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Abstract

This paper presents a constitutive model for concrete able to capture the effects of the moisture content of
the material on its mechanical behaviour under compressive loads and high transient temperatures. The
model is the first to account for the experimentally demonstrated effect of moisture content on the two
components of thermal strain, Load Induced Thermal Strain (LITS) and Free Thermal Strain (FTS). Both
LITS and FTS are formulated as functions of the water content of the material at the beginning of the
thermal transient. First, the theoretical formulation and numerical implementation of the model are
presented. Then, the model is verified and validated against published transient tests on concrete specimens
having different initial moisture contents. Finally, it is employed to assess a nuclear pressure vessel
subjected to fault conditions. The results show that the model allows the moisture dependent behaviour of
concrete heated under mechanical load to be accurately captured. Furthermore, it is shown the introduction
of moisture-dependent thermal strain components is crucial to capture the behaviour of nuclear pressure
vessels subjected to fault conditions. If the moisture-dependency of thermal strain of concrete is not

considered, non-conservative results may be obtained.



Nomenclature

List of symbols

a,b Polynomial coefficients

Ap Pre-exponential diffusivity coefficient

B Increment in LITS corresponding to a unit increment in temperature, normalized with respect
to the load level o /a,,, for temperatures higher than T,.;;.

Bp Exponential diffusivity coefficient

Brpc(0) Transient drying creep scaling function

C Water content of the material

Cnm Triaxiality index for multiaxial load-induced thermal strain models

C Water content of the material prior to heating

D Coefficient of diffusivity

E Young’s modulus of elasticity of material

I Identity matrix

kqr Transient strain coefficient

Qp Drying activation energy

R Universal gas constant (R = 8.314J K mol ™)

T Temperature

Tpo Drying reference temperature

Tar Drying temperature

Tmax Maximum temperature ever reached by the material

Tpeak Temperature at which the maximum transient swelling expansion is expected to occur

aq Coefficient of thermal expansion in moisture-dependent models

a, Coefficient of transient shrinkage contraction

as Coefficient of transient swelling expansion

ap Thermal diffusivity defined as the thermal conductivity divided by density and specific heat
capacity at constant pressure

B1 Uniaxial pure load-induced thermal strain derivative function

Bo Transient drying creep derivative function

8 Kronecker symbol

y Triaxiality scaling factor for multiaxial load-induced thermal strain models

€ Strain

Ep cr Basic creep strain

Eela Elastic strain

Efts Free thermal strain

Elits Load-induced thermal strain

Epfts Pure free thermal strain

Eplits Pure load-induced thermal strain

Etsh Transient shrinkage strain

Etde Transient drying creep

Etshmax (C) Maximum transient shrinkage function

Etsh Transient shrinkage

Etswmax(C)  Maximum transient swelling function

Etrsw Transient swelling



Transient thermal creep strain

Elastic strain tensor

Free thermal strain tensor

Load-induced thermal strain tensor

Pure free thermal strain tensor

Pure load-induced thermal strain tensor

Transient drying creep tensor

Total strain tensor

Transient shrinkage tensor

Transient swelling tensor

Confinement coefficient for multiaxial load-induced thermal strain models
Poisson’s ratio

Load-induced thermal strain Poisson’s ratio

Stress

Compressive strength

Stress tensor

Negative projection of the stress tensor at the end and of a generic time step
Negative projection of the stress tensor at the beginning and of a generic time step
Mean value of the negative projection of the stress tensor at the beginning and
end of a generic time step

Null matrix of order 3 x 3

List of acronyms

FTS
LITS
PFTS
PLITS
TC
TDC
TSH
TSW
TTC

Free Thermal Strain

Load-Induced Thermal Strain
Pure Free Thermal Strain

Pure Load-Induced Thermal Strain
Transient Creep

Transient Drying Creep

Transient Shrinkage

Transient Swelling

Transient Thermal Creep

at

the
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1 Introduction

If concrete is heated while simultaneously subjected to compressive mechanical loads, the thermal strain that
develops depends on the stress level, as well on the temperature. For this reason, the thermal strain of concrete
is commonly modelled as composed of two main parts: a load independent component, usually referred to as
Free Thermal Strain (FTS), and a load dependent component, commonly known as Load-Induced Thermal
Strain (LITS) [1-3]. The FTS is defined as the strain measured in stress free specimens subjected to thermal
loads and it is usually an expansive strain component. It is the overall effect of the thermal expansions of
aggregates and cement paste and the drying-induced shrinkage of the cement paste. On the other hand, LITS
1s defined as the additional contractive thermal strain component that develops in concrete when subjected to
compressive stress. Such a strain component is experimentally obtained indirectly as the difference between
the thermal strains measured in loaded and unloaded specimens subjected to the same thermal load. LITS is
due to several stress-dependent mechanisms which develop on heating, such as thermomechanical strains
related to chemical and physical reactions occurring in the cement paste, micro cracking effects, and micro

diffusion of free water [1-3].

Catastrophic events such as the nuclear accident of Fukushima [4] and the Mont Blanc Tunnel fire [5] clearly
demonstrated the necessity of accurate and reliable tools for the assessment of massive concrete structures
under accidental heating. These accidents highlighted the potential advantages of material models able to
capture the behaviour of concrete subjected to extreme thermomechanical loads so that the response of concrete
structures to heating can be accurately assessed for the safety and security of society. This work aims to
improve the existing techniques for modelling the behaviour of concrete subjected to combined transient
thermal and compressive mechanical loads, with focus on the effects of the material moisture conditions on

thermomechanical behaviour.

The two components of concrete thermal strain, FT'S and LITS, are commonly modelled as independent of the
moisture content of the material. FTS is usually seen as a solely temperature dependent strain component,

while LITS is commonly modelled as a function of temperature and stress. However, experimental evidence



shows that, for unsealed concrete specimens subjected to thermal loads, both LITS and FTS significantly
depend on the moisture condition of the material at the beginning of the thermal transient [6-9]. At ambient
temperatures concrete drying is generally a long-term process that leads to the development of significant
moisture gradients though the cross sections of concrete members. This suggests that, in the case of structures
subjected to accidental transient high temperatures, concrete will exhibit a markedly non-homogenous and age-
dependent behaviour, and hence for accurate predictions of structural behaviour, a material model that accounts

for moisture effects is required.

