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Non-destructive measurements for the evaluation of the air

permeability of concrete structures

Abstract

In the domain of inspection of civil structures, the evaluation of permeability in the field is a
major problem of durability for all engineering structures using concrete. Specifically,
tightness of the enclosure vessels of nuclear plants has to be controlled regularly. The work
presented here aims to estimate the capability of non-destructive techniques (permeameters,
capacitive and resistive techniques) to evaluate the leakage flow of concrete structures during
their service life or after mechanical, hydric and thermal damage induced by accidental
loading. The methodology followed to reach this objective is based on three scales, from
laboratory samples to real structures, with an intermediate step on large concrete slabs. The
analysis highlights the interest of combining permeability, capacitive and resistive
measurements for the evaluation of the air tightness of concrete in the field. Global
measurements, performed on large slabs in steady state, and evaluation on representative
specimens by Cembureau and the surface permeameter, were in accordance for most of the
situations analysed in this work. From the saturation degree evaluated by permittivity and
resistivity, it was possible to evaluate the apparent permeability of concrete by means of a van
Genuchten law calibrated in the laboratory on representative specimens of the structural

concrete.
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1 Introduction

The durability of concrete structures can be improved by the use of materials with low
transfer properties. Quantifying the permeability and diffusion properties of concrete in the
field is thus a major issue for civil engineering research. In addition, the air-tightness of the
enclosure vessels of nuclear plants has to be tested regularly during the service life of the
structures, approximately every 10 years [1,2]. Measuring permeability in the field is a
complex task due to the large size of structures (more than 9000 m? of surface for walls with a
thickness of approximately 1 metre) and to the number of zones where leaks can potentially
occur. Local measurements of concrete permeability can be of great help in completing global
measurements on the entire vessel: they improve our knowledge of the heterogeneity of the
leaks in the structures and thus help to predict the zones where impermeability may be poor,

and to monitor it regularly with a minimum of disturbance to usual operation.

Air permeability can be measured in laboratory [3] on specimens drilled from the structures,
but such test leads to partial degradation of the structure and non-destructive techniques are
usually preferred. Thus, different techniques were developed to measure the air permeability
in situ [4-8]. Torrent proposed a device which can be fixed on the surface of the concrete
without any holes by vacuum technique [4,9]. The permeability is measured during the
unsteady state of the increase of pressure in a cell [4,9]. This paper proposes the comparison

of different techniques of air permeability measurement in laboratory for a use in field.

Air permeability is highly dependent on the moisture present in the concrete [10,11] and
various non-destructive techniques can be used to determine the saturation degree in porous
material, such as resistivity and permittivity [12—18]. The use of such techniques in field is a
great challenge. If the dependence of air permeability on saturation degree is known, it is then
possible to evaluate the concrete permeability in the field from resistivity or permittivity

measurements. It is the second main goal of this paper.
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Thus, the purpose of this paper is to test the capability of various non-destructive techniques
(permeameter devices, capacitive and resistive techniques) to evaluate the leakage flow of
concrete structures during their service life or after accidental loading. The methodology used

to reach this objective is based on tests at three scales:

- On usual laboratory samples: preliminary test of the surface permeability technique
(samples with diameter 150 mm and thickness 50 mm) and comparison with the
reference concrete permeability test (Cembureau permeameter) for different saturation
levels; calibration tests of the capacitive and resistive techniques on samples drilled
from concrete slabs (samples with diameter 75 mm and thickness 70 mm);

- On large laboratory slabs: validation of the calibration obtained on samples in
laboratory conditions (slabs with dimensions 125 x 250 x 500 mm),

- In field: comparison of the three techniques on a part of the Vercors mock-up built by
EDF to help in the management of the long-term operation of its fleet of Nuclear

Power Plants [19,20].

The conclusions of this work are not only useful for checking the tightness of structures for
nuclear uses. They also confirm the interest of the different techniques used here for following

up the durability properties of concrete in the field.

2 Techniques and materials

2.1 Experimental programme

The objective of the experimental programme was to evaluate the capacity of three non-
destructive techniques (based on direct permeability measurement with a surface permeameter
and on measurements of the saturation degree by resistivity or permittivity measurements) to

quantify the concrete permeability in the field. The programme was divided into three steps.
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First, usual laboratory samples (diameter 150 mm and thickness 50 mm or diameter 75 mm
and thickness 70 mm) were compared and calibrated on laboratory specimens for different
saturation degrees: from totally saturated concrete to concrete dried under severe conditions
(105°C until the mass of the specimen became constant). Under these conditions, significant

cracking could occur and impact the measurements [21,22].

Secondly, the techniques were validated on large laboratory slabs (125 x 250 x 500 mm)
under different environmental conditions, to represent concrete during the service life of
structures (in concrete with high degrees of saturation in stress-free or loaded conditions) or
after accidental expositions (damaged by thermo-hydric loading). Four types loading can be
distinguished (based on the assumption that the average saturation degree of the concrete of

usual enclosure vessels is about 60% [20]):

- Hydric loading: slabs were subjected to drying at 60 °C to obtain 60 and 30% of
saturation,

- Mechanical loading: slabs at 60% saturation were subjected to uniaxial compressive
loading of between 0 and 12 MPa (because enclosure vessels are subjected to about
12 MPa of compressive prestressing in the orthoradial direction and to about 7 MPa in
the vertical direction),

- Thermal loading: sealed slabs at 60% of saturation were subjected to 80 °C for 14
hours in endogenous conditions (without loss of mass),

- Thermal-hydric loading: slabs at 60% of saturation were subjected to 150 °C or 200

°C for 14 hours.

The first two types of loading occur during the service life of the structure, while the last two

can occur during accidental situations.
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In the third step, the three techniques were used on a part of the Vercors mock-up. The
saturation degree and the values of concrete permeability evaluated by each technique were

compared and discussed.

2.2 Experimental techniques

2.2.1 Permeability measurements

Three techniques for permeability measurement were used in this work. The evaluation of
tightness of the enclosure vessel of a nuclear power plant during usual enclosure tests is based
on the measurement of air leakage under 5.2 bars of internal pressure in the whole structure,
corresponding to the evaluated pressure reachable in case of accident. In order to complete
this global test, local permeability measurement of concrete [4—8] seems to be the most

natural option.

Usually, concrete permeability is measured in the laboratory by the Cembureau method [3]
(Figure 1). The principle is to determine the permeability under pressure during steady flow.
The result can be directly used to evaluate the leakage of structures in field. The Cembureau
technique is the only method standardized for the measurement of concrete permeability on
laboratory specimens but it cannot be used in the field because the tested samples have to be
confined to control the air flow. In this work, laboratory specimens were first used to
characterize the concrete and compare the different techniques. Cembureau apparent
permeability measured for 2 bars of absolute pressure was the first permeability technique
used in this work. As this method is standardized, it was chosen to be the reference

permeability.
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Figure 1: Cembureau apparatus for concrete permeability measurement in laboratory

For this study, a second method able to evaluate permeability in the field was necessary. The
permeameter proposed by Torrent [4] was used (Figure 2). As this test is based on a vacuum
technique and unsteady flow, specific relations [23-26] are necessary so that the permeability
deduced from this measurement can be compared to that found with the Cembureau method.
The principle of the method to obtain comparable permeability with Torrent and Cembureau
permeameters is presented in the following section. As the Torrent permeameter is based on
air flow in an unsteady state, the numerical determination of the permeability is not exact,

unlike the method using steady flow [23].

