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Abstract. The prediction of the long-term behavior of prestressed concrete struc-
tures is important in order to assess and/or extend the service life of such struc-
tures. Here, a modelling of the delayed strains (creep and shrinkage of concrete
and relaxation of steel), based on the relations of the next Eurocode 2 (EC2), is
used to predict the behavior of the internal vessel of the VERCORS mock-up of
a French NPP. This modelling considers the influence of the temperature and of
the relative humidity (varying under service conditions). The predicted delayed
strains are compared with the measurements and different hypotheses are tested
to improve the prediction of the delayed strains.

Keywords: Concrete · Creep · Shrinkage · Nuclear power plant

1 Introduction

The prediction of the long-term behavior of prestressed concrete structures is impor-
tant in order to assess and/or extend the service life of such structures. In the case of
nuclear power plants (NPPs) where the internal vessel is a biaxially prestressed struc-
ture, the prediction of the delayed deformations is also a safety concern. Indeed, in these
structures, the prestressing is there to avoid tensile stresses and cracking in case of a
severe accident where internal pressure and high temperature could be generated. The
prediction of the evolution of delayed strains due to creep and shrinkage of concrete and
of relaxation of steel is in this case very important. Here, a modelling of the delayed
strains (creep and shrinkage of concrete and relaxation of steel), based on the relations
of the next Eurocode 2 (EC2), is used to predict the behavior of the internal vessel of
the VERCORS mock-up of a French NPP. This modelling considers the influence of
the temperature and of the relative humidity (varying under service conditions). The
predicted delayed strains are compared with the measurements and different hypotheses
are tested to improve the prediction of the delayed strains.
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2 Modelling of Delayed Strains

As proposed in the future version of the Eurocode 2 (EC2) [1], the delayed strains of
concrete are split into four components that are adjusted to experimental results available
for the VERCORS containment [2]: basic shrinkage, drying shrinkage, basic creep and
drying creep. The relaxation of the prestressing is also considered. An elevated temper-
ature during service conditions (around 35 °C) is observed in NPPs. This temperature
affects the delayed strains. The effect of temperature is not considered in EC2. For basic
creep, a thermo-activation is considered and the magnitude of drying creep is affected
by the temperature as proposed in the fib MC2010 [3]. For steel relaxation, the relation
proposed by the fib MC2010 is used.

2.1 EC2 Equations for Creep and Shrinkage

The delayed strains of concrete εc are decomposed in the future EC2 into basic shrinkage
εbs, drying shrinkage εds, basic creep εbc and drying creep εdc:

εc = εbs + εds + εbc + εdc (1)

Shrinkage. Basic shrinkage εbs and drying shrinkage εds are given as a function of
mean compressive strength fcm and drying time t − ts by the following equation:

εbs = ξcbs1αbs

(
0, 1fcm

6 + 0, 1fcm

)(
1 − e−0,2ξcbs2

√
t
)

(2)

εds = ξcds1

[
(220 + 110αds1)e

−αds2fcm
]
βRH

[
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0, 035ξcds2h2 + (t − ts)

]0,5
(3)

where αbs, αds1 and αds2 are parameters that depend on the type of cement, h is the
notional size, ts is the age of the concrete at the start of drying; ξcbs1, ξcds1, ξcbs2 and
ξcds2 are parameters to adjust the predictions to the experimental results (the default
values are equal to 1). βRH is a function of the relative humidity RH.

Creep. The basic creep function reads:

ϕbc(t, t0) = ξbc1
1

C
ln

(
1 + (t − t0)

τξbc2

)
(4)

where τ is a characteristic time depending on the age at loading of the concrete; ξbc1
and ξbc2 are parameters that may be adjusted to the experimental results. C is the creep
modulus and is a function of fcm.

