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Abstract

The prediction of large concrete structures behaviour such as bridges, dams and
nuclear containment buildings (NCB) is a vital issue regarding the evaluation of
the durability, safety and effect on the surrounding environment. In this work,
experimental and numerical estimations of the saturation ratio profiles in the
VeRCoRs NCB mock-up structure are presented, and their blind comparison
is discussed. Non-destructive testing (NDT) based capacitive measurements
are processed to quantify the saturation ratio experimentally. Then, a weakly
coupled thermo-hydric (TH) finite element model is presented within the ser-
viceability state of VeRCoRs for the numerical counterpart. The uncertainty in
the capacitive measurements and the constitutive parameters of the numerical
model are highlighted as coming from the following three sources: (a) the natu-

ral randomness of the material properties and physical processes, (b) the limited
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knowledge of some input parameters in the mathematical model either obtained
experimentally at the specimen scale and (c¢) empirically derived in the exploita-
tion of the physical process. The influence of the uncertainty in the saturation
ratio estimations is presented by error bars experimentally and is addressed by
a stochastic finite element (SFE) study in the numerical work. Accounting for
uncertainties in NDT and SFE measurements, the mean values of saturation
ratio (reported in %) profile are forecasted up to 40% and 34% respectively,

with standard deviation for both in the range of 3.5-4.5% in magnitude.

Keywords: Concrete structures, Saturation ratio, Spatial distribution,
Non-destructive capacitive measurements, Stochastic finite element analysis,

Uncertainty quantification

1. Introduction

The prediction of the fluid-tightness of large concrete structures, especially
those with a containment role such as Nuclear Containment Buildings (NCB),
plays a crucial role in their serviceability and longevity and, most importantly,
the safety of the surrounding environment. These large containment structures
undergo complex physical processes (e.g., concrete ageing) over their lifespan,
and thus, the tightness evolves significantly during the lifetime of the structure.
Therefore, it is necessary to account for uncertainties associated with numeri-
cal forecasts to quantify structural integrity and tightness risks and, therefore,
provide decision aids for improving their maintenance. Apart from cracking at
an early age at the outer structure surfaces, which is out of the scope of our

contribution, concrete drying, a key durability indicator, must be carefully ad-
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dressed. Concrete drying is a vital issue for the air-tightness of the structure
as more connected porosity becomes available for gas molecule transfer upon
drying. Besides, drying is of great importance for prestressed structures since
the drying induced shrinkage accelerates the loss of prestressing effects.

To these ends, the VeRCoRs NCB mock-up has been chosen as an appli-
cation case of a containment building in this work [1]. VeRCoRs is a 1 : 3
structural scale mock-up of the double-wall containment enclosure constructed
by EDF to experimentally analyse the time evolution of properties and be-
haviour of the containment enclosures under actual operating conditions. VeR-
CoRs ( Vérification Réaliste du Confinement des Réacteurs) is a French acronym
meaning ‘realistic verification of the containment of the reactors’. The concrete
drying behaviour investigation is taken as a proxy to address the aforementioned
critical issues. The evolution of the saturation ratio is considered representative

of the drying behaviour.

When considering the assessment of concrete structures on-site, non-destructive

testing (NDT) techniques enable to completion of visual inspections and provide
means to improve the reliability in the evaluation. Several NDTs have been de-
veloped for civil engineering applications, as being sensitive to different material
properties like durability indicators and state parameters. Ultrasonic methods
are applied for strength assessment through elastic modulus measurement and
defect detection like the presence of air and crack [2, 3]. Also, the electromag-
netic (EM) methods are proven sensitive to the water and ionic content [4, 5].

Therefore, they are helpful to measure the dielectric permittivity and electric
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resistivity in concretes.

In recent years, non-destructive measurements have notably been provided
by the ENDE (Fvaluation Non Destructive des Enceintes de confinement des
centrales nucléaires) research project, thanks to the PIA-RNSR French National
Program, involving a wide range of non-destructive measurement techniques
of several concrete properties (Young’s modulus, porosity, permeability). The
significant amount of measurement points provided by such techniques enables
to perform much more consistent statistical inference.

The capacitive measurements are part of non-destructive testing (NDT)
techniques useful for the evaluation of concrete structures [6, 7]. NDT tech-
niques are not only significant for detecting peculiarities but also helpful in
assessing concrete material properties and their spatial distribution and time
evolution, like saturation ratio, during the diagnosis of civil engineering struc-
tures [5]. However, auscultation cannot only be based on NDTs as each one can
be related to more than one durability indicator (e.g. saturation ratio, poros-
ity and compressive strength). Hence, destructive tests (DT) are necessary to
confirm and calibrate the results obtained by NDT auscultation [8].

Besides, numerical models are used to assess the pertinence of in-situ mea-
surements and also predict the long term effect of ageing on the future be-
haviour of concrete [9]. Several numerical studies have been performed to assess
the physical processes linked to large concrete containment structures in recent
years. Several numerical models are available for purpose of covering the ther-

mal [10] and hydric [11, 12, 13, 14] behavior of concrete using either a fully
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coupled approaches [15, 16, 17, 18, 19] or chained calculation strategies [20, 21]
also called weakly-coupled approaches. Based on our past experience [9, 22] and
the results of the international blind benchmark [1], a weakly-coupled approach
is chosen to offer an efficient optimum in this contribution. Thereby, drying is
the only aging phenomenon taken into account in the present work. Notably,
the hydric behaviour in this work refers to the time evolution of the moisture in
the concrete and therefore can be interchangeably referred to as the hydraulic
behaviour, a representative of the moisture transfer phenomenon.

In general, the model accuracy is dependent on the boundary conditions
(BCs) and the uncertainties related to the concrete’s properties’ identification.
These modelling approaches present the detailed deterministic description of
the associated physical processes, accounting for the uncertainty in the input
parameters and the uncertainty of the numerical forecast. For this, the general
uncertainty Quantification (UQ) framework enables one to account for uncer-
tainties associated with material properties, loads, or boundary conditions and
quantify their influence on numerical predictions. It is generally achieved by us-
ing elements of probability theory, by modelling input parameters of a physical
model as random variables and estimating statistical moments or probability
density functions (PDFs) of the model response. In addition, simulation meth-
ods such as Monte-Carlo (MC) combined with surrogate modelling techniques
are often used in this context [22]. The stochastic finite element (SFE) model
forecast incorporates the law of large numbers and the central limit theorem to

quantify the model response converging towards a mean magnitude.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

In this work, independent experimental and numerical works towards esti-
mating the saturation ratio profile in the VeRCoRs mock-up are presented and
blindly compared. The capacitive measurements provide an extensive data set
for the in-situ experimental measurements. A sparse Polynomial Chaos Expan-
sion (PCE) surrogate of the thermo-hydric (TH) numerical model represents
the stochastic saturation ratio.

The outline of the present work is briefed hereafter. First, the problem
statement in the context of the VeRCoRs mock-up is presented. Second, the
experimental work comprising the EM characterisation of the constituent con-
crete on the lab-scale specimens towards the calibration of the saturation ratio
and in-situ capacitive measurements and their post-processing for the satura-
tion ratio estimation is presented. Third, a numerical work comprising the finite
element model representative of the VeRCoRs mock-up for a deterministic and
stochastic estimation of the saturation ratio is presented. Lastly, the blind com-
parison of the saturation ratios estimations from two independent campaigns is

presented alongside a discussion on agreement and difference.

2. Problem statement

This section presents the structural layout of the VeRCoRs mock-up, the
concrete mix design composition and pressurization test loading history consid-
ered in this work. VeRCoRS is a non-nuclear containment mock-up; however,
it is subjected to the same operating conditions as those familiar to a nuclear

containment building. In addition, the mock-up is highly instrumented (e.g.
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more than 700 sensors, 2 km of optical fibre and pendulums), providing real-
time access to a database of physical measurements covering its entire operating

life [1]. The concrete mix design of the VeRCoRs mockup enclosure is presented

in Table 1.

