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Abstract: At early-age, hydration of cement leads to a céda of volume (caused by the Le
Chatelier contraction) which induces autogeneouslsige. Besides, hydration is an exothermic
reaction and an increase of temperature occure\fetl by a decrease). As autogeneous shrinkage
arises only in cement paste and as coefficienthefntal expansion may be different between
cement paste and aggregates, strains incompadbileéad to an internal self-equilibrated state of
stress. Depending especially on the concrete mikali cracking may occur at the cement paste
scale leading to a modification of the global ceterbehavior.

In this contribution, an analysis of the intern@aésses is performed on a mesoscopic mesh by finite
element calculations taking into account hydrateurtpogeneous and thermal shrinkage, basic creep
and cracking.

Influence of creep strains and mesoscopic reprasentare studied showing that, for an ordinary
concrete, hydration lead to a reduction of “eldssiiffness and tensile strength even if creep is
taken into account.

1 INTRODUCTION equilibrated state of stress: tensile stresses in

At early-age, hydration of cement leads to a Cément paste and compressive ones in
reduction of volume (Le Chatelier contraction) 2d9regates are generated. Therefore, initial
which induces autogeneous shrinkage. cracking may occur in the cement paste,
Moreover, hydration is an exothermic reaction: depending especially on the concrete mix.
an increase of temperature is followed by a !ndeed, when the water to cement ratio
decrease. If endogenous and thermal Strainsdgcreases and cement content increases (for
are restrained, compressive stresses and therligh Performance Concrete for example), the
tensile stresses rise, which can reach the@utogeneous shrinkage and the global
concrete strength and thus lead to crossing hydration hea_lt (and associated elevatlo_n of
cracks. Besides, autogeneous shrinkage occursémperature) increase and enhance the risk of
only in cement paste and coefficient of cracking. It is similar to the case of drying or
expansion may be different between cement &t elevated temperature: drying shrinkage of
paste and aggregates. These strainsCeMent paste is restrained by aggregates,

incompatibilities lead to an internal self- therefore cracking may occur in the cement
paste. The case of drying shrinkage
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incompatibilities has been studied in several considering that the reaction is thermo-
studies at ambient temperature [1-6] or at activated following the Arrhenius law [18-19]:
elevated temperatures [7-10], but it is not the
case of autogeneous and thermal shrinkage at f:;(f)eXﬁE—Ej (1)
early age [11]. RT

In this contribution, an analysis of the _ L . ,
internal stresses will be performed at early age Wher€Ea is the activation energR is the ideal
on a Representative Elementary Volume 92S constant 8.3145 J.kwol", T is the
(REV) of concrete considering two phases: temperature,$ is the hydration degree and

transition zone (ITZ) which thickness around To obtain the temperature evolution, the
aggregate increases as the wi/c ratio decrease%nergy balance equation, which includés the

[12] is not taken into account explicitly. The poq"(eease due to hydration reaction, is
assumed properties of cement paste are ang. .q.

average of the ones of cement paste and ITZ.

Finite element calculations using Cast3m are CT =0(kOT)+Lé (2)
undertaken with the taking into account (in the

cement paste) of hydration, autogeneous andin whichL is the latent hydration heat [Jn
thermal shrinkage, basic creep [13] and K is the thermal conductivity [W.imK™] and
cracking (damage and plastic-damage model C is the volumetric heat capacity [J7K™],
which could including the computation of Which are assumed constant [20-21].

crack opening [14-15]). Drying and associated The thermal boundary conditions are assumed
drying shrinkage are not considered here due to be of convective type. The convective heat
to the fact that this study concerns only f|ux¢[v\/,m-2] reads:

massive concrete structures at early-age

(drying is a very slow process affecting at ¢=hT,-T,)n (3)
early age only a few centimeters depth of

concrete [16]). Influence of creep strains whereh is the exchange coefficient including
(which relax the induced stresses) will be convection and radiation (after linearization)
studied on the predicted damage field and [W.m?K™], Ts is the temperature on the
(eventual) associated reduction of material surface [K] andlexis the ambient temperature
mechanical properties (Young modulus and [K].

