful for illustrat-
ing correlations and complementarities between the NDT parame-
ters. Principal Component Analysis (PCA) was performed using
Matlab software.

Fig. 5 shows the variable positions in the first factorial plane F1-
F2. In this analysis, the variables considered are the 14 selected
NDT parameters and the pair of concrete saturation and porosity.
The number of variables is then 16; each of them being repre-
sented on the figure by a vector. The direction and length of the
vector indicate how each variable contributes to the two principal
components. From this figure, it is clear that all the variables con-
tribute significantly with comparable inertia, except the NDT
parameters ultrasonic attenuation (US_Att), and ultrasonic quality

0.5
= Us_att Saturation
X GPR_T1 |:
© +
o . " GPR_T2
te)
N
=
o~ us_Q
= 0

S GPR_V 4 =

c GPR_Amp 4 \

o = o

Q c™M y

: /
S R2

ER_3% e
ER_1 W T+
= W US_Sw2
&% upv
US_SW1
-0.5
-0.5 0 0.5

Component 1 (64.03 %)

Fig. 5. Principal component analysis (first and second components), the numbers
correspond to the index of the NDT parameters (codes of techniques are
summarized in Table 4).

factor (US_Q), which make a smaller contribution. This is due de
the low quality of these two NDT parameters regarding the evalu-
ation of concrete porosity and water saturation. The interpretation
of the graph is easier when one looks at the location of the porosity
and saturation points (the angle is about 80° between the two axes,
which means that they are roughly independent). The interpreta-
tion of the graph is based on these two identified axes.

Based on the analysis of the PCA, it is possible to optimize the
number of NDT parameters used for the combination, analyzing
the complementarity between NDT parameters, and detecting
the redundant information. This can be carried out, particularly,
using the coefficients of the variables calculated in the first and
second components. The angles between individual NDT parame-
ters, regarding PCA analysis, have been calculated and typical re-
sults for some NDT parameters are summarized in Table 5. These
angles can be interpreted as follows:

e The NDT parameters are well correlated and can be used to
confirm a diagnosis if the angle is close to zero or 180°.

e The complementarity between NDT parameters is very
good if their position in the PCA corresponds to angles near
90°.

Based on this analysis, in Table 5, the NDT parameters having
good complementarity are, for example, GPR amplitude and ultra-
sound surface wave velocity, which have an angle of 90.6°. The
NDT parameters that are well correlated are for example impact
echo and UPV, and also GPR and capacitive method. However,
some NDT parameters can be considered as redundant, e.g. electri-
cal resistivity measured with different sensors (see Table 4). Table
6 proposes some results that correspond to the best combinations
of NDT techniques for the evaluation of concrete porosity and
water saturation. This table suggests, for example, using Ultrasonic
Pulse Velocity combined with GPR amplitude. This combination
can be completed with other NDT parameters like, for example, im-
pact echo as a mechanical method or electrical resistivity.

Although the results presented here are limited to porosity and
saturation assessment, the same methodology can be used, follow-
ing exactly the same steps, for other properties such as Young's
modulus, compressive strength, etc. Moreover, other NDT tech-
niques can be analyzed following the same methodology. However,
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Table 5
PCA angles between the more relevant NDT parameters.

Ultrasonic surface wave UPV  Impact Capacitive Electrical GPR amplitude GPR travel time
velocity (US_SW2) Echo Method Resistivity (ER_3) (GPR_Amp) (GPR_T2)
Ultrasonic surface wave 0
velocity (US_SW2)
UPV 9.6 0
Impact echo 11.1 15 0
Capacitive method 88.5 788 774 0
Electrical resistivity (ER_3) 63.1 535 52 253 0
GPR amplitude (GPR_Amp) 90.6 809 795 2.1 274 0
GPR travel time (GPR_T2) 89.7 99.3 100.8 178.1 152.8 180.2 0
Table 6 40 -
Some combinations of NDT techniques and their additional techniques. p——)
35
First method Combined methods Additional method =
Technique Parameter Technique Parameter Technique Parameter e\‘;’ %0
2
Ultrasonic ~ Ultrasonic ~ GPR Amplitude Ultrasonic  Surface 'g %
Pulse wave ‘g 20
Velocity velocity M
(UPV) (US_SW2) 9 15
GPR Travel e :
time g 10 i ;
Capacitive  Frequency Impact First peak 5 _________ '___Sojutifgn______i_________:__
method Echo frequency : : : :
Electrical  Wenner 0 ! ; ; : i : : : ;
resistivity  sensor 0 10 20 30 40 50 60 70 80 90 100

Ultrasonic Pulse Velocity (m/s)

" Respanse siiiface of URY

... Crossing line

Water saturation (%) 20 12

Porosity (%)

Fig. 6. Typical example of crossing between the UPV response surface and the
measured value of UPV recorded on the corresponding slab.

combining all the techniques is not realistic since it would drasti-
cally increase the time and cost of the assessment, even though it
would reduce its uncertainty. However, the practical result is that,
based on the information synthesized in Table 6, the expert on NDT
techniques can limit the inspection to a minimum set, regarding
the available techniques and the allocated budget.