In light of this, an original approach for assessing the moisture-dependent behaviour of heated concrete
structures is presented here. It allows the dependency of the concrete thermal strains on the moisture condition
of the material to be captured and, therefore, the effects of pre-accident drying and related moisture gradients
on the mechanical behaviour of structures subjected to accidental thermal loads to be understood. The approach
uses formulations of LITS and FT'S material models which depend on the moisture content field in the material
at the beginning of heating. Specifically, both LITS and FTS are split into their moisture-dependent and
independent components, representing the macroscopic effects of the driving micro-mechanisms. The moisture
concentration field at the beginning of the heating phase is obtained through a sequentially coupled thermal-
hygral analysis. By describing LITS and FTS as a function of the moisture content field at the beginning of
heating, no attempt is made to explicitly model the complex and still poorly understood mechanisms underlying
moisture migration and evaporation phenomena occurring during high temperatures thermal transients. This
allows modelling the thermo-hygro-mechanical problem through a simplified scheme involving a reasonably
low number of parameters. The proposed moisture-dependent model allows assessing the effects of the age of
a structure on its mechanical response under accidental cooling. In the case of design and predictive analyses,
where the moisture content field at the beginning of heating is not known a priori, the model can be applied to
assess the evolution of the thermo-mechanical performance of a structure with time. This can be done by
performing multiple analyses where accidental heating is assumed to occur at different times. The model can
also be used to perform forensic analyses. In this case, the moisture field at the beginning of heating can be
assessed numerically as a function the age of the structure. Alternatively, when a concrete structure is
monitored and data on the moisture distribution at the beginning of heating are available, a user-defined
moisture field can be used. In the last section of this paper, the proposed LITS and FTS models are calibrated
against experiments and adopted to assess the structural behaviour of a typical Prestressed Concrete Pressure

Vessel (PCPV), such as those used in nuclear power stations, under accidental conditions.



2 Moisture dependency of concrete thermal strains

Over the years, many experimental studies have been performed to characterise the thermo-hygro-mechanical
behaviour of unsealed concrete specimens subjected to transient thermal conditions [1,2,7-11]. These works
demonstrate that both FT'S measured in unloaded specimens and LITS in loaded concrete significantly depend
on the curing regime for the specimens, i.e. these strains depend on initial moisture content and internal
moisture movement on heating. Such a dependency is particularly significant for temperatures up to 200-
300°C, where the evaporation of the free water takes place, but tends to disappear for higher temperatures
[7,8]. Above such temperatures, the measured mass loss is mainly due to the drying-independent phenomenon
of C-S-H dehydration [6,8]. Accordingly, for temperatures higher than 300°C, FTS and LITS in concrete
specimens subjected to first-time heating at 0.2-1°C/min do not vary significantly with the initial water content

of the material [2,6,8,9].

2.1 Moisture dependency of FTS

The FTS that develops in unloaded concrete specimens subjected to transient thermals is significantly sensitive
to the moisture condition of the material for temperatures up to 200-300°C [6-8,12]. The hygral state of the
material at the time of the temperature change not only affects the drying shrinkage of the cement paste on
heating, but also influences its neat thermal expansion, i.e. the expansion occurring without overall loss of
moisture [ 13—15]. This is commonly explained by considering the neat thermal expansion of the cement paste
as made up of two contributions: a true kinetic and a swelling pressure expansion [12]. The true kinetic
expansion corresponds to the actual thermal expansion of the cement gel. On the other hand, the swelling
pressure expansion is an apparent material expansion due to a temperature-driven temporary increase in
pressure in the water held by the gel pores, which causes the solid skeleton of the cement paste to expand. In
the case of partially saturated concretes, an increase in temperature leads to a decrease in water cohesive forces,
that is, a decrease in the capillary tension in the gel pores. This in turn increases the capillary action and results
in a migration of water from capillary to gel pores and thus the appearance of a swelling pressure. This
phenomenon cannot take place in completely dry concrete, because of the absence of free water in the capillary
pores, nor in saturated concrete, because of the absence of capillary menisci in the gel pores. Such an
explanation of the phenomenon is consistent with experimental results showing that, for ambient temperatures,
the coefficient of thermal expansion of hardened cement pastes presents a maximum for a concrete relative

humidity in the range 70 - 85% [13-15].



Given this background, an original modelling approach is proposed here that defines FTS &, as the sum of a
moisture independent component, referred to as Pure Free Thermal Strain (PFTS) &, ., and two moisture
dependent strains, called Transient Shrinkage (TSH) &4, and Transient Swelling (TSW) &, respectively:
&res(T, 0) = epres(T) + eesn (T, C) + esw(T, C) (2-1)

Where T is the temperature and C is a constant moisture field that correspond to the moisture distribution at
the beginning of the transient thermal load. The PFTS component represents the thermal expansion induced
by pure material expansion of aggregates and cement paste. The TSH component represents the thermal strain
due to drying, i.e. the contraction caused by an overall loss of moisture. By contrast, TSW represents the
temporary thermal expansion induced by micro diffusion of water from capillary pores to gel pores.
Microdiffusion leads to a temporary increase in pressure in the water held by the gel pores, which causes the
solid skeleton of the cement paste to expand. As it accounts for the effects of internal micro-diffusion, TSW
depends on the initial moisture content of the materials but does not account for the effects of drying. Hence

TSH and TWS reflect the tendency of the material to undergo two distinct micro mechanisms.

2.2 Moisture dependency of LITS

Hansen and Eriksson [11] found that LITS develops in concrete submerged under water, therefore
demonstrating that part of it does not depend on drying. This drying-independent LITS component, here
referred to as Pure Load-Induced Thermal Strain (PLITS) €1, is due to i) an the increment in elastic strain
Ee1q,r Induced by the rise in temperature, ii) a basic creep strain &, .,- developing during the heating phase iii)
an additional thermomechanical strain occurring in the direction of the compressions, commonly referred to as
Transient Thermal Creep (TTC) & [1]. In a uniaxial context, the time derivative of PLITS developing in the
direction of the applied stress can be decomposed as follows:
Eplits = Eelar T Epcr T Eec (2-2)

where o represents the stress in the considered direction. TTC is generally the biggest component of LITS [2].
It is commonly considered to be driven by chemical and physical reactions taking place in the cement paste
and, for temperatures higher than 300-400°C, by thermomechanical damage of concrete due to incompatibility

between aggregate thermal expansion and cement paste contraction [1].

However, existing experimental research has shown that the LITS developing in unsealed heated concrete also
depends on the moisture content of the material at the beginning of the heating phase [6-9]. This is due to the
escape of moisture that occurs on heating under compressive loads, which causes the concurrent development

of a drying creep strain [2]. Such a high temperature strain component is here defined as Transient Drying



Creep (TDC) &4, in order to distinguish it from the Drying Creep (DC), or “Picket effect” that develops for
drying at ambient temperatures [16]. Accordingly, the LITS developing in unsealed concrete is here modelled
as the sum of its drying-independent component, PLITS &,;;5, and its drying-dependent component, TDC

Etdc-

Eits(0, T, T, C) = épies(0, T, T) + é1ac(0, T, T, C) (2-3)

3 Moisture dependent thermal strain model

This section presents a novel modelling framework for capturing the dependency of concrete thermal strains

on the moisture conditions in line with the experimental results discussed in Section 2.

