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ABSTRACT

This paper addresses the use of non-destructive testing (NDT) methods to assess indicators
for both the concrete durability (porosity, degree of saturation) and mechanical properties (elasticity
modulus, compressive strength) of reinforced concrete structures. NDT results, called
"observables", are obtained by means of ultrasonic or electromagnetic methods and then correlated
with these mechanical and durability indicators. The conversion model used to transform
observables into indicators depends on the actual concrete mix design. If this conversion model is

unavailable for the reinforced structure under study, then the evaluation may be inadequate due to
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high uncertainty on the results. This paper proposes a calibration methodology to derive a
conversion model appropriate for the structure by use of a minimum number of cores in order to
improve the on-site evaluation. A motorway bridge is tested and characterized by NDT, after which
some cores are extracted for calibration and others for validation. The cores are subsequently non-
destructively characterized in the laboratory and/or used to determine indicators by means of
standardized destructive methods. The non-destructive (ND) calibration protocol on cores is
presented first. Next, NDT results recorded in situ and on the corresponding core are compared.
Also, durability indicators deduced from on-site NDT measurements in addition to calibration are
compared with reference durability indicators that have been independently determined by standard
destructive methods. Results obtained by analyzing more than 1600 data fully validate the tested

calibration methodology.
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INTRODUCTION

In the field of civil engineering, non-destructive testing (NDT) is foreseen as a useful tool for
engineers and facility owners to get quantitative indicators that allow establishing precise diagnoses
and implementing maintenance programs for monitoring the structure conditions throughout its
service life [1-4]. Performance-based approaches [5, 6] specify the most important durability
indicators of concrete needed to be assessed, such as mechanical strength, porosity, water content or
degree of saturation and transport coefficients.

Among these main indicators, porosity is an important factor, as it influences mechanical
properties such as Young's modulus and strength, but also as it influences the durability of concrete.
Indeed, porosity influences the transport coefficient (diffusion coefficient and permeability) and

consequently the ingress of aggressive agents that cause reinforcement to corrode [5]. Porosity
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conditions also the resistance to freeze-thaw cycles. Water content is another critical parameter,
especially given that water is a common agent of most deterioration processes (e.g. corrosion,
hydrate dissolution, freezing, alkali-aggregate reaction) and moreover controls the penetration
kinetics of salt and carbon dioxide [5, 7, 8]. For this reason, porosity and degree of saturation
(which is preferable to water content by virtue of being independent of porosity) are the most
common parameters found in the durability models developed to predict the evolution of
degradation and forecast the residual service life of reinforced concrete structures.

Some NDT techniques are sensitive to several concrete properties. For instance, ultrasonic
(US) waves are mainly sensitive to porosity or mechanical properties, such as Young's modulus and
compressive strength [9-12], yet are also affected by moisture variation [10-13]. Moreover, methods
based on electromagnetic (EM) wave propagation [14-20], as well as electrical resistivity
measurement methods [21-24, 17], are highly sensitive to water content and hence to the degree of
saturation, while exhibiting less sensitivity to porosity [12, 25]. NDT techniques can be sensitive to
the type of aggregate, cement or mineral additions, which explains why a calibration protocol has
been developed to eliminate these constant biases. Due to the double dependency on porosity and
degree of saturation, the cause of the measurement variation in the NDT parameter cannot be easily
determined. Consequently, a combination of complementary methods is recommended in order to
accurately assess the degree of saturation and porosity of concrete [12, 26-28]. When relying on
such a combination procedure, it becomes possible to evaluate durability indicators and/or
mechanical properties, as reported by several authors. The challenge however consists of
transferring this methodology to real structures [29-31]. Though the NDT combination yields
reliable results in laboratory measurements, only limited research has been dedicated to on-site
applications. The NDT combination is not sufficient. Indeed, since laboratory concrete mixes differ
from that of the investigated structure, the models identified from laboratory measurements are not
directly applicable on-site in most cases [12]. In addition, other parameters can generate

considerable noise (e.g. concrete surface quality, property gradients, skin and wall effects,
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carbonation) [15, 32-34]. The need exists therefore for a methodology that adapts the laboratory
procedure to a structure on site assessment. The general principle behind the proposed calibration
methodology is based on a determination of models capable of converting ND observables to
durability indicators on cores extracted from the studied structure. Thus, the conversion models (or
calibration curves) obtained in this manner are more representative of the material properties of the
surveyed structure.

