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Abstract

This paper proves that, given a Load-Induced Thermal Strain (LITS) curve able to accurately describe the
uniaxial LITS development for a specific type of concrete and temperatures up to 500°C, a more accurate
prediction of the 3D LITS state is obtained through a confinement-dependent 3D implementation than
through the classic confinement-independent approach. In particular, a new model is presented, obtained by
extending to 3D a fourth order polynomial LITS derivative function in a way that allows the effects of the
stress confinement to be taken into account. For comparison purposes, the same fourth. order polynomial
LITS derivative function is also implemented in 3D through the classic confinement-independent modelling
approach. These constitutive relationships are adopted to model transient experiments performed on concrete
subjected to constant uniaxial and biaxial compressive loads. The results show that the confinement-
dependent modelling approach gives a better prediction of the LITS state developing in the case of biaxial
compression than the classic confinement-independent approach. Finally, the validated confinement-
dependent model is applied to evaluate the LITS-related stress, redistribution taking place in a typical
Prestressed Concrete Pressure Vessel (PCPV) subjected to“heating.to 500°C and cooling back to the normal
operating temperature of 50°C. It is found that including the effects of three dimensional LITS behaviour has

significant effects on the predicted stress states.
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1 Introduction

When heated in the absence of mechanical load, concrete exhibits an isotropic expansion usually referred to
as Free Thermal Strain (FTS). However, experimental evidence shows that if concrete is subjected to a
compressive load-while heated, a different thermal strain is measured. The difference between the thermal
strain measured in the case of mechanically loaded concrete and the FTS is commonly termed Load
Induced Thermal Strain (LITS). Many authors have demonstrated that LITS develops in the direction of the

compressive load and is mainly irrecoverable on cooling or unloading [1-8].

Since the magnitude of LITS is of the same order as FTS, developing and implementing robust numerical

concrete constitutive laws that include LITS is crucial for reliable modelling of the behaviour of concrete



subjected to heating-cooling cycles. In this regard, it has been demonstrated that LITS plays a key role,
particularly in the case of structural elements whose thermal deformation is partially or totally constrained,

where significant tensile stresses and associated cracking effects may result from LITS during cooling [9].

Over the last four decades, many authors experimentally studied LITS developing in uniaxially loaded
concrete. Such loading conditions are relevant for one-dimensional members, as are common in concrete
frame structures. Based on uniaxial transient tests, many models have been proposed where LITS is
considered as a quasi-instantaneous strain component and is expressed as a nonlinear.function of stress and

temperature history.

Commonly, 3D LITS models are based on the assumption of the superimposition principle [10-15]; in
other words it is assumed that the LITS state that develops in the case of multiaxial confinement equals the
sum of the LITS states corresponding to each compressive: stress ‘eomponent applied individually.
However, the few multiaxial tests that are available in the ‘literature show that the situation is more
complex and LITS depends on the confinement of the stress state [8,16]. For this reason, a novel approach
for modelling LITS as a stress-confinement strain component has been presented by the authors in [17].
The model was validated for temperatures up to 250°C, temperatures representative of nuclear Prestressed
Concrete Pressure Vessels (PCPVs) subjected to partial fault of their water cooling system. The validation
studies were performed using experimental data from Petkovski and Crouch [8]. This work showed that
accounting for the effects of stress.Confinement was important for accurately calculating stress-states in
bulk concrete structures such as,PCPVs used in nuclear power stations. In the present paper, the 3D
extension method proposed by the authors in [17] is adopted for formulating a LITS model able to capture
the behaviour of multiaxially, confined concrete subjected to transient temperatures up to 500°C,
temperatures representative of nuclear PCPVs subjected to complete fault of their water cooling system.

The approach is‘validated and discussed in the light of the experimental studies by Kordina et al. [16].

2  Confinement-dependent LITS model for temperatures up to 500 °C

2.1 Confinement-dependent 3D implementation method

A number of 3D LITS models have been formulated by assuming that LITS develops isotopically.

Accordingly, such models are based on a formal analogy with the 3D Hooke’s law [10-15]:



aies B _ N
Ezgjl'ts = P (—Vies i 6 + (1 + Ulits)Uij)T (2-1)

Where a S(T) is the LITS function, i.e. a generic function of temperature aimed at fitting the uniaxial

temperature-LITS curve, oy the compressive strength of the material, oj is the (i,j)-th component of the
negative projection of the stress tensor and v;;;s a material parameter analogous to the elastic Poisson’s
modulus v. It is worth noting that the approach reported in Eg. (2-1) is based on the superposition principle
and treats LITS as a confinement-independent phenomenon. In other words, according t0'this formulation
the LITS in a multiaxially loaded specimen is obtained as the sum of the LITS states produced by each

mechanical load component independently.