Table 1: Concrete mix design of VeRCoRs mock-up, from [1]
Component Quantity  Unit
Cement CEM I 52.5 320 kg/m3
Water 197.6 I/m3
Sand 0/4 (GSM LGP1) 830 kg/m3
Gravel 4/11 (GSM LGP1) 445 kg/m3

8/16 (Balloy, Seine-et-Marne) 550 kg/m3
Admixture Plasticising adjuvant 2.4 l/m?
Density 2386 kg/m3
w/cratio by weight 0.62

Due to its reduced scale, the model ages more quickly than an actual en-
closure. According to the preliminary studies of the project, a factor of 9 is
retained to exploit the drying kinetics [1]. So a 60-year operating life for an
actual enclosure would be represented by only 6.5 years at the 1:3 scale model.
It allows simulating accelerated yet realistic drying behaviour during 60 years
of operation.

The containment structure is made up of different structural components
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of different dimensions and varying thicknesses, presented in Figure 1. Dimen-
sional differences cause heterogeneous ageing in the structure as thin elements
tend to age faster than thick elements. Moreover, it gives rise to differential
deformations exposing the relatively thinner parts to a greater risk of cracking.
Thus, wall region of 14.68m height, as seen from Figure 1b, is the focused area
in the present work for the estimations of the saturation ratio profiles experi-

mentally and numerically.
f < 2.68m
x 2.74m

7.7m 14.68 m

T
L_zim 3 Yossm
N
J, 2m
Pedestal

(a)

(b)

Figure 1: General overview of the VeRCoRs mock-up, presenting (a) isometric view [23] (b)

an asymmetric vertical sector of the inner wall of the mock-up, from [9]

A sequence of standardized pressurization tests verifies the serviceability
of a full-scale NCB. First, tests are performed after prestressing the contain-
ment building and the commissioning of the reactor, named as pre-operational
visit (VPO - Visite pré-opérationnelle). Next, the following test is performed
three years after the first fuel loading named as additional visit (VC - wvis-
ite complémentaire). Then every ten years, ten-yearly visits (VD - wvisites
décennales). The scaled-down test timeline for the VeRCoRs mock-up is pre-

sented in Figure 2.
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Figure 2: Pressurization/depressurisation tests timeline in VeRCoRs mock-up, from [9]

The pressure rise profiles differ from one enclosure to another; however, the
principle remains the same [24, 25]. A gradual increase in the internal pressure
until the target value of 5.2 bars absolute pressure is reached. The level is
maintained at this sizing pressure for 24 hours, then progressive reduction of the
overpressure until return to atmospheric pressure. The tests on the VeRCoRs
mock-up enclosure are carried out under less aggressive conditions than for a full-
scale model to avoid potential damage in the structure compromised in its future
containment capacities [26]. Here, the dry air is inhibited, at a temperature of
20°C, at a similar pressure difference between the inner and outer surface of the
internal wall of 4.2 bars for the pressurization tests. In-situ NDT measurements
on the containment structure during the pressurization tests provide extensive
databases to assess its behaviour and estimate the relevant durability indicators.
In the present work, the database recorded at the time instance of the test VD3

is presented hereafter to assess the saturation ratio.
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3. Experimental saturation ratio estimation

The experimental campaign in the present work comprises of two parts.
First, the electromagnetic characterisation of the VeRCoRs concrete is presented
to define its complex permittivity characteristics. Subsequently, a calibration
campaign on lab-scale samples with a similar mix design as of a vercors mock-up
is presented to establish a relationship between concrete saturation ratio and
relative permittivity measurements. Second, the calibrated relationship from
the first part is used to characterise the on-site relative permittivity database
extracted using electrode probes in the framework of the ENDE project as the
on-site saturation ratio measurements. The description of the experimental

work activities is presented hereafter.

3.1. FElectromagnetic characterization of VeRCoRs concrete

The on-site capacitive technique is presented characterising the in situ di-
electric media in the 30-35 MHz frequency band to measure the saturation ratio
profile in different locations. A calibration methodology is necessary to evaluate
the saturation ratio in various civil engineering structures [27]. Such methodol-
ogy is based on the complex permittivity measurement on various dispersive con-
cretes. The permittivity measurements are carried out by a cylindrical coaxial
electromagnetic (EM) transition line. It allows the laboratory characterisation
of the material specimens in a large ground penetration radar (GPR) frequency
band (50— 1200 MHz approx.) such as asphalt or concrete mixes [28].

Thereby, large campaigns of EM characterisation of numerous concrete mixes

10



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

are processed to evaluate the influence of every composition parameter on the
complex permittivity in the GPR frequency band, using a multi-linear polyno-
mial model from [29]. In addition, several tests were performed studying the
effect of water content, chloride content and carbonation on the complex per-
mittivity of concrete mixes [30]. EM NDT is sensitive to the volumetric water
content in the porous material. However, as structure engineers characterise
moisture using saturation rate, EM laboratory measurements are transformed
in saturation ratio values while considering the material bulk density. Therefore,
in this work, the study on the saturation ratio parameter only is presented.

A methodology is developed to extrapolate EM cell measurements at low
frequencies, using the four-parameter variant of Jonscher’s model [27]. It enables
to obtain dispersion curves of the complex permittivity for extensive frequency
bands, including the frequency range of the capacitive technique (/=33 MHz).

In the ENDE project framework, nine concrete cores, each 70 mm long
and 75 mm in diameter, are extracted from the concrete block prepared with
the concrete mix design and at a timeline same as in VeRCoRs mock-up VD3
pressurisation test (see Figure 2). Eight cores are extracted from the center of
the block and one from the surface. They are conditioned in the laboratory until
the homogeneous saturation of about 100%, 70%, 50% and 10% are achieved
[31]. The experimental campaign presents the macro-porosity measurements
reported based on the amount of water present in the sample between dry and
saturated states in normalised conditions [32].

The measured values of the concrete permittivities at different saturation

11
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Figure 3: Permittivity (33 MHz) vs saturation ratio calibration curve for the VeRCoRs con-

crete

ratios, including a linear regression to present the overall trend, are presented
in Figure 3. The regression obtained from the surface core is assumed to be a
relatively better representative of capacitive measurements, which remain ap-
plicable to the first few centimetres of the VeRCoRs mock-up structure wall.
A standard deviation of 0.37 is reported on the permittivity measurements of
the center core is observed reported from the sample set of measurements. It
induces a default uncertainty of +3.20% on the saturation ratio magnitude ob-
tained from a permittivity value using the calibration slope of the center cores.
Besides, a porosity of 14.5% and a carbonation depth of about 3 mm is observed
from the surface core. In contrast, the porosity measured from the average of the
center cores is 15.8%. Higher relative permittivity measurements corresponding

to the center cores can be inferred due to the relatively higher porosity.

12
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8.2. Capacitive measurements on VeRCoRs mock-up

This section describes the principle of capacitive measurements conducted
on VeRCoRs mock-up. The aim is to estimate the saturation ratio from the
capacitive measurements while discussing the various sources of uncertainty.
The principle of the technique used to investigate VeRCoRs mock-up is based
on the measurement of a resonant frequency (around 33 MHz) of an oscillating
electric circuit RIC (resistor/inductor/capacitor) type between electrodes placed
on the testing material. The set of the electrodes and the medium forms the
capacitor of the RIC circuit. It is dependent on the geometry of the electrodes
and the relative permittivity of the medium [5].

The interest of a set of various electrodes is to be able to reach varying
penetration depths and thus obtain information of a gradient along with depth
[33]. Various electrode probes and geometrical parameters associated with op-
erating frequency facilitate variation in investigation volumes corresponding to
coupling volumes. The volume of material visible by the sensor influencing the
measurement is termed the coupling volume. This technique is suitable for mea-
suring the saturation ratio of porous materials, such as concrete. The system
designed by the Technical and Scientific Network of the French Ministry of the
Ecological Transition comprises a panel of several electrodes [6]. In this work,
the electrodes PE (5x70 mm), ME (10x70 mm), M3E (15x70 mm) having cou-
pling volumes of thicknesses about 7, 17 and 22mm respectively are used, as
presented in Figure 4.

A calibration step is necessary to link the resonant frequency to a permit-

13
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Figure 4: Capacitive measurements electrodes PE, ME and M3E as seen from left to right

tivity value, considering the medium as homogeneous and semi-infinite. Several
known materials are used as reference whose permittivities are measured in an
EM cell. These materials include PVC, Teflon, marble, granite, limestone and
eccostock, a rigid polyurethane foam of high permittivity [28]. Moreover, the
interference effects of the external environment and the capacitive system is re-
moved by a complementary measurement in the air, subtracted to the surveyed
medium measurement. Thus, the variation of resonant frequency is linked to
permittivity through this calibration step [27].