In a context of built heritage preservation, it is very important to transfer the use of NDT from
a laboratory setting to real structures for an optimal evaluation of the concrete durability indicator
[31, 4]. The research presented seeks to assess concrete mechanical properties and durability
indicators, both of which are key parameters in the physicochemical degradations and rebar
corrosion of reinforced concrete structures. The mechanical and durability indicators studied are as
follows: compressive strength Rc, secant Young's modulus E,, bulk porosity ¢, and degree of
saturation S. This paper focuses on the two indicators ¢ and S. The ultimate goal is to develop a
methodology that allows obtaining calibration curves (i.e. a conversion model to transform the ND
observables into ¢ and S) and then evaluating these durability indicators on a real structure by

means of ND measurements.

The first part of this paper presents the three complementary NDT methods used to test cores
(275x70 mm) in the laboratory. The second part is devoted to the calibration protocol, while Part 3
describes the on-site validation campaign, including ND testing and coring. The relevant test site is
a highway bridge located in Marly (France). The final part is intended to compare laboratory and
test site results, in addition to introducing literature results [35, 11, 12]. Estimated indicators are

also compared with references in order to validate the protocol.

1 ND METHODS USED FOR IN-LABORATORY CALIBRATION
Three ND laboratory methods were designed to characterize same-sized cylindrical samples,

with a diameter and height equal to 75 mm and 70 mm, respectively. These dimensions have been
4
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set greater than 3 times the maximum diameter currently used for aggregates (20 mm) in order to

generate a representative elementary volume of a heterogeneous material like concrete [1].

1.1 Ultrasonic waves in transmission

The ultrasonic (US) device, developed by Benmeddour et al. [36], serves to measure in
transmission the velocity of compression (P) or shear (S) waves, whose central frequency equals
250 kHz. This device (see Fig. 1) is composed of: an amplifier-generator, 2 concentric transducers P
and S, an amplifier for the transmitted signal, and an oscilloscope. For each sample, the mean signal
(256 repetitions) is recorded 10 times in 10 different positions. The observables obtained are the P-
wave velocity (Vp) and the S-wave velocity (Vs). Knowing the sample density, the dynamic
Young's modulus and Poisson's ratio can also be calculated. The Vp measured in the laboratory on a
cylindrical sample can thus be compared to the P-wave velocity measured by transmission at the
same on-site frequency [11] (see Section 3.2). The saturated concrete variation range of P-wave

velocity is about 3500-5500 m/s [37].

Fig. 1 US transmission device

1.2 Electromagnetic coaxial cylindrical cell
An electromagnetic (EM) cylindrical cell has been designed for the EM characterization of
hydraulic and bituminous concrete [38]. This device enables determining the complex dielectric

permittivity within the frequency bandwidth of existing Ground Penetrating Radar (GPR) devices,
5
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i.e. from 50 to approx. 1,200 MHz. A coaxial cylindrical transmission line (cell and cables)
connected to a vectorial network analyzer has also been designed (Fig. 2). An iterative inversion
procedure (Newton-Raphson method) retrieves the material complex permittivity from reflection
coefficient measurements [38]. The complex permittivity dispersion curve can then be calculated.
Furthermore, a fitting and extrapolation process dedicated to the dispersion curves obtained
by this EM cell is performed by Jonscher's model [39]. The extrapolation steps yield the
permittivity at a lower frequency and thus ensure the accuracy of permittivity at both low and high
frequencies, corresponding to the devices used for on-site evaluations [39]. The first extracted
observable therefore is the real part of the relative permittivity Eps=& ooomn, (denoted here as
permittivity) at 900 MHz, nearly corresponding to the observable obtained on-site with the 1.5 GHz
GPR antennas [16] (see Section 3.2). The second one is the real part of the relative permittivity
& 33mHz at 33 MHz, which roughly corresponds to the observable obtained on site with capacitive
probes (yet the corresponding results are not shown herein). For information, the saturated concrete

variation range of the permittivity at 900 MHz lies between roughly 6 and 14 [37].