This assumption is in contrast with the results of the only two sets of experiments involving transient
thermal conditions applied under multiaxial compression known by the authors [8,16]. An analysis of these
results shows that the experimentally measured LITS state under. multiaxial conditions exceeds that
predicted by merely superimposing uniaxial LITS states [19].~This-has been explained by postulating the
confinement-dependency of the two main driving mechanism of LITS, namely micro cracking and micro
diffusion [17].

For this reason, the approach of taking the stress confinement into account presented by the authors in [17]
has been adopted in this work. The .method consists of including the dependency of LITS on the

confinement of stress state in (2-1) by introducing a confinement coefficient 7:

i B(T) _ .
El!]l'ts & U_auo (—Vies om0y + (1 + Ulits)Uij)T (2-2)

Where o;; is the i-th j-th component of the negative projection &~ of the stress tensor . The confinement
coefficient n is automatically evaluated at each time step as a function of the negative projections of

principal stresSes o ; o, and a5 and of a user-defined triaxiality scaling factor y:
n=1+(Cn— Dy (2-3)

log +o0; + o3|
Cm = (2-4)
V@) + (07)% + (03)2

Where C,,, is referred to as triaxiality index.




2.2 Uniaxial LITS function for temperatures up to 500°C

The confinement-dependent method presented in Eg. (2-2), (2-3) and (2-4) was previously employed by the
authors to implement a 3D LITS function that varied bi-linearly with temperature aimed at capturing the
development of LITS for temperatures up to 250°C [17]. The bilinear LITS curve was obtained by defining
a constant LITS derivative function B(T) = B and by ensuring that LITS did not develop for temperatures
lower than a user-defined critical temperature, Tcg;r. In this model, the critical temperature Tcg;r represents
the experimentally observed temperature threshold of 100°C above which LITS< starts developing
significantly [8]. Such a bilinear curve was conceived as a simple and effective_ alternative to the more
complex LITS functions available in the literature, valid for applications involving,temperatures up to 250°C
[20-22]. One notable application case is the assessment of nuclear power plants in the case of partial fault of
the cooling system [17]. However, this bilinear LITS model fails ,to'capture the markedly nonlinear
development of LITS for higher temperatures. As a consequence,.for-applications involving temperatures

higher than 250°C, more complex uniaxial LITS curves need to be adopted.

Many uniaxial models have been proposed in the past, where LTS is formulated as a polynomial function of
temperature by curve-fitting the uniaxial tests for temperatures up to 600°C [20,22]. In this work, the uniaxial
LITS curve has been defined as a fifth-order polynomial of the temperature. The order of the polynomial was
chosen by gradually increasing the degree of the polynomial adopted to curve fit the experimental LITS data
reported in Figure 1 until a good fit was obtained. This approach has previously been adopted by Terro, who
demonstrated the suitability of fifth-order, polinomials to match experimental LITS curves obtained for
various concrete mixes [22]. Accordingly, the confinement-dependent 3D extension method described in the
section 2.1 has been appliedto a fourth-order LITS derivative function g (T):
B(T) = by + byT + b,T? + bsT3 + b,T* (2-5)



Where the polynomial coefficients by, by, b,, b; and b, have to be chosen so that S(T) fits the uniaxial
LITS curve in the loaded direction. Table 1 presents different sets of coefficients for various types of
concrete, which were obtained by fitting data, presented by a range of authors via polynomial regression. The
corresponding LITS curves were plotted in Figure 1. These curves can be adopted in the case of a predictive
calculation, where it is not possible to test the considered concrete mix. For concrete mixes whose properties
are unknown, a range of calculations, based on the different curves presented in Figure 1 or their envelopes
could be performed, in order to analyse a potential range of material behaviours. It should be noted that the
sets of coefficients reported in Table 1 for various concrete mixes can be reasonably eonsidered independent
of the stress level. This is because experimental evidence shows that LITS can be modelled as directly
proportional to stress for moderate load levels [18,23].
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Table 1 Different sets of polynomial coefficients to be adopted for various types of concrete. Coefficients
calibrated by curve fitting the experimental data obtained by a range of authors: (a) Kordina et al. [16], (b)
Mindeguia et. al. [7], (c) Khoury et al. [18], (d) Brite Euram 111 [11], (e) Anderberg et al. [23]

Polynomial | (a) (b) (© (d) (e)
coefficients | Kordinaetal. | Mindeguia et | Khoury etal. | Brite Euram | Anderberg et
[16] al. [7] [18] 11 [11] al. [23]

by [°C™] 2.70E-05 5.42E-05 5.19E-06 -2.14E-05 -7.30E-06
b, [°CT] -1.02E-06 -1.51E-06 -8.26E-07 -7.79E-08 -8.14E-07
b, [°C7] 6.12E-09 8.73E-09 5.45E-09 -1.15E-10 6.40E-09

bs [°C] -1.26E-11 -1.85E-11 -1.31E-11 4.69E-12 -1.57E-11
b, [°CY] 6.92E-15 1.09E-14 9.11E-15 -1.08E-14 1:06E-14

3  Constitutive relationship including LITS

A thermoelastic constitutive relationship including LITS has.been implemented in the finite element solver
Code_Aster [24], through the code generator MFront [25].