tensile strength). It is worth noting that, in this

contribution only the material mechanical

properties modification linked to the material 2.2 Autogeneous and thermal strain model
scale is studied and that for the analyses of a
massive concrete structure the structural effect
of restrained shrinkage must be taken into €&, can be modelled by the following

Autogenous shrinkage,, and thermal strain

account. equations:
g = ~KEL qEn = a(T—To)1
2 HYDRATION MODELLING
Q? _ Cr_fo (4)
2.1 Chemo-thermal model B E-&
with © 20/

The prediction of early-age behavior
required to know the evolution of the concrete where x is a constant material parametgris

hydration. This evolution can be achieved by the mechanical percolation threshofd, is the

the use of a chemical affinity [17] and final hydration degree()], is the positive part
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operator anda is the coefficient of thermal D is linked to the elastic equivalent tensile
expansion. strain (£) and the damage criterion is given by
Mazars [26]:

2.3 Cracking model .
- | | f=2-x,(¢) ©

The mechanical behaviour of concrete is

modelled by an isotropic elastic damage model where g (§) is the tensile strain threshold.

coupled with creep. Such model reveals 0 be Then p=¢ if £< Ko (£) and ifé 2 ko) :

sufficient for predicting cracking due to ’

restrained strain [16][13].The Young modulus Dzl—ﬁ 14+ A Jexd-B. & _oe2)l (10

E and the tensile strength increase due to £ [( A) F( B }Aexd 5] (10)

hydration foll 22-23]: .
ydration as follows [ 3] where A; and B; are constant material

_ P . .
E()=E, & and f(&)=f." (5 parameters which control the softening branch
in the stress-strain curve in tension.

where E, and f, are the final Young High stress levels lead to non-linear creep
strains (which may induce failure). Following

modulus and tensile strength, respectively (i.e. Mazzotti and Savoia [27-30], a part (controlled

when & =€), ag andag is a constant material .
¢=4.) 2 a by parameterf) of creep strainsg,: (see

parameters. paragraph 2.4) is included into the expression
The evolution of the tensile strain threshold is of the equivalent strain defined by Mazars
then computed from the evolution of tensile [26][31]:

strength and the Young modulus:

—= é’: <8e+ﬁ8 C>+ :<8e+ﬁ€ C>+ (11)
@)= )tz e b

E(f) E. Strain softening induces inherent mesh
dependency and produces failure without
energy dissipation [32]. In order to dissipate
the same amount of energy after mesh
refinement, when strains localise in one row of
finite elements, a characteristic lengthis

introduced which is related to the mesh size

The Poisson ratio is relatively stable for
concrete. Neville [24] recommends a value
equal to 0.2 for most concrete mixes.
However, De Schutter and Taerwe [25]
suggests an evolution depending on the
hydration degree, which has been considered

here: [33-34].
' For the adopted model, the dissipated energy
V() = 0.185"1% + 05exp(-10¢) @) density g at failure in tension reads:
flE)1+A/2
_ _ _ _ gﬂ(f): t({)( 'A\/ ) (12)
where v is the Poisson ratio and is the B,

hydration degree.
The relationship between apparent stregses
effective stresses, damage D, elastic

It is related to the fracture ener@ and the
characteristic length:

stiffness tensorE, elastic strains,, basic 9.(é)= Gy (¢)
creep strains,, total straing , and previously . (13)
defined strains reads: I, = 3\/@

6= (1‘ D)E = (1‘ D)E(f)ée ®) whereVe; is the volume of the finite element.