Fig. 2 EM coaxial cylindrical cell

1.3 Electrical multi-electrode cell
An electrical resistivity cell has been designed to measure the resistivity of cylindrical
concrete samples [40]. Alternating current is injected on both planar surfaces, and five annular

electrodes serve to measure the potential difference between two electrodes corresponding to the
6
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sample resistivity at different heights (Fig. 3). A determination is made of either the local resistivity
at various positions or the overall average resistivity of the concrete sample.

The mean value (denoted Re) constitutes the observable similar to the concrete resistivity
measured on-site by means of the 10-cm spaced quadrupole used on-site [41]. The saturated

concrete variation range of resistivity is about 30-150 Q.m [37]

2 CALIBRATION PROTOCOL

The proposed calibration methodology is based on laboratory tests performed on cores
extracted from the surveyed structure for the purpose of building representative conversion models
(i.e. calibration curves) to transform ND results into durability indicators. An initial ND test, called
"pre-auscultation”, using rapid on-site ND techniques is required to optimize the localization of
future cores. Rapid on-site US techniques, which include impact echo [42, 43, 12], are particularly
effective in both evaluating mechanical properties and selecting the coring zones on which the
minimum and maximum mechanical characteristics are found. More specifically, the greater the
difference between mechanical characteristics, the more accurate is the slope evaluation of linear
regression calibration models. The third zone can subsequently be chosen with intermediate
properties. The cores are extracted by a coring machine and then carefully wrapped in sealed plastic

bags. The laboratory experimental program is summarized in Figure 4 and presented below:
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degree of saturation.

Phase 0: In the laboratory, the initial mass is measured so as to estimate the initial

e Phase 1: The samples are saturated with water under vacuum [44], weighed in both air

and water, and then tested according to the 3 ND calibration methods.

e Phase 2: The samples are dried in a climatic chamber under controlled conditions

(around RH = 80% and T = 65°C) for several weeks until constant mass is achieved.

They are then weighed and tested using the 3 ND calibration methods.

e Phase 3: The samples are dried in a climatic chamber under different controlled

conditions (around RH = 50% and T = 65°C) for several weeks until constant mass.

Likewise, they are then weighed and tested using the 3 ND calibration methods.

e Phase 4: The samples are dried in an oven at T=105°C for several weeks until constant

mass in order to obtain the dry mass and determine bulk porosity of the sample [44].

The aim of Phases 2 and 3 is to reach a degree of saturation near S=75% and $=50%;

however, since the desorption isotherm linking relative humidity RH and S for a specific concrete

mix is unavailable, only a rough approximation of RH is possible. The chosen degrees of saturation

are high (above 50%) for two reasons: 1) they better correspond to France's climate and internal

concrete conditions; and 2) the relationship between ultrasonic velocity and degree of saturation is

no longer a bijection at low degrees of saturation (under ~30%), as shown and explained by [43,11].

For improved calibration curve accuracy, higher degrees of saturation (i.e. by repeating

Phases 2 and 3 multiple times) may be studied, yet the objective entails an operational protocol

minimizing the number of testing phases, as well as the number of cores.

Pre-auscultation

Coring
3 Zones /

Phase 1

Phase 2

Phase 3

Phase 4

Rc min, Rc max, Rc inter
= 3 cores J75x70 mm

Saturation
+ lab NDT
S =100%

B

Drying at 65°C
+lab NDT
S =75%

B

Drying at 65°C
+lab NDT
S =50%

Drying at 105°C

=> Porosité ¢

Fig. 4 Calibration protocol flowchart
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3 APPLICATION ON A TEST SITE: PILES OF A HIGHWAY BRIDGE IN MARLY

The protocol developed during research project C2D2-ACDC was tested at two sites [31]:

e on three piles of a highway bridge located in northern France (Marly), and

e on three walls of leak-proof tanks at a power plant located near the shore (Le Havre).