3.1 Implementation of the LITS model

The LITS model has been obtained by combining the confinement-dependent 3D implementation approach
described by Eq. (2-2), (2-3) and (2<4) withthe polynomial LITS function B(T) defined in Eq. (2-5). This
model has been developed so that.LITS results only on first heating under compressive load, in accordance to
experimental evidence [1-8]. This has been achieved by storing the maximum temperature ever reached by
the material in an internal variable Ty, 4x and imposing the increment in LITS tensor 4&;;.s over a generic

time step to be null for temperatures lower than Ty, 4x:

forT < Tyax

- (3-1)
] (1 + Ve G = Viestr (GadT) AT for T = Tyay

- B(T)
Ouo

Where &, is the mean value of the negative projection of the stress tensor over the considered time step.
Such value is 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 a;;,.



Similarly, the triaxiality index C,,defined in Eq. (2-4) was implemented as a function of the mean values

01 m» O2m and o3, of the principal stresses over the time step:

|01,m +0ym T+ U3,m|

Cp =
J05) + (050)" + (05)°

(3-2)

3.2 General strain decomposition

The implemented 3D LITS model has been included in a thermo-elastic constitutive relationship. This
resulted in the following general strain decomposition:

Ao = AEgiq + AEfts + A& (3-3)

Where A&y, A&eiq, Aéfes and AEj,, are the increment in total (strain, €lastic strain, FTS and LITS

respectively:

- 1+v _ v =
A‘c—_‘ela = TA5 - EtT(A&)I (3'4)
A&prg="0ATT (3-5)

Where [ is the identity matrix, AG is‘the stress tensor increment, E is the Young’s modulus, v the Poisson’s

ratio and « is the coefficient of thermal expansion.

3.3  Numerical methods

The mechanical material ‘'model defined in Sections 3.1 and 3.2 has been adopted for static nonlinear
mechanical analyses,via-the finite element software Code_Aster [24] through a Newton-Raphson iterative
method with tangent matrix prediction [26,27]. The material behaviour law has been implemented by the
code generatorsMFront [25]. Locally, the constitutive law is integrated by means of an implicit procedure
based on a Newton-Raphson method and a jacobian matrix obtained through a second order finite difference
[25]. The model implemented here could be easily included in more comprehensive concrete material models
that include damage, plasticity and creep as required. This is because the implicit scheme used for the local
integration of the material behaviour law allows additional strain components to be directly added to the

general strain decomposition described in equation (3-3).
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4  Verification studies

The LITS model described in Sections 2 and 3 has been calibrated and verified by modelling transient tests
performed by Kordina et al. [16] on concrete specimens subjected to uniaxial and biaxial stress states. The
objective of these studies was to compare the strain predictions obtained by the traditional method of
calculating LITS based on superposition, and the herein implemented confinement-dependent method for

temperatures up to 500°C.

4.1 Reference experiments

The reference tests consisted of rectangular parallelepiped-shaped concrete speeimensisubjected to thermal
transients under constant uniaxial or biaxial loading conditions [16]. The“mechanical loads were applied
through four hydraulic cylinders, each with a maximum force of 1000.kN, placed at the inner surface of a
high stiffness loading frame. The thermal load was applied by an ‘electrical furnace, while keeping the

mechanical load constant.

The sizes of the specimens and loading platens were chosen so.as to obtain stress states as close to an ideal
biaxial condition as possible. In particular, concrete'specimens having a thickness of 50 mm were sawn out
of concrete cubes having an edge length of 200@mm. \This resulted in 200x200x50mm parallelepiped-shaped
concrete specimens that were loaded “in-plane”, that is, in the directions of their long edges. Moreover, the
restraining friction between loading.platens and specimen surfaces was minimized by applying the
compressive forces by means of loading-brushes constructed as proposed in [28]. A relatively slow heating
rate of 2°C/min was chosen t0 guarantee a reasonably homogeneous temperature field throughout the
specimen during the thermal transient. This choice was made to prevent the appearance of substantial
thermal gradients through the specimens, owing to structural effects [29]. In this regard, other authors have
found that, provided that the heating rate is lower than 5°C/min, it has little or no influence on the
development of LITS[18,23,29,30]. On the other hand, heating rates higher than 5°C/min have been found
to cause premature-collapses and explosions [29].