The fracture energy also depends on the
hydration degree [35]:

(1_ D)E(f)(é ~&pc ~fau ~ éth)
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2.5 Mesoscopic mesh

G,(¢)=6,.&° (14)
The algorithm of mesh generation was
For a CEM | 52.5, De Schutter and Taerwe developed by Nguyeet al.[37].
[35] found thato=0.46 fits well experimental Numerical simulations are performed on a
data. This value has been used for the finite 2D REV of concrete of 100x100 mm?2 (see
element simulations. Figure 1), where the cement paste and the
aggregate are meshed (the calculations are
2.4 Creep model performed in the context of plane stresses)

The model takes into account directly effects USINg an original technique [37]: both phases
of hydration. In order to reproduce the (partial) aré not explicitly meshed, instead material
reversible part of basic creep, Kelvin-Voigt Properties are projected on a existing fine
and dashpot chains are used. The strains canmesh. The mesostructure is representative in
be obtained by solving the following te€rm of aggregate content and sizes

differential equations [36]: distribution of an ordinary concrete that has
B ' been deeply investigated experimentally [38]
- . K (&) i _ O [13] [5]. As the ITZ is not considered, a
Tbcgbc+ Tbc'—+1 S
k! (g) k! (g) 15 perfect bond could be assumed between
‘ ¢} and (19) cement paste and aggregates.
&:né)c(f)gtic ?-

where 7| is the characteristic time (constant),
K.(€) and 5l (¢) are the spring stiffness and
viscosity, respectively (increasing with the
hydration degree) andr is the previously ¥
defined effective stress (equation 8). i
The stiffness parameter for each unit is o
calculated with the following equation e
proposed by de Schutter [22] and slightly
modified [36]:

0473 =y e

bel€)=Koe_o om0 1008 i
16
0473 Ty (16) Figure 1: Mesh of the REV.

I (£\=p] _
and ”bc(‘() ,7bC_oo 2081- 16087 N _
2.6 Bondary conditions and material

where / and ), . are the final stiffness  parameters

bc_ o

and viscosity, respectively. The characteristic The algorithm of mesh generation was

time (r=k.(¢)/nl.(€)) is assumed to be developed by Nguyeet al. [37]. A massive

constant for the Kelvin-Voigt unit. concrete wall of 1.2 m thick is considered. One

At this time, tensile creep is considered to area is extracted (in the core) and is applied in
! uniform way to the REV of concrete, using

have the same amplitude and Kkinetic tha q q hanical  bound diti
compressive one, due to the lack of relevant adapted mechanica oundary ~ conditions

data (especially for cement pastes, where there(F19Ure€ 2): . .
is no data to the authors’ knowledge). Besides, The displacement of all the sides are partially

the previous equations are extended into estrained. . . .
multiaxial stress state using a creep Poisson The partial restraint consists of constraining
ratio, taken equal to the elastic one. the same uniform displacement in the

concerning sides through adapted kinematic
relations. Additional kinematic relations are
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used to eliminate rigid body displacements. It
is worth noting that the used boundary
conditions are not exactly representative of
real boundary conditions.

Uy

4 Kinematic
relations
iﬁ:ﬁ’ . Kinematic
relations
i?'} L

& &

Figure 2. Mechanical boundary conditions

An ordinary concrete is considered. Using
experimental data [13] and numerical analysis
[13][36], temperature field evolution is
predicted (figure 3). In the thermal simulation
the heat exchange coefficiem) s adjusted to
reproduce experimental temperature evolution
of a massive wall of ordinary concrete [39].

Creep parameters and autogenous shrinkagerepresentation

amplitude of the cement paste are also
adjusted to reproduce, with a mesoscopic
simulation (only the cement paste is

Parameter OC cementAggregates
paste
Total heat L 6.06e8 -
released J/m3
Creep kéc . 7.5e10 -
parameters (-=0.1days) Pa
K2, 2.25e10 -
7 Pa
(t=1 days)
kgc_w 6.25e9 -
(=10days)| "2
Young E 15 60GPa
modulus GPa
Tensile fi 1,5 -
strength MPa
Shrinkage K 160 -
amplitude pm/m
Thermal a 15 5
dilatation pm/(m.°C) | pm/(m.°C)
coefficient

