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Abstract.
The hydration process of concrete involves heating, progressive hardening, shrinkage. It is well
known that this process can create cracking of large structures, but, depending on the concrete mix-
ture used, leaves usually small specimens elastic. In the case of small specimens, strain mismatch
between paste and aggregates generates autogenous stresses in concrete. Even if this state of stress
does not affect the elasticity properties of concrete it modifies the initial conditions of any concrete
structures. We propose to compute the initial state of stress in concrete at the mesoscopic level and
show that this state of stress is at the origin of a part of the inelastic strains that go with damage and
the so called “crack closure stress” under cyclic loading.
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1 Introduction
Durability and service life of massive concrete structures are significantly influenced by
the early age behaviour. Evaluation and description of cracks which may occurs at early
age are therefore essential. Over the last decade, besides rather empirical formulations
[7][4], numerical material models were developed for the description of the mechanical
behaviour of concrete at early age [8][1]. Theses models are basically drawn from the
experimental studies.
The hydration process is characterized by : a thermal expansion (due to the heat released
by exothermic chemical reactions) and shrinkage (autogenous and drying shrinkage). Due
to these chemical reactions and the formation of hydration products, the materials prop-
erties are continuously evolving. The structure of concrete is related to the formation of
hydrates product during the chemical reaction. So, from these physical considerations, a
practical approach will be to consider the hydration degree as a fundamental parameter to



study the early age behaviour[9]. It is also well known that during the hydration process,
the cement paste is the only evolving component of concrete. Considering concrete as a
multi-scale composite is therefore unavoidable.
In this paper a finite element analysis is performed to simulate the early age behaviour for
concrete at mesoscopic scale. Concrete is considered as a bi-phasic material. The numer-
ical modelling process is driven by the degree of hydration. Based on the experimental
studies, the evolutions of the mechanical properties that describe strength and stiffness of
the cement paste are related to the hydration degree. The cracking behaviour is simulated
using a damage-plastic model.
The simulations are performed with the Cast3M finite element code [Cast3M] on a small
specimen. We propose to compute the initial state due to the hydration process. This
initial state is at the origin of, at least, a part of inelastic strains which go with damage.
Under cyclic behaviour, the initial stress state modifies the so called “the crack closing
process behaviour”. The aim of these first results is to show that the hydration influences
the behaviour of concrete even for small specimen. The hydric process is not modelled
in these first computations and we suppose that there is water enough for hydrating the
cement. The early age creep is neither modelled, the shrinkage parameters for the cement
paste are chosen smaller than the classical values in order to avoid complete cracking of
concrete.
Firstly, we recall the theoretical formulations. Furthermore, the numerical simulation of
the hydration process are presented. Finally the effect of the early age state on the cyclic
behaviour is illustrated.

2 Theoretical fundamentals

2.1 Chemo-thermal model
The hydration of cement paste is a thermo-activated process. Its evolution is modelled by
the following relations [10][8].

ξ̇ = Ã(ξ)exp(− Ea
RT

) (1)

in which ξ̇ is the rate of the degree of hydration, Ã(ξ) is the normalized affinity. Ea is
the activation energy (Jmol−1) (considered as constant). R is the constant of perfect gas
(8.314Jmol−1K−1) and T is the temperature in Kelvin.
The evolution of temperature is obtained from the energy balance equation, which in-
cludes the release of heat due to the hydration reaction :

CṪ = ∇(k∇T ) + Lξ̇ (2)

Where C is the volumetric heat capacity, k is the thermal conductivity (Wm−1K−1) and
L is the total heat release (Jm−3).



2.2 Endogenous and thermal shrinkage model
As concrete hardens, autogenous shrinkage develops. Autogenous shrinkage is therefore
related to the evolution of hydration. Experimental results show that autogenous shrink-
age evolution is linear with respect to the hydration degree as soon as a threshold has been
overcame [5]. Autogenous shrinkage εau can be modelled by [10]:

ε̇au = −kξ̇I for ξ > ξ0 (3)

k is a constant parameters, I is the unit tensor and ξ0 is a threshold.
The thermal strain εth is related to the temperature variation, due to the release of heat by
hydration, and the coefficient of thermal expansion α (considered as constant) :

ε̇th = αṪ I (4)

2.3 Damage-plastic model
2.3.1 Damage part

The fichant’s plastic damage model is used [2]. For the isotropic version of this model,
the relationship between stress and strain reads :

σij = (1− d)σ̃ij = (1− d)Cijklεekl (5)

Where d is the damage variable, Cijkl is the initial stiffness tensor. The evolution law of
the scalar damage variable is given through the normality rule using the following loading
function :

f = ε− εd0 − χ (6)

Where εd0 is the damage threshold. χ is a hardening parameter. The evolution law is
written as

d = 1− εd0
ε
exp[B(εd0 − ε)] (7)

B is a parameter that controls the slope of the softening curve.