TORRENT

Figure 2: Torrent apparatus for concrete permeability measurement in field
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Permeability measurement was also performed on the large laboratory slabs under steady
flow. The merit of this technique is to evaluate air permeability on volume representative of
small structures. Due to potential leakage, measurements of permeability under pressure were
difficult to perform on the large slabs used in the second step of the methodology presented.
On such large slabs, air-tightness was easier to obtain for measurement in a vacuum.
However, it was necessary to use PVC plates stuck and made tight with silicone glue directly
on the lateral faces of the slab to obtain a correct sealing. The conditioning was long and
needed frequent verification of the sealing. Thus, the air permeability of all the slabs could not
be measured in the program. After sealing of the lateral faces of the slabs, a vacuum was
applied in a cell glued to one face of the slab (250 x 500 mm). On the opposite face (250 x
500 mm), the air flow was measured in the steady state to obtain the air permeability of the
whole concrete slab measured in vacuum. The relation necessary to evaluate the permeability
under pressure from the measurement in vacuum is presented in [24]. The permeability thus
measured was used to validate all the non-destructive methods on the concrete slabs. This

third technique is named ‘double-cell’ in the rest of the paper.

2.2.2 Non-destructive techniques for determination of the saturation degree
In this work, resistivity and permittivity techniques were used to determine first the saturation
degree of the concrete and then to deduce the air permeability from the measured saturation

degree.

Resistivity is measured by a Wenner probe (Figure 3) consisting of four electrodes placed a
distance ‘a’ apart (a =40 mm). The two outer electrodes inject a direct current, I, while the
two inner ones measure the difference of potential, AV. The resistivity, p, is calculated by the

relation [27]:

AV Eq. 1
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The resistivity probe used in this work investigated a depth of concrete of about 15 mm.

Figure 3: Apparatus for concrete resistivity measurement

Permittivity measurement uses a device composed of two (or more) electrodes on the outer
surface of the concrete (Figure 4). An alternating electric current is applied between the
electrodes and so the concrete acts as a capacitor. Any change of concrete capacitance induces
a shift in the resonant frequency (around 33 MHz) of the system. This change of capacitance
is linked to the change of permittivity of the concrete induced by moisture variation [15]. The

apparatus used in this work investigated a depth of concrete of about 15 mm [28].



157

158

159

160

161

162

163

164

165

166

167

168

169

170

Figure 4: Apparatus for concrete permittivity measurement

These last two techniques were applied on the surface of the slabs (500x250x120 mm) as well
as on the reinforced structure of the Vercors mock-up. Meanwhile, the calibration tests on
small samples (75x70 mm) were performed by means of cylindrical cells following the

protocol described in [29].

2.3 Concrete and conditioning

Concrete used in this work (Table 1) is representative of a wide range of concrete used in
French nuclear plants. The mix-design was similar to the concrete used for the Vercors mock-
up built by EDF with usual siliceous limestone aggregates (silica contents of 80% and 5% for
the sand and the gravels, respectively). Samples and slabs were cured in lime water at a
temperature of 20 £ 2 °C for at least 60 days after casting to obtain a stabilized material
regarding cement hydration [30]. The mean compressive strength and instantaneous modulus
of the concrete were respectively 49 MPa and 35.3 GPa, with coefficients of variation of

about 10%.
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Table 1. Concrete mix

Constituents [kg/m3]
Sand 0/4 830
Gravel 4/11 R 445
Gravel 8/16 R 550
Cement CEM 152.5 NCE CP2 NF 320
Plasticizer 2.4
Water 167

Experiments were performed on usual laboratory samples (diameter 150 mm and thickness
50 mm), on large laboratory slabs (125 x 250 x 500 mm) and on cores (diameter 75 mm and
thickness 70 mm) drilled from slabs. Fourteen slabs, made from three concrete batches, were
used. In the following, they are referenced as Bi-j, where ‘i’ is the reference of the batch and

‘j’, the reference of the slab in the batch.

In this study, the saturation degree of all the samples and slabs was controlled. The
conditioning, inspired from [29,31-34], was intended to limit thermo-hydric gradients and
resulting skin cracking. The small samples were first saturated under vacuum. Then, they
were dried with a gradually increasing drying temperature (40 °C to obtain 80% saturation, 50
°C to obtain 60%, 45%, 30% and 10%, and 105 °C to reach the smallest degree of saturation,
taken as 0% in this work). Targeted masses were evaluated from the porosity measured on
other samples cast from the same concrete batch and, once the target mass was reached, the
test samples were placed in sealed conditions (aluminium and sealed bags). They were put
back into the oven (for a period at least equal to the drying time) in order to partially
homogenize the water distribution throughout the sample and thus minimize the impact of

moisture gradient on measurements [34].

To evaluate the impact of elevated temperatures on the concrete properties, some samples and
slabs were subjected to thermal loading in an oven preheated to 80, 150 and 200 °C for 14

hours. Before the thermal loading, samples and slabs were wrapped in watertight aluminium.

10
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Fourteen hours were necessary to reach the target temperature in the slab cores and to
maintain this temperature for two hours, as evaluated during the ENDE project [35]. All the
properties were measured after the return to ambient temperature. Cylindrical samples
(75x70 mm) were cored in the slabs (with or without thermal damage) to evaluate the effect
of the thermal loading level on NDT results. Control of the saturation degree was applied to
all specimens as previously described (the target was usually obtained with an accuracy of

about 2% of saturation degree).

2.4 Air permeability of reference concrete according to saturation degree

The question that arises in this work concerns the capacity of different techniques to allow the
air permeability through concrete to be measured in the field. This work can also be used to
evaluate the ability of usual laboratory techniques applied to small samples to give an

evaluation representative of concrete permeability in real structures.

As the Cembureau technique [3] is standardized and commonly used in the laboratory, the
apparent permeability of concrete to air, measured by this technique using 2 bars of absolute

pressure, is used as a reference for all the work presented here.

The evolution of the reference permeability with the saturation degree of concrete is given in
Figure 5 for three specimens. The measurements present scatter that is usual for air
permeability measurements. The usual variation of air permeability of concrete with the

saturation degree [10] can be observed.

11
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Figure 5: Concrete permeability measured by Cembureau technique according to the degree of saturation of
concrete and van Genuchten’s law calibrated on the measurements (red dashed lines represent a variation of

50% of the value obtained by the calibrated model)

The dependence of the air permeability of concrete on saturation degree can be evaluated by

van Genuchten’s law [36,37], initially defined for soil and later transposed to concrete:

ks, = ko. (1= $,)(1 = 5,1/™)*™ ka2
where kg is the apparent permeability for a given saturation degree S, and k, the apparent
permeability for the driest saturation degree (obtained in this programme after drying at 105
°C). q and m are the van Genuchten parameters, which depend on concrete transfer properties.
Van Genuchten parameters, q and m, are determined by calibration of the equation on the
experimental values of permeability obtained for different saturation degrees.
The interest of this technique is to measure air permeability in perfect controlled conditions

(unidirectional air flow and steady state). The permeability is thus calculated from the

12



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244
245

246

247

theoretical solution of the transfer problem. However, it can only be performed on specimens
in laboratory. For structural concrete, it can only be performed on specimens drilled from the
structure leading to partial degradation.