4.2. Combination of NDT techniques for the evaluation of concrete
properties

The main objective of combining several NDT techniques is to
improve the concrete structure diagnosis. Based on this analysis,
an optimal combination of NDT techniques can be used for invert-
ing the implemented multiple regressions, using a least squares
method for example. Typical results of such an approach can be

Water saturation (%)

Fig. 7. Solution by combining Ultrasonic Pulse Velocity and the amplitude of GPR
direct wave.

““Electrical resistivity, ER 3 |
't]“ GPR_;Amp :
—GPR_T2

Concrete porosity (%)

0 10 20 30 40 50 60 70 80 9 100
Water saturation (%)

Fig. 8. Concrete properties evaluation by combining GPR, ultrasonic, impact echo
and electrical resistivity.

seen in Fig. 6, which represents the intersection in the porosity-sat-
uration plane between the response surface of the NDT UPV and
the measured NDT value (4200 m/s) on a concrete slab.

The projection of the intersection on the horizontal plane
(porosity, water saturation) is a straight line of porosity vs satura-
tion. A minimum of two NDT parameters having good complemen-
tarity are needed for the evaluation of the porosity-saturation pair
after crossing the two horizontal projections for the two NDT
parameters as can be seen in Fig. 7.

The coordinates of the common point (which belongs to the two
straight lines corresponding to the two NDT measurements) repre-
sent the solution of the inversion, in which ordinate value is the
predicted porosity and abscissa value is the predicted water satu-
ration. To improve the diagnosis, it could be interesting to use sev-
eral line crossings, which means several NDT measurements to
confirm the evaluation.
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Fig. 9. Correlation between UPV and concrete porosity at moisture saturation
varying from 30% to 100%.

Since the orientations of the planes in the 3D-space are very dif-
ferent, any pair of NDT values will provide a well-conditioned pair
of equations, enabling a good inversion of the system. This can be
seen in Fig. 8, which represents the projection on the horizontal
plane (porosity, water saturation) for a given series of measure-
ments. In fact, it represents the average measurements on three
specimens from mix G7, w/c = 0.65. In this figure, the slabs named
“slabs-1" were saturated slightly above a mean value of 51%, and
had a measured porosity of about 16%. In this case, three NDT
parameters were used: GPR attenuation and travel time, UPV, im-
pact echo, and electrical resistivity. The complementarity of the
techniques involved can be clearly seen since each line has a differ-
ent slope. The figure shows that the information provided by com-
bining these NDT techniques is very relevant. The combination
indicates that this specimen has a mean porosity of 15.8% with
absolute error of about+0.65 and water saturation of about
52.5% +3.5. The error between actual and calculated values is
about 1.25% for porosity and 3% for water saturation. The uncer-
tainty of prediction is of about 4.1% and 6.6% for porosity and sat-
uration, respectively. However, using only one method, e.g. UPV,
for moisture varying between 30% and 100% of saturation, the error
of predicting the porosity is very high, as can be seen in Fig. 9. In
fact, inverting the empirical model relating UPV to porosity pro-
vides a result of 17% porosity * 6.2. The 95% prediction bound var-
ies between 10.8 and 23.2 of concrete porosity. In this example, the
concretes tested have a porosity of 16%. Therefore, in the case of
unknown concrete moisture and using only the UPV parameter,
the error in mean value is of about 6.3% (difference between actual
value “16%” and predicted value “17%"). However, the uncertainty
of prediction is very high and can reach 36.7%, whereas the combi-
nation provides an uncertainty of about 4.1%.

5. Conclusions

e Based on a large experimental program, variance analysis and
multiple regression techniques were used to quantify the qual-
ity of some NDT techniques (e.g. Ultrasonic Pulse Velocity
“UPV” and attenuation, electrical resistivity, GPR velocity and
amplitude, etc.) and their sensitivity to concrete porosity, and
water saturation. Specific statistical criteria were defined and
used for selecting the most relevant NDT parameters. These cri-
teria show that UPV and GPR velocity are among the NDT mea-
surement of good quality regarding the evaluation of concrete
porosity and saturation.

e The degree of complementarity between NDT techniques was
quantified using Principal Component Analysis. Several combi-
nations have been identified which appear to be very relevant,
when porosity and water saturation have to be evaluated. For
instance, this analysis shows a very interesting complementar-
ity between acoustic methods (UPV, impact echo) and (GPR,
electrical resistivity).

By using data inversion, which combines the most relevant and
complementary NDT techniques, porosity and water saturation
were evaluated. The results show that the combination of NDT
parameters improves the diagnosis by decreasing the predictive
error compared with the use of only one technique. For
instance, in the case of unknown concrete moisture and using
only the UPV parameter, the uncertainty of predicting concrete
porosity is very high and can reach 36.7%. The relative error is
decreased to 4.1% when the measurement is combined with
GPR or electrical resistivity.

e The approach presented in this paper is a generic one, which
does not depend on the type of NDT measurement or on the
material property to be assessed. It can be followed for other
NDT techniques and material properties. Moreover, the illustra-
tive examples considered the porosity/saturation degree pair,
any other concrete properties, such as modulus of elasticity or
strength, could be considered.

Further works are in progress for improving the evaluation of
concrete properties based on the mathematical inversion of
the statistical models implemented. Another large data set
regarding the evaluation of durability indicators such as chlo-
ride contamination or carbonation is also being analyzed. Cur-
rently, the developed methodology is being tested on site in
order to confirm the efficiency of the approach implemented.
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