The drying creep function is:

ϕdc(t, t0) = ξdc1βdc(fcm,RH , t0)βdc,t−t0 (5)

with

βdc,t−t0 =
[

t − t0
ξdc2βh + t − t0

]γ (t0)

(6)
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Again, ξdc1 and ξdc2 are parameters that may be adjusted according to the
experimental results (the default values are equal to 1).

2.2 Influence of Temperature on Creep and Shrinkage

Shrinkage. Shrinkage is certainly affected by temperature. MC2010 proposes relations
to consider the effect of temperature on shrinkage. But these relations are given for a
constant temperature which is far from the real temperature history in the VERCORS
mock-up (see Fig. 5). It is of course possible to evaluate an equivalent time considering
the thermo-activation of hydration for the basic shrinkage and of drying for drying
shrinkage. But, here, for a sake of simplicity, we neglect the effect of temperature on
shrinkage.

Creep. For drying creep, the relations proposed byMC2010 are used (for the amplitude
and the kinetics) (see [3] and [4]). For basic creep, we consider 3 cases:

– No thermo-activation of basic creep
– The creep modulus C (see Eq. 4) is affected by thermo-activation (as proposed in [5,
6 and 7]

– The characteristic time τ (see Eq. 4) is affected by thermo-activation as proposed by
Frech-Baronet on the basis on micro-indentation creep tests [8]

2.3 Comparison with Laboratory Tests

Creep and shrinkage tests were performed on the concrete of the VERCORS mock-up
[9]. Using the possibility to adjust the relations of EC2 to these tests, Figs. 1 and 2 show
that it is possible to obtain a very good agreement with the experiments. Table 1 gives
the fitted values of the parameters used in Eqs. 2 to 6.

Table 1. Fitting parameters of MC2010 shrinkage and creep models

Basic shrinkage Drying shrinkage Basic creep Drying creep

ξcbs1 ξcbs2 ξcds1 ξcds2 ξbc1 ξbc2 ξcds1 ξcds2

1.5 0.3 1.0 1.4 2.0 1.4 1.2 0.4
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Fig. 1. Comparison between experimental results and modeling of drying shrinkage
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Fig. 2. Comparison between experimental results and modeling of total creep (basic + drying)

2.4 Relaxation

The relaxation kinetics of prestressing in prestressing tendons is expressed by the time
evolution of relaxation loss ρ(t) = (σ0 − σ(t))/σ0, where σ0 and σ(t) are the stress at
the time of prestressing and at time t, respectively. If the relaxation loss after 100 h and
after 1000 h is denoted as ρ100 and ρ1000 respectively, the time evolution of relaxation
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loss is given by:

ρ(t) = ρ1000

(
t

1000

)k

(7)

where k = log(ρ1000/ρ100). Supposing that elastic modulus of prestressing tendons is
constant, the stress evolution under a constant strain ε_0 reads as:

σ(t) = Esε0(1 − ρ(t)) (8)

The Eq. 7 is applicable to predict the relaxation under the same constant temperature.
For temperature other than 20 °C, the relaxation loss is obtained bymultiplying the stress
loss at 20 °C by the following temperature-dependent parameter:

αT (T ) = T

20 ◦C
(9)

Figure 3 shows the comparison of this model with experiments on the prestressing
tendons used for the VERCORS mock-up [10]. For the cases with varying temperature,
the Eq. 9 will be used in the application of the superposition principle.

Fig. 3. Comparison between experimental results and modeling of the relaxation of the tendons
at 20 °C and 40 °C; ρ100 = 0.551 and ρ1000 = 0.893

3 Modelling of the Containment

3.1 General Considerations

Considering the history of temperature and relative humidity (see 3.2), and the biaxial
stress state, we compute the total delayed strain of concrete in horizontal (or tangential)
and vertical directions using the superposition principle and the relations for creep,
shrinkage and relaxation that were presented before. Due to the biaxial stress state,
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Poisson’s effects are to be considered. The Poisson’s ratio for basic creep νb is considered
to be equal to 0.2 [11, 12] and we assume that the Poisson’s ratio for drying creep is also
0.2, thoughother values such as 0was also considered elsewhere [13]. Themethod is fully
described in [4]. Note that, except for the fitting of laboratory tests, the prediction of the
delayedbehavior of themock-up is donewithout adjustment on the in-situmeasurements.