Temperatures, forces and strains were recorded continuously during the tests. The temperatures were
measured by thermocouples applied to the surfaces of the specimen. The forces in the specimens were
measured through four load cells located between the cylinders and the specimens, while the deformations
occurring on heating were monitored directly by a high-temperature measuring device composed of

inductive displacement transducers and deformation transmitters arranged along the three axes. The LITS
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curve corresponding to a specific load level was obtained indirectly as the difference between the total
thermal strain curve measured for a loaded specimen and the free thermal strain measured for an identical
unloaded control specimen subjected to the same thermal load. According to this definition, LITS implicitly
includes the increment in elastic strain undergone by loaded concrete subjected to transient thermals.

4.2  Finite element models

The specimens were meshed using 64 hexahedral finite elements with 8 nodes, with 4 €lements along the
three directions (Figure 2). This resulted in a relatively refined mesh along the thickness of the specimens,
allowing the thermal gradients developing in this direction during the thermal transient to be accurately
captured. Kinematic boundary conditions were applied so that the specimens were-able to deform along the
three axis without rigid body motions. The three faces lying on the planesx =0 mm,y=0mmandz =0
mm were prevented from translation in their normal directions, while‘all-the other nodes of the models were
not constrained. A uniformly distributed pressure ¢ was applied to the faces lying on the planes X = 200 mm
and z = 200 mm for modelling equal biaxial compressive stress, states, while only the face at z = 200 mm

was mechanically loaded for modelling uniaxial compressive conditions.

a) b)

g b

0.2m

0.05m 0.05m
Figure 2 Mesh, boundary and loading conditions defined for modelling the transient tests reported in [16]: (a)

Uniaxial compression (b) Equal biaxial compression.

Prior to performing mechanical analyses, a nonlinear thermal analysis was conducted to evaluate the
evolution of the temperature field throughout the specimen during the thermal transient. The thermal
conductivity A and volumetric specific heat c, were defined as temperature-dependent parameters, according
to the recommendations provided by the Eurocode 2 [31]. The thermal conductivity curve A(T) was defined

as the average of the upper and lower limit functions provided by the recommendation. The water
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evaporation process was implicitly taken into account by taking the specific heat capacity as a function of
temperature c, (T'), as proposed by Eurocode 2 for an initial moisture content of 3% by weight. The thermal
load was modelled by imposing a constant rise in temperature to all the nodes lying on the external surfaces
of the specimen under constant mechanical loads. A heating rate of 2°C/min was adopted, equal to the

experimental one [16].

The thermal expansion coefficient a(T") was defined as the derivative of a 6 order polynomial interpolation
of the experimental FTS curve with respect of the temperature. The polynomial ceefficients of the LITS
derivative function S(T) and the LITS Poisson’s ratio were calibrated only on_the basis of uniaxial LITS
curves. Specifically the coefficients of S(T) were calibrated so as to match.the uniaxial LITS curve, in the
direction of the load, for a load level o/a,,, of 40%. It should be noted that, since the experimental LITS
curves obtained for different load levels present small differences in.shape, a slightly different calibration
would have been obtained if (T) had been defined to exactly match the LITS curve shape corresponding to
a load level o /a,,, of 20%. A LITS Poisson’s ratio of 0.48 was chosen based on the experimentally observed
ratio between transversal and axial deformation for uniaxial eompressive stresses. In this study, a constant
Young’s modulus of 47000 MPa was adopted. The heating-induced increment in elastic strain component,
usually modelled by defining a temperature-dependent Young’s modulus, is here implicitly included in the
LITS model. This is because the LITS model is calibrated against LITS curves including such a temperature-
driven increment in elastic strain, as discussed in section 4.1. Accordingly, if a temperature-dependent
Young’s modulus was defined, the,variation of elastic properties with temperature would be taken into

account twice.

A traditional and a confinement-dependent version of the LITS model were adopted here. In practice, the
results corresponding to the-traditional method were obtained by employing the implemented confinement-
dependent formulation.described in the previous sections and setting a triaxiality scaling factor y=0. This is
because for y=0,theconfinement coefficient n defined in (2-3) equals 1, for any loading condition, therefore
reducing the confinement-dependent implementation method described by eq. (2-2) to the traditional
method described by eq. (2-1). By contrast, the confinement-dependent version of the LITS model was
obtained by setting a triaxiality scaling factor y of 2.8, identified as the value matching the experimentally
obtained LITS loaded direction for biaxial compression and a load level /gy, of 40%. The employed

material parameters are summarized in Table 2.
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Table 2 Material parameters adopted in the simulations with LITS implemented in 3D via (a) Traditional and
(b) Confinement-dependent methods.