Two of the techniques used in this work are able to evaluate the saturation degree of concrete
(resistivity and permittivity). Combined with the van Genuchten law evaluated from
laboratory measurements, they can be used to evaluate the air permeability of concrete in the

field.

For usual environmental expositions, the concrete saturation often lies between 30 and 50% at
the surface and is often higher in the core of massive structures [20]. Thus, it was chosen to
calibrate van Genuchten’ law with very low weight (5%) for the two driest saturation degrees
(0 and 3%), which are not representative of the humidity state during the service life of usual
structures. This gives an evaluation in accordance with measurements of high saturation
degrees (see the detail in Figure 5) with correct evaluation of air permeability for the two
lowest saturation degrees (Figure 5). The calibration leads to 16.1x10'7 m?, 4.2 and 0.5 for
ko,q and m respectively (the mean deviation between the experimental results and the
calibrated equation is about 30% - the correlation coefficient is about 0.94). All the
experimental values are located between two lines, which represent the model multiplied or
divided by a factor of 1.5. Such discrepancy is usual for concrete air permeability

measurements [37].

3 Experimental results

3.1 Comparison and calibration of NDT for permeability evaluation

The first step of the methodology used here is based on preliminary tests of the three
techniques on usual laboratory samples. The aim is to compare or to calibrate the three non-

destructive techniques with the reference concrete permeability test presented just above.

13
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3.1.1 Comparison of permeability techniques: laboratory and in the field measurements

The first non-destructive technique used in this work is a technique of measurement of
permeability performed at the surface of concrete [4]. For such permeameters, the air flow is
obtained with the vacuum technique. First, a vacuum is imposed for 60 seconds in a cell in
contact with the concrete surface. Then, the vacuum pump is stopped and the permeability is
evaluated during the unsteady state of the increase of pressure in the cell [4]. The merit of this
technique lies in its capacity to evaluate concrete permeability in field without any
degradation of concrete (the device is attached to the structural concrete thanks to vacuum).
However, as the permeability is evaluated during an unsteady state, no exact mathematical
solution exists for this physical problem [4]. Simplifying assumptions are thus necessary to
assess this transfer property. They lead to numerical approximations for the permeability

obtained with such a technique.

Yssorches et al. proposed a measurement of permeability based on a vacuum technique in the
laboratory [38]. The technique was based on the same principle as the Torrent apparatus
(imposing a vacuum on a face of concrete for a certain time, then evaluating the permeability
from the pressure increase when the pumping is stopped) but only for fairly thin samples. In
such conditions, the permeability evaluated in the first period of pressure increase was not
representative of the real permeability. For small samples in the laboratory, the increase
became almost linear after a long period of time (at least 15 minutes) and the authors
recommend evaluating the permeability from the slope of the increase when the regime is
stabilized. For small samples, the stabilization is obtained when the thickness is totally
crossed by the air flow. At this time, the profile of pressure is stabilized in the thickness and
the regime is pseudo-steady, as indicated in [38]. The regime at the beginning of the pressure
increase seems to be disturbed by the modification of the boundary conditions, particularly for

a small duration of vacuum [38]. This may be due to the brutal stop of the pumping and
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strengthened by a moisture gradient in the concrete skin.

In the case of laboratory samples, once the air flow is almost constant across the concrete
thickness, a pseudo-steady regime is set up and the apparent permeability can be deduced
from the Hagen-Poiseuille equation and from the conservation of the air mass between the

concrete porosity and the volume of the cell [23,39]:

kq psr = cuh VcPc Eq. 3
P W D)

with kg - the apparent permeability (m?) obtained during the pseudo-steady regime (there is
no real steady regime in this test as the pressure in the cell increases with time, but the
gradient of pressure between the two surfaces of the sample is almost constant as the increase
of pressure in the measurement cell is small during the test), u, the air viscosity (Pa.s), L, the
thickness of the samples (m), A, the sample cross-section (m2), P,;,,, the atmospheric pressure
(Pa), V., the volume of the cell (m?), P., the pressure in the cell (Pa) and PC, the slope of the
pressure increase in the cell (Pa.s™). Following the recommendations of Yssorche et al.[38],
the slope P, was evaluated in the present work for the last minutes of the pressure increase

(over a duration of 120 seconds).

For large concrete thickness, the duration of vacuum time would be too long to expect to
perform a permeability measurement in such controlled conditions. The main difficulty is then
to evaluate the depth of concrete impacted by the air flow. In his approach, Torrent proposed
to evaluate this depth, Ly, from the mass balance of air moles crossing concrete to reach the

central cell during the test [4]:

_ z'ka_t'Patm'(tv+t) Ea. 4
Lo— q.
p-u

with: k, . (m?) the unknown permeability of the concrete crossed by the air flow; ¢, the

15
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vacuum time; t the time after the cessation of pumping; ¢ the porosity of concrete; and u

(Pa.s) the air viscosity.

By combining the two previous equations, it is possible to evaluate the permeability, k, .,
from the slope of the pressure increase in the central cell for any time, t, after the pumping

stops, by the following equation:

B2-(t,+0 Eq.5

k _8'|J <Vc>2 Patm
at — ' (

7 Z Paztm_Pcz)zl
For specimens with small thickness and large permeability, the air flow rapidly becomes
almost constant across the concrete (pseudo-steady state). The permeability can be evaluated
from Eq. 3. The previous results obtained in the laboratory have shown that the best
evaluation of the permeability will be reached for a long testing time in this case [38]. For
specimens with intermediate permeability, the air flow can cross the thickness (so only the
external surface is at atmospheric pressure), but the duration of the pressure increase is too
short to reach the pseudo-steady state. In this case, evaluating the permeability by Eq. 3 will
lead to an overestimation [38]. For specimens with large thickness or small permeability, the
air flow does not cross the specimen thickness (a part of the concrete inside the sample is still
at atmospheric pressure). The permeability is then evaluated by Eq. 5. If Eq. 5 is used, the
evaluation of the permeability is based on the evaluation of the depth of the concrete
investigated, L, (Eq. 4). The evaluation is based on simplified assumptions and particularly
on the linearity of pressure at a certain depth of concrete [4]. The profile is not really linear

throughout this depth and this will lead to a misestimation of the permeability.

Permeability was measured by the Torrent apparatus for the different degrees of saturation on
the sample surface, for the same samples as those used in the Cembureau tests (Figure 5) and
the surface permeability was evaluated by the method presented just above. Most of the

samples with saturation degrees equal to or lower than 30% were crossed by the air flow

16
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during the measurements (permeability evaluated by Eq. 3). None of the samples with higher

saturation degrees were crossed by the air flow (permeability evaluated by Eq. 4 and Eq. 5).

Vacuum techniques are commonly used for measuring concrete permeability [4,26,38]. The
mean free path of particles during air flow in a vacuum is different from the mean path under
pressure [40]. The difference has to be considered to evaluate permeability under pressure
from permeability measured in a vacuum, as proposed in [23,24]. For the concrete used in this
work, the apparent permeability for 2 bars of absolute pressure could be deduced from
measurement in vacuum by using a proportionality factor, Cp, of about 0.57 [23]. Figure 6
compares the permeability evaluated by the Cembureau test (under pressure in steady state)
and the permeability evaluated by surface measurement (in vacuum in unsteady state)

corrected for the difference of pressure (coefficient Cp).