Notably, the relative permittivity measurements based on the capacitive
method have several potential sources of uncertainty. These sources are briefly
discussed below.

(a) Concrete characteristics: The EM nature of the aggregates, the type
of cement, and the structure’s porosity are influential parameters. Also, the
porosity state can affect the relation between permittivity and water content
from one concrete to another.

(b) Geometrical/structural characteristics: The curvature of the concrete
structure, surface roughness, and the interface’s quality interfere with the qual-

ity of the relative permittivity measurements. Also, the steel reinforcement in

14
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the coupling volume of the electrodes is a critical source of measurement un-
certainty due to the different EM characteristics of the reinforcement than the
surrounding concrete. Lastly, the size of the coupling volume, smaller than the
elementary representative volume of a mix like concrete, leads to the potential
uncertainty in the measurements.

(c¢) Environmental characteristics: The permittivity of concrete roughly in-
creases linearly with temperature in the range (5 — 45°C) with a relative slope
of about 0.2 — 0.3%/°C [34]. Also, the permittivity increases linearly with the
volumetric water content with a relative slope of about 0.65 — 0.75%/ % [27]-
Nonetheless, subtracting two successive measurements, one in the air and an-
other in the concrete, removes significant environmental uncertainties.

(d) Data acquisition characteristics: The operator influence, the measure-
ment system pressure on concrete and the repeatability of measurements are
potential sources of uncertainty. Also, the regression selection on the calibra-
tion master curve to correlate EM measurements to the relative permittivity
brings potential uncertainty. The trend is linear in the low permittivity range
and exponential for high permittivities [33].

In the ANR-SENSO project framework, several NDT experiments are per-
formed on controlled homogeneous concrete slabs [8]. These tests are based on
many different methods such as ultrasonics, radar, capacitive and resistivity.
Their sensitivity and variability are used to evaluate several indicators of con-
crete condition, such as porosity, Young’s modulus, compressive strength at 28

days and water content. Then, an extensive database of about 200,000 data
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points is provided and studied through statistical data analysis and data fusion.
Relationships between NDT measurements and indicators are determined, and
the variability analysis is presented (refer to Appendix A).

Three vertical lines were tested in the framework of the ENDE project over
the entire height of the structure on the same meshes. The capacitive measure-
ments at vertical lines V1, V2 and V3, are presented in Figure 5. The vertical
lines V1 and V2 are tested at 12 measurement points over the height of about
13 m. The vertical line V3 is tested with 33 measurement points at the height
of about 15 m.

The general methodology of investigation while using a GPR consists of
locating the rebars. Once localized, five capacitive measurements are performed
in the neighbourhood of the center of the chosen meshes. The averaged value,
subtracted from the air measurement, is used to estimate the permittivity of
the local area, and the standard deviation of the five measurements is recorded.
The horizontal error bars in the relative permittivity measurement correspond
to the standard deviation of the five measurements points in a chosen mesh.

The saturation ratios corresponding to the capacitive measurements are eval-
uated following the surface core regression (see Figure 3) and are presented in
Figure 5. The horizontal error bars in the saturation ratio estimations corre-
spond to the standard deviation corresponding to the uncertainty coming from
the two following sources. The first corresponds to the local standard deviation
in the relative permittivity at one point. The second one corresponds to the

3.20% (in magnitude) standard deviation obtained from the regression line of

16
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Figure 5: Capacitive measurements and subsequently exploited saturation ratio (Sy) profiles

on the three vertical lines in the VeRCoRS mock-up outer surface of the inner wall

Here, a specific trend on the capacitive measurements is not visible to ex-
plicitly explore the uncertainties in the measurements with the type of electrode
used. Nonetheless, a general permittivity gradient with wall depth is observed,
attributed to natural drying. Similarly, a general trend of saturation ratio de-
crease vs height is observed. It could be due to the aerial thermal gradient
remaining inside the structure, accelerating the drying of the concrete structure
with increasing height. The oscillating experimental measurements over the wall
height are attributed to the ambient temperature on the concrete pouring day
and the concreting schedule (mainly three batches per lift and time between
lifts). These variations affect the 28-days compressive strength and Young’s
modulus, subsequently leading to varying relative permittivity.

Overall, the experimental database and the estimation of the saturation ra-
tios based on the capacities measurements enable a good understanding of the

instantaneous drying behaviour of the VeRCoRs mock-up. The detailed explo-
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ration of the hydric response over the structure’s lifetime calls for a numeri-
cal finite element model of the VeRCoRs mock-up, presented in the following
section. The uncertainty in the model constituent parameters is addressed to
estimate the numerical saturation ratio corresponding to the pressurisation test

VD3 for its comparison with the in-situ measurements.

4. Numerical saturation ratio estimations

This section presents the numerical model framework of the drying phe-
nomenon in the VeRCoRs mock-up. A weakly coupled thermo-hydric modelling
strategy is used. The reference inner NCB temperature and external ambient
temperatures for the thermal exchange are 35°C and 20°C respectively. The
comparatively higher temperature inside results in a lower relative humidity in
the concrete, losing the symmetry through the wall thickness and thus acceler-
ates the drying of concrete. The composition of thermal and hydric phases is

presented hereafter.

4.1. TH constitutive model
Thermal phase (T)

The temperature field is calculated using the classic heat equation, with no

source term and assuming constant thermal diffusivity.

T
0Ot 0L (V) = 0 1)

18
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Here, p. is the mass density (2368 kg/m?), C? is the thermal capacity (880
J/kg/°K) and Ap. is long term thermal conductivity (2.5 J/s/m/°K) of con-
crete.

Limiting conditions of the linear Neumann type are retained via the defini-
tion of convective fluxes following Newton’s law for the internal and external

surfaces of the model, presented in Equation 2.
_(Tﬁ = heq,th(T - Text) (2)
Here, heq ¢, is the thermal exchange coefficient (10 J/m?/s/°K) of concrete.

Hydric phase (H)

In this phase, the evolution of free water content, Cy,,, (%) in the concrete’s
volume when exposed to a hydric flow, is presented. Water movement within the
concrete’s connected capillary pores is governed by complex, micro-structural,
simultaneous and multiphasic processes such as diffusion, evaporation and con-
densation [35], [36]. The drying kinetics in the concrete is highly dependent on
the relative humidity (RH) within its porosity. Thereby, for a high RH (> 50%),
the liquid water diffusivity due to water concentration and saturation rate gra-
dients in the concrete volume mainly control the drying kinetics. In contrast,
for a low RH (< 20%), the vapour diffusivity controls the drying kinetics [37].
In the framework of the present work, the drying problem is reduced to the

mass conservation of liquid water only.

OC
ot

=V (D(Cw, T)VCyuy) (3)
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Here, the diffusion coefficient ‘D’ (m?/s) is computed using a phenomeno-
logical approach: a coupled expression from Mensi [11] and Granger [14] models.

It is thermo-activated according to the Arrhenius law [12]:

EY,1 1
[T

D(CpuT) = AcPre e RAT Tigy (4)
ref

Here, A (3.18 um?/s) and B (0.057) are the parameters obtained from the
fitting with the experimental results on concrete mass loss with time for heating
at 20°C temperature and 50% RH, EY is the activation energy (39000 .J/mol)
for drying, 77, (15°C) is the reference temperature for thermo-activation of
the water diffusion and ‘R’ is the ideal gas constant.

The hydric flow in the boundaries is due to relative humidity (RH) between
the concrete’s exposed edges and the external environment. The presented dry-
ing model uses the water content as the unknown parameter, while the boundary
behaviour is expressed by RH. Thus, the two parameters are related through
the sorption-desorption curve. However, the evolution is different because of
the different kinetics inducing water loss and gain, meaning that the diffusivity
factor is not the same during drying and wetting.