Material (a) Traditional (b) Confinement-
parameter | method dependent method
E 47000 MPa 47000 MPa

v 0.25 0.25

b, 2.93x10” °C* 2.93x10” °C™
b, -1.10x10° °C™ -1.10x10° °C™
b, 6.65x107 °C™! 6.65x10” °C™
bs -1.37x10™°Cct | -1.37x10™ °C}!
b, 7.51x10" °C™ 7.51x10™ 5C™
w0 57 MPa 57 MPa.

Viits 0.48 048

y 0 2.68

4.3 Results and discussion

Figure 3 and Figure 4 show a comparison between experimental uniaxial LITS curves, and numerical results
obtained via traditional method and confinement-dependent method respectively. As expected, the same
predictions were obtained in the case of traditional and confinement-dependent method, for uniaxial stress
states. This is because, for this¢qarticular loading condition (o; # 0, ¢, = 03 = 0), the triaxiality index C,,
defined in eq. (2-4) equals 1,,and the confinement coefficient n defined in (2-3) equals 1 for any value of the

triaxiality scaling factory.
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Figure 3 Comparison between experimental uniaxial LITS curves [16] and'numerical results obtained with
the traditional 3D implementation method. Curves obtained in the loaded and unloaded directions, for
uniaxial compression and load levels o /g, 0f20% and 40%.
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Figure 4 Comparison between experimental uniaxial LITS curves [16] and numerical results obtained with
the proposed confinement-dependent 3D implementation method. Curves obtained in the loaded and
unloaded directions, for uniaxial compression and load levels o/, of 20% and 40%.

By contrast, significantly different LITS were predicted by the two implementation methods when modelling
tests performed under biaxial compressive condition (Figure 5 and Figure 6). Figure 5 shows that, if the
traditional 3D implementation method is employed, the absolute value of the LITS curves is significantly
underestimated for all the analysed cases. This tendency was observed both in the loaded and unloaded

directions, for the considered load levels o /a,,, of 20% and 40%.
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The general trend of the experimental LITS curves was better captured when the confinement-dependent
model was adopted, as shown by Figure 6. In this case, a particularly accurate assessment of the LITS
developing in the loaded direction was obtained for both the considered load levels of 20% and 40%. A
significant improvement in the LITS prediction with respect to the traditional method was also obtained in
the unloaded direction, for a load level of 20%. For a load level of 40%, the LITS development obtained in
the unloaded direction was more accurate the than the one obtained with the traditional method for
temperatures up to 400 °C. However, an overestimation of the experimental results in the.inloaded direction
was obtained above this temperature. This is mainly due to differences in shape of .the experimental LITS
curves in the loaded and unloaded direction, which is not captured by eithertthe traditional or the
confinement-dependent model. Specifically, the LITS in the unloaded directionuincreases less markedly than
the one measured in the loaded direction for temperatures above 400-4509C. A possible explanation for this
is that due to the simultaneous presence of two compressive principal stresses, the micro cracking
mechanism driving the development of LITS in the unloaded direction starts taking place for lower
temperatures than in the case of uniaxial compression. This might result in a relatively early development of
LITS in the unloaded direction and, consequently, in a mare steady increase of transversal LITS with
temperature in the case of biaxial compression. Nevertheless; due to the scarcity of data, caution must be
applied in the interpretation of these results and more experimental work is needed to fully understand these
mechanisms. Overall, the LITS prediction obtained by the confinement-dependent 3D implementation
method was significantly more accurate than the one obtained by the traditional method.
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Figure 5 Comparison between experimental biaxial LITS curves [16] and numerical results obtained with the
traditional 3D implementation method. Curves obtained in the loaded and unloaded directions, for biaxial
compression and load levels ¢ /a4 0f 20% and 40%.
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Figure 6 Comparison between experimental biaxial LITS curves [16] and numerical results obtained with the
proposed confinement-dependent 3D implementation method. Curves obtained'in the loaded and unloaded
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directions, for biaxial compression and load levels o /0,,,.0f 20% and 40%.