The results processed in this paper solely stem from the experimental campaign conducted on

the Marly highway bridge.

3.1 Presentation of the structure and localization of ND testing

The tested structure, called the Marly Bridge, is a highway bridge (Fig. 5) set in northern
France within a suburb of Valenciennes [31]. This structure, built in 1977-78, is composed of three
parallel bridges oriented east-west. Among the 16 piles, three (denoted herein A, B and C) have
been chosen based on their exposure to climatic conditions. Pile A is situated under the central
bridge, hence under rather protected conditions, whereas Piles B and C are the southern outer piles
(B: southeast, and C: southwest), i.e. under conditions more heavily exposed to the wind, sun and
rain. The piles are 6 m high and 0.5 m thick; their width increases from 1.8 m to 3 m at the top. The

mesh dimension is approximately 0.2 x 0.27 m.
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Pile A Pile B Pile C
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8 8 1 @
7 7 2 ® % (%% @
6 5 @ @ @ 3
5 OO © 5
4 @ 4 | @ NDT location
3 e 3 |@ @  Coring location
2 2 | @
1 1

Fig 5 Marly Bridge - a) Overview - b) Close-up of the B-pile — ¢) Measurement points and
coring location on the 3 piles

3.2 Insitu ND measurement methods

Following a rapid initial ND test and data analysis (known as pre-auscultation, as detailed in
[31] and recommendations [4]), three zones per pile were identified for possessing the requisite
minimum, maximum and intermediate mechanical strength. Each zone is made up of four
reinforcement grid meshes. At the center of each mesh, ND parameters were measured using many
on-site ND methods [31]. Only three distinct on-site ND methods have been examined in this paper,
namely: ultrasonic waves in transmission, GPR, and resistivity measurement techniques. The ND
measurement points in the three zones per pile and the coring location are indicated in Fig. 5-c.

The first method consists of measuring the velocity of the ultrasonic pressure (or longitudinal)
wave (i.e. P-wave velocity, Vp, in m/s) with two piezoelectric US transducers positioned on each
pile face, at a distance of 0.5 m [11]. The central frequency of the transmitted signal, which equals
250 kHz, corresponds precisely to that of the US calibration method implemented on cores in the
laboratory. Note that scotch tape was used to prevent the contact gel from polluting the studied
concrete.

The second method involves two GPR antennas, with a 1.5 GHz nominal central frequency
yet transmitting closer to 0.9 GHz for the direct wave on concrete [16], which explains why cores
are characterized around this frequency with the EM coaxial cell for in-laboratory calibration. The

transmitter and receiver are gradually taken away from one another and the measured signals, from

10
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the direct wave in the material, are analyzed to calculate EM permittivity Eps=& ooomuz. The order
of magnitude of the EM wave penetration depth in the concrete is estimated at approx. 10 cm.

The third method studied here is a quadrupole measuring concrete resistivity, as developed in
[41]. Two electrodes inject electrical current at roughly 110 Hz and 0.5 mA and the two other
electrodes measure the potential difference. Taking the geometry into account, the resistivity Re is
calculated in taking geometry into account. The electrode role changes, hence the result corresponds
to the mean value within the investigated volume. The resistivity measured with the 10-cm spaced
quadrupole is preferable to that measured with the 5-cm spaced quadrupole since the investigated
volume is deeper, meaning less influenced by skin effects. The resistivity thus better corresponds to
sawn cores used in the calibration protocol.

To obtain the mean value and the standard deviation, each ND measurement is repeated
minimum 4 times per mesh, per face of each pile. For the study presented herein, it represents 28
mean values (28 meshes visible in Fig. 5-¢) for the three ND techniques, thus more than 672
measurement results have been taken into account. This correspond to 28 meshes X 2 faces X 3
techniques X 4 measurements (minimum). Moreover the repeatability standard deviation was
determined in the same place, in only one mesh, by determining the mean value of each technique

10 times (10 X 3 techniques X 4 measurements = 120 additional data).