In this work, it is assumed that only the kinetics of drying is affected for
the thermal loads considered during the operational phase. It remains valid
during the period over which the concrete’s RH is higher than the ambient air.
Also, the VeRCoRs mock-up is a doubled wall structure and therefore, the outer
face of the TH model of inner-wall is protected from the rain. Therefore, the

mock-up inner wall boundaries are temperate with no season at a very high
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RH in the ambient air. Hence, only the desorption curve is taken as sufficient
representative of the continuous drying. The water content is related to RH via

the desorption model [9, 38, 39]:

cre=runv (o () ) 5

Here, Cty 0 is the water content at RH = 100% considered representative of
the one at the end of the hydration process under endogenous conditions. The
parameters a = 7.60 and b = 0.33 are the empirical coefficients to represent the
numerical desorption isotherm following the experimental measurement of the
desorption and the concrete mass loss evolution with time at temperature of
20°C and RH of 50% [26]. Notably, during the pressurization tests, the temper-
ature on the internal face of the inner wall rises to about 35°C. In contrast, the
outer face temperatures remain at the NTP conditions varying with different
seasons. Therefore, a compromise is made to simplify the desorption curve for
the available limited experimental data at 20°C reference temperature, repre-
senting the drying behaviour.

Subsequently, the saturation ratio, S, (in %), evolving in space, x and time,
t is expressed as the portion of the capillary voids occupied by water, presented

in Equation 6.

b

ST‘(X7 t) = CbV

Cruw(x,1) (6)

Here, ¢y = 14.6% [1] is the connected capillary voids volume at the end of

hydration.
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Following the work of [9], a linear flux of RH is adopted to define the bound-
ary conditions at the internal and external surfaces of the model, presented in
Equation 7. It turns into a nonlinear Neumann type boundary condition as the

RH is a nonlinear function of the water content.

—@7 = hegw(RH — RHyy) (7)

Here, heg.y is the hydric exchange coefficient (4.13 nm/s) which depends on
the surface state, the ambient temperature and the vapour pressure, and RH;;

is the relative humidity of the external environment.

4.2. TH structural model

The model constitution is implemented on a 2D axisymmetric vertical section
of the VeRCoRs mock-up in the finite element framework of Code_Aster solver
[40]. The finite element (FE) mesh is made of linear quadrangular elements
QUAD4, presented in Figure 6. Triangular linear elements TRIA3 are used to
provide junctions in geometrically singular areas such as the dome-wall junction.
The typical size of the FEs is 4 cm, and the mesh comprises 7629 nodes.

The in-situ measurements of the ambient air temperature of the internal
enclosure and the space between enclosures are available only at three locations,
one located at the level of the gusset (z; = 4.0 m), and the other two at different
altitudes of the wall (z2 = 11.8 m and z3 = 19.5 m) [1]. Therefore, for the
temperature fields on internal/external surfaces, a piece-wise linear distribution

is constructed by dividing the height of the enclosure (noted 2) into two zones,
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Figure 6: Mesh design of the VeRCoRs mock-up axisymmetric model representing different

zones: (a) Dome, (b) dome-wall junction, (c) wall, and (d) gusset

presented in Equation 8.

Qi =0n{(z,y,2) € Q| z <z<z}, Vi,j€{1,2,3}, i< j (8)

Noting 77", Tt as the air temperature measured at altitude z; of internal

and external surfaces respectively, the corresponding air temperature field 777

air

(resp. TE2Y) is then constructed:

air

* (2,t) = ( A ?) n(t)+< z _Z> T;(t) for z € [z, 2], Vi, j € {1,2,3}, i < j
(9)
where x € {int, ext}.
The subsequent time evolution of the air temperatures in the inner and
outer surfaces are presented in Figure 7. The temperature variations before the

heating (at around 1.6 years) are observed similarly in the inner/outer faces.
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Figure 7: Time evolution of the ambient air temperature measured in the the lifetime of the

VeRCoRs mock-up

Afterwards, the temperature of inner air is raised and kept approximately at
35°C. However, warmer air is observed in the top region due to the internal air
temperature stratification. Subsequently, a higher ambient temperature near
the dome and a lower near the gusset are recorded. The heating is stopped dur-
ing simulated unit outages momentarily before the internal pressure is applied in
the framework of pressurisation tests. The temperature is kept approximately
at 15°C as seen from the peaks on the inner air temperature profiles. The
external temperature profiles are seasonal variations controlled and delayed by
conduction ensured by the outer wall and its inertia. Also, fewer variations over
the wall height in comparison to the inner wall are observed. Notably, the field
data is missing between 1.9 to 2.7 years.

The temperature field at the times instances of the pressurisation tests is
presented in Figure 8. In addition, the inner and outer surfaces temperature
difference and its evolution during the pressurisation test instances are pre-

sented.
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Figure 8: Time evolution of the temperature field in the VeRCoRs mock-up axisymmetric

model at different pressurization/depressurisation test instances

The temperature field at the pressurization test instance VD3 is further
explored for its intricacy in different regions of the structure as presented in
Figure 9. The temperature in the internal and external wall faces in the wall
region is about 32 °C and 23 °C respectively. The effect of wall thickness
variation from 40 cm to 60 cm at the gusset level for the temperature evolution
is observed. Besides the 40cm wall region is the area of interest in this work, the
TH model is simulated for the mesh without the dome region of the structure
aimed at computational time reduction. We observe the same temperature
profile in the wall and gusset regions. Besides the faster computation, removing
the dome region also simplifies the mesh design comprising only quadrangular

elements QUAD4. Furthermore, it removes the potential issue of the singularity
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Figure 9: Temperature field at time instance of test VD3 for the full 2D mesh (left) and the
mesh without dome region (right), also presenting the details of (a) dome, (b) wall and (c)

gusset regions

Further, for the model hydric phase input, the in-situ measurements of the
relative humidity (RHg;,) of the air in the enclosure are not available. Therefore,
the correlation between the RH,;, and the temperature of the ambient air (7,;,)
is expressed by the use of Magnus law (referenced in Bouhjiti et al. [9]), is

presented in Equation 10.

17.5043 Ty

, [
Hgir = 163.61 241.2 + Tyir 1
i 0361062 ¢ (10)

Here, ‘r = 7g/kg’ is the air-water mixing ratio.

The Code_Aster FE code allows to create a user-defined non-linear flux only
in space or in time but not both. Therefore, given this hypothesis, a spatial TH
boundaries variation is considered to predict the drying behaviour while using
a time average of the temperature (and thus RH) two successive drying time

instances.
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Figure 10: Time evolution of the satutation ratio field in the VeRCoRs mock-up axisymmetric

model at different pressurization/depressurisation test instances

The time evolution of the degree of water saturation field is given in Fig-
ure 10. As applicable, an adaptive time scheme linked to the characteristic
time of the diffusion equation solution is implemented between successive time
instances. Subsequently, a total of 153 calculation instances for the drying of
the model over 5.5 years are recorded. The start of drying is considered at 6t"
month after the concrete pouring, as representative of the completion of the
concrete hydration process and early age behaviour. Notably, the S, = 90% is
thus computed at the start of the drying process, based on Equation 6.

Similar to the thermal phase output, the saturation ratio (S5,) fields are
presented in Figure 10 at the time instances of the pressurisation tests. Again,
a significant drop is observed in the first two years and relatively consistent for

the later stages when the inner temperature was raised to about 35°C.
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Figure 11: Saturation ratio field at time instance of test VD3 for the full 2D mesh (left) and
the mesh without dome region (right), also presenting the details of (a) dome, (b) wall and

(c) gusset regions

The detail of the saturation field at different zones of VeRCoRs mock-up at
t = 4.7 years are presented in Figure 11. After 4.7 years of drying, the degree
of saturation at the heart of the current zone is on average equal to 50%. The
faster drying kinetics of the dome induces a degree of saturation of 45% at the
core. Because of its thickness, the wall remains more saturated, with a core
saturation of about 75%. The degree of saturation at the heart of the gusset is
about 60%. Nearby the gusset step, a saturation of the order of 50% is observed
due to a thermal bridge effect. Also, the computed saturation ratio field is
observed the same for computations on a full 2D mesh and without dome mesh.
Thereby, all computations and analyses presented here onward are performed
on 2D mesh without dome region.

Finally, the mesh design along the wall height is optimised for coherent S,
estimations with the least computational time of T and H phases simulations.

The time optimised mesh element distribution along with the wall thickness is
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Figure 12: Optimised mesh configuration along wall and three depth levels selected for the
degree of saturation computations and comparison with the experimental measurements at

the zones of respective depth levels

presented in Figure 12. The elements are distributed with varying thicknesses
from 0.5 cm at the wall edges to 4 cm in the wall center.