25.0 7
NE ) y = 1.62x
N ’
S 200 / W
x /
8 /
-] ’ ([ / .
c 15.0 // 7
© , //
< ’ P
3 /7 . //
£ 100 ‘e a
E * / 7,
3 /u/ A ASp1l
g /’./ A/’/
>
£ 5.0 ,” . v .Sp 2
o .
= ot ®Sp3
2 '\
0.0
0.0 5.0 10.0 15.0

ka meas. with Cembureau tech. (x10Y7 m?)

Figure 6: Comparison between the permeability obtained by Cembureau technique for 2 bars of absolute
pressure and the surface permeability obtained by Torrent apparatus, evaluated by Eq. 3 and Eq. 5 and
corrected with pressure (red dashed lines represent a variation of 50% of the value obtained by the linear

equation)
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The method leads to an overestimation of the apparent permeability of about 60%. Such a
result could be expected due to the short duration of the vacuum (60 seconds) and the short
duration of the measurement of the pressure increase (to a maximal increase of 20 mbars) in
the central cell of the apparatus (up to 720 seconds of pressure increase). This overestimation
is in accordance with the results obtained previously on samples in the literature [38]. The
dispersion (ratio of 1.5) is acceptable in comparison with the usual scatter observed for
permeability obtained by the Cembureau technique (Figure 5). Works are in progress to
validate this approach for other concrete mix-designs.

3.1.2  Calibration of permittivity for permeability evaluation

Permittivity can be used to evaluate the saturation degree of concrete [15,16]. By combining it
with van Genuchten’s law evaluated from laboratory measurements (Figure 5), it is then

possible to deduce the concrete permeability.

The linear dependence of permittivity on saturation degree was evaluated from samples
drilled from six slabs before thermo-hydric loading (Figure 7-a). Before loading, slight
differences can be observed between the measurements performed on samples taken from the
core of the slabs and those taken from the surface (Figure 7-a). They are due to surface effects
during casting or ageing, because the surface measurements integrate the properties of the
concrete skin, which are different from the properties of the concrete core. The calibration
curve obtained on samples representing the surface was preferred for the measurements on
slabs and on the Vercors mock-up. Figure 7-b shows the concrete permittivity before (60 °C)
and after thermo-hydric loading (150 °C and 200 °C) obtained on cores that were
reconditioned after the loading to obtain the measurements on concrete with four different
saturation degrees. The damage induced by this loading did not lead to significant differences
in concrete permittivity, while the consequences on air permeability were considerable,

particularly at high saturation [22].
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357 Figure 7: Calibration of permittivity with the saturation degree (a) and impact of thermo-hydric loading on

358  concrete permittivity (b)

359  From the equations obtained by the calibration of permittivity (Figure 7) and the van
360  Genuchten law obtained from the Cembureau technique (Eq. 2 - Figure 5), it is possible to
361  evaluate the concrete permeability and permittivity from the saturation degree (red and blue
362 lines in Figure 8 for surface and core calibration respectively). Such evaluations can be
363 compared to permeability measurements obtained by the Cembureau method (data in Figure

364  8).
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Figure 8: Evaluation of permeability from permittivity through van Genuchten’s law with the calibrations

obtained on samples drilled from the surface and from the core of laboratory slabs

As the calibration was not performed on the same specimens as used for Cembureau tests, this
comparison shows the good reproducibility between the different batches of concrete used for
specimens and for slabs in terms of transfer properties. It also validates the method for the
evaluation of permeability from permittivity on laboratory samples. However, the evaluated
permeability is greatly modified for small variations of permittivity in the range of 5-7 (Figure
8), which corresponds to degrees of saturation lower than 20%. The important interest of this
technique is to be able to evaluate the saturation degree of concrete for a large range of
saturation degree (from 0.2 to 1.0) without any degradation of the structure. However, under
20% of saturation, a small difference of permittivity can lead to a large difference in deduced
permeability. This is not relevant for most of the service life of civil engineering structures

but it can be reached after accidental exposure.
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3.1.3 Calibration of resistivity for permeability evaluation

The same method was used for resistivity measurement as for permittivity. First, the
calibration was performed on laboratory samples so as to be able to evaluate the saturation
degree of concrete from resistivity (Figure 9-a). For resistivity, the calibration was performed
for high saturation degrees (higher than 45%) as water has to be sufficiently connected in the
porosity if concrete resistivity is to be measured. Measurements were performed on samples
taken from the core of the slabs and on samples taken from the surface. Few differences were
noted between the samples and it was decided to calibrate only one equation for all the
measurements (Figure 9-a). As for permittivity, small differences were also observed for the
concrete resistivity before and after the thermal loading (Figure 9-b). For high saturation
degrees (100%), resistivity was similar for all the samples. For 70% and 45% of saturation,
noteworthy scatter was observed for the samples before temperature exposure. The samples
came from two different batches, which can partly explain the scatter. Moreover, for 45% of
saturation, small differences of the saturation degrees (which were between 44.5 and 49%
according to the samples) have a large impact on the resistivity value. The resistivity
technique presents the same limit as permittivity but for higher saturation degrees (from about
0.5 to 1.0). Moreover, as the conversion model from resistivity to saturation degree is a power
function, small variation of low values of resistivity can lead to higher uncertainties for high
degrees of saturation (0.9 < Sr < 1) than for low degrees of saturation (0.5 < Sr < 0.6). This is
not the case for permittivity measurements because the conversion model is linear. However,
a slight decrease in concrete resistivity can be noted with the temperature of thermo-hydric
loading. The decrease in resistivity can be explained by the effect of the cracking induced by
the loading. Cracks can lead to new paths of transfer in the concrete and thus to a resistivity

decrease. In this experimentation, it is mainly significant for the saturation degree of 45%.
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Figure 9: Calibration of resistivity with the saturation degree (a), and impact of thermo-hydric loading on

concrete resistivity (b)

From the calibration of resistivity (Figure 9) and the van Genuchten law obtained from the
Cembureau technique, it is possible to extrapolate the evolution of concrete permeability with
resistivity for a higher domain of saturation degrees (Figure 10), in accordance with

measurements performed in the field in the last part of this paper.
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Figure 10: Evaluation of permeability from resistivity through van Genuchten’s equation and linear empirical

model (red dashed lines represent a variation of 50% of the value obtained by the calibrated equation)

3.2 Validation on large laboratory slabs

The second intermediate step of the methodology was to use the three previous techniques on
large laboratory slabs (125 x 250 x 500 mm) with different loadings: hydric, mechanical,
thermal and thermal-hydric. The aim was to compare the responses of the three techniques for
these different types of loading and, in some cases, to compare them with a direct global
measurement of permeability performed in vacuum and steady state on the whole slab across
the thickness (flow surface: 250 x 500 mm). The permeability measured on small laboratory
samples with the Cembureau permeameter is also represented on all the figures of Section 4 to
enable a direct comparison of permeability determined on slabs and permeability obtained
during the first characterization on samples. Thus, it is possible to draw conclusions on how
representative permeability measurements performed on samples in the laboratory can be in
evaluations of the permeability of larger elements.