To highlight the modification of the concrete

behaviour due to the  mesoscopic
and due to hydration,
homogeneous simulations of the same

specimen have also been performed.
The elastic mechanical parameters of the

undergoing creep and shrinkage), the results homogeneous simulation have been calculated

obtained on an ordinary concrete by
experimental test [40]. The table 1 gives the

from the parameters of cement paste and
aggregates by using the Mori-Tanaka approach

value of used parameters for cement paste and[41].

aggregates.
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T T T T
0 } m  Sensor near the surface (5cm)
*  Sensor in the core
Predicted temperature (near surfage)
— Predicted mean temperature (cor
: T

55

50

I X U N S S

40

35

Temperature [°C]

301

25 8 Mg TP o ____]

[ R I

=
G- --
o
N
SH- -
(=}

Temps [h]

Figure 3: Comparison between experimental
temperature for an ordinary concrete and numerical
temperature taken into account.

Table 1: Parameters of cement paste used in the
mesoscopic simulations

3 STRESSES AND DAMAGE FIELDS
AFTER HYDRATION

Numerical simulations are performed on the

concrete REV to compute the evolution of

damage field at early-age due to

incompatibilities of strain  (autogeneous

shrinkage and slight mismatch of coefficient of

thermal expansion) between cement paste and
aggregates. Influence of creep is studied.
Damage fields at different times are displayed
on Figure 4. The cracking probability is the

results of a competition between generated
stresses induced by differential shrinkage

(thermal and autogeneous one), creep strains,
Young modulus and the tensile strength

evolutions.
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Without
creep
t =100 t = 150 t = 200 t = 240
D
With ) .
creep

o i
t =200 t =240
Figure 4: Evolution of the damage field (D) during hydratiimn OC: Influence of the creep (t represent theetiin
hours) after casting)

The numerical results show that, since the ordinary cement paste and since the mismatch
creep in the cement paste of an ordinary of thermal expansion due to the variation of
concrete is very large (compared to concrete or temperature induced by hydration is limited. In
a high performance cement paste), a very this case, the influence of internal stresses
important relaxation of stresses occur and developed at early-age need to be studied.
decreases the micro-cracking density. Figure 5 and 6 shows the internal stress field
Therefore, damage due to strain obtained after hydration. The residual internal
incompatibilities at early-age are largely stresses are more important when creep is
overestimated and may lead to a (misleading) taken into account because without creep,
significant decrease of mechanical properties cracking occurs which reduces the apparent
if creep is not taken into account. On the stresses.
opposite and as expected, creep tends to limit
(and localize) damage areas, since
autogeneous shrinkage is very limited for an
s

. T0E+06
.40E+06

7.00E+05
.00E+06
-1.30E+06
-1.60E+06
.90E+06
2. 20E+06
-2.50E+06
2.B0E+06

(b)
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Figure 5: Initial stresses after hydration for simulatiortta# core without taking into account creep forimady
concreteoyx (a),0yy (b)
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Figure 6: Initial stresses after hydration for simulatiortta core with taking into account creep for ordineoncrete:
Oxx (a),0vy (b)

4 GLOBAL BEHAVIOUR AFTER 1 OC - Homoref : Homogeneous and
HYDRATION same paramete_rs for cement_ paste and
aggregates without hydration (the
After the initial computation of internal strains mesoscopic nature of concrete is not
and stresses in the REV concrete (see previous considered)
part), the global behaviour of the concrete is 2 OC - Mesoref : different parameters are
computed by a simulation of a cyclic loading considered for cement paste and
(tensile uniaxial stresses followed by aggregates without hydration (the
compressive ones). As irreversible strains are mesoscopic nature of concrete is
not considered in the used damage model, the considered)
crack closure stress should be equal to 3 OC - Meso hydration with creep core :
occ=0MPa. In the case of cyclic loading, during different parameters are considered for
the load reversal, micro-cracks close cement paste and aggregates (the
progressively and the tangent stiffness of the mesoscopic nature of concrete is
material should then increase. The damage considered), initial stresses, damage
model proposed in the paragraph 2 is not able state due to hydration and creep are
to reproduce this stiffness increasing. So, for taken into account
the following simulations, the unilateral effect 4 OC - Meso hydration core: different
is taken into account by a separation of the parameters are considered for cement
stress tensor into positive and negative parts paste and aggregates (the mesoscopic
[14]. The stress is given by: nature of concrete is considered), initial
_ _ stresses and damage state due to
o=(-D)d, +(-D)70- (17) hydration are taken into account but