The time evolution of the saturation ratio from the TH model is explored at
three vertical lines at depth levels of 0.5cm, 1.5cm and 2.5¢m, representing the
corresponding depths of in-situ electrodes PE, ME and M3E, respectively. Fur-
thermore, the saturation ratio calculated from the TH model at the test VD3 is
compared with the saturation ratio estimated from the capacitive measurements.
Notably, the estimations from the experimental and numerical campaigns are
independent of each other. Therefore, the blind comparison aims to understand
the difference in the saturation ratio estimation from the two campaigns and
discuss the potential sources of the difference and their associated impact with

the engineering application point of view.
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5. Blind comparison of experimental and numerical estimations

The drying phenomenon in the wall region is investigated under deterministic
and probabilistic frameworks. It is aimed to estimate the numerical saturation

ratio profile and compare it with the experimental counterpart.

5.1. Deterministic numerical vs mean experimental comparison

The TH model is solved deterministically, with the magnitudes of the param-
eters reported in the TH model constitution (see section 4.1). The experimental
measurements of the saturation ratio are the outcome of the capacitive mea-
surements carried out with three types of electrodes, at variable measurement
thicknesses, from 5 mm to 3 cm. The comparison of the calculated saturation
ratios from the TH model at the time instance of the pressurisation test VD3
with the linear regression plot of the mean magnitude of the saturation ratio
from all the capacitive measurements along with wall height for the respective
vertical lines is presented in Figure 13.

The calculated degree of saturation does not vary significantly with altitude
as spatially varying material properties and thus spatially varying diffusivity
are not considered in the TH model. On average, the degree of saturation com-
puted from the TH model on the external face is slightly lower (= 1% at 0.5cm
depth to ~ 1.5% at 2.5cm depth) in the top region of the wall than at the
level of the gusset. A similar qualitative mean trend is observed in the experi-
mental measurements. The mean trend given by the capacitive measurements

is determined via a linear regression by ordinary least squares with weighting
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Figure 13: Saturation ratio profile at three depth levels from the deterministic solution of the
TH model at the instance of the VD3 pressurisation test and comparison with the mean of

the experimental measurements

by the inverse of the measurement uncertainties. In general, the slope of the
mean experimental trend is observed higher than the numerical mean trend.
Amongst the three vertical lines, line V2 presents the slightest varying slope
of mean saturation ratio (= 0.15%/m) along with the wall height for all three
depth levels. For vertical line V1, the slope of mean S, increases with increasing
depth level starting from ~ 0.20%/m at <5mm depth, increasing to 0.35%/m at
1-2cm depth and lastly further increasing to 0.70%/m at 2-3cm depth level. For
vertical line V3, the number of measurements points are higher than the other
two. However, the slope is intermediate between V1 and V2 measurements and
is nearly consistent (= 0.50%/m). The coherence of experimental measurements
along three vertical lines is highest with M3E type electrode measurements at
the same depth level. In contrast, the mean trends from PE and ME electrodes

are comparatively scattered.
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Overall, the numerically estimated saturation ratios are 5-10% in magnitude
higher than the mean experimental counterpart. Comparatively, the experimen-
tal measurements approach closer to the numerical estimations with increasing
depth level. The comparative saturation ratio increase with depth level is ob-
served higher for the capacitive measurements than in the numerical model. It is
arguably due to a higher magnitude of the hydric exchange coefficient (heq,.) in
the model (than in reality), resulting in the faster inward movement of the dry-
ing front and hence keeping the rate of saturation ratio increase with depth low.
However, the higher RH at the boundaries provides compensation for the faster
rate of dry front movement. The incumbent reasons for the difference are the
uncertainties in the experimental measurements and approximations in the nu-
merical estimations. From an application point of view, this difference presents
essential information on the critical parameters necessary to identify their ex-
perimental measurements. It also necessarily points out the consequences of the
numerical computations approximation.

For example, the RH is averaged between two successive time instances in
numerical computations, assuming the drying kinetics are insignificantly influ-
enced by the varying temperature over time. However, the experimental mea-
surements are carried out at a controlled room temperature (= 20-25 °C) at a
specific time instance. So, a potential difference between the ambient air tem-
perature between experimental and numerical estimations subsequently leads to
the different RH and thus different S,. However, in this work, the calibration

curve is relevant, assuming that the difference between the lab-scale specimen
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and in-situ capacitive measurements is not significant.

The higher mean magnitude in the numerical estimations can be attributed
to the initial water content taken, assuming an initial saturation ratio of 90%
at the end of the early age of the concrete. If there is a lower bound uncertainly
of 10% in the initial saturation ratio (i.e. if the initial water content occupies
80% porosity), then subsequent saturation ratio magnitude at the timeline of
test VD3 drops by 3.9% on an average.

Nonetheless, comparing the numerical model response obtained by a single
set of parameters provides limited and less reliable information. The uncertainty
in the input parameters and the resulting consequence on saturation ratio is
crucial to take into account for the correct and reliable predictions from the TH
model. For this, a stochastic numerical study on the TH model is presented

hereafter.

5.2. Stochastic numerical vs experimental comparison

This section presents a stochastic study on the TH model to address the
uncertainty in the input parameters (in terms of the range of their magnitudes)
and their subsequent influence in estimating the saturation ratio profile. First,
a preliminary sensitivity analysis is presented to establish a set of the most
influential parameters on the model response with the least possible computation
cost. Subsequently, an extensive probabilistic sensitivity analysis is presented
using the polynomial chaos expansion (PCE) based surrogate model for the
cost-effective large computations of the TH model. Lastly, the stochastic model

output is compared with the experimental counterpart alongside a discussion
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ss0 on the blind comparison.

Table 2: List of parameters used for the deterministic computation at mean values and char-

acteristic of the uniform distribution retained for the stochastic analysis

Input Mean Uniform distribution bounds
Reference
parameters magnitude Minimum Mascimum
Thermal (T)
e (kJ/h/m/°C) 4.18 2.51 5.85 [26]
hegn (kJ/h/m/°C) 36.0 21.6 50.4 [41]
Hydric (H)
Sr.o (%) 90 80 100 [1]
v (I/m?) 146.0 138.7 153.3 1]
A x 10712 (m2/s) 3.18 2.54 3.82
B x 1072 5.7 4.6 6.8
hegw (nm/s) 413 2.68 5.58
EY (kJ/mol) 39.00 29.25 48.75 [26]
560 A set of 8 input parameters from thermal (T) and hydric (H) phases is

ss1  established, presented in Table 2, to explore the influence of each one on satu-
sz ration ratio computations. Two parameters (Ape and heqen) are selected from
ss  the thermal phase where the first one takes into account the uncertainty in
se«  the thermal diffusivity while the second one associates the uncertainty in the

ses thermal boundary condition. Notably, the thermal capacity parameter (C?) is
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influential for the thermal phase behaviour only at an early age. Hence, it is
not taken into account for the sensitivity study of the long-term behaviour [26].

Similarly, six parameters from the hydric phase constitution are selected for
the sensitivity analysis. The initial saturation ratio (S, o) parameter is taken as
an indirect representative of the initial water content (C.0) to keep Spo <1
in all the possible input set of the parameters. The uncertainty in the Cy 0
measurement is based on the observed difference between thermogravimetric
analysis estimation [1] and the one based on Powers and Brownyard model [42].
The porosity measurements and the associated uncertainty are selected based
on the reported results in [1]. The mean magnitudes of the parameters EY and
heqw are taken from previous studies [11, 14, 13, 12]. The parameters A and
B are selected through iterative adjustments of the selected couple of values
(A, B), for which the sum of squared residuals is the least in the experimental
mass loss curve [26]. Further, The mean magnitudes of the parameters A, B
and heq., are updated based on the statistical treatment of the hydric phase
by Bayesian calibration strategy. Lastly, the relative humidity of the ambient
air, RH,;, (Equation 10) is estimated based on the temperature measurements
from Equation 9 interpolated over the wall height. Relative humidity estima-
tions are observed insensitive to the uncertainty of £15% in the magnitude of
the parameter ‘r’, estimated in the field [1]. Therefore, the parameter ‘r’ and
subsequently, the RH,;,- is not considered for the sensitivity analysis.