3.2.1 Impact of hydric loading

The saturation degree of concrete in the field can be high in the cores of massive structures

and in locations exposed to rainfall. Usually, a large proportion of the concrete of enclosure
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vessels has a saturation degree lying between 50 and 60%, but parts of the vessels can be
subject to local drying due to external environmental conditions. In this section, concrete slabs
first soaked in lime water for at least 60 days were exposed to 50 °C to reach 60% and 30% of
saturation. Once the desired saturation was reached, the slabs were wrapped in watertight

aluminium. Mass measurements were performed to verify the efficiency of the packing.

Eight slabs were used for this part. The results of measurement for the three non-destructive
techniques and for the double-cell technique are given in Table 2. The lowest saturation

degree was about 30% and no resistivity was measured on any of the three slabs.

Table 2: Measurements from the different techniques on slabs after hydric loading, and saturation degree (Sr)

deduced from permittivity and resistivity

Slab B1-2 B3-10 B2-9 B2-7 B1-3 Bl-4 Bl1-5 BI1-6

Sr 9o 100 60 62 60 59 27 26 25
Surf. Perm. xI10"7" m? - 255 127 470 1.9 - - -
Permittivity 12.8 10.3 10.5 10.6 8.3 5.9 5.8 6.0
Deduc. Sr 9o 82.7 57.3 59.3 60.8 43.5 13.8 13.0 14.5
Resistivity Qm 64.6 236.2 201 - 3053 - - -
Deduc. Sr % 99.6 59.8 63.7 - 54.1 - - -
Double-cell x/07"" m? - - - - - 100 - -

From the measurements given in Table 2, it is possible to evaluate the apparent permeability
at 2 bars as proposed in Section 3. The surface permeability and the double-cell are vacuum
techniques. The apparent permeability for 2 bars of absolute pressure can be deduced from the
measurements in vacuum by applying a proportionality factor, Cp, of about 0.57 [23]. For the

surface permeability, an overestimation of 60% was observed (Figure 6). This overestimation
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444  was considered in the evaluation of apparent permeability for 2 bars of absolute pressure by
445  dividing the results by 1.62. For the permittivity and the resistivity, the saturation degree was
446  first evaluated from calibrations performed on laboratory samples (Table 2) and the apparent
447  permeability was then evaluated from van Genuchten’s law calibrated on the Cembureau test.
448  The apparent permeabilities for an absolute pressure of 2 bars evaluated by all the techniques
449  are shown in Figure 11-a. Figure 11-b presents the details of the results for the highest

450  saturation degrees.
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451 Figure 11: Evaluation of apparent permeability for an absolute pressure of 2 bars by the different techniques on

452 slabs under hydric loading

453  For 60% of saturation, no direct double-cell measurement was performed, but the evaluation
454 by the different techniques can be compared and confronted to the permeability measured on

455  samples by Cembureau tests (Figure 11-b):

456 - Resistivity and 3 measurements on 4 slabs by permittivity gives an evaluation of the
457 apparent permeability that is of the same order as the permeability measured on
458 samples with the Cembureau technique;
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- Surface permeability gives a slight overestimation of the apparent permeability. At
60% of saturation, the aspiration necessary to obtain the vacuum leads to water
movements, evaporation and an overestimation of the permeability due to the long
time necessary to reach a pseudo steady state. In addition, homogenization of the
water distribution in the slab may not be totally completed at the time of measurement
[41]. In presence of a moisture gradient, surface permeability can lead to the
permeability being overestimated with respect to the Cembureau measurement;

- 3 permittivity measurements on 4 slabs gave a correct estimation of air permeability.
Only 1 measurement overestimated the permeability. For this slab, the saturation
degree was evaluated at 43.5% by the technique, whereas it was checked at 59%. This
shows the sensitivity of this measurement to the test conditions, as is also observed in

the following section. This sensitivity seems higher than for the other techniques.

For one slab compared to the other ones, resistivity jumps from about 200 Q.m to 305
Q.m for a similar saturation degree (about 60%). This technique is based on the injection of
an electrical current in concrete. The electric current is carried by the ions present in the
concrete pore solution. It gives reliable results for concrete with high saturation degree (what
is usual for massive concrete structures submitted to external environmental conditions) [42].
However, for this concrete, it becomes highly nonlinear under 60%, because the solution is no
longer continuous in the concrete porosity. Then the results become highly scattered. This
effect should be considered when resistivity measurement is used on structures exposed to dry

conditions.

For 30% of saturation, the air permeabilities measured by the double-cell and by the
Cembureau technique on samples were consistent. Permittivity measurements showed small
dispersion, but the evaluation overestimated the apparent permeability by almost 60% (Figure

11-a). This was due to an underestimation of the saturation degree. Permittivity calibration led
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to a saturation degree lying between 13 and 14.5 for the three slabs, while it was actually

about 25-27% (Table 2). Several difficulties can explain this result:

- Permittivity is less sensitive to the saturation degree under 20% because the
quantity of water inside the porosity is not great enough [43]. Such conditions of
moisture are rare for structures exposed to external conditions, but it is important to
highlight the risk of using permittivity in structures exposed to dry conditions without
specific consideration [43].

- Secondly, to obtain controlled saturation degrees, the slabs were first exposed
to drying which leads to moisture gradient. Slabs were then placed in sealed
conditions and put back in temperature (for a period of time at least equal to the drying
time) in order to homogenize the water distribution throughout the sample. However,
movements of water are slower during homogenization than in drying [44]. Thus, the
gradient was not totally removed at the end of the period. This effect was greater for
the slabs than for small samples. The calibration of the conversion model was
performed on small cores with homogenous conditions while measurements on slabs
were realized on shuttered surface. It was more difficult to obtain homogenous

conditions in reasonable time for the slabs.

As the techniques did not investigate the same depth, this conditioning can lead to different
scattering between techniques but also, with the global saturation degree obtained by mass
measurement.

3.2.2  Impact of mechanical loading

During their service lives, enclosure vessels are subjected to constant compressive stress due
to prestressing — usually between 7 and 12 MPa (axial and radial prestressing respectively).
For increasing compressive stress lower than 50% of the compressive strength, air
permeability of concrete usually shows a slight decrease due to consolidation and pore closing
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[45,46]. In this work, concrete slabs with 60% of saturation were subjected to compressive
stress of between 0.5 and 12 MPa. Due to the small thickness (125 mm) of the slabs compared
to their height (500 mm), it was difficult to obtain homogeneous compressive stress in the
slabs and some bending was detected during the tests. In the configuration used for this study,
it was not possible to perform the direct measurement with the double-cell, but the results for

each technique can be compared and analysed in regard to the literature.

Table 3 gives mean values obtained with the three non-destructive techniques for all the
compressive stresses performed in the study. Not all the slabs were investigated at all the
stresses. Most of the mean values were evaluated on 2 or 4 slabs. The measurements were

performed for only one slab for columns marked with an asterisk in Table 3.

