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1 ABSTRACT

At early-age in massive concrete structures, cracking may occur during hardening. Indeed, hydration is an
exothermic chemical reaction. Therefore, if endogenous and thermal strains are restrained, compressive
stresses and then traction stresses rise, which can exceed the concrete strength and cause crossing crack.

The restrained shrinkage ring which is a good method to determine the concrete behaviour (strain and
cracking) due to the endogenous and drying shrinkage showed that at 20°C and without drying, the
endogenous shrinkage amplitude of our mix is not high enough to cause cracking. Therefore, a new test has
been developed to study cracking due to restrained thermal shrinkage. With this new test, crack has
effectively been obtained and a chemo-thermo-mechanical model can correctly predict the cracking time if
the basic creep is taken into account.

2 INTRODUCTION

At early-age in massive concrete structures, cracking may occur during hardening. Indeed, hydration is an
exothermic chemical reaction (temperature in concrete may overcome 60°C). Therefore, if endogenous and
thermal strains are restrained, compressive stresses and then traction stresses rise, which can exceed the
concrete strength (in an elastic finite element calculation). This cracking may increase significantly the
concrete wall permeability.

The restrained shrinkage ring is a good method to determine the mortar behaviour (strain and cracking)
due to the endogenous and drying shrinkage. In this study, a concrete mix which is representative of nuclear
power plant containment is tested. This test showed that at 20°C and without drying (cf. figurel), the
amplitude of endogenous shrinkage is not high enough to cause cracking. Indeed, in this configuration,
thermal shrinkage does not occur. Therefore, a new device needs to be developed to study cracking due to
restrained thermal shrinkage.

3 NEW TEST PRESENTATION

This new test is an evolution of the restrained shrinkage ring test which allows to take into account the
endogenous shrinkage and also the thermal shrinkage.

3.1 “Classical” restrained shrinkage ring test presentation

The “classical” ring test was initially designed to observe the concrete cracking of a ring specimen
which was cast around a rigid core (generally in steel): only the cracking age was accessible and the stresses
generated by restrained shrinkage could not be deduced. Then Pailliere and Serrano (1976) and Swamy and
Starvides (1979) optimized the ring dimension and added instrumentation in order to measure strains on the
steel ring. Finally, Grzybowski and Shah (1989) placed strain gages on the steel ring in order to deduce the
stresses in the concrete ring. This test configuration offers several advantages and particularly the fact that
the stresses are self generated by restrained shrinkage and specimen geometry. Indeed, no additional
complex load system is needed (fig. 1: Ring test geometry for concrete)
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Figure 1: Ring test geometry

3.2 New restrained shrinkage ring test presentation

The new test aims to predict the behaviour and the cracking at early age of massive structures
(especially the nuclear power plant containment). The new test principle is to increase the temperature of the
brass ring in order to expand it. In this case, expansion of ring is restrained by the extern concrete layer,
which induced compressive stresses in the ring and therefore tensile stresses in concrete. The temperature
evolution of the brass ring is piloted by a fluid circulation into the ring (fig.2). The new test objectives are to
reproduce similar stress rate that can occur in a “real’” massive wall (calculated by finite element simulations
from experimental temperature data, cf. figure 3).
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Figure 2: New ring test geometry scheme (a) and picture (b)
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Figure 3: History of temperature measured in a concrete wall (1.2 m width)




EW TEST NUMERICAL VALIDATION

4.1  Numerical model

In order to verify that cracking will really occur, the new test has been modelled with a finite element
code (Cast3M, developed by the French atomic energy commission). We use a model developed by
Benboudjema and Torrenti (2008). This one is a thermo-chemo-elastic-damage model.

The prediction of cracking needs a numerical resolution due to the complexity of the behaviour of
concrete at early-age. In our model, the following phenomena are taken into account:

The evolution of hydration: this is achieved here by the use of a chemical affinity Ulm and Coussy,

(1998):
- E
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where Ea is the activation energy, R is the perfect gaz constant, T is the temperature, §is the

hydration degree and A(€ )is the chemical affinity
The evolution of temperature: The energy balance equation, which includes the release of heat due to
the hydration reaction, is solved:
CT =V(VT)+LE )
where C is the volumetric heat capacity, T is the temperature, L the latent hydration heat and k is the

thermal conductivity
The evolutions of endogenous and thermal strains;

&, =-KkEL for & > &, A3)
Where &,, is the endogenous strain and « a coefficient
and &, =-aTl (4)

Where &,, is the endogenous strain and o the thermal dilation coefficient

The evolution of Young modulus and tensile strength with respect to the hydration degree by the use
of De Schutter laws (1996, 1997):

a
B(&): Bm(%) where B is the mechanical variable and a coefficient (5)
o~ 50
The description of cracking in tension: elastic damage model developed by Mazars, (1986) slightly
modified:

6=0-D)p (6)
Where 0 is the apparent stress and D is the damage
and 0 = E(g)éel = E(&'Xé— 8y = é‘rh) (7)

where 0 is the effective stress, E is the concrete young modulus, ée, is the elastic strain and a is the total
strain

4.2  Numerical results

For a first approach, a bilinear evolution of the temperature was taken. At the beginning the ring temperature
is maintained at 20°C. Then, at 25 hours (when the peak of temperature is attempted; see figure 2), the brass
ring temperature increases linearly with a rate of 0.35°C/h.

The model results show us (figure 4: example of damage map for local damage) that with different
sizes of mesh (7mm and 5mm) and with two types of computation (local and non local damage) we
effectively obtain cracks.