Here, for the sensitivity analysis, the ANOVA (ANalysis Of VAriance) frame-

work is adopted, where a parameter is said to be influent (in first-order) if its
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variations sensibly contribute to the response variance. Sobol’ indices [43] sensi-
tivity method belongs to this category. However, it requires many computations
(of order 105 or more) for correct estimations. Therefore, a priori, one factor
at a time (OFAT) type sensitivity analysis methods are explored to establish
a preliminary understanding of the phenomena with a reasonable computa-
tional cost. The sensitivity analysis module of UQLab [44] presents two OFAT
methods, namely perturbation method and Cotter’s method [45], termed as lin-
earisation based methods. Furthermore, the Morris method [46] is used for the
preliminary understanding of the sensitivity of the input variables. The Morris
method is closely similar to Cotter’s method but provides a better exhaustive
cover to the entire input space.

In this work, first, 1D TH model computations are performed for the sensi-
tivity analysis based on perturbation Cotter and Morris methods. The number
of model evaluations for Morris methods is chosen to be 600, owing to the low
computation time for 1D calculations. Furthermore, the similarity in input
parameters ranking for sensitivity is observed between all three methods. How-
ever, the perturbation method provided minor clear information, and the Morris
method requires many model computations (of order > 10*) for accurate com-
putations. Subsequently, Cotter’s method is chosen for preliminary sensitivity
analysis with ‘N = 8’ input parameters and presented in detail hereafter.

The Cotter’s method sensitivity analysis for the parameters listed in Table 2
is carried out on the optimised model 2D mesh for ‘S,.” computations. Cotter’s

method is a low-cost and straightforward method for ranking input parameters
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as the Cotter indices. It is based on the assumption that the model is linear or
linearised around a central value. However, the presented TH model exhibits
a non-linear behaviour. Therefore, the linearisation assumption oversimplifies
the model response yet is relevant for the preliminary understanding of the
sensitivity of the constituent parameters. Besides, it can be applied regardless
of dependence between the input variables [44]. A brief description of Cotter’s

method formulation is presented in Appendix B.1.

(a) at 0.5cm depth (b) at 1.5cm depth (c) at 2.5cm depth

Figure 14: Cotter’s method [45] based Sensitivity analysis of the degree of saturation profile
from 2D TH computations on the optimised mesh at mid-wall height for three different depth

levels

The timeline of the pressurisation tests (indicated in Figure 2) is used to
compute the Cotter indices at the equivalent six test instances, presented in
Figure 14. The indices reflect the negligible effect of variability of the thermal
phase parameters (Ap. and heg ) on the saturation ratio profile computation
for all six test instances. Similarly, in the hydric phase, the variation in the
activation energy for drying (EY) also negligibly affects the saturation ratio

computation. At 0.5cm depth, the initial saturation ratio (S,) is observed

most influential in the first two test instances and constant for the later four
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test instances. A correlation between the evolution of the saturation ratio field
presented in Figure 10 and the Cotter indices for S, ¢ presents direct relevance
where S, is higher (in the range 63-67%) for the first two tests and lower (in
the range 38-43%) for the last four tests. A similar trend in Cotter indices is
observed for the available porosity ¢y, however, lower in the index magnitude.
Further, the parameters A and B, associated with the diffusivity coefficient,
present the opposite trend, being lower for the first two instances and higher
for the latest four instances. The trend presents an indirect correlation between
the significance of the saturation ratio on the diffusion phenomenon.

A similar trend is observed at 1.5 and 2.5cm depth levels for the parameter
ranking based on Cotter indices. The pore network parameters (s, and ¢y )
present a slight decrease in the sensitivity with increasing depth. It infers the
relatively higher significance of boundary conditions on the hydric exchange.
The parameters A and B, related to the diffusion coefficient, present an in-
creasing sensitivity trend with depth and thus indicate faster drying kinetics
near the boundary. The same observation can be accessed from the increasing
sensitivity of the hydric exchange coefficient (heq,.) with depth.

Now, having established a preliminary understanding of the sensitivity of the
input parameters, the further stochastic model analysis requires a large number
of computations (e.g. using the MC simulation method). The computational
time is ~ 3 mins for one call to the TH model. Hence, a large number of
model computations are unaffordable yet necessary. Meta-modelling provides

an optimum between the two factors (cost and necessity) for the quality of the
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computations by substituting the expensive-to-evaluate computational models
with inexpensive-to-evaluate surrogates. In this work, polynomial chaos expan-
sions (PCE) surrogate models are used to approximate the response of the TH
FE model. The PCE is a powerful meta-modelling technique aiming at provid-
ing a functional approximation of a computational model through its spectral
representation on a suitably built basis of orthonormal polynomials [22]. A
brief description related to the PCE surrogate model deployed in this work is
presented in Appendix B.2.

The PCE module of UQLab is used to define the sparse PCE surrogate
model configured with the least angle regression (LARS) [47]. The five most
sensitive parameters (Sy.0, ¢v, A, B, hegq,w) Observed from the Cotter indices (see
Figure 14) at all three depth levels are chosen for the surrogate model creation.

The probabilistic distribution of all the parameters is considered to be uni-
form between minimum/maximum bounds, specified in Table 2. The uniform
distribution is chosen because of a weakly informative state of knowledge of the
variability of the input parameters. Classical probability distributions are linked
to well-known families of orthonormal polynomials [48]. The corresponding uni-
variate orthogonal polynomial is of Legendre type for the uniform probability
distribution.

The input sample comprising of a set of 100 different values ranging from
the minimum to the maximum magnitude in uniform distribution (see Table 2)
of the five most sensitive parameters are prepared for the PCE creation. UQLab

provides several sampling methods based on MC and quasi MC (such as Sobol’,
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Figure 15: Input sample of size 100 (based on Sobol’ sampling method) comprising of five pa-
rameters following uniform distribution in their respective ranges of variability for the creation

of the polynomial chaos expansion (PCE) based surrogate model

Halton) sampling methods [49]. A Sobol’ sequence sampling method is used
to create the input sample, presented in Figure 15, as it provides the best
parsimoniously filling the input space.

The least-angle regression (LARS) method is used to create the PCE meta-
model truncated to the maximum polynomial degree of p = 3 using a hyperbolic
truncation scheme with ¢ = 1. The accuracy of the constructed PCE is esti-
mated by computing the leave-one-out (LOO) cross-validation error (eroo).
This error of order 107° is reported at all three depth levels for ten validation
points along with wall height for the time instance of the test VD3. Notably,
PCE LOO error is of order 10~* for the early pressurization tests (VPO and

VC) time instances. The observation is in coherence with the stability of the
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associated physical process of heating and drying. The error magnitude is in the
acceptable range in the application point of view of the engineering structures
[50, 51].

Additional validation of PCE metamodel accuracy is established by defining
another independent sample size of 100 for its response comparison from the TH
and PCE-based surrogate models. The quantitative and qualitative similarity
of the degree of saturation (i.e. Youipu) from 100 computations on TH model
(Yirue) and its PCE surrogate model (Yp¢) is presented in Figure 16. The com-
puted PCE is very accurate with only 100 model calls. It is possibly because the
study of the process is close to the boundary. Thereby, the boundary condition
effect in the formulation is directly taken into account by the parameters in the
boundary. Besides, the 100 model calls provide relative dominance over the de-
creasing boundary condition effects with increasing depth, keeping the quality

of the created PCE intact for all three depths.

R
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2 K g
N g5 @ 35 I P 3
30 30 30
30 35 10 145 50 30 35 10 45 50 30 35 10 45 50
True S, (%) True S, (%) True S, (%)
(a) at 0.5cm depth (b) at 1.5cm depth (c) at 2.5cm depth

Figure 16: Validation of the polynomial chaos expansion (PCE) based surrogate model using

a Monte-Carlo (MC) simulation method based input sample of 100 size

The Sobol sensitivity indices are computed from the PCE surrogate model at
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all three depth levels for the variation of the saturation ratio at the mid-height
level of the wall at the instance of the pressurization test VD3. The sensitivity

analysis outcome is presented in Figure 17.
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Figure 17: Sobol indices at three depth levels computed from the PCE based surrogate model

(at zero cost) of the TH model at the time instance of the pressurization test VD3

The qualitative and quantitative estimations from the first order and total
order Sobol’ indices are close. The depth level nearest to the outer surface re-
flects the highest significance of the initial saturation ratio, progressively reduc-
ing towards the center of the wall. The response is in line with the observations
drawn from the preliminary sensitivity analysis based on Cotter’s indices (see
Figure 14). Notably, the dominant effect of the initial conditions (parameter
Sr,0) in comparison to the boundary conditions (parameter heq ;) on the model
response may seem counter-intuitive. However, based on the similar trends
reported from Figure 17 and Figure 14, it is observed that the boundary con-
ditions are comparatively more influential for the early test instances (VPO
and VC), while initial conditions still dominate the model response. It can
be reported that the hydric boundary condition approaches to higher stability

with the increasing timeline of the VeRCoRs mock-up model. Overall, almost
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zero Sobol index for the h.q ., parameter indicates the reliability of the contain-
ment building tightness despite uncertainty and the variability in the external
environmental conditions.