Table 3: Mean value from the different techniques on slabs under compressive stress (measurements performed
on 5 slabs — Bl-1, BI-2, Bl-3, B2-6 and B3-8, not all the 6 stresses were performed for all the slabs; columns

marked with asterisks indicate that only one slab was measured for this stress state)

Stress (MPa) 0 0.5 2% 4 8 12*
Surf. Perm. x107"7 m? 1.4 1.2 1.2 2.2 1.2 -
Permittivity - 9.0 9.5 - 8.8 9.3 9.2
Deduc. St % 448 51.4 - 42.7 46.9 46.8
Resistivity  Qm 219.6 227.0 234.0 273.1 246.3 289.3
Deduc. St % 62.4 60.8 60.0 57.3 59.1 59.8

The value obtained by the three techniques for each slab was used to evaluate the apparent

permeability based on the calibration performed in Section 3 (Figure 12).
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Figure 12: Evaluation of apparent permeability at 2 bars given by the different techniques on slabs under

mechanical loading

Surface permeability gave a correct evaluation of the apparent permeability compared to

reference measurements.

Permittivity measurements evaluated the saturation degree of the slabs at between 33.5% and
52.5% for specific values (the mean values were between 42.7% and 51.4% — Table 3) while
it was controlled at close to 60% by the pre-conditioning. The difference may have been due
to imperfect homogenization of the saturation in the slabs in spite of the specific conditioning.
Due to the difference of the speed of water movement in concrete between sorption and
desorption, homogenization is slower than drying [41]. If the same duration is used for drying
and homogenization, as is usually recommended for such measurements, the saturation
gradient is not totally removed at the end of the conditioning and the surface saturation is
lower than the core saturation. As permittivity apparatus investigated to about 15 mm in

depth, the underestimation could be partially explained by the remaining internal water
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gradient. This underestimate led to an overestimate of the apparent permeability, particularly
for one slab at 4 MPa.

Resistivity led to specific saturation degrees lying between 48.5 and 73% (between 57.3 and
60.8% for mean value) and, thus, the evaluation of apparent permeability through van
Genuchten’s law was in accordance with Cembureau measurements.

None of the three techniques was sufficiently precise to reliably demonstrate the decrease of
air permeability with the increase of the compressive stress.

3.2.3 Impact of thermal loading

In this part, slabs at an initial saturation of 60% (and thus preconditioned at 50 °C) were
subjected to 80 °C for 14 hours. At the end of the heating, the global saturation remained
unchanged (verification by weighing of the slabs). The loading can thus be considered as a
thermal load of 30 °C. However, internal water movements could have occurred during the
heating.

Two slabs were used for this part. Results obtained for the three non-destructive techniques
and for the direct measurement with the double-cell technique for one slab are given in Table

4.

Table 4: Measurements from the different techniques on slabs after thermal loading of 30 °C

Slab B2-8 B3-8

Temperature °C 50 80 50 80
Surf. Perm. x10"7 m? 1.10 2.18 1.46 2.89
Permittivity - 10.1 114 9.2 11.7
Deduc. Sr Y% 55.6 68.3 46.1 72.0
Resistivity Qm 177.0 186.2 157.0 149.5
Deduc. Sr % 67.0 65.7 70.2 71.6
Double-cell x107"7 m? 1.8
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558  The results were then used to evaluate the apparent permeability (Figure 13) just after the
559  preconditioning at 50 °C and after the thermal heating at 80 °C. Permeability was also
560 measured with the Cembureau technique on usual laboratory samples for the same thermal
561 loading with the same conditioning used for the slabs. Complementary saturation degrees
562  were also investigated to understand the underlying mechanisms better. The results were
563  presented and analysed in [22]. Permeability of concrete exposed to 80 °C for 14 hours was
564  almost twice that of concrete dried at 50 °C for an initial saturation degree of 60%. This can
565  be explained by physicochemical reactions (decomposition of hydrates) or by the cracking
566 induced by the differential dilation of aggregate and cement paste [47-50]. The results
567  obtained on samples with the Cembureau technique have been added to Figure 13 for

568  comparison with measurements performed on slabs.
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570 Figure 13: Evaluation of apparent permeability at 2 bars with the different techniques on slabs after a thermal

571  loading of 30 °C

572  The three techniques of permeability measurements (surface permeability, Cembureau and

573  double-cell) were consistent with the usual scatter found with such techniques.

31



574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Permittivity gave an evaluation consistent with the permeability technique at 50 °C but the
evaluation after the thermal loading at 80 °C was very low. For this case, the technique
evaluated the saturation degree as lying between 68% and 72% while it was between 46% and
55% at 50 °C (Table 4). In this domain, van Genuchten’s law is very non-linear and a small
difference in permittivity measurement leads to a great difference in permeability evaluation.

As the water content was not modified during the heating, a similar permittivity was expected.

The same conclusion can be drawn for resistivity measurement. Resistivity led to saturation
degrees lying between 65% and 72% for the two slabs in the two states, which resulted in
very low apparent permeability. It was not consistent with permeability measurements
performed on the slab but, with apparent permeability of about 0.1 x 107 m?, it remains
consistent with the apparent permeability measured on specimens with high saturation degree

(Figure 5).

In this part, the two electrical techniques seem to lead to an overestimation of the saturation
degree. The difference between the saturation degree obtained by these techniques and the
global saturation degree obtained by mass measurement can be explained by imperfect
homogenization of the saturation in the slabs in spite of the specific conditioning as explained
in the previous part. These slight overestimations of the saturation degree had an important
impact (one order of magnitude) on the predicted permeability obtained here due to the
accumulation of uncertainties. There was not a decimal order on the saturation. But as the
evolution of the permeability was quite scattered (factor 2 around 60% of saturation) and very
nonlinear in this domain, the prediction of the permeability led to this order of magnitude.
Therefore, direct permeability measurements are the most reliable techniques to obtain the

most accurate evaluation of the permeability.
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Permittivity and resistivity were not sensitive to the damage induced by the thermal loading
for the high saturation degree of 60%. This confirms the observations made on cores (Figure
7-b and Figure 9-b).

3.2.4 Impact of thermo-hydric loading

Slabs at 60% of initial saturation were subjected to 150 °C and 200 °C for 14 hours. At the
end of the heating, the slabs were almost dry (in spite of the aluminium wrapping). The slabs
exposed to 150 °C lost slightly less water mass than the slabs exposed to 200 °C. The loading
can thus be considered as thermo-hydric, due to variations of temperature of 100 °C and 150
°C. Such temperatures are usually used to represent accidental conditions in enclosure vessels

[51].

Resistivity cannot be measured for dry concrete and thus Table 5 presents the experimental
results for the two other local non-destructive techniques and for the direct measurement by

double-cell in a vacuum.

Table 5: Measurements from the different techniques on slabs after thermo-hydric loading

Slab B2-10 B3-10 B2-9 B3-9
Temperature °C 150 150 200 200
Surf. Perm. x107"7 m? 30.6 45.1 47.3 56.5
Permittivity - 5.0 4.8 4.7 4.8
Deduc. Sr 5.1 2.9 1.8 2.6
Double-cell x10™"7 m? 11.8 46.0

Apparent permeability was then evaluated as described previously and represented in Figure
14. At 150 °C, the evaluation given by surface permeability and permittivity was in good
accordance and consistent with the Cembureau measurement. When compared to the direct

measurement performed by double-cell, the three techniques overestimated the permeability.
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At 200 °C, the evaluation performed with the three permeability techniques (surface
measurement, double-cell and Cembureau technique on samples) were quite scattered but
centred on the value determined by double-cell. The permittivity did not show significant
evolution between the two loadings (150 °C and 200 °C) and underestimated the permeability.
At the end of the thermo-hydric loading, the water content in the concrete was very low and

permittivity measurement was not sensitive to the evolution of transfer paths.

