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a b s t r a c t

The drying of concrete induces surface microcracking. Because drying is, especially, a slow process, dif-
ferential drying between the surface and the core induces shrinkage, which provokes an increase of
the tensile stresses on the surface and of the compressive stresses in the core (the resultant is zero if there
are no external forces or external restraints). Often, the tensile stresses obtained by elastic finite element
analysis exceed the tensile strength. Numerical simulations show that if creep strains are taken into
account the damage due to differential drying shrinkage is less important (compared to the case if creep
is not considered in the numerical analysis). Therefore, a little drop of mechanical properties is predicted
due to drying, for the studied concrete. Therefore, one may assume that microcracking and the associated
drop in the Young’s modulus as the concrete dries are due mainly to aggregate restraint. Besides, an elas-
tic damage model for prediction of cracking is found to be sufficient to retrieve evolution of drying
shrinkage and damage fields (but not the orientation).

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The drying of concrete parts has structural consequences: differ-
ential drying shrinkage induces self-equilibrated stresses, leading
to microcracking on the surface. This phenomenon can be observed
using an optical or a scanning electron microscope [1–3]. Besides, it
is the cement paste alone that shrinks; therefore, the strain is re-
strained by the aggregates, leading to debonding at the cement
paste/aggregate interfaces (circumferential cracks) and to the
development of intergranular cracks (radial cracks) [1,4,5].

The orientation of the microcracks on the surface was found to
be quasi-isotropic [2,3]. The application of compressive stresses
perpendicular to the cracks closes these only partially [3] and de-
stroys the isotropic nature of their orientation. Therefore, this
microcracking may lead to orthotropic mechanical behavior of
the concrete. The opening of the microcracks is relatively small, be-
tween about 0.25 and 50 lm [1,3,6]. Therefore, these cracks can be
assumed to have a negligible effect on the material’s diffusivity and
permeability (only for water transport during drying). This was
confirmed by experimental results: similar evolutions of weight
loss were measured for loaded and non-loaded drying specimens
[7,8].

Drying (and the associated microcracking) seems to have a sig-
nificant impact on the mechanical properties. Regarding the
Young’s modulus, most authors report a decrease of between 4%
ll rights reserved.
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and 30% as concrete dries [9–14]. Conversely, there is no consensus
concerning the compressive and tensile strengths: regarding com-
pressive strength, some authors report an increase [10,11,13,14]
while others report a decrease [9,15–17]. Concerning tensile
strength, a slight increase was found in a splitting test [17] while
an initial decrease followed by a progressive increase up to zero
percent relative humidity was observed in bending [12,16,18]. A
decrease followed by an increase was also measured in direct ten-
sile tests [18,19].

These contradictory results can be explained by different mech-
anisms which take place as concrete dries:

� superficial tension increases due to the loss of adsorbed water
[9]. This mechanism reduces the internal effective compressive
stresses in the solid skeleton and, therefore, tends to increase
compressive strength;

� capillary pressures increase and act like prestresses. This mech-
anism, too, tends to increase compressive and tensile strengths;

� microcracking due to differential shrinkage and aggregate
restraint contributes to a global loss of mechanical properties.
The temperature and size of the specimens being tested as well
as the relative ambient humidity affect drying and, conse-
quently, the microcracking of concrete.

Several papers have dealt with the modeling of drying-induced
microcracking before (for example, [13,23,26–28]). However, these
did not emphasize the effect of creep relaxation or of the type of
cracking model.

mailto:farid.benboudjema@dgc.ens-cachan.fr
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp


pg

pl
Liquid water

S
ol

id
 s

ke
le

to
n

Capillary 
pore 

Gas (Air + water 
vapor)

lS

1 lS

pg

pl
Liquid water

S
ol

id
 s

ke
le

to
n

Capillary 
pore 

Gas (Air + water 
vapor)

lS

– lS

Fig. 1. Capillary pressure.

948 C. de Sa et al. / Cement & Concrete Composites 30 (2008) 947–956
The objective of this paper is to study the influence of creep and
cracking models on the prediction of microcracking induced by dif-
ferential drying shrinkage. Drying is modeled through a nonlinear
macroscopic diffusion equation [20–22]. Drying-induced shrinkage
is assumed to be driven by capillary pressure alone [20]. Basic
creep is modeled by means of several parallel Kelvin–Voigt chains.
Drying creep model of Bažant and Chern [23] is used. Cracking is
described by two models: the first is an isotropic elastic damage
model (IED) based on Mazars’ model [24]; the other is an orthotro-
pic elastic–plastic damage model (OEPD) previously developed by
Benboudjema et al. [25]. Several calculations were performed in
order to determine the effects of creep, induced orthotropy and
irreversible strain during unloading on the cracking pattern (dam-
age) due to drying and on the residual mechanical properties in
compression and in tension.