The available porosity remains nearly equally influential at all three depth
levels while presenting a trend opposite the initial saturation ratio. The pa-
rameter B, an indirect representative of the concrete mass loss evolution, is
observed to increase significantly with the increasing depth level (hence increas-
ing the saturation ratio). It infers faster drying kinetics near the external surface
resulting in comparatively quicker stability in the mass loss evolution.

The reliability in the TH model response for the saturation ratio evolution,
taking into account the uncertainty in the constitutive parameters, requires
many computations as per the application point of view of the law of large
numbers and the central limit theorem. Therefore, many computations (of
order 10°) are carried out using the PCE metamodel to estimate the probability
density function (PDF) of the degree of saturation at three different depths along
with wall height. Three wall height levels i.e. bottom = 0 m, mid = 6.6m and
top = 13.2m with an offset of 4.68m from global height coordinates of wall
bottom are chosen to plot the PDF as a representative of the entire wall height
response. The computed PDFs are presented in Figure 18.

The overall response at a particular depth level is qualitatively similar at
all three wall height levels. Therefore, indirectly presenting the spatial homo-
geneity consideration of the material parameters in the TH model. At 0.5cm

depth level, the PDF presents a plateau of bandwidth about 6% (between 36%
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Figure 18: Probability density function (PDF) for the degree of saturation for the test in-
stance of VD3 at different height and depth intervals along the wall obtained from 10® model

computations following a Monte-Carlo (MC) simulation method

and 41%) saturation ratio. In comparison, the bandwidth of this plateau de-
creases with increasing depth level to about 3% at 1.5cm depth and < 1.5% at
2.5cm depth level. The decreasing trend reflects the increasing stability in the
hydric exchange between the wall and outer environment with increasing depth.
Also, the boundary condition effect in the TH model constitution presents the
explanation of the plateau at the 0.5cm depth level. The correlation between
the initial saturation ratio (S, ) and hydric exchange coefficient (heq..) states
that to obtain a similar RH, either a higher or a lower magnitude of both pa-
rameters is needed. Therefore, the varying magnitude of both parameters in
10® computations incorporates the effect of the boundary (via heq.) to a com-
paratively greatest extent. The arithmetic mean of 38.71%, 39.92% and 40.98%
at the mid-height wall level for 0.5cm, 1.5cm and 2.5cm depth respectively are
reported from 10° computations based on the MC simulation method.

Further, the confidence interval of the saturation ratio magnitude is estab-

44



752

753

754

755

756

757

758

759

760

761

762

763

764

765

lished using the cumulative density function (CDF) of 10° computations, pre-
sented in Figure 19. Here, for depth level 0.5c¢m (see Figure 19a), the confidence
interval at three height and depth levels is computed as 90% probable output
by making a threshold for the zone of uncertainty (Z.U.) at the lower and upper
5% probable outcomes. The range of S, for wall bottom and top height levels
is estimated in the similar guidelines and subsequently extended to the 1.5 cm

(Figure 19b) and 2.5 cm (Figure 19¢) depths for the three height levels.
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Figure 19: Cumulative density function (CDF) for the degree of saturation for the test in-
stance of VD3 at different height and depth intervals along the wall obtained from 106 model

computations following a Monte-Carlo (MC) simulation method

The blind comparison of S, along wall height between field measurements at
three depth ranges with PE, ME and M3E electrodes and numerical stochastic
computations at three wall depths levels are presented in Figure 20. Here, two
numerical computational parameters are presented, the arithmetic mean () of
10% computations for ten height levels and the standard deviation (o) in the
form of the confidence interval S, obtained from the respective CDF's. Also,

the uncertainty in the capacitive measurements based saturation ratio (i.e. un-
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certainty on the estimate of the mean value) is presented by horizontal error
bars at each measurement point. The numerically estimated saturation ratios
are higher than the experimental counterpart, while the experimental measure-
ments approach the numerical estimations with increasing depth levels. The
experimental measurements at all depth levels range from 0-50% as extreme
limits, while most of the measurements are 20-40% range. The numerically es-
timated S, presents a narrower range of about 8% in magnitude at all three
depth levels with nearly similar magnitudes over the wall height with a decreas-
ing gradient of 0.14%/m between wall bottom and top. A brief discussion on
Figure 20 outcomes to establish a link between independent experimental and

numerical campaigns is presented hereafter.

Sy, PE (0-1 cm) Sy, ME (1-2 ¢m) S,, M3E (2-3 cm)

T 16

h (m)
h (m)
h (m)

50

Figure 20: Comparison of experimental data exploited from three electrodes PE, ME and
MS3E with stochastic numerical computations at depths 0.5cm, 1.5cm and 2.5cm respectively
for the saturation ratio estimations corresponding to the VD3 pressurization/depressurisation

test instance
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First, the uncertainty in the magnitude of the experimental porosity mea-
surements has a direct impact on the reported saturation ratios in Figure 3.
The center core porosity is reported 15.8% (average from eight cores), while the
surface porosity is 14.5%. The evolution (decrease) of the porosity towards the
surface suggests that the porosity on the three first centimetres could join about
13.4%. Thus, this hypothesis would increase the experimentally estimated sat-
uration ratio by 2 to 2.5% in magnitude. Besides, the numerical mean porosity
is taken as 14.6%, which is associated with the experimental porosity obtained
from the surface cores. If the numerical mean porosity is changed to 15.8% (cor-
responding to the center core measurements), the overall stochastic TH model
response decreases the S, measurements by less than 1% in magnitude. Hence,
the uncertainty in the numerical mean porosity measurements is not significant
for the numerical stochastic computations. Besides, the experimental porosity
measurements are sensitive to the experimental S, computation due to their
impact on the calibration curve. Increasing the surface porosity to 15.8% (from
14.5%) shall further reduce the experimental mean saturation ratio magnitude
by 2.5 to 3% on average over different depth levels. Therefore, a porosity in-
crease from 14.5% to 15.8% reduces the experimentally estimated saturation
ratio magnitude by two to three times more than the numerical counterpart.

Second, the uncertainty in the magnitude of the constitutive hydric phase
parameters is well identified as presented in the stochastic numerical model.
However, the drying behaviour, more specifically the hydric exchange between

the outer wall surface and the environment, is defined by the desorption model
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presented in Equation 5. The desorption model parameters ‘a’ and ‘b’ are com-
puted to represent the numerical desorption isotherm following the single point
experimental measurement of the desorption and the concrete mass loss evo-
lution with time at temperature of 20°C and RH of 50% [26]. Comparing the
desorption isotherm database available for different concretes presents the signif-
icance of the constituent parameters ‘a’ and ‘b’. Numerically, an increase of the
two parameters by 10% decreases the numerical mean S, to about 6.5% in mag-
nitude at all three depth levels at the time instance of the VD3 test. Thereby,
the updated desorption model shall reduce the difference between experiment
and numerical saturation ratio estimations. Besides, the TH model takes into
account the only reference we know for the desorption behaviour, defined at
the temperature of 20°C. However, the ambient air temperatures vary between
about 10°C to 35°C in the outer surface and likewise vary between about 5°C to
38°C in the inner surface (see Figure 7) over the lifetime of the VeRCoRs mock-
up. In general, a lower reference temperature desorption isotherm shall lead to
further higher estimations of the numerical saturation ratios and vice-versa.
Lastly, it is forbidden to extract the concrete cores from the VeRCoRs
mock-up containment structure where the non-destructive measurements are
performed. This restriction imposes a contradiction to the calibration recom-
mendations [31] for the conversion of the non-destructive measurements into the
degree of saturation for the VeRCoRs mock-up. In this work, the calibration
procedure is carried out on concrete cores that are taken from a similar concrete

mix that is poured and cured in the laboratory in different conditions than the
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real structure. Therefore, the absence of a ‘true’ calibration curve potentially
induces a global under-evaluation of the experimentally evaluated saturation
ratios.