For such conditions (thermo-hydric loading with exposure at 150 °C and 200 °C), concrete
slabs should have been significantly damaged [52,53]. Cracking is a random phenomenon and
can increase the usual heterogeneity of concrete. This can explain an increase of scatter on the
measurements after loading leading to cracking. The dimensions of the surface permeameter
(diameter of 40 mm for the measurement cell), designed first to evaluate permeability of the
cover concrete, led to a limited representative volume during measurement. This can increase

the impact of material heterogeneity on the permeability evaluation.
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Figure 14: Evaluation of apparent permeability at 2 bars with the different techniques on slabs after thermal

hydric loading
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3.3 Application to real structures: concrete permeability of Vercors mock-up

3.3.1 In situ measurements

In this part, the three non-destructive techniques are applied to evaluate the permeability of
the concrete of the Vercors structure. This structure is the mock-up of a reactor containment at
1/3 scale. It was built by EDF to help with the management of the long-term operation of its

fleet of Nuclear Power Plants [19].

The aim was to compare the evaluation of the concrete permeability by three techniques that
can be used in the field. Eighty measurements were performed with the surface permeameter
and with the permittivity technique in the same locations of the structure on two horizontal
lines around the mock-up and three vertical lines representative of the mock-up (Figure 15).
These measurements were taken after the usual exposure of the surfaces of the mock-up to
water performed during each enclosure test in order to detect singular air flow. This is an
important point as it can impact the experimental results. Before the water sprinkling, skin
concrete was sufficiently dry to prevent resistivity from being measured for most of the
measurement locations. After sprinkling, some resistivity measurements were made in 27
locations, but, as shown in the following part, most of the measurements were higher than 300
Q.m and, thus, in a domain where the results are usually quite scattered (Figure 9) and not

Very precise.
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Figure 15: Locations of the measurements points along two horizontal and three vertical lines of the mock-up

As the mock-up has been realized for engineering and research work, particular attention was
given to obtain the same reproducible material during the construction. All the measurements
performed in this paper were located on the same face of the containment and protected from
direct rain by the external wall and by the dome. Thus, the reasons for the discrepancy due to

location of measurement were limited in this application.

Figure 16, Figure 17 and Figure 18 represent the distributions of surface permeability,
permittivity and resistivity, respectively, measured on the mock-up. It has been chosen to
present first the measurement results as histograms. This makes it possible to have a global
view of the results and to estimate that the discrepancy stays quite small even if different
castings were realized. These data can also be helpful for researchers interested in
probabilistic approaches. In the following part, the permeability deduced from these
measurements is presented by distribution along the five measurements lines to evaluate the

discrepancy according to measurement location.
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Figure 18: Measurement of resistivity on mock-up (27 values — mean: 970 Qm, min: 233 Qm, max: 5471 Qm)
3.3.2  Evaluation of the saturation degree

Permittivity and resistivity were used first to evaluate the saturation degree (Table 6). From
the calibration performed on the samples, the saturation degree evaluated by permittivity on
the mock-up lay between 12% and 42%, with a mean value of about 31.5% for the 80
measurement points, while resistivity gave a mean saturation degree of about 42.6% on 27
measurement points. The mean saturation degree evaluated by the permittivity on the same 27
points was about 29.8%. Thus, the difference of results is not a problem of the locations of the

measurement points but really a difference between the responses of the two techniques.

Table 6: Saturation degree deduced from permittivity and resistivity

By permittivity By resistivity

Min 12.1 17.3
Mean 31.6 42.6
Max 41.9 60.1
N° of values 80 27

The surface permeability can also give interesting information about the saturation degree.
With this aim in mind, the mean increase of pressure, PC, was evaluated for the 80

measurements performed on the mock-up and compared to the measurements performed on
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laboratory samples. The mean P, was equal to 2.2, which corresponds to a concrete saturated
at about 40% of saturation for the laboratory samples.

Resistivity measurement was very sensitive to the saturation [12,13,17,18]. Below 40% of
saturation, the continuity of the solution in concrete porosity was not sufficient to give a
reliable response. For dry concrete with small saturation (lower than 40%), permittivity
presents more precise results, because the measurement does not depend on the continuity of
the solution but only on the water content. The tests were performed during an enclosure test
and, thus, just after the water sprinkling of the concrete surface, water saturated a small
thickness of concrete (probably some millimetres — Figure 19). It was just enough to have a
superficial continuity of the concrete solution and thus to measure the resistivity. In this
situation, the measurement probably represents the saturation of only the first few millimetres
of the concrete skin. Permittivity is not influenced by the continuity of measurement. With the
apparatus used in this work, permittivity was measured over about 15 mm of depth (Figure
19). As the water due to the sprinkling did not have time to penetrate the concrete, the
saturation degree given by the permittivity was smaller but representative of a larger thickness
of concrete. Finally, the measurement of surface permeability investigated thicknesses lying
between 50 and 100 mm. For such thicknesses, the technique integrates the saturation degree
of the skin and also the saturation degree of deeper concrete, for which the saturation degree

is higher (Figure 19).
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Figure 19: Gradient of water content of a half depth of the mock-up wall (total depth: 0.4 m) before water
sprinkling [20] (a), approximate gradient after water sprinkling (b), and approximate depths of investigation for

the three techniques (c)

3.3.3  Evaluation of apparent permeability

Then, the concrete apparent permeability for an absolute pressure of 2 bars was evaluated
from the measurements obtained with the three techniques. The permeability deduced from
the three techniques is presented along the two horizontal lines (Figure 20) and the three
vertical lines (Figure 21). Minimum, mean and maximum values of this evaluation are given

in Table 7.
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Figure 21: Distribution of the permeability deduced from surface permeameter, permittivity and resistivity

measurements along the three vertical lines (a: VI, b: V2 and c: V3)

Table 7: Apparent permeability of the mock-up concrete evaluated by a surface permeameter, permittivity and

resistivity (x 10777 m?)

By surf. perm. By permittivity By resistivity
min 0.14 1.33 0.21
mean 2.06 3.1 1.7
max 9.55 9.16 6.96
N° of values 80 80 27

Figure 20, Figure 21 and Table 7 highlight the difference in the evaluation of the permeability

by the three techniques.

With all the measurements, the surface permeability led to a mean apparent permeability of

about 2.06 x 107 m2. Three points presented very large permeability (higher than 6. x 107

m?2). The two highest values were located on the horizontal line close to the angle 80 grad and
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thus close to a rib for prestressing anchorages. They indicate a zone with poor transfer
resistance. This is consistent with permittivity measurement which shows a small saturation
degree in this part of the mock-up. The evaluation performed from the permittivity
measurements led to greater values of permeability in most of the measurement points. The
results were consistent with the results in the laboratory: with saturation of about 30%, the
concrete permeability can be expected to be between 3 and 4 x 10"'” m? (Figure 5). The two
highest values of permittivity were located on the horizontal line close to the angle 20 grad,
but the other measurements do not show extreme values in this zone. The distribution
obtained for the resistivity was mainly in the range of the smallest apparent permeability
obtained with the surface permeameter. The mean value for 27 points was about 1.73 x 1077
m?2. The horizontal distribution of the permeability deduced from resistivity shows abrupt
variations with angle. It can be due to the limit observed in laboratory: for dry concrete,
resistivity is highly non-linear with the saturation degree and the dispersion of the
measurement increases.