3.3 Coring

After ND testing, 19 cores were removed in the meshes where NDT had been performed (see
Fig. 5-c); they were then sawn to obtain cylindrical samples with the right dimensions, in
recognizing that the dimensions required for ND calibration are &J75 x 70 mm, while those for
compressive strength and Young's modulus are 75 x 150 mm. As regards the samples used to
determine porosity ¢ and degree of saturation S for validation purposes, these dimensions are

roughly &75 x 60 mm.

11
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The ND laboratory calibration protocol described herein was applied on a total of 15 samples,
broken down as follows: 3 from Pile C, 3 from Pile B, 5 from Pile A (all of which were extracted
from the pile core, i.e. safe concrete), plus 4 additional samples from Pile A extracted at the surface
(including the skin and cover concrete submitted to degradation).

Moreover, 17 samples were characterized by means of standardized destructive tests in order
to determine the compressive strength R. [45] and static Young's modulus Ej,, [46]. For validation,
the durability indicators were derived according to the same standardized protocol [44] as for
calibration yet in a different laboratory on different samples. ¢ and S were thus determined on 6
core samples (i.e. 3 from Pile C, 2 from Pile B, and 1 from Pile A) and 6 surface samples. The
number of cores used in this study is very high given the goal of procedural optimization. The
repartition of the core pieces for ND calibration protocol and reference destructive testing campaign
is given in Table 1. Thus, it represents 88 destructive testing results (reference and calibration) plus
195 means values for NDE for calibration (around 870 measurements).

Let's also note that all measurement results obtained on cores cannot be considered as true

durability indicator values but instead are to be considered as references.

Table 1 Sample repartition for ND calibration campaign and reference destructive testing

Reference destructive testing campaign

Samples Total number of tests
Pile Rc and Egy gand S Rc and Egy g and S,
13C, 23C, 24C,
A g5C. 75aC, 75bc  2°C 6 1
62C, 64C, 46C,
5 56C. 66C 62C, 64C, 46C 5 3
62S, 64S, 46S 3
31C, 32C, 42C,
o 62aC,eanC, 72c 1€ 32C.72C 6 3
31S, 72S 2
ND calibration protocol
Samples Total number of mean values
US cell EM cell Resistivity cell
Pile G75x70 mm Sini and S e Sini and S e Sini and S e ¢and S

{100, 75,50%} {100, 75,50,5%} {100, 75, 50%}

12
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13C, 23C, 24C,

A 65C. 75bC 20 25 20 5
13S, 248, 655,
75bS 16 20 16 4
62C, 64C, 46C 12 15 12 3
C 42C, 62aC, 62bC 12 15 12 3

4 RESULTS AND DISCUSSION

4.1 Calibration curves
The in-laboratory ND (ND-lab) protocol yields several distinct calibration curves
corresponding to the conversion models for converting observables into indicators, including the
following:
e US P-wave velocity vs. porosity (Fig. 6),
e US P-wave velocity vs. degree of saturation (Fig. 7),
e EM permittivity at 900 MHz vs. degree of saturation (Fig. 8),
e clectrical resistivity vs. degree of saturation (Fig. 9),

for the 3 Marly Bridge piles (Pile A in black, Pile B in blue, and Pile C in red).

During a former research project entitled ANR-SENSO [35, 11, 12], certain relationships
between observables and indicators were determined in the laboratory. We have opted to compare
the calibration curves obtained for Marly Bridge with the relationships obtained in the laboratory on
slabs (8 per concrete) under homogeneous conditions, in using the same on-site ND techniques as
those used to assess the Marly Bridge pile. The ANR-SENSO results are presented in green in
Figures 6 through 9 for two concretes, G3a and G7, whose water-to-cement ratio W/C and porosity
are similar to those of the Marly Bridge (see Table 2). In Figure 6, results from the ANR-SENSO
project correspond to the mean porosity values measured for each of the 6 concrete mixes designed

with the same aggregates, with just the W/C changing.