Nonetheless, for the blind comparison, the available data on the porosity
measurements, desorption model and the calibration curve is used. Therefore,
the results reported in Figure 20 are kept intact. Overall, the difference in the
estimations from the two independent campaigns highlight the sensitivity of
experimental calibration and numerical approximations on the saturation ratio

estimations.

6. Conclusions

Experimental and numerical estimation of the saturation ratios in the VeR-
CoRs NCB structure, and their blind comparison and discussion, are presented.
The in-situ capacitive measurements are carried out along three vertical lines
along the outer surface of the inner wall of VeRCoRs mock-up. This NDT
technique associated with three-electrode probes presented the experimental es-
timate of the saturation ratio on the first centimetres of the wall. A weakly
coupled thermal and hydric model of an asymmetric vertical sector of VeRCoRs
mock-up is presented for the deterministic and stochastic numerical estimations
of the saturation ratio.

A set of eight input parameters is prepared for this study over six-time in-
stances representative of the pressurising/depressurisation tests on VeRCoRs

mock-up. Cotter’s method based sensitivity analysis presented a preliminary
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ranking of the influence of each parameter. The variation in the thermal phase
parameters is concluded least influential in the saturation ratio estimation. The
hydric phase parameters, namely initial water content (Cy,,), free water ac-
cessible porosity (¢v), diffusivity coefficients (A and B) and hydric exchange
coefficient (heq,w) are concluded as most influential parameters for saturation
ratio estimations from the TH model.

Further, the mesh design along the wall is optimised based on the consistency
in the saturation ratio estimations. Finally, the knowledge of each parameter’s
influence and the optimised mesh design are incubated for the probabilistic
analysis of the degree of saturation estimations from 3D TH model computation.

A polynomial chaos expansion (PCE) based surrogate model of the 3D TH
model is created to enable a large number of computations (of order > 10°), with
practically zero cost, for probabilistic analysis of the saturation ratio. Compar-
ing numerical estimations at the respective depth levels with the in-situ mea-
surements at the latest pressurisation test instance presented consistent results.
In an entirely blind approach, the minimum mean difference between the com-
puted saturation ratio in the two approaches remains at about 6% in magnitude.
However, the difference potentially reduces to 5% for the numerical computa-
tions with the mean porosity of 15.8% (instead of 14.6%). The difference further
reduces to about 1% with updated desorption model parameters.

Overall, the experimental and numerical estimations are in close agreement
with each other for the behaviour at the outer surface of the containment wall.

Moreover, drying behaviour at the central regions of the wall is also crucial to the

50



868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

durability of the containment structures. While the capacitive measurements are
in the development phase for the in-situ measurements at the wall center regions,
the presented TH model response can be reliably used to access the drying
behaviour at the central regions. An update in the model desorption isotherm
from a brand new experimental database shall increase the reliability of the TH
stochastic model response. Besides, a larger input sample may be required to
correctly create an accurate PCE based surrogate model of the drying behaviour
at the wall center region due to its distance from the boundaries. Eventually,
a complementary study could also consider the quantification and the effect of

the variability of a larger number of input parameters.
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Appendix A. The variability considered in the in-situ measurements

Different types of variability were considered concerning on-site measure-
ments. The first variability (Varl) is modelled linked to the repeatability of
numerous measurements at the same point. The second variability (Var2) cor-
responds to the measurement variability in the same area assumed as homoge-
neous. The third variability (Var3) is the variability between different homoge-

neous areas of the same concrete batch. The last variability (Var4) considered is
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the variability of fabrication consisting of comparing the measurements obtained
on two identical concretes but fabricated in different batches and at different
times.

Variance values presented in Table A.3 correspond to averages from six con-
crete mixes having the same components (rolled siliceous aggregates, granulom-
etry, cement CEM I 52.5 NCalcia) but different water/cement ratios from 0.31
to 0.9, inducing different porosities. During this ANR-SENSO project [8], only

electrodes PE and ME were tested, M3E being designed several years later.

Table A.3: Variances of permittivity (-) related to capacitive electrodes measured in the

project ANR-SENSO

Electrode Variance Saturated state Dry state

ine Varl 0.43 x 10~4 8.33 x 1076
ME Var2 4.10 x 1073 1.68 x 1075
Var3 2.67 x 1071 1.08 x 1071
Var4 3.54 3.23 x 1071
ine Varl 2.11 x 1072 1.16 x 10~
PE Var2 3.20 x 1072 8.90 x 1077
Var3 1.47 8.91 x 1072
Var4 2.18 2.41 x 107!

The order of difference between variances related to punctual measurements
(Varl and Var2) and those corresponding to regional or global measurements

(Var3 and Var4) can be seen. This is because these data are obtained in sim-
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ilar indoor conditions. Thus, the variance is only due to the concrete and the
electronics of the capacitive sensor variabilities. Furthermore, the variability

increase for saturated concretes can be interpreted as porosity variations.

Appendix B. Theory of the implemented stochastic methods

Appendiz B.1. Cotter’s sensitivity analysis method
Consider the input vector of the set of eight TH model parameters as & =
{z1,...,28}T € D,. Each input variable, X;, is varied between its minimum,

and maximum, z;, magnitudes following a systematic sequence of model

x;’ 7
evaluations with N = 8 input variables as listed hereafter. So, for an equivalent
mathematical model M(X) of the TH FE model, Cotter’s method is imple-

mented as follows:
e One run with all variables at their minimum values: S} = M(z7,...,z3)
e Eight runs at minimum magnitude, switching one variable at a time to its

maximum magnitude: S&H = M(z7, ... 2], . 25),i=1,...,8

e Eight runs at maximum magnitude, switching one variable at a time to

its minimum magnitude: Si*t? = M(z, .. 27, .. 2d),i=1,...,8
e One run with all variables at their maximum values: S!* = M(z], ..., z7)

Herey T = {-1317 seey x8}T = {AhC7 heq,t}u C’f’w,Ov ¢V7 A7 Ba heq,w; Eg)}T is the
input variable vector.
The computed saturation ratio (.S,) from 18 model evaluations is processed

at each input variable X;, where ¢ € [1, 8] for the expectation of the importance
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of the odd and even order effects. Equation B.1 presents the formulation of the

odd (C,(i)) and even (C.(i)) order effects expectation for each input variable.

Coli) = 5 (81° = 517%) 4 (55 - )]
(B.1)
Culi) = 1 |(81° = 517%) = (55 = )]

Subsequently, the importance of each variable is measured by the Cotter

index (Icotter):

ICotteT(i) :| CO(i) | + | CE(i) | (B~2)

Appendiz B.2. PCE surrogate model

Consider TH model represented by a M(X) as an equivalent mathemati-
cal model. Here, X € R is a random vector with independent components
described by the joint probability density function (PDF) fx. Consider also a
finite variance computational model as a map ¥ = M(X), with Y € R such

that:

E [Y?} = [ M) fx(z)dz < 0o (B.3)
Dx

Then, under the assumption of Equation B.3, the PCE of M(X) is defined

as:
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where, the ¥, (X) are multivariate polynomials orthonormal with respect to
fx, a € NM is a multi-index that identifies the components of the multivariate
polynomials W, and the y, € R are the corresponding coefficients. In practical
applications, the sum in Equation B.4 needs to be truncated to a finite sum by

introducing the truncated polynomial chaos expansion:

M(X) =~ MPC(X) = Z Ya Vo (X) (B.5)

acA

where, A C NM is the set of selected multi-indices of multivariate polyno-
mials.

In this work, the least-angle regression (LARS) method is used to create the
PCE metamodel truncated to the maximum polynomial degree of p = 3 using

hyperbolic truncation scheme with g = 1.

M 1/q
AMPa = {0 e AMP - o], < p}, where |, = <Za3> (B.6)

i=1

The accuracy of the constructed PCE is estimated by computing the leave-
one-out (LOO) cross-validation error (eLoo). It consists in building N meta-
models MPC\i each one created on a reduced experimental design :f\X(i) =
x{(4),7 = 1,..,N,j # i} and comparing its prediction on the excluded point

x( with the real value y(V.). The leave-one-cross-validation error can be writ-
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as:

o8

2
( M(x) — MPONi (Xu)))
€LOO = =1 N (B'7)

> (M (x() — ﬂY)2

i=1

where, fiy is the mean of the experimental design sample.
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