3.1 Modelling strategy

The dependency of the thermal strains of concrete on the moisture condition of the material is captured here
by expressing the moisture-dependent components of FTS and LITS as a function of the water content of the
material at the beginning of the heating phase. In other words, this approach does not attempt to model the
moisture changes that take place on heating explicitly, but assumes they develop for any material point as
experimentally demonstrated for specimens subjected to unsealed conditions. This assumption allows
modelling the thermo-hygro-mechanical behaviour of concrete in a relatively simple and intuitive manner and
provides a tool for the assessment of the limit-behaviour of concrete structures whose permeability and hygral
boundary conditions are uncertain. In fact, the validity of such an assumption depends on a number of factors
which directly influence the moisture evacuation properties of the structure, but which can rarely been
accurately known. These are, for example, the intrinsic permeability of the material, size of the considered
concrete member, and presence of crack patterns or ducts facilitating the transport of mass. However, it is
known in most cases, that the hygral boundary conditions of the material are between the limit cases of sealed
conditions, where no moisture evacuation is allowed, and unsealed conditions, where the moisture evacuation
is unobstructed. Thus, the proposed approach allows assessment of structural behaviour in the limiting case of
unsealed conditions, and a comparison with the other limiting case of sealed conditions (which can be easily

assessed by neglecting drying-dependent components of FT'S and LITS).
According to the general strain decomposition presented in (2-1) the FTS that develops in initially moist

concrete is here assumed to be the product of three main strain components, as shown in Figure 1. These are

the moisture independent pure free thermal strain PFTS, corresponding to the thermal expansion of dry
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concrete in Figure 1; the drying induced transient shrinkage TSH contraction; and the temporary swelling effect

TSW.

(I Transient shrinkage

[_] Transient swelling

FTS 4 )

[ &

Drying 4

[————————»
: : D
Moist
. Etshmax (E)
Etsw,max (C) "

Toear  Tar Temperature

Figure 1 FTS developing in dry and moist concrete. Schematic representation of the transient shrinkage
contraction (in red) and transient swelling effect (in blue) occurring for moist concrete.

In a similar manner, LITS is modelled as the product of the two strain components presented in (2-3). Such
components, schematized in Figure 2, are the drying-independent pure load-induced thermal strain PLITS,
corresponding to the thermal strain developing in dry concrete, and the transient drying creep strain TDC driven

by concrete drying.

[ Transient drying creep

Toeak Tar Tem peratu:e

>

gtdc,max(a'r C)

Dry

Drying Moist h

LITS vy &

Figure 2 LITS developing in dry and moist concrete. Schematic representation of the transient drying creep
contraction (in red) occurring for moist concrete.
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The newly formulated uniaxial moisture-dependent LITS and FTS models and their 3D implementations are

presented in detail in the following sections.

3.2 Moisture-dependent FTS model

According to the FTS decomposition presented in (2-1), the time derivative of the FTS &f is:

&s(T,T,C) = &ppes(T, T) + €esn(T, T, C) + €45 (T, T, C) (3-1)

where &, ¢t (T, T), Etsh (T, T,C ) and &4, (T, T,C ) are the time derivatives of the three components of FTS,
namely PFTS, TSH and TSW. Such time derivatives have been defined for the three strain components PFTS,
TSH and TSW to develop as schematized in Figure 1 for increasing temperatures. These profiles have been
defined with a view of describing the experimentally observed macroscopic thermomechanical response of the

material while involving a relatively small number of parameters.

@) (b) (©
Tar Temperature
Epfes P 2 i T e
a _ tsw B
1 gtsh,max(c) ‘_r‘LnL,
3 -
ay
1
—> —
Drying s I Etswmax (C)
> 4 1 >
Temperature Etsh Tpeak Tgar Temperature

Figure 3 Temperature development of the three components of FTS: the moisture independent PFTS &, ¢,
and the moisture dependent strain components TSH &;¢;, and TSW &4,

Following the classic approach for modelling FTS [1], the moisture independent PFTS is here modelled as a
function of the temperature only:

épfts =0 (T)T (3-2)

where a; is the coefficient of free thermal expansion, expressed as polynomial function of the temperature:

a,(T) = ag + a;T + a,T? + a3T3 + a,T* + asT> (3-3)
where the polynomial coefficients a,, a4, a,, as, a, and as are chosen to obtain the desired PFTS evolution

with the temperature.
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The moisture dependent TSH is defined as dependent on temperature and initial moisture condition:

éesn = (T, O)T (3-4)
where a, (T, C) is the coefficient of TSH contraction, analogous to the coefficient of thermal expansion a;,
which describes the drying-induced shrinkage per unit increase in temperature. The coefficient is formulated
so that TSH is a parabolic function of temperature, having zero initial slope (Figure 3). Imposing a zero initial
slope allows the experimentally observed nonlinear development of drying shrinkage strains to be capture
through a single parameter. In addition, TSH is imposed so as not to develop for temperatures higher than the
drying temperature Tg,-. This formulation allows the nonlinear development of TSH with temperature to be
described with only one material parameter, &, max (C):

(T —20) (3-5)

2 &¢shmax ©) for T < Ty,

A = (Tdr - 20)2
0 forT =Ty,

where ;55 max (C) represents the maximum shrinkage strain, reached at the end of the drying phase (see Figure
3). This parameter is expressed as a function of the initial content of water C of the material, which can be
defined by the user in a way that it equals zero for dry material, i.e. .e. for C = 0 /m?, and assumes growing

negative values for growing initial water content.

Similarly, the moisture dependent TSW is modelled as dependent on temperature and initial moisture content:

Eeew = a3(T, O)T (3-6)
where a3 (T, C) is the coefficient of TSW expansion, analogous to the coefficients a; and @, presented above.
This coefficient describes the expansion due to the internal micro diffusion of water from capillary to gel pores
for temperatures lower than a threshold temperature T4y, as well as the contraction induced by the drying of
gel pores water for higher temperatures. As schematized in Figure 3, a5 (T, C) is defined so that the TSW strain
increases linearly with temperature for temperatures lower than a threshold temperature T, and decreases

linearly to zero from T4 to the drying temperature Ty,

13



( Agtsw max (C_') (3'7)
—_— T<T,
Tpeax — 20°C for T < Tpeak
= As C
O3 < _ tsw,max( ) fOT‘ Tpeak <T< Tdr
Tdr - Tpeak
\ 0 forT =Ty,

where A&;gy max(C) and Tpear are two material parameters representing the maximum transient swelling
expansion and the temperature at which this maximum is expected to occur respectively. A linear decrease of
the transient swelling from Aetsw’max(c_' ) at Tpeqx to zero at the drying temperature Ty, allows TSW to be
defined as a temporary swelling effect that can be fully recovered to sufficiently high temperatures. The region
T < Tpeqx represents the temperature range in which, as discussed in Section 2.1, the rise in temperature
determines a decrease in capillary tension. This induces a micro diffusion of water from capillary to gel pores
which results in a material expansion. By contrast, the region Tpeqx < T < Ty, is the temperature range in
which the gel pores dry due to the high level of energy provided to the material. This results in a material
contraction that for T = Ty, nullifies the micro diffusion expansion developing in the temperature range
20°C < T < Tpeqk- For temperatures higher than the drying temperature Ty, i.e. for material completely

dried, the TSW increment has been imposed to be null.

The sensitivity of the TSW effect to the initial moisture condition of the material is captured by defining the
maximum transient swelling expansion Aetsw’max(f ) as a function of the initial water content.

This function is defined so that Ag;gy, max (C) is null for completely dry and saturated material and presents a
maximum for intermediate conditions. This is because, as discussed in Section 2.1, the micro diffusion of water
can neither take place in completely dried material, due to the absence of water, nor in saturated concrete, due

to the absence of capillary menisci.