creep is neglected

The difference between the case 1 and 2 is
only due to the mesoscopic representation of
the concrete. One can remark that an important
decrease on the maximal strength is obtained
du to a more gradual cracking process but also
that the value of the crack closure stress is
modified. When hydration is taken into

account and induces initial stresses and

Where 6+ and o- are the positive and the
negative part of the stress tensor,is a
constant parameter and D is the damage
variable.

Figure 6 displays the stress — strain
relationship (which could be called behavior
law) of ordinary concrete during the test for
four situations:
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damage, a significant decrease of the stiffness dissipation. Indeed, figure 8 shows the damage
and of the maximal stress is predicted if creep field evolution during tensile test and one can
is not taken into account (about 50%) whereas see that damage area are more important
when creep is taken into account, initial during tensile test when creep is not taken into
stresses are relax and only few element are account during hydration calculation (increase
affected by initial damage. Thus, only a slight of 22% of the equivalent number of element
decrease of the maximal reached stress iswhere the damage is equal to 1 defined as

obtained (about 18%). This last case is IDdS
considered as the closer to the realistic one and ny(D=1==3 where S is the surface of the
will be considered as the reference case for the Lds

following comparisons.

It is interesting to note that when an important
initial damage field is obtained after hydration
(case OC- hydration when creep is not taken
into account), the global behavior seems to be
more ductile. The same results were obtained
by Heinfling et al. [42]. This could be
explained by4 more distributed energy

mesoscopic mesh and s is the surface of one
element).

0
©
o
=3
n -2
(7]
o
n
-4
5 ‘ || = OC - Meso hydration with creep core

—0C - I\/Iesg)ef

——— 0OC - Hom(pef

-600 -400 -200 0 200 400 600
Strain [um/m]

Figure 7: Global behavior during the tensile — compressaating cycle for OC at the wall core

e = 30um/m €= " m/m €= 600u

8
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(@)

e=30um/m | &= 70pm/m

£ = 120pm/m

€ = 600pum/m

(b)

Figure 8: Evolution of the damage field (D) during hydratiimn OC when creep is taken into account (a) or(bhpt
¢ is the global imposed strain during tensile test

5 CONCLUSION

A numerical chemo-thermo-mechanical
procedure applied on a concrete mesostructure
has been used to calculate the initial stresses
and damage state due to hydration on a
massive wall for OC with taking into account
explicitely aggregate and cement paste.
Autogenous shrinkage and different thermal
dilatation coefficient between cement paste
and aggregate have been considered. The
impacts of the initial state on the uniaxial
tensile behaviour and unilateral effect have
been discussed. Regarding the cyclic behavior,
these initial states seem to play an important
role. Indeed, it is shown on an ordinary
concrete that autogeneous and thermal
shrinkage lead to small uniform micro-
cracking when creep is taken into account but
the initial stress state modify the global
behavior. It induces a slight reduction of
apparent elastic stiffness and tensile strength.
Moreover, the mesoscopic mesh and the
mechanical properties gradient between
cement paste and aggregates lead to the
obtaining of a crack closure stresgs<{OMPa)
even if plastic strains are not included in the
model. Therefore, a multi-scaled coupled
approach should be used and the next step of
this study will be to associate the mesoscopic
structure in a massive wall simulation (using
relation between displacement or/and nodal
forces at the interfaces of both domains).
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