Figure 4 : example of damage map ( local model ; mesh size : 7mm)

Although we didn’t take into account the creep in this model, the first numerical results seem to show
that cracking will effectively be obtain with our new test (for suitable values of temperatures) and that the
early-age behaviour and cracking evolution due to restrained endogenous and thermal shrinkage will be
study.

5 EXPERIMENTAL RESULTS

5.1 Mechanical characteristics

To take into account these phenomena, several parameters have to be identified. Therefore, several tests were
performed and some results from the literature were used. The results of the mechanical tests are shown in
figure 3 and table 1 (the tensile strength is determined by a Brazilian test). These tests show us that the
compressive strength and the tensile strength versus the hydration degree are quite linear. Moreover, the
dynamic Young modulus (determined by ultra-sonic test) cannot be use for a predictive value of the static
Young modulus because it gives an overestimated value. Note that the ratio between the static and dynamic
Young modulus is not a constant value during the concrete hydration (Byfors,1980). The De Schutter laws
coefficients and mechanical threshold value are given in the table 1 (the mechanical threshold is assumed to
be the same for the three evolution).
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Figure 5: Mechanicals characteristics evolutions

Table 1. De Schutter laws parameters

Estat Rc Rt
g 0.115
A 0.449 1.105 0.806

5.2 Chemo —thermal characteristics

The description of concrete hydration is obtained by a semi-adiabatic test (QAB test figure 6, LCPC). In this
test the temperature evolution of a concrete specimen in an insulated box is measured. Then, with a
correction to take into account the heat losses, the adiabatic evolution of the concrete is calculated .This
evolution is the base of the chemical affinity ( A(E) ) and total hydration heat release (L) calculation (for the
implementation in the finite element code Cast3m, we use a polynomial fit of the chemical affinity).
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Figure 6: QAB test picture (a) and chemical affinity evolution (b)



5.3  New ring test results

The outputs of the new test are the brass ring and the concrete temperature measured by thermocouple
(figure 7) and the brass ring deformation measured by three strain gages on the internal radius of the ring

(figure 8).
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Figure 7: New ring test temperature evolution

Although the temperature is punctually imposed by the fluid circulation in this test, the figure 7 shows that a
quite homogeneous temperature in the ring is obtained (the two temperature probes are placed on the same
diameter). At the beginning of the test (first 24h), the temperature evolution is due to the hydration reaction.
Then, the temperature rise is imposed by the thermostatic bath with a rate of 0,35°C/h. Near the middle of
the test, a stable period at 42,8°C permit us to verify that the device doesn’t have too much inertia.
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Figure 8: New ring test strains evolution

The brass strains are not directly an output of the test because a correction is needed to take into account the
strain gage thermal dilation. The first conclusion is that we effectively obtained an experimental crack on this



test which is translated on the strain evolution by a gap. Crack occurs for a brass ring temperature value of
51,5°C (experimental crack width was about 650pum). Moreover, the brass ring solicitations seem to be
uniform because the three strain gages measures are quite similar.

At the beginning of the test, the strain is due to the temperature evolution of the system. Then, when the
brass ring temperature is imposed by the fluid circulation, the ring strain is a combination of the brass ring
and the concrete ring thermal dilatation. Like the thermal dilatation coefficient of the brass is about 3 times
higher than the concrete one, the expansion of the brass ring is restrained by the concrete ring which induces
tensile stress in the ring. When the concrete tensile strength exceeds the concrete tensile strength, crack
occurs.

In this test, it is really interesting to note that only one crack is obtained and that it is a crossing crack.
Effectively, the crack crosses the entire concrete specimen section but furthermore the crack crosses the
concrete aggregate.

6 COMPARISON BETWEEN EXPERIMENTAL AND NUMERICAL RESULTS

The figure 9 and 10 compare the experimental data and the numerical results for respectively the thermal and
strain evolutions. A good global accordance between experimental thermal data and thermal model is
obtained. Nevertheless, the temperatures predicted by the model due to the hydration (first 24h) are slightly
overestimated probably due to the convective coefficient which has not been experimentally determined.
Note that is the simulation the external temperature data is an input of the model.
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Figure 9: New ring test temperature evolution comparison
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Figure 10: New ring test strains evolution comparison

Like temperatures are slightly overestimated during the first 24h of the test, the strains predicted by the
model are also overestimated. The elastic model predicts a crack of the concrete ring earlier than the
experimental results. But the addition of a basic creep model implemented by Benboudjema and Torrenti
(2008) which relax the concrete stress gives a better accuracy of the cracking time. This model uses a
Kelvin-Voigt chain which depends on the hydration degree which was an idea proposed by De Schutter
(1999).The basic creep parameters are determined from test performed by Granger (1996) in compression.

7 CONCLUSION AND OUTLOOK

In this study, a new device for the early age behaviour and cracking has been developed. This new test was
needed because the classical restrained ring test which didn’t take into account the thermal strains was not
able with our mix to reproduce the real stress which can occurs in massive structures and didn’t allowed us to
study early age concrete cracking.

The new device is an evolution of the restrained shrinkage ring test. The thermal strain effects are created by
an expansion of the brass ring the reproduce the stresses rate of a real massive structure The expansion of the
ring is done the a fluid circulation into the ring.

Firstly, a numerical validation of the test was done and shows that we effectively obtained crack for suitable
value of temperature (about 50°C). Then, the new test was performed and crack was experimentally
obtained. Mechanical simulation with elastic damage model predicts a too earlier cracking but with an
addition of a basic creep model, the cracking time can be correctly predicted.

To improve the strains model evolution, a campaign to study the early age tensile creep has to be performed.
Finally, in this study, it was really important to obtain cracking because the outlook of the new test is to
study the permeability evolution of a massive structure due to the early age cracking.
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