The results of biaxial tests simulations have been also plotted<in terms of total thermal strain, i.e. FTS plus
LITS, as a function of temperatures (Figure 7 and Figure 8). For-all of the reported load levels and strain
directions, LITS can be seen as the difference between the considered thermal strain curve and the FTS
curve, corresponding to the total thermal strain curve in absence of load. Figure 7 shows that, if the
traditional method is implemented, the total thermal'stain in the two loaded directions is overestimated, while
it is underestimated in the unloaded direction.“The comparison between Figure 6 and Figure 7 demonstrates

that the proposed method generally gives better results in terms of total thermal strain.
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Figure 7 Comparison between experimental biaxial FTS curves [16] and numerical results obtained with the
traditional 3D implementation method. Curves obtained in the loaded and unloaded directions, for load

levels o /a,,, of 20% and 40%.
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Figure 8 Comparison between experimental biaxial FTS curves [16] and numerical results obtained with the
proposed confinement-dependent 3D implementation method. Curves obtained in the loaded and unloaded
directions, for load levels a /g, of 20% and 40%.

5 Study of a PCPV subjected to heating-cooling cycle to 500°C

The 3D constitutive model presented in the previous sections has been applied to assess the behaviour of a
typical PCPV of a nuclear Advanced Gas-cooled Reactor (AGR) under severe accidental conditions. AGRs
are a type of nuclear reactors where graphite is used as the neutron moderator and carbon dioxide as gas
coolant. In these reactors, the gas coolant circulates through the core and is contained by a PCPV. Under
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normal operating conditions, the temperature of the gas coolant reaches 500- 600°C, while the temperature of
concrete is kept constant at about 50°C by a cooling pipes system located into the PCPV, close to its internal
surface. In the case of a complete fault in the cooling system, the temperature of concrete next to the internal
surface of the vessel could rise to the temperature of the gas coolant. In this study, a temporary complete fault
of the cooling pipes system was considered. The effect of the fault duration on the structural behaviour of a
typical PCPV is investigated by considering two reference fault durations of 2 and 14 days, referred to as
short term and long term fault respectively. During the faults, the temperature of the internal surface of the
PCPV was assumed to be 500°C.

5.1 FE model

A typical nuclear PCPV was considered, having 5-meters-thick walls and a pre-tensioning system composed
of vertical and hoop tendons — see Figure 9. The prestressing system was:modelled as composed of 8 layers
of tendons uniformly distributed through the thickness of the wall. As shown from Figure 9, the structural
behaviour of the lateral wall was studied by considering a representative portion located at mid height of the

wall itself. A similar approach was adopted in [17].

The representative portion was modelled as a parallelepiped having dimensions 0.5m x 0.5m x 4.5m,
therefore neglecting the effects of radius of the relatively small curvature of the wall itself — see Figure 9. The
concrete matrix was modelled by hexahedral elements, while the tendons were explicitly modelled by bar
elements whose nodes were defined-as perfectly bonded to the concrete matrix. An initial prestress level of
920 kN was applied to the tendons. The constraining effect of top cap and foundation were assumed to be
negligible at mid-height of the lateral’'wall [32]. Therefore, kinematic boundary conditions were defined so as
to allow the representative elements to expands along the three directions x, y, z. With reference to Figure 9,
the faces S;yr, Spar1 and Syvr Were prevented from translating along their normal directions, while all the
other nodes were allowed to rotate and translate along any direction. The temporary complete fault of the
cooling pipes system was modelled by applying a heating-cooling cycle to the inner surface of the vessel.
The temperature-histories applied to the internal surface in the cases of short and long term fault conditions

are shown in'Figure 11 and Figure 13 respectively.

First, two nonlinear thermal analysis were performed to assess the evolution of the temperature field through

the wall thickness, for the short and long term fault conditions. For the thermal analyses, the presence of steel

19



tendons was disregarded. Thermal conductivity and volumetric specific heat were defined according to the

Eurocode 2 [31], using the same approach described in section 4.2 for the validation studies.

Then, mechanical analyses were performed to assess the loss in prestress due to the applied heating-cooling
cycles. The steel of the tendons was modelled as an elastic material, having Young’s modulus E = 200000
MPa, Poisson’s ratio v = 0.3 and coefficient of thermal expansion « = 8 x 10°® °C™. In order to investigate
the effects of LITS and its confinement dependency on the behaviour of the PCPV underfault conditions,
three different material models were considered for the concrete:

e A thermoelastic constitutive law including the confinement-dependent LITS model presented in
sections 2 and 3. In this case the LITS triaxiality scaling factor y ==2:68 calibrated against
experiments was adopted - see the adopted material parameters in Table 2.

e A thermoelastic constitutive law including a traditional confinement-independent LITS model. As
for the validation studies, this material model was .obtained“by employing the confinement-
dependent implementation proposed here and setting a LITS*triaxiality scaling factor y = 0 - see the
adopted material parameters in Table 2.

e A thermoelastic constitutive law without LITS model. This material model was obtained by totally

deactivating the LITS component in the.material law presented in section 2 and 3.