Table 2 Concrete mix designs and properties under saturated conditions (sat)
for concretes G3a and G7 from the ANR-SENSO project [35] and the Marly Bridge pile concrete

13
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G3a G7 Bridge piles
Water-to-cement ratio W/C(-) 0.57 0.68 /
Compressive strength RCsat (MPa) 40.5+1.5 38.3+3.0 50.1+5.9
Static Young's modulus Esat (GPa) 27.9+0.4 27.4+2.8 32.0+£2.7
Mean density of the slab/core Pt (kg/m?®) 24477 2455+12 2368+27
Bulk porosity @ (%) 16.0+0.7 15.9+0.8 15.7+0.7

One of the main conclusions drawn from the ANR-SENSO project [35] is that US velocity Vp
is linearly correlated with porosity. This finding seems to be confirmed for the Marly Bridge cores
using the ND-lab technique, with a similar slope (Fig. 6), even though these results are highly
dispersed. It is more difficult to obtain very different porosities for the same concrete mix on a real
structure (which is why minimum and maximum zones were chosen, thus producing a wide range
of concrete properties) than in the laboratory on 8 mixes with different water-to-cement ratios
(ranging from 0.3 to 0.9). Moreover, the absolute error in porosity determination [5] on 3 cores is
about 0.5%-1%, which is not far outside the Marly core porosity variation range (i.e. from 14.1% to
16.3%). Another interesting result is that the surface samples show the same slope (dotted black line
and cyan squares) as the others.

These results also confirm (Fig. 7) that the P-wave velocity Vp is linearly correlated with the

degree of saturation, in the range 45% < S < 100%, with a similar slope.

5200
- m PileB
~ 5000 -
w
€ 4800 A m PileC
s
> 4600 1 y=-116.2x+6687.9
5 R2=0.1 )
o |  Pile A-core
© J
> 4400 y =-109.0x+ 6551.9
I~ R2=0.6
©
= 4200 - O A-Surface
& y=-114.9x+ 64150 y = -126.0x+ 66075
4000 1 R2= 0.99 R?2=0.96
—4A— SENSO - poro
3800 T T T T of 6 saturated
10 12 14 16 18 20 concretes

Porosity ¢ (%)

Fig. 6 P-wave velocity vs. porosity for Marly cores and ANR-SENSO slabs
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Fig. 7 P-wave velocity vs. degree of saturation for Marly cores and ANR-SENSO slabs
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As regards EM permittivity, the results obtained on Marly Bridge cores with the ND-lab

technique (EM cell) are comparable to those obtained on ANR-SENSO slabs using on-site

techniques. Since uncertainty was greater than expected (Fig. 8a), an intermediate phase was added:

before drying at T=105°C, which destroys part of the hydrates [47], these samples were dried at

T=65°C in an oven until constant mass and then ND-tested. This protocol change allows performing

ND tests at much lower water content and improves linear regression accuracy, as seen in Figure

8b.
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For electrical resistivity, the results obtained on Marly Bridge cores with the ND-lab

technique (resistivity cell) are also comparable to those derived on SENSO slabs using the on-site

technique (Fig. 9). Nevertheless, the resistivity measurement is highly sensitive to chemical changes

caused by a different hydration of the skin or to degradation-including carbonation. The resistivity

cell developed at IFSTTAR [40] is able to determine resistivity gradients from the surface to the

core of a structure, as depicted in Figure 10, where the point numbers can be assimilated to apparent

depths ranging from 0 to 70 mm and from 75 to 145 mm. When applied on-site therefore, this

technique must be very carefully analyzed, depending on the investigation depth of the on-site

technique employed. In the following section, in order to evaluate durability indicators using on-site

ND measurements with a 10-cm quadrupole on Pile A, calibration curves have been obtained for

surface cores extracted from 0 to 70 mm.
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Fig. 10 Resistivity of pairs of annular electrodes for two parts of a core taken in Pile A either the part near

the surface (0 mm<depth<70 mm) or the part in the pile core (approx. 75 mm<depth<145 mm)