3.3 Moisture-dependent LITS model
According to the LITS decomposition presented in (2-3), the time derivative of LITS &4 is:
élits (O', T, T, C_‘) = éplits (O', T, T) + étdc (O', T, T, C_‘) (3'8)

where épzits(U: T, T) and &4, (a, T,T,C ) are the time derivatives of the two components of LITS, that is

PLITS and TDC, respectively. The time derivatives of PLITS and TDC have been defined for PLITS and TDC

to develop as schematized Figure 4 for growing temperatures.
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Figure 4 Temperature development of the two components of LITS: the moisture independent PLITS &
and the moisture dependent strain TDC &4,

The moisture-independent PLITS strain was modelled as only temperature and stress dependent, as previously

done by the authors in [17]:

éplits = b (T) O'ioT (3-9)

u

where o is the stress in the considered direction, gy, the compressive strength of the material and S (T) the
LITS function, which is a generic function of temperature aimed at fitting the uniaxial temperature-LITS
curve, here defined as a fourth-order polynomial of the temperature:

B1(T) = by + byT + b,T? + b3T3 + b, T* (3-10)
where the polynomial coefficients by, by, b,, b; and b, are material parameters chosen to fit the uniaxial

LITS curve in the loaded direction

The moisture dependent TDC was defined as dependent on temperature, stress and initial moisture condition:

. -0 . -
fuac = BT, 0) T (311
u

where B, (T, C) is the TDC derivative function which represents the increment in TDC per unit increment in
temperature and stress level. Such a function has been defined in a way that TDC develops linearly with
temperature while the material is simultaneously drying, and does not develop for temperatures higher than a
threshold temperature T, representing the temperature at which the concrete drying process is complete (see
Figure 4). The moisture dependency of TDC is included by defining the TDC derivative function as dependent

on the initial moisture condition of the material:

~ _ (Brpc(0) for T < Ty, (3-12)
BT C) = { BDC forT =Ty,
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where Brpc(C) is a user defined function of the initial moisture condition C of the material, which allows
scaling the development of TDC as a function of the initial water content of the material. Bypc(C) should be
zero in the case of completely dry material, i.e. for C =0 1/m?, and assume growing negative values for growing

initial contents of water C.

The modelling strategy adopted here allows all the required material parameters to be directly estimated from
simple transient tests. However, it does not capture the effects of key microscale variables on the transient
behaviour of the material. Indeed, the materials parameters defined here implicitly encapsulate the still not well
understood effects of variables including pore size distribution, pore space connectivity and capillary pressure,
on the macroscopic development of FTS and LIST. To identify the driving microscale variable and to explicitly
model their effects on the behaviour of concrete subjected to transient thermal conditions, additional

experimental and numerical work needs to be done.

An additional limitation of the proposed approach is that FT'S and LITS are formulated as independent of the
heating rate. Consequently, the effects of the heating rate on moisture transport properties, pore pressure and
stress levels in the solid skeleton of the material are disregarded. Hence, the model should be calibrated against

tests performed at heating rates comparable to those expected in situations of practical interests.

4 Constitutive relationship

The moisture-dependent thermal strain model presented in Sections 3.1, 3.2 and 3.3 has been implemented in
a 3D thermoelastic material behaviour law. The constitutive relationship was implemented in the finite element
solver Code_Aster [18] through the code generator MFront [19]. In this section, stress and strain states are

expressed in 3D by second order tensors.

4.1 Implementation of the moisture dependent FTS and LITS models

In the light of experimental evidence, the uniaxial thermal strain model presented in Section 3.2 has been
implemented in 3D by assuming that 1) FT'S develops isotopically and i1) LITS is proportional to both the stress
tensor and the confinement of the stress state [10,20] and is irrecoverable on cooling or unloading [9,20-26].
Being driven by the temperature-induced moisture evacuation, the TSH has also been modelled as

irrecoverable in terms of temperature. Similarly, the drying-related TSW contraction developing for Tpeqx <

16



T < T, has been modelled as irrecoverable, based on the assumption that once the gel pores are emptied the

moisture is evacuated, thus not re-enter the gel pore in the case of a subsequent decrease in temperature. By

contrast, the TSW expansion that develops for T < T4 has been modelled as recoverable on cooling, based

on the hypothesis that, in this temperature range, a change in temperature would only induce reversible internal

moisture movements between gel and capillary pores.

. The qualitative development of the components of FTS and LITS in the case of heating-cooling cycles is

illustrated in Figure 5 and Figure 6 respectively.
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Figure 5 Qualitative development of the three components of the Free Thermal Strain (FTS) in the case of
heating-cooling cycles: (a) PFTS, (b) TSH, (c) TSW.
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Figure 6 Qualitative development of the three components of the Free Thermal Strain (FTS) in the case of
heating-cooling cycles: (a) PLITS, (b) TDC.

In line with previous work [17,27], the temperature history of the material is taken into account through an

internal variable T},,,, which stores the maximum temperature ever reached by the material.

1

7



According Eq. (3-1), the increment in FTS tensor A& over a generic time step is defined as:
Agfts = Agpfts + Agtsh + Ag:tsw (4'1)

where A&, r¢s, Aygp and A&, are the increment in PFTS, TSH and TSW respectively. The PFTS increment,
representing the thermal expansion of the aggregates and the true kinetic expansion of the cement paste, is

defined as perfectly recoverable in terms of temperature:

The TSH has been imposed to develop only on first heating, i.e. not to develop on cooling or reheating. This
choice was made by assuming concrete drying, which causes TSH, to be irrecoverable on cooling. In other
words, it 1s assumed that when the pores are emptied the water is evacuated and does not re-enter the material
on subsequent cooling. Accordingly, the TSH increment is defined as zero for temperatures lower than the

maximum temperature ever reached T, :

0 forT < Thax (4-3)

A&, =17 _ _
tsh {az (T,C) ATI for T = Toax

As discussed in Section 3.2, the TSW strain is assumed to be driven by internal micro diffusion of moisture
from capillary to gel pores for temperatures lower than the threshold temperature T),cq) and by drying of water
contained in the gel pores for higher temperatures. With this in mind, the swelling strain induced by
temperature rises for T < Tpeqx 1s modelled as recoverable on cooling, while the drying-induced contraction
developing for higher temperatures is imposed to be irrecoverable (see the qualitative development of TSW in
the case of heating-cooling cycles reported in Figure 5). This was numerically obtained by implementing the

increment A&, in TSW as:

Aé:‘ _ g fOT T < Tmax A Etsw (Tmax) < Etsw (T) (4'4)
W ag (T, €) ATT otherwise

where &4, (Thax) and &:,,(T) are the values assumed by the transient swelling function for the maximum

temperature T,,,, reached by the material and the current temperature T respectively:
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a3,1Tmax Tmax < Tpeak

gtsw(TMAx) = a3,1Tpeak - a3,2Tmax Tpeak < Tmax < Tdr (4‘5)
0 Tmax = Tdr
az, T T < Typeak
gtsw(T) = a3,1Tpeak - a3,2T Tpeak <T< Tdr (4‘6)
0 T =Ty,
where:
AgtSW max (6)
Q31 = 7———————— 4-7
T Thear — 20°C (4-7)
Agtsw max (C_)
Azp = " (4-8)
32 Tdr - Tpeak
Following the LITS decomposition reported in Eq. (3-8), the increment A&;;;¢ in LITS was defined as:
A‘Ez‘lits = Agplits + A"?tdc (4-9)

where A&, ;s and A& 4, are the increment in PLITS and TDC respectively, representative of the macroscopic
effect of chemical and physical reactions taking place in the cement paste (PLITS) and concrete drying under
mechanical loading (TDC). Based on experimental evidence, both components have been modelled as
irrecoverable on cooling by imposing a zero LITS increment for temperatures lower than the maximum
temperature ever reached Ty4x [9,20-26]. The uniaxial LITS model described by Eq. (3-8), (3-9), (3-10),
(3-11) and (3-12) has been extended to 3D through the confinement dependent approach presented by the
authors in [17,27], which captures the dependency of LITS on stress confinement through a confinement
coefficient n:

A5 =0 for T < Tgx (4-10)
n lﬁl(T) + B(T, C_)l (

Ouo

Aglits = 1+ Ulits)gr; - Ulitstr(gr;)lz) AT forT =Ty

where 7, is the mean value of the negative projection of the stress tensor over the considered time step,
obtained as the mean of the negative projection of the stress tensor at the beginning of the time step d;,; and at

the end of the time step 5f_l-n, Uyits @ material parameter defined as the negative ratio of transverse to axial LITS

strain, analogous to the elastic Poisson’s modulus v, and 77 is the confinement coefficient defined as:

n=1+(C, -y (4-11)
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where C,, in a triaxialily index automatically evaluated at each time step as a function of the negative

projections of principal stresses o7 , 05, and o3 :

oy + 0, + 05| (4-12)
V(@)% + (65)2 + (05)2

and y is a user-defined triaxiality scaling factor.

m

4.2 General strain decomposition

The 3D model presented in section 4.1 has been implemented in a thermo-elastic material behaviour law. The

increment A&, in total strain is defined as:

Eror = AEeiq + Agfts + A& (4-13)
where A&y and A& are the increment in FTS and LITS defined in Section4.1 and A&, is the increment in
elastic strain:

1+v (4-14)

- - U =
Agela = Ao — Etr(A&)I

where A is the stress tensor increment, E the Young’s modulus and v the Poisson’s ratio. In the present model,
the temperature-driven reduction in stiffness of the material is accounted for in A&;;;5. Accordingly, E should
be treated as the ambient temperature Young’s modulus, i.e. it should be defined as temperature-independent

to avoid considering the elastic contribution twice.

It is worth noting that the FT'S and LITS models presented in section 4.1 could also be included in more
comprehensive concrete constitutive models. Indeed, when applied to situations involving relatively high stress
levels and thermal gradients, the general strain decompositions reported in equation (4-15) fails to capture
ambient-temperature damage/microcracking and plastic strains. Similarly, the time-dependent concrete strains
are disregarded. Ambient-temperature damage/microcracking, plastic and creep strain components could be

included in the model, leading to the following strain decomposition:

Etot = Agela + Ac‘,:'d + Agpl + Aéz'cr + AEftS + Aéz'lits (4‘15)
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Where A&, is the strain component due to mechanical damage of the material, &,; the plastic strain and A&,
the time-dependent isothermal creep strain. Examples of thermal strain models implemented in constitutive
laws including damage and plasticity are reported in [28,29]. In the present work, implementing the newly
developed moisture-dependent FTS and LITS components in a thermo-elastic material behaviour law was
deemed to be appropriate. Indeed, this allowed for rigorous validation against tests performed at low stress
levels and thermal gradients, hence not involving non-linear behaviour due to ambient-temperature mechanical
damage, and to obtain an insightful indication of the effects of moisture on the thermomechanical behaviour

of a concrete vessel subjected to fault conditions.

4.3 Numerical methods

The behaviour law has been implemented to solve static nonlinear mechanical analyses through a Newton-
Raphson iterative method with tangent matrix prediction [30,31]. At a Gauss point level, the behaviour law is
integrated through an implicit method based on a Newton-Raphson scheme and a jacobian matrix obtained by

a second order finite difference [19].

4.4 Thermal and drying analysis methods

The mechanical behaviour law presented in the previous sections depends on the current temperature T, on the
maximum temperature ever reached T),,,,, and on the water content C of the material prior to heating. Thus,
the mechanical analysis is included in a sequentially coupled thermo-hygro-mechanical analysis scheme (see

Figure 7).

Thermal Analysis

aT .
T div(apVT)

7

Hygral Analysis
(| ec_
=div(D(C,T)VC)

3

at
Mechanical Analysis

&t = f(G,T,C)

Figure 7 Thermo-hygro-mechanical analysis scheme.
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First, the evolution of the temperature field is obtained through a nonlinear thermal analysis. The thermal model

adopted here is represented by a diffusion equation obtained from the energy conservation:

T ]
- = div(ap¥7) (4-16)

where T is the temperature, t is the time and a, (T') is the thermal diffusivity coefficient of the material, defined
as the thermal conductivity A(T") divided by density p and specific heat capacity at constant pressure ¢, (T).
Then, the hygral state of the material prior to accidental heating is calculated through a nonlinear hygral
analysis which takes into account the effects of the temperature gradient obtained via the thermal analysis [32].
The hygral analysis is stopped at the beginning of the accidental heating phase to obtain the moisture field prior
to heating, needed to inform the mechanical analyses. The drying of concrete is modelled by a diffusion law
which takes into account the migration of both liquid and vapour phase within the material:

(4-17)

ac

— = div(D(C,T)VC)
ot -

where C is the water content of the material, t is the time and D is the diffusivity, which is calculated as a

function of € and T according the Granger’s law [32]:

, e 1 4-18
D(C,T) = Ap exp(BpC) mexp I_ % (7 B mﬂ .

where R is the universal gas constant, @ the drying activation energy, T, ( the reference drying temperature,
and Ap and Bp two material parameters governing the ambient temperature diffusivity, named the pre-

exponential and the exponential diffusivity coefficient respectively.

Finally, the evolution of the temperature field obtained through the thermal analyses and the initial hygral state
evaluated by the hygral analysis are used as input variables for the mechanical analysis. Note that, within this
framework, the physical and chemical changes taking place in the microstructure of the material at high
temperatures and the consequent full coupling between thermal, hygral and mechanical behaviour is not
explicitly modelled. However, the main effects of these phenomena on the thermal properties of the material
are implicitly considered by defining both the thermal conductivity A(T') and the specific heat capacity ¢, (T)

as function of the temperature.
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5 Verification and validation studies

5.1 Reference experiments

The mechanical model proposed in this paper is calibrated by taking as a reference the experimental results
reported in [7], where the effect of the initial moisture content on the development of FT'S and LITS was
investigated systematically. These data have been deemed to be particularly meaningful because they were
obtained through a statistical analysis of the results of 130 transient tests performed on specimens made of five
different types of concrete mixes, based on limestone, basalt, gravel and lightweight aggregate respectively.
Furthermore, the transient tests considered were performed at the relatively low heating rate of 0.2°C/min,
which ensured the development of reasonably homogeneous temperature and drying fields throughout the
specimens on heating and therefore correspondence in behaviour between specimens and ideal concrete

material points.