3.2 In-Situ Measurements

The VeRCoRs Mock-up
Tobetter predict the delayedbehavior of the containment ofNPPs, the companyoperating
the French nuclear power plants (EDF) has built a mock-up, named VERCORS, of a
double containment building, at the 1/3 scale [9]. The ratio 1/3 has been chosen in order
to accelerate the drying phenomenon.

Boundary Conditions
Since our modeling concerns only a material point, the relative humidity was approx-
imated from the recorded value of relative humidity in the inner containment and in
the annular space. Considering that the fluctuation of relative humidity inside concrete
would be much less than that of the air, we took a simplified relative humidity history
as shown in Fig. 4.

Fig. 4. Measured relative humidity in the annular space and inner space, simplified relative
humidity for the modeling

Based on the measurement of the temperature at the annular space and inner space,
we took the simplified temperature history shown in Fig. 5 for the modeling unit. The
rationale behind this simplification is partly lie in the fact that temperature variation
inside the thick concrete shall be slower comparing to that in the air, given the low heat
coefficient of concrete. Note that the mean temperature is below 30 °C which is lower
than in a real containment (where it is closer to 40 °C [14]).
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Fig. 5. Temperature history applied in the simulation

Sensors
The VERCORS mock-up is equipped with a comprehensive monitoring system, includ-
ing a large number of strain sensors (vibrating wires). In our case, we compare our
modelling with the measurements of several sensors situated at mid-height and in an
area far from singularities. The measurements in the vertical direction (V) and the hor-
izontal direction (T) are considered. Two measures of the prestressing tendons are also
available and are compared with the predicted evolution.

3.3 Comparison Between Modelling and In-Situ Measurements

Figures 6 and 7 show the comparison between modelling and experimental measure-
ments of the strains and Fig. 8 the comparison of the loss of vertical prestressing. Com-
pared to the variability of the measurements, it could be seen that the modelling gives
acceptable predictions of the deformations.
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Fig. 7. Modeled tangential strain compared with the measurement of vibrating wires
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Fig. 8. Evolution of the prestressing force

3.4 Discussion of the Results

This section discusses the impact of thermo-activation on the delayed strain of the mock-
up. In addition to the simulation with accounting thermo-activation on C in Eq. 4, two
other simulations were performed: one without thermo-activation and the other with
thermo-activation on characteristic time τ in Eq. 4. The basic creep in horizontal direc-
tion from the three simulations are displayed in Fig. 9, showing the impact of thermo-
activation is rather small for the given temperature history in the case of the mock-up.
Therefore, thermo-activation on basic creep can be neglected for the given temperature
history in the case of the mock-up.
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Fig. 9. Comparison of the contribution of basic creep on tangential strains with different
assumptions for the thermo-activation of basic creep.

4 Conclusions

Delayed deformations of the VERCORS mock-up are estimated using shrinkage and
creep relations of the future Eurocode-2 [1] and MC2010 [3]. Analytical simulation of
a single material point considering the coupling between strain of concrete and stress
relaxation in prestressing tendons is able to consider impact of varying relative humidity
and temperature. Modeling results of the single point are comparable to the strain mea-
surement on the mock-up hence could be used to quick-estimate the margin of safety.
It is found that the thermo-activation on basic creep does not play significant role in the
case of the mock-up but this result could be different for a real NPP.