2.3.2 Plastic part

In order to allow a fracture energy regularization, the plastic part of the model is modified.
The Nadai plastic criterion is replaced with a drucker prager one :{

Ft = αt J2(σ̃ij) + βt I1(σ̃ij)− w(p)− w0

Fc = αc J2(σ̃ij) + βc I1(σ̃ij)− w(p)− w0
(8)

Where I(σ) and J2(σ) are the first and the second invariant. (αt, βt),(αc, βc) are four
constant parameters. w0 is the elastic domain in the stress space.



For the plasticity hardening, a linear plastic evolution is considered :

w = q ∗ p+ w0 (9)

Where p is the effective plastic strain and q is a constant parameters.

2.4 Evolution of the model parameters with respect to the hydration
degree [9]

Young Modulus
E(ξ) = E∞ξ̄

β (10)

with ξ̄ =< ξ−ξ0
ξ∞−ξ0 >+ in which ξ0 is the mechanical percolation threshold. It is kept

constant and equal to 0.1.
ξ∞ is the final hydration degree. E∞ is the final Young Modulus, β is a constant equal to
0.62.
<>+ is the positive part operator.

Poisson ratio

ν = (0.18 ∗ ((sin(π ∗ ξ)/2)) + (0.5 ∗ (exp(−10 ∗ ξ))) (11)

Tensile strength
ft(ξ) = ft∞ξ̄

γ (12)

where ft∞ is the final tensile strength. γ is taken equal to 0.46
The evolution of the tensile strain threshold is computed from the evolution of ft and E.

εd0(ξ) =
ft(ξ)
E(ξ)

=
ft∞
E∞

ξ̄γ−β = εd0∞ξ̄
γ−β (13)

Fracture energy The fracture energy is represented by the stress-crack opening dis-
placement curve under tension. Using the damage-plastic formulation, the fracture energy
is given by :

Gf = h
ft

B(1−H)
(14)

with

H =
E

E + q
dFt/dσ̃

(15)

The length scale which is introduced into the model is the element size h. For the nu-
merical simulation, the damage parameter B is function of h and controls the slope of the
strain softening curve. The parameter B is given by :



B = h
ft

Gf (1−H)
(16)

So, using the evolution equation of ft and Gf , we propose the evolution of B as :

B(ξ) = B∞ξ̄
γ−α (17)

With B∞ = h ft∞
Gf∞(1−H) , and α = 0.8.

3 Numerical Simulation of the hydration process :
The formulation proposed has been implemented in the Finite Element Code Cast3M. An
elementary test is proposed for validation. An original method to mesh the mesoscopic
geometry of concrete is used with a diffuse representation of the material [6]. The test is
performed on a (100 ∗ 100) mm2 specimen in 2D plane stresses (Figure 1(a)).

(a) Mesoscopic mesh (b) Damage field

Figure 1: Hydration computation

Figure 1(b) shows the damage field. As the creep behaviour has not been taken into
account we choose a small value for the shrinkage parameters k = 3 10−3 (compared
with that given by the experimentation k = 6 10−3 [11]).

4 Numerical simulation of the mechanical behaviour un-
der cyclic loading

In the case of cyclic loading, during the load reversals, micro cracks close progressively
and the tangent stiffness of the material should increase. In the damage model proposed
in section 2.3, the unilateral condition is taken into account by a separation of the stress
tensor into positive and negative parts. In case of cyclic loadings the stress is given :
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Figure 2: Global behavior under cyclic loading

σ = (1− d)σ̃+ + (1− d)ασ̃−

Where σ+and σ− are the positive and the negative part of the stress tensor. α is a constant
parameter and d the damage variable.
If we consider the damage model without plasticity. As the closing process is driven by
the stress tensor sign, the crack closure stress is equal to σc = 0.
If we consider now the specimen tested above. The behaviour at early age computed is
considered as an initial state (stresses, internal variables, displacements). The specimen
is subjected to a loading cycle (tension-compression cycle). Figure 2 shows the global
behaviour.
Due to the presence of the initial stress state. The crack closing stress is modified. The
crack closing stress takes a negative value, different from that imposed by the model
(σ=0).

5 Conclusion
A numerical Thermo-Hydro-Mechanical procedure has been presented in this article.
Based on the experimental observations, the early age behaviour is driven by the degree
of hydration ξ. Implemented in a Finite Elements code (Cast3M), the procedure gives the
initial state of concrete (stress, strain, internal variables). Regarding the cyclic behaviour,
the initial stress state due to the hydration process seems to plays an important role. The
value of the crack closure stress is modified. A negative value is obtained instead of the
classical one imposed by the model (σ = 0). Experimentally, the material recovers its
stiffness completely at a compression stress state. Taking the early age behaviour as an
initial state seems to be a good solution to reproduce the experimental crack closure effect.
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