The transient tests were performed on unsealed concrete cylinders, with dimension of 186 mm height and 62
mm diameter, having various initial moisture conditions. Specifically, initial water contents of 5.40%, 4.40%
and 0% in terms of weight were studied. The water contents discussed above are expressed in terms of “moist”
weight, i.e. they represent the experimentally determined ratio between the weight of water and the weight of

moist concrete. For full details see Khoury et al. [7].

5.2 FE models and results

Given the axial symmetry of the problem, the size of the analyses has been minimized by modelling only one
quarter of the cylindrical specimens using second-order hexahedral finite elements (see Figure 8). The three
faces lying on the symmetry planes x = 0 m, y = 0 m and z = 0 m were prevented from translating in their

normal directions. A uniformly distributed pressure o was applied to the face lying at z =0.186 m.
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Figure 8 Mesh, boundary and loading conditions defined for modelling the uniaxial transient tests reported in

[7]
First, a thermal analysis was performed to assess evolution of the temperature field on heating. A heating rate
of 0.2°C/min, equal to the experimental one [10], was applied to the lateral surfaces of the specimen. According
to the recommendations provided by the Eurocode 2, thermal conductivity A and volumetric specific heat c,,
were defined as temperature-dependent parameters [29]. The thermal conductivity curve A(T) was defined as
the average of the upper and lower limit functions provided by the Eurocode. The heat capacity curve ¢, (T)
proposed by Eurocode 2 for an initial moisture content of 3% was adopted for all the analysed specimens. The
choice of using the same ¢, (T') curve for specimens having different initial moisture contents was made in the
light of a preliminary sensitivity study which showed that, for a relatively slow heating rate of 0.2°C/min, the
effect of the initial moisture content on the thermal analysis is negligible. Specifically, it was found that the
maximum relative difference between the temperatures predicted for dry and moist concrete at the core of the

specimen was less than 0.04%.

Five different levels of initial water content were considered: the three moisture contents considered in the
experiments, i.e. C=0 1/m?, C=106 /m? and C=130 I/m®, and two intermediate values C=50 1/m* and C=118

1/m. In these verification studies the water content levels were imposed as uniform fields.

Then, the mechanical analyses were performed through the moisture-dependent constitutive relationship
presented in Section 0. The evolution of the moisture dependent material parameters €;sp max(C),
Etswmax(C) and B(C) with the water content has been defined so as to fit the experimental data and is

illustrated in Figure 9a, 9b and 9c. The values adopted for the other parameters are reported in Table 1. It

24



is worth noting that, in the present work, the FT'S and LITS material parameters have been calibrated against
transient tests performed on concrete mixes with a water/cement ratio in the range 0.3-0.32 and a 67%
aggregate volumetric content [7]. Hence, the best way to accurately capture the behaviour of concrete mixes
with different mix proportions is to re-calibrate the models via additional transient tests. However, when
experimental data are unavailable or the concrete composition is unknown (e.g. in the design phase), it is

reasonable to use the coefficient obtained here.

(a) (b) (©
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Figure 9 Moisture-dependent functions: a) Maximum expected transient shrinkage €qsp mqx; b) Maximum expected
transient swelling ¢,y max: ©) TDC coefficient By,
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Table 1: Moisture-independent material parameters

Material parameter Value

E 47000 MPa
v 0.25

VLITS 0.48
y 2.68
b, -8.453367e-05 °C"!
b, 2.946952¢-06 °C’!
b, -3.264034e-08 °C"!
b 1.434291e-10 °C!
b, -2.780193e-13 °C!
ao -2.29070e-06 °C!
a; 2.84651e-07 °C"!
a, -2.81933e-09 °C!
as 1.20736e-11 °C!
a, -2.33299¢-14 °C"!
as 1.68298e-17 °C!

Figure 10 and Figure 11 show a comparison between experimental and numerical FTS and LITS curves for
the various levels of water content considered. The same results are also plotted in terms of moisture dependent
components of FT'S and LITS in Figure 12 and Figure 13. The match between experimental and numerical
thermal strain curves demonstrates the capability of the approach to take the experimentally observed moisture

dependency of the thermal strains into account.
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Figure 10 Experimental FTS curves [7] and numerical results.
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Figure 11 Experimental LITS curves [7] and numerical results. Load level 20%.
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Figure 12 Moisture-dependent part of the FT'S: TSH + TSW. Comparison between experimental [7] and
numerical results.
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Figure 13 Moisture-dependent part of LITS: TDC. Comparison between experimental [7] and numerical
results. Load level 20%.

6 Assessment of a PCPV subjected to fault conditions

The calibrated moisture-dependent model was next used to assess the effect of the moisture dependent thermal
strain components on the structural behaviour of a nuclear PCPV subjected to accidental heating-cooling

cycles. The PCPVs of Advanced Gas-cooled Reactors (AGRs) are nuclear containment structures designed to
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hold the gas coolant, whose service temperature is about 500-600°C. For normal operating conditions, the
temperature of the concrete is kept at about 50°C by a water cooling system. In this study, short term and long
term temporary faults of the cooling pipes system are modelled by a applying heating-cooling cycles to the
internal surface of the vessel. Specifically, the temperature of the internal surface of the vessel was imposed to

stay constant at 600°C for 2 days (short term fault condition) and 14 days (long term fault condition).

The thermo-hygro-mechanical problem was solved by following the sequentially coupled thermo-hygro-
mechanical analysis scheme discussed in section 4.3. As per Figure 7, a thermal analysis was first conducted
to determine the evolution of the temperature field throughout the whole life of the structure, including
accidental fault. Then, the moisture field prior to heating is calculated through a hygral analysis that considers
the effects of the evolution of the temperature field obtained via the thermal analysis. The hygral analysis is
stopped at the beginning of the heating phase to obtain the moisture field prior to heating, needed to inform the
mechanical analyses. The mechanical analysis if finally performed by taking into account the evolution of the
temperature field during the fault, obtained through thermal analysis, and the moisture field at the beginning

of heating, calculated by hygral analysis.

6.1 FE model

A typical cylindrical PCPV having a 4.5-meters-thick lateral wall and pre-stressed by vertical and hoop tendons
was considered (see Figure 14). The stress-strain state at mid-height of the wall was studied by modelling a
representative parallelepiped-shaped portion of the vessel, therefore neglecting the effects of the relatively
small curvature of the wall itself. As shown in Figure 14, the analysed representative volume extends through
the whole thickness of the wall and has dimensions 0.5m x 0.5m x 4.5m. A similar modelling approach was

adopted in [17]. A pre-stressing system composed of 8 layers of vertical and hoop tendons was considered.

0.5m
s
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i Siar ; 05m
Cable 15 S """"""""
Cable 14 = INE

Cable 8
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v

Cable 10 . Cable 5
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Figure 14 Typical PCPV geometry and studied representative portion. Adapted from [17].
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The representative volume of concrete was meshed by hexahedral elements, while the steel tendons were
modelled by bar elements perfectly bonded to the concrete volume. The constraining effect of base and top cap
on the mechanical behaviour of the vessel at mid height of the wall was considered to be negligible [32]. With
reference to Figure 14, the kinematic boundary conditions of the representative portion were defined so as to
allow the volume to expand and contract along the direction x, y and z. This was done by preventing the faces

SinT> Spar1 and Syyr from translating along their normal directions.