References

1. prEN 1992-1-1 ver. 2021-01, Eurocode 2: Design of concrete structures - Part 1-1: General
rules - Rules for buildings, bridges and civil engineering structures, CEN, 2021

2. Charpin, L., et al.: Ageing and air leakage assessment of a nuclear reactor containment
mock-up: VERCORS 2nd benchmark. Nucl. Eng. Des. 377, 111136 (2021)

3. fib model code for concrete structures 2010, Ernst und Sohn, 2013
4. Aili, A., Torrenti, J.M.: Modeling long-term delayed strains of prestressed concrete with real

temperature and relative humidity history. J. Adv. Concr. Technol. 18, 396–408 (2020)
5. Bažant, Z.P., Cusatis, G., Cedolin, L.: Temperature effect on concrete creep modeled by

microprestress- solidification theory. J. Eng. Mech. 130(6), 691–699 (2004)
6. Sellier,A.,Multon, S., Buffo-Lacarrière, L.,Vidal, T., Bourbon,X.,Camps,G.:Concrete creep

modelling for structural applications: non-linearity, multi-axiality, hydration, temperature and
drying effects. Cem. Concr. Res. 79, 301–315 (2016)

7. Torrenti, J.M.: Basic creep of concrete-coupling between high stresses and elevated
temperatures. Eur. J. Environ. Civ. Eng. 22(12), 1419–1428 (2018)

8. Frech-Baronet, J., Sorelli, L., Chen, Z.: A closer look at the temperature effect on basic creep
of cement pastes by microindentation. Constr. Build. Mater. 258, 119455 (2020)



Long Term Prediction of the Delayed Behavior of Concrete Structures 21

9. Oukhemanou, E., Desforges, S., Buchoud, E., Michel-Ponnelle, S., Courtois, A.: VeRCoRs
Mock-Up: comprehensive monitoring system for reduced scale containment model. In: 3rd
Conference onTechonological Innovation inNuclearCivil Engineering (TINCE-2016) (2016)

10. Toumi Ajimi, W., Chataigner, S., Falaise, Y., Gaillet, L.: Experimental investigations on the
influence of temperature on the behavior of steel reinforcement (Strands and Rebars). In:
Concrete under Severe Conditions - Environment and Loading. Trans Tech Publications Ltd,
vol. 711, pp. 908–915 (2016)

11. Aili, A., Vandamme, M., Torrenti, J.-M., Masson, B.: Theoretical and practical differences
between creep and relaxation Poisson’s ratios in linear viscoelasticity.Mech. Time-Dependent
Mater. 19(4), 537–555 (2015). https://doi.org/10.1007/s11043-015-9277-5

12. Aili, A., Vandamme, M., Torrenti, J.-M., Masson, B., Sanahuja, J.: Time evolutions of non-
aging viscoelastic Poisson’s ratio of concrete and implications for creep of C-S-H. Cem.
Concr. Res. 90, 144–161 (2016)

13. Charpin, L., et al.: A 12 year EDF study of concrete creep under uniaxial and biaxial loading.
Cem. Concr. Res. 103, 140–159 (2018)

14. Bouhjiti, D.M., Boucher, M., Briffaut, M., Dufour, F., Baroth, J., Masson, B.: Accounting
for realistic Thermo-Hydro-Mechanical boundary conditions whilst modeling the ageing of
concrete in nuclear containment buildings: Model validation and sensitivity analysis. Eng.
Struct. 166, 314–338 (2018)

https://doi.org/10.1007/s11043-015-9277-5

	Long Term Prediction of the Delayed Behavior of Concrete Structures – The Case of the VERCORS Mock-Up
	1 Introduction
	2 Modelling of Delayed Strains
	2.1 EC2 Equations for Creep and Shrinkage
	2.2 Influence of Temperature on Creep and Shrinkage
	2.3 Comparison with Laboratory Tests
	2.4 Relaxation

	3 Modelling of the Containment
	3.1 General Considerations
	3.2 In-Situ Measurements
	3.3 Comparison Between Modelling and In-Situ Measurements
	3.4 Discussion of the Results

	4 Conclusions
	References