4.2 Calibration curve uses when estimating on-site durability indicators

These calibration curves may be used to estimate the durability indicators (porosity and
degree of saturation in the present case) thanks to the ND observables determined on Marly Bridge
by means of on-site methods. For each ND observable Yi among (Vp, Eps, Re), a double linear
regression dependent on porosity and degree of saturation can be calculated by relying on ND-lab
results, as explained in [12], thus producing an equation such as the following:

ALS +Bi.g+Ki=Yi (1)

Coefficients Ai, Bi, Ci and Ki are all calculated according to the least squares method by solving

the following matrix system:
[Y]=[B]x[X]+err 2

with [Y] the NDT vector, [B] the coefficients matrix, [X] the vector of concrete durability indicators,

and err a small error.

Next, by means of system inversion, the corresponding NDT observables obtained on-site
enable assessing the durability indicators. For each tested pile mesh, both durability indicators are
estimated by using either 2 observables (Vp, Eps) or 3 (Vp, Eps, Re) given that resistivity was only

measured on Pile A. For each pile, the mean value and standard deviation are then calculated.

Validation of this calibration methodology

First of all, for validation purposes, the estimated and measured durability indicators will be
compared. Table 3 lists the values estimated by NDT and those measured with reference standard
destructive methods performed on different cores in another laboratory (to ensure independence).
We have opted to compare the results in meshes where on-site NDT were performed and cores

extracted (same mesh except for Pile C, which was impossible, requiring the immediate neighbor to
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be chosen). In Table 3, the estimated and measured indicators are quite similar. The standard
deviation is relatively high because of a pre-auscultation process that leads to choosing areas with
the greatest differences in terms of mechanical properties and thus most certainly in terms in
porosity. Moreover, the uncertainty in the estimated degree of saturation is higher than the
measured value, which may be due to either the coring and core conservation conditions or the
difference between the pile concrete surface and core. The surface is in fact subjected to
precipitations and degradations, which induce gradients and chemical changes while also inducing
differences between on-site surface measurements of resistivity and permittivity. In this study, the
calibration curves have been determined on core samples for permittivity.

Consequently, this comparison validates the calibration methodology proposed as well as the
conversion models obtained in this way.

Table 3 Comparison of estimated durability indicators by using on-site NDT,
in addition to conversion models, with reference durability indicators measured on other cores

On-site localization Mean estlmat_lOf?S Ref. measurements on
+ standard deviation cores
Pile NDT Coring (%) S (%) (%) S (%)
A 1mesh (Vp:Eps:Re) L Other coe the same 16.6 73.4 15.2 72.3
B 3 meshes (Vp ; Eps) 8 other Corl;’?SSIf:] thesame 169439 682468 161+12 751+1.9
C 3 meshes (Vp: Eps) 2 °ther cores I an adjacent 154,03 782+34 15704 76.1+0.2

Use of 2 or 3 on-site NDT observables

As a second step and in order to decrease uncertainty, 3 observables (Vp ; Eps ; Re) instead of
2 (Vp ; Eps) can be used to estimate the two indicators ¢ and S. Due to available testing results (on-
site NDT + cores), this estimation step can only be observed on Pile A for those cores used to build
the conversion models, as presented in Table 4, which does not change the estimated porosity. The
use of resistivity, highly sensitive to S, enables correcting the estimated degree-of-saturation values:

using 3 observables thus increases accuracy.
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Table 4 Comparison of estimated and measured durability indicators
by using 2 or 3 on-site ND observables

. . Mean estimations Ref. measurements on
On-site localization L
+ standard deviation cores
Pile NDT Coring @ (%) S (%) @ (%) S (%)
A 5meshes (Vp:Eps:Re)  CoresusedforND —upa, 05 739423 153+08 73.1+28
calibration
A 5 meshes (Vp ; Eps) 5 cores used for ND 162404 807+18 153+08 731+28

calibration

4.3 Possibility of reducing the number of cores used for calibration

The European standard EN 13791 [48] specifies that for compressive strength assessment
from NDT methods (rebound hammer or ultrasonic pulse velocity) at least 9 cores are necessary in
each area where a conversion model has to be calibrated. The standard specifies that the 9 cores
must be extracted from points on which NDT measurements were performed.