Following the approach schematized in Figure 7, the structural behaviour of the vessel was assessed through a
sequentially coupled thermo-hygro-mechanical analysis. The thermo-hygral state of the vessel at the beginning
of the fault condition was obtained by modelling the whole life of the structure. The following life phases were
considered:

e Construction (8 years)

e Normal operation (30 years)

e Fault (2 days for short term fault; 14 days for long term fault).

During the whole life of the structure, an ambient temperature of 20°C was assigned to the external surface of
the vessel. The temperature of the internal surface was assumed to be 20, 50 and 600°C during construction,
normal operation and fault phases respectively. For the hygral analysis, the external surface of the vessel was
considered to be open to the atmosphere during the whole life of the structure. This has been modelled by
assigning a constant water concentration of 50 1/m? to the external surface of the wall. During the first 5 years
of life of the structure, a water concentration of 50 I/m> was also assigned to the internal surface. However, it
was assumed that after 5 years a gas proof steel liner is applied to the internal surface of the vessel, thereafter
preventing the exchange of moisture with the environment. Accordingly, the mass flux though the internal
surface of the wall is imposed to be null after the first 5 years. As for the verification studies, thermal
conductivity A and volumetric specific heat c, of the material were defined according to the recommendations

provided by the Eurocode 2 — see Section 5. The adopted drying material parameters are reported in Table 1.
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Table 1 Drying analysis material parameters

Material parameter Value
A 3.3 10" m%s
B 0.05
To 20°C
Qs/R 4000 °C

The tension of the tendons was set to be 920 kNN at the beginning of the fault of the cooling system. The
mechanical analyses were aimed at assessing the loss in prestress caused by short and a long term fault
conditions, as well as the effect of each concrete and steel strain component on the structural response of the
vessel. The thermo-hygro-mechanical material behaviour presented in Section 0 was applied to the concrete
volume and the material parameters calibrated in Section 5 and given Table 1 were adopted. The steel of the
tendons was modelled as an elastic material, having Young’s modulus E = 200000 MPa, Poisson’s modulus v
= 0.3 and coefficient of thermal expansion a = 8 x 10°° °C"’. The effect of the various concrete and steel strain
components on the structural behaviour of the vessel under fault conditions was evaluated by activating them
in various combinations, as schematised in Table 2. In addition, the effect of the initial water content on the
behaviour of the structure was studied by adopting three different initial hygral fields: the one evaluated
through the thermo-hygral analysis and two imposed homogeneous fields of =106 /m* and C=130 I/m’,

representative of the experimental “air died” and “moist” conditions analysed in [7] respectively (see Table 2).
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Table 2 Active (X) and inactive (-) strain components and hygral fields considered for the various types of
analyses performed.

Steel Concrete
Analysis type Hygral field
€l Erts  Eal Eprts Etsn Ersw Eplits Erdc
(a) X - X - - - - ; _
(b) X X X - - - - . -
(© X - X X - - - - -
(d) X X X X - - - . -
(e X X X X - - X - -
) X X X X X X X X Fr;’g;ﬁml
I d
@ X X X X X X X X =R
I d
(h) XX X XX XXX aonl

6.2 Results and discussion

As shown in Figure 15, after 30 years of operation the temperature field is steady and varies linearly from 20°C
(external surface) to 50°C (internal surface) along the thickness of the wall. However, the massive structure of
the PCPV allows it to absorb heat efficiently in the case of a temporary fault of the cooling pipes system: only
arelatively thin layer of concrete next to the internal surface is affected by the temperature rise — see Figure 16
and Figure 17. Specifically, the thickness of interest layer ranges from approximately / m in the case of short
term fault to about 2 m in the case of long term fault. After the fault is fixed and the internal surface of vessels
returns to its service temperature of 20°C, the affected region of the wall cools down and approaches the
temperature state prior to the heating in approximately one week in the case of short term fault and two weeks

in the case of long term fault.

Because of the size of the structure the drying process is extremely slow and most of the material has not dried
after 30 years of operation. Figure 18 shows that only two relatively thin layers of material next to the internal
and external surfaces are subjected to drying during the first 5 years of construction. Then, the gas proof steel
liner applied to the internal surface prevents the adjacent material to dry further. Consequently, only the
external layer of material keeps drying for the rest of the vessel life, while a local moisture redistribution takes

place in the region next the internal surface of the wall after the liner is applied. At the beginning of the fault
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conditions, the material next to the internal surface of the vessel, i.e. the material which is affected the most by

the accidental temperature transient, has a water content of about 120 1/m? (see Figure 18).
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Figure 15 Evolution of the temperature field though the thickness of the PCPV lateral wall during the first 38
years of life of the structure: construction (8 years) + normal operation (30 years). x(Sexz) = Om, x(Sinr) =
4.5m.
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Figure 16 Evolution of the temperature field though the thickness of the PCPV lateral wall. Short term fault
condition (2 days). x(Sexr) = Om, x(Sivr) = 4.5m.
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Figure 17 Evolution of the temperature field though the thickness of the PCPV lateral wall. Long term fault
condition (14 days). x(Sexr)= Om, x(Svr) = Sm.
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Figure 18 Evolution of the water content field though the thickness of the PCPV lateral wall during the first
38 years of life of the structure: construction (8 years) + normal operation (30 years).

The results of the mechanical analysis are presented in Figures 23, 24, 25 and 26 in terms of evolution of the
tension in Cable 8. This is because Cable 8 is the closest cable to the inner surface of the vessel and therefore

the most affected by the fault.

The results obtained in the case of short term fault conditions analysis are reported in Figure 19 and Figure 20.
Figure 19 shows that if no thermal strains are active, i.e. both steel and concrete are modelled as purely elastic
materials - see curve (a) - the transient thermal has no effect of the stress state of the vessel. If the only FTS of
the steel is activated - see curve (b) - a temporary loss in tension is obtained on heating. This is due to a thermal
expansion of the steel tendon on heating, which causes a tensile stress relaxation, followed by a thermal
contraction on cooling, allowing for a perfect recovery of the loss in tension developed on heating. By contrast,
if only the PFTS of concrete is considered - see curve (c¢) — the tension in Cable 8 increases on heating. This

results from the thermal expansion of the concrete volume which causes the tendon to stretch on heating and
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contract on cooling. Since steel FTS and concrete PFTS are of the same order of magnitude, the increase in
tension associated to the steel FTS - curve (b) - is comparable to the absolute value of the loss in tension
produced by the concrete PFTS - curve (c). This is the reason why if both steel FTS and concrete PFTS are
activated the tension in Cable 8 stays approximately steady during the whole heating-cooling cycle — see curve
(d). If the moisture-independent part of LITS, that is PLITS, is also activated, curve (e) is obtained. This curve
is obtained by using the full moisture dependent model presented in this paper and imposing dry conditions
(i.e. a uniform field C=0 1/m?) to disregard the effects of drying. With this model, a drop in tension of about
8.5 % of the initial tension is obtained on heating which is not recovered on cooling. This is due to the
irrecoverable development of contractive PLITS in the concrete, which causes a contraction of the steel tendon
and thus a loss in pre-tension. If also the moisture-dependent thermal strain components are activated in the
concrete model, curve (f) is obtained. This curve corresponds to full moisture dependent model used with the
moisture field at the beginning of the accidental heating calculated through hygral analysis. That is, the
expected moisture distribution after 30 years of normal operation of the vessel is considered. By using this
model, a drop in tension of about 52.4 % of the initial tension is obtained. This is because all the moisture-
dependent strains included in the constitutive model lead to a further contraction of the concrete volume. These
results show that the moisture-dependent components of the concrete thermal strains play a key role in the
stress redistribution taking place in a PCPV subjected to short term fault conditions. For the considered test
case, the loss in tension in Cable 8 is significantly underestimated if the moisture dependency of the concrete
thermal strain is not modelled; specifically, about 83 % of the loss in tension produced the accidental heating-