Sivr

(_ T Cable 8
Cable 7

Cable 6

Cable 5

Cable 4

Cable 12
Cable 11
Cable 10

Cable 9

Rigure 9 Typical PCPV geometry and studied representative portion. Adapted from [17].

5.2 Results and discussion

Due to their massive structure, PCPVs are capable of absorbing heat efficiently in the case of a fault of the

cooling pipes system. Therefore, if the fault is temporary, only a first layer of the wall is significantly
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affected by the temperature rise at the internal surface of the vessel. Figure 10 and Figure 12 show the
evolution of the temperature field though the thickness of the wall for short and long term fault conditions
respectively. As expected, the temperature fields obtained demonstrate the duration of the fault significantly
influences the extent of heated portion of the PCPV lateral wall, which ranges from about 1 m in the case of a

short term fault to about 2 m in the case of a long term fault.

The results of the mechanical analyses are reported Figure 11 and Figure 13 in terms of‘evolution of the
tension in Cable 8, the closest cable to the inner surface of the vessel (Figure 9). As a reference, the evolution

of the temperature at the inner surface and at Cable 8 are also reported in these two charts.

Figure 11 shows the results of short term fault analyses. It can be observed that, if;the no LITS model is used,
an increase in tension in cable number 8 is predicted during the heating phase, due to the difference in FTS of
the two materials. On cooling, the increase in tension is completely” recovered, due to the perfect-
recoverability of the thermal expansions. If LITS is included, ‘a significant stress relaxation is obtained on
heating, which is not recovered on cooling. This phenomenon is determined by the development of an
irrecoverable LITS contraction in the concrete, which leads'tora contraction of the tendons and, consequently,
to a loss in pretension. Figure 11 also shows that a\substantially bigger drop in tension is predicted by the
confinement-dependent method (y=2.68) than the-traditional method (y=0). This is because the presence of
radial and hoop prestressing tendons causes a biaxial compressive stress state, therefore making the stress
confinement effect play a key role in"the.mechanical behaviour of the material. The loss in pretension at the
end of the heating-cooling cycle. is 56% and 36% of the initial tension, for the confinement-dependent
(y=2.68) and traditional (y=0) methods respectively. In other words, about 36% of the loss in prestress
predicted by considering’the confinement dependency of LITS is missed if the traditional method is adopted.

The results of long term fault analyses are reported in a similar form in Figure 13. As expected, bigger drops
in tension are obtained than in the case of short term fault, if LITS is taken into account. This is mainly
because higherstemperatures are reached in the proximities of Cable 8 and a bigger portion of the wall is
affected by the thermal transient, therefore making the constraining effect of the unheated portion of the wall
less effective.

The development of LITS during the heating phase leads to a contraction of concrete, which in turn produces
a loss of tension in Cable 8. A further drop in tension is obtained during the heating phase due to the

recovery of the thermal strains of both concrete and steel. The sharp drop in tension observed for all the
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considered constitutive laws at the beginning of the cooling phase is driven by the relatively quick cooling of
the material at Cable 8. In this case, the overall losses in tension obtained with confinement-dependent and
traditional methods are 89% and 65% of the initial tensions respectively. Therefore, for long term fault
conditions, about 28% of the tension loss assessed by considering the confinement effect is missed when the

traditional method is employed.

It is worth noting that, in the case of a long term fault, the adoption of the traditional /method leads to a
slightly smaller underestimation of the tension loss than in the case short term fault. This is because, for this
particular type of application, LITS development and the compressive stress level are.coupled. At a material
level, at the beginning of the heating phase, the ratio between the LITS developments per unit increase in
temperature obtained by the confinement-dependent method and by traditional, method correspond to the
confinement coefficient . However, as the temperature increases, this ratio decreases, since in the
confinement-dependent LITS model, the material is subjected to fower stress than in the case of the
confinement-independent one. Therefore, the LITS development with temperature obtained by these two
different models cannot be considered proportional. Since higher temperatures are reached in the case of long
term fault conditions, a slightly smaller underestimation of LITS is obtained if the traditional method is used.