In this study, only 11 cores (5 for Pile A, 3 for Piles B and C) were used for the calibration of
all the conversion models. The results show that this number was enough in this case to assess the
durability indicators (¢ and S) with an acceptable prediction error.

Meanwhile, this project has offered the chance and opportunity to make use of a large number
of cores on the same bridge. Yet such may not be the case in the future. For this reason, the issue of
reducing the number of cores to just 3 (among the 5) cores of Pile A was explored. This
investigation corresponds to 10 cases required to build the calibration curves.

First, these 10 cases are applied to the 5 on-site ND measurements in order to estimate the
durability indicators and draw comparisons between measured values and calculated residuals (root
mean square difference) for the 6 meshes of Pile A. Two cases were easily deleted due to aberrant
degree-of-saturation values (above 100% or under 30%). One case was questionable because of
high porosity value dispersion, hence higher residuals; nevertheless, the estimated mean porosity
was similar to the measured value, as were the calculated degrees of saturation. As for the other 7
cases, the estimated and measured durability indicators were very close to one another, with
residuals lying between 0.11 and 0.22 for ¢, 0.19 and 0.26 for S. By comparison, the residuals equal

0.24 and 0.17 in cases corresponding to Table 3, with calibration curves determined from 5 cores.
19
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Second, the 10 cases are applied to the 3 on-site ND measurements on Pile B and the 3 such
measurements on Pile C so as to estimate the durability indicators. Once the 3 doubtful cases were
rejected, the estimated values lie very close to the measured values of porosity and degree of
saturation. For Pile B, the residuals are respectively between 0.05 and 0.19 for ¢, 0.11 and 0.26 for
S. For Pile C, the residuals are between 0.03 and 0.17 for ¢, 0.05 and 0.19 for S. By applying the
calibration curves determined with cores from the same pile, these results are slightly more
dispersed for Pile B (residuals between 0.19 and 0.25) and better for Pile C (between 0.04 and
0.08).

It is possible therefore to reduce the number of cores required to generate the calibration
curves, however the risk of an incorrect evaluation is then increased. Moreover, the calibration
curves obtained on a given pile may be used to evaluate the durability indicators of other piles

provided the same concrete mix design.

CONCLUSION

A laboratory calibration protocol on cores extracted from a surveyed structure was developed
and validated on a highway bridge. These cores were extracted from zones identified by means of
rapid ND techniques. This protocol served to determine, by ND techniques, the values of ultrasonic
P-wave velocity, radar permittivity and resistivity applied on these cores in laboratory. Meanwhile,
in implementing standard destructive techniques, the degree of saturation and porosity could be
evaluated. The resulting conversion models established in laboratory (or calibration curves) could
thus be applied to on-site ND measurements in order to evaluate the on-site durability indicators.
These indicators estimated by ND lie very close to the reference indicators measured with standard
destructive methods on other cores in another laboratory. The comparisons performed enabled
validating a protocol that is applicable to any type of structure. The influence of the actual concrete

mix design and material variability can then be taken into account.
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This calibration methodology is proposed for the dual purpose of analyzing on-site NDT
measurements and obtaining durability indicators, such as porosity and degree of saturation. In a
similar manner, compressive strength and water content can be assessed as well.

In order to increase the accuracy of estimated values, two options are proposed. First, as
regards mechanical properties and porosity, a pre-auscultation by rapid NDT techniques makes it
possible to choose those of zones with the greatest differences in these properties in order to get the
largest range of properties variability in the conversion model. Second, a greater number of ND
observables than indicators can also decrease the estimation uncertainty.

An analysis of results indicates that this calibration protocol is reliable and useful in correctly
evaluating comprehensive mechanical and durability indicators and assessing the concrete
conditions of tested structures. Such an analysis however also underscores that further research is
needed in order to better account for property gradients in the cover concrete due to skin effects,
drying or the penetration of aggressive agents. Reducing the number of cores and the risk of a false

evaluation must be more carefully studied.
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