cooling cycle is missed.
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Figure 19 Short term fault condition (2 days): time evolution of the tension in Cable 8 obtained considering
(a) Elasticity (no thermal strains), (b) only the Steel FTS, (c) only the Concrete PFTS, (d) Steel FT'S +
Concrete PFTS, (e) Steel FTS + Concrete PFTS + Concrete LITS, (f) Steel FTS + Full moisture-dependent
concrete model. Evolution of the temperature at the inner surface of the vessel and at Cable 8.

Figure 20 shows the loss in tension obtained via the full moisture-dependent model and different initial
moisture fields. It can be observed that a slightly larger drop in tension is obtained if a homogenous water
content field of =130 1/m? is imposed - see curve (k) - than if the water field calculated through a thermo-
hygral analysis is considered - see curve (f). However, due to the relatively high water content predicted via
the thermo-hygral analysis in the region next to the inner surface of the vessel, the two curves are relatively
close to each other. By contrast, if a homogenous water content field of C=106 1/m? is imposed about 9.3 % of
the tension drop is missed - see curve (g). These findings show that the behaviour of PCPV under fault
conditions is highly sensitive to the moisture condition of the material at the beginning of the fault. Therefore,

it is crucial to assess the actual hygral field prior to the mechanical analysis.
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Figure 20 Short term fault condition (2 days): time evolution of the tension in Cable 8 obtained considering
(a) Elasticity (no thermal strains), () Steel FT'S + Concrete PFTS + Concrete LITS, (f) Steel FTS + Full
moisture-dependent concrete model, (g) Steel FTS + Full moisture-dependent concrete model assuming

C=106 I/m?, (h) Steel FTS + Full moisture-dependent concrete model assuming C=130 1/m?.

Similarly, the results obtained in the case of long ferm fault conditions have been reported in Figure 21 and
Figure 22. If the full moisture-dependent model is adopted - see curve (f) in Figure 21 — a drop in tension of
about 78 % of the initial pre-tension is obtained. In other words, a significantly larger tension loss is obtained
for long term than for short term conditions. However, in the case of long term fault, only about 20 % of the
tension loss is missed if the moisture-dependent strain components are disregarded — see curve (g) in Figure
21. This means that the portion of tension drop related to moisture-dependent strains is smaller for a long term
fault than for a short term fault. This is because in the case of a long term fault the material next to the inner
surface reaches considerably higher temperatures than in the case of a short term fault. Since the moisture-
dependent thermal strains do not develop for temperatures higher than the drying temperature T, of 200 °C,

their relative effect decreases progressively as the temperature rises above Ty;..
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Figure 21 Long term fault condition (14 days): time evolution of the tension in Cable 8 obtained considering
(a) Elasticity (no thermal strains), (b) only the Steel FTS, (c) only the Concrete PFTS, (d) Steel FT'S +
Concrete PFTS, (e) Steel FTS + Concrete PFTS + Concrete LITS, (f) Steel FTS + Full moisture-dependent
concrete model. Evolution of the temperature at the inner surface of the vessel and at Cable 8.

As shown in Figure 22, if a homogeneous moisture content of C=106 1/m? is considered - see curve (g) -, about
10.3 % of the tension drop is missed. This result shows that the assessment of the hygral field prior to the

accidental-heating cooling fault is crucial also for PCPV subjected to long-term fault conditions.
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Figure 22 Long term fault condition (14 days): time evolution of the tension in Cable 8 obtained considering
(a) Elasticity (no thermal strains), (e) Steel FT'S + Concrete PFTS + Concrete LITS, (f) Steel FTS + Full
moisture-dependent concrete model, (g) Steel FTS + Full moisture-dependent concrete model assuming

C=106 I/m?, (h) Steel FTS + Full moisture-dependent concrete model assuming C=130 1/m?.

7 Conclusions

The following conclusions can be drawn from this study:

e A new strategy for modelling the dependency of high-temperature thermal strains on the moisture
conditions of concrete prior to heating is presented.

e The approach explicitly models the moisture-dependent components of LITS and FTS. This allows the
spatial variation of the material mechanical behaviour to be considered in structures with drying-induced
moisture gradients.

e The proposed method allows the transient thermo-mechanical behaviour of the material as a function its
moisture conditions at the beginning of thermal transient to be assessed. In other words, such an approach
does not attempt to explicitly model the complicated and still not-well-understood moisture migration and
evaporation phenomena occurring during high temperatures thermal transients. This allows modelling the
thermo-hygro-mechanical problem through a simplified scheme involving a reasonably low number of

parameters.
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e The proposed moisture-dependent model allows assessing the effects of the age of a structure on its
mechanical response under accidental conditions. By performing multiple analyses where accidental
heating is assumed to occur at different times, the model can be used to perform design and predictive
studies that account for the evolution of the thermo-mechanical performance of a structure with time. The
model can also be used to perform forensic analyses. In this case, the moisture field at the beginning of
heating can either be assessed numerically, as a function the age of the structure, or defined by the user if
data on the moisture distribution are available.

e A limitation of this study is that it assumes the hygral boundary conditions of each material point to be
comparable to those of the specimens studied in the experiments. Since the experiments considered in this
work are performed on unsealed specimens, the model calibrated here might overestimate the contractive
strain components due to concrete drying on heating. This means that the presented approach leads to a
limit-solution based on the assumption of unobstructed water evacuation on heating. More experimental
and numerical work needs to be done to investigate the effects of the hygral boundary conditions on the
high temperature behaviour of the material.

e At the same time, the limitation discussed above represents a strength of the model. This is because the
actual permeability and hygral boundary conditions of complex structures are often uncertain and fall
between the two extreme conditions of obstructed and unobstructed water movement. This model can be
adopted to assess these two limit-conditions by activating and deactivating the strain components related
to the moisture movement on heating. Therefore, it represents a valuable tool for assessing the spectrum
within which real material conditions fall.

e If new experiments became available, the approach could be adopted to model the behaviour of other
concrete mixes.

e LITS plays a key role in the structural behaviour of bulk concrete structures subjected to accidental
transient heating-cooling. In the case of nuclear PCPV, the loss in pretension caused by accidental
heating-cooling cycles can be significantly underestimated if the moisture-dependent strain components
are not explicitly modelled. Moreover, the assessment of the actual hygral field prior to heating is crucial

to obtain realistic solutions.
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