The results of these studies show that the development of LITS in the concrete of a PCPV subjected to an
accidental heating-cooling cycle leads ta'a significant stress redistribution along the thickness of the vessel
wall. It is also shown that if LITS is‘not.modelled as confinement-dependent, non-conservative estimates of
the stress and strain states are<ebtained. Specifically, it was found that in the case of long term fault
conditions, the developmentOf LITS Could lead to losses in pretension of 80-90% in the closest cables to the
inner surface of the vessel.,However, these findings must be interpreted with caution for two main reasons.
First, the predicted loss inpretension of 80-90% is a local phenomenon, which affects only a relatively thin
layer of wall. This might/significantly affect the behaviour of the liner-concrete interface at the inner surface
of the wall but.not jeopardize the global structural performances of the reactor. Second, these results have
been obtained by implementing the presented LITS model in a basic thermoelastic material behaviour law.
This means that damage, plasticity and creep effects are not taken into account here. Even though the initial
stress state of the vessel justifies the adoption of an elastic material behaviour law, a more precise prediction
of the stress redistribution taking place on heating would be predicted by implementing the presented LITS
model in a more comprehensive material behaviour law. This is because the thermal gradients through the

thickness of the wall that develop on heating determine the appearance of significant compressive and tensile
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stresses. In particular, the first layer of material is heated first and tends to expand, causing significant tensile
stresses in the colder inner material, which tends to expand less. Such tensile stresses could lead to local
cracking effects which are not accounted for here, therefore affecting the predicted loss in prestress in the
tendons.
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Figure 10 Evolution of the temperature field though'the thickness of the PCPV lateral wall. Short term fault
condition (2 days). x(Sexr) = 0m, x(Sint) = 5m.
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Figure 11 Loss in tension in Cable 8 obtained without LITS,in the constitutive model, with LITS
implemented by traditional method (y=0) and confinement-dependent method (y=2.68); evolution of the
temperature at the inner surface of the vessel and.at Cable 8. Short term fault condition (2 days).
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Figure 12 Evolution of the temperature field though the thickness of the PCPV lateral wall. Long term fault
condition (14 days). x(Sext)= 0m, X(Sint) = 5m.

24



No LITS model

= + = Polynomial LITS model, y=0
-------- Polynomial LITS model, y=2.63
----- Temperature (internal face)

= = = Temperature (Cable 8)
1600 1600
1400 1400
1200 1200 _
= o
< 1000 3 1000 E
S 800 4 M — 1Tt < 800 £
172) 4 L b5y
£ 0 TR T @ g
»>1 T s o =
400 ? FAULT conpimioN | 1 | [, === 400
) b = = ) L I s 2 e
200 11 : ~JJd 1Ll o Rk BT Cr 200
0 Kl || ] ]| [eraatamdsandoees S ] 0
0246 810121416182022242628303234363840

time [days]
Figure 13 Loss in tension in Cable 8 obtained without LITS in.the constitutive model, with LITS
implemented by traditional method (y=0) and confinement-dependent method (y=2.68); evolution of the

temperature at the inner surface of the vessel and at'Cable 8. Long term fault condition (2 days).

6 Conclusions

This paper presents a confinement-dependent 3D LITS model for concrete, to be used for temperatures up to
500°C. The LITS model is obtainedby combining a fourth order polynomial LITS derivative function with a
confinement-dependent 3D implementation method previously formulated and validated for temperatures up
to 250°C by the authors [17].

The obtained LITS/constitutive relationship is here calibrated and validated against transient tests performed
under uni- and” bi-axial-Compression for temperatures up to 500°C. The validated method is next used to

assess the structural-behaviour of a PCPV subjected to 2 and 14-day long accidental fault conditions.

The following conclusions can be drawn:
e |f a LITS derivative function that accurately assesses LITS development for uniaxial conditions is
extended to 3D with the traditional confinement-independent approach, erroneous results are
obtained. In particular, the LITS that develops in both the loaded and unloaded directions in the case

of multiaxial compressive stress states is significantly underestimated. This was previously
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demonstrated by the authors with a bilinear LITS derivative curve for temperatures up to 250°C [17]
and is here illustrated with a polynomial LITS derivative curve for temperatures up to 500°C.

If the same uniaxial LITS derivative function is extended to 3D via the confinement-dependent
implementation approach adopted here, a better prediction of the experimentally observed LITS
curves is obtained for temperatures up to 500°C. Consequently, a better assessment of the total
thermal strain, seen as the sum of FTS and LITS, is provided.

In the case of numerical modelling of PCPVs subjected to severe accidental fault,conditions, the
inclusion of a LITS model in the constitutive relationship is key to capturing the actual stress
redistribution taking place in concrete and prestressing tendons. If LITS is net included, significant
losses in the tendons pretension, corresponding to losses in concrete preecompression, are missed.
Moreover, these losses are significantly underestimated if LITS is implemented in 3D via the
traditional confinement-independent method.

The mechanical behaviour of PCPV subjected to severe accidental conditions strongly depends on
the duration of the fault.

The presented LITS constitutive relationship can readily be included in existing concrete material

models that include damage, plasticity and creep.
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