Therefore, the mean values of apparent permeability given by the three techniques were quite
close: the permittivity predicted an apparent permeability 35% greater than the surface
permeameter and the resistivity gave a permeability 25% smaller than the permeameter
technique. As discussed in the previous section, the differences may have come from the
depth investigated by each technique (some millimetres of skin due to water sprinkling for
resistivity, about 15 mm for the permittivity and more than 50 mm for the permeameter -

Figure 18).

4 Discussion

The work of the first step on laboratory specimens, confirmed the interest of three non-
destructive techniques (surface permeameter, permittivity, resistivity) for the evaluation of the
air permeability and saturation degree of concrete. Permittivity and resistivity depend on the
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water content of the concrete and can thus be useful to evaluate the saturation degree [54,55].
Such an evaluation combined with van Genuchten’s law, calibrated on laboratory specimens
by the Cembureau technique, allows the indirect evaluation of air permeability of concrete in
the field. In the second step, on laboratory slabs, the three techniques were used in the
laboratory for slabs of large dimensions and were compared with direct measurements of
permeability developed especially for this programme. In spite of some discrepancies, the
comparative analysis highlighted the consistent results for the different techniques. The third
step aimed to use the three techniques on a mock-up of a reactor containment at 1/3 scale. As
the measurements were made after exposure of the surfaces of the mock-up to water to detect
singular air flow during the enclosure test, the conditions of moisture according to concrete
depth were not in equilibrium with external conditions and the concrete skin presented a
strong humidity gradient (Figure 18). This is an important difference with investigations on
slabs, which were set up to have conditions that were as homogeneous as possible. It is
important to note that each technique investigates different depths of concrete. The
combination between moisture gradient and difference of investigation depth can partly
explain the small differences between the mean apparent permeability obtained with the three
techniques.

The problem of investigated depth is important to perform relevant expertise. In a massive
structure, water content is not homogeneous. Important moisture gradients exist between the
core and the skin. Close to the external limit, the saturation degree decreases abruptly.
Currently, no experimental technique is able to evaluate a gradient of moisture in the depth of
a concrete wall. Increasing the investigated depth would lead to average measurement results.

The result would not be more precise and would stay difficult to interpret without modelling.
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In this mock-up, reinforcement bars were located at about 20 mm of the external skin. Steel
bars can disturb the results of electrical methods [56,57]. Thus, the equipment was chosen to
decrease the risk of disturbance by steel bars and to investigate less than 20 mm [58].

For such strategic structures, measurements cannot be the only way for expertise. They should
be combined with numerical modelling through global methodology to precisely evaluate the
moisture gradient through the wall [59,60]. In such approaches, the precise knowledge of the
moisture conditions, even at 10 mm depth, is very important to avoid assumptions which are
difficult to verify [60]. A few years ago, this type of evaluation required destructive sawing
techniques [59]. They led to a certain degradation of the structure which is not acceptable for
nuclear containment buildings. Resistivity for concrete exposed to high moisture conditions
and permittivity in most cases can lead to evaluate the water content close to concrete skin
without degradation of the concrete. It is an important improvement to control the boundary
conditions imposed in modelling.

Finally, air flow through structural concrete is the combination of diffuse flow through the
concrete and singular flow through preferential paths due to casting joints (caused by the
manufacturing of the mock-up in several stages) or cracks. The first objective of the surface
permeameter is to evaluate the diffuse flow, but it can also give interesting data to evaluate
small singular flows. These techniques allowed the apparent permeability of the concrete skin
to be evaluated. In the core of the concrete structure, the saturation degree is higher and the
flow through the enclosure vessel has to be evaluated with a realistic moisture gradient in the

wall.
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5 Conclusion

The aims of this experimental work were to compare the response of three non-destructive
techniques to, directly or indirectly, evaluate the air permeability of concrete in containment
structures in laboratory and in field during the service life and after accidental conditions.

In laboratory conditions:

- For most of the situations, the three techniques of permeability measurement based on
an air flow evaluation (global measurement with double cell, evaluation on
representative specimens by Cembureau, and surface permeameter) were in good
agreement with respect to concrete heterogeneity (most differences are less than 50%).
The double cell technique is of great interest to evaluate the permeability in steady
state for elements of large size. It has thus been shown that the apparent pressure for
an absolute pressure of 2 bars can be evaluated from surface permeability measured in
vacuum.

- Both electrical measurement techniques (permittivity and resistivity) give consistent
values of concrete saturation degrees for values above 60% RH but are strongly
dependent on this saturation, especially near this value. Under 60%, resistivity shows
high dispersion and particular attention should be paid to the analysis of this
measurement for concrete under such conditions. Permittivity can be used for all
ranges of saturation, from totally saturated to dry concrete. Under 20% of saturation,
this technique seemed to be more sensitive to small changes in the concrete or in the
environmental conditions during tests. Meanwhile such degree of saturation is rarely
encountered for real reinforced concrete structures in normal conditions of service.

- The prediction of permeability by the two electrical techniques can lead to great
scattering due to the accumulation of uncertainties when their measurements were

combined with van Genuchten’s law evaluated with the Cembureau technique on
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specimens. The scattering can be explained by the sensitivity of the techniques to
saturation degree and by the high nonlinearity of concrete permeability with the
saturation degree.

Accidental conditions led to very low saturation degrees in concrete slabs. Resistivity
could not be used and permittivity was no more so precise. Surface permeameter
underestimated the permeability compared to double cell technique. It can be due to an

increase of heterogeneity due to cracking induced by the thermal loading.

For the use on a mock-up of a reactor containment at 1/3 scale:

Surface permeameter gave a precise mapping of the distribution of permeability along
two horizontal and three vertical lines. The transfer property was quite homogeneous
in the structure except close to a singularity (presence of prestressing anchorages).

The concrete skin presented a strong humidity gradient (Figure 18). However, from
the saturation degree evaluated with permittivity and resistivity, it was possible to
evaluate the apparent permeability of concrete skin by means of a van Genuchten law
calibrated in the laboratory on representative samples of the structural concrete. This
method gave interesting results on the mock-up when compared to the surface
permeability measurements.

The combination of these two non-destructive electrical techniques with a surface
permeameter helps to provide a better understanding of the saturation state of the
concrete in the field. However, for accurate measurements of concrete permeability in
field, the present work highlights the need to use a surface permeameter. Electrical
techniques lead to correct evaluation of the degree of saturation in field. But the
accumulation of uncertainties can lead to large scattering for the prediction of the

permeability by such techniques especially close to their domain of use.
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Even if the saturation degree can only be measured for small investigated depth with
resistivity and permittivity, it is a crucial data to help modelling to have realistic

boundary conditions for calculations of moisture transfer in concrete structures.
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