2. Hydromechanical modeling of concrete

2.1. The drying model

The drying of cement-based materials is a complex phenome-
non. Several, more-or-less coupled mechanisms are involved: per-
meation, diffusion, adsorption–desorption and condensation–
evaporation [20].

Drying can be analyzed through the resolution of liquid water,
vapor and dry air mass balance equations:

_ml þ divðmlvlÞ ¼ � _mvap

_mv þ divðmvvvÞ ¼ _mvap

_ma þ divðmavaÞ ¼ 0

8><
>: ð1Þ

where mx = /Sxqx is the mass of fluid per unit volume (x = l for li-
quid water, v for vapor and a for dry air); / is the porosity; Sx is
the degree of saturation; qx is the density; _mvap is the mass of vapor-
ized water per unit volume and per second; vx is the velocity of the
fluid.

The velocity of each phase is related to the solid skeleton’s
strain, diffusion and convection. For ‘‘natural” drying (i.e. at ambi-
ent temperature), it seems reasonable to assume the following
hypothesis [21,22]:

� the effect of the solid skeleton’s strain rate on the drying process
is negligible; so are the effects of diffusion and convection
(vv = va = 0);

� the gas pressure (vapor and dry air) is equal to the atmospheric
pressure and is negligible compared to the liquid water and cap-
illary pressures (which equal about �96 MPa at 50% relative
humidity). Thus, the capillary pressure and the liquid water
pressure are assumed to be equal (pc = pl).

The liquid water velocity can be calculated using Darcy’s law:

Sl/vl ¼ �
Kkrl Slð Þ

ll
� grad
!

plð Þ ¼ �
Kkrl Slð Þ

ll
� grad
!

pcð Þ ð2Þ

where K, krl and ll are, respectively, the intrinsic permeability, the
relative permeability and the viscosity of the liquid water. [21,29]
showed that this equation is sufficient for an accurate prediction
of the drying of ordinary and high-performance concretes at 20 �C
with a relative humidity greater than 50%. For more porous con-
cretes, the contribution of the vapor phase transport can no longer
be neglected [29].

Using Eqs. (1) and (2) and the previous hypothesis, one obtains
the following equation for the evolution of the capillary pressure:

dSl

dpc

dpc

dt
¼ div krl Slð Þ

K
ll/
� grad pcð Þ

� �
ð3Þ
The degree of saturation is related to the capillary pressure through
van Genuchten’s relation [30]:

pc Slð Þ ¼ a S�b
l � 1

� �1�1=b
ð4Þ

where a and b are parameters of the material. One should note that
this model was initially developed for soils, but has been used suc-
cessfully for concrete several times (for example, [20–22]).

The relative permeability is also related to the degree of satura-
tion through van Genuchten’s relation [30]:

krl Slð Þ ¼
ffiffiffiffi
Sl

p
1� 1� Sb

l

� �1=b
� �

ð5Þ

Drying can also be modeled in the same way using a nonlinear dif-
fusion-type equation expressed in terms of relative humidity or
water content (for example, [31,32]).

2.2. The drying shrinkage model

The drying shrinkage model is based on the capillary pressure
mechanism, which seems to prevail in the 50–100% relative
humidity range [33].

The capillary pressure can be calculated using Kelvin’s law,
which assumes equilibrium between the liquid and the water
vapor:

pc ¼ pl � pg ¼
qlRT
Mw

ln hð Þ ð6Þ

where R is the perfect gas constant, T the absolute temperature, h
the relative humidity and Mw the molar mass of water.

The capillary pressure is assumed to act upon the solid skeleton
on a macroscopic scale by means of a pore pressure psol (the effect
of the gas pressure is neglected, see Fig. 1):

psol ¼ adsSlpc ð7Þ

where ads can be viewed as a homogenized coefficient which can be
identified from the evolution of the drying shrinkage.

Then, the drying shrinkage strain, which results from the pore
pressure, can be calculated using the following equation [20]:

deds ¼
1� 2m

E
adsSldpc ð8Þ

This model can be expanded by taking into account the creep strain
due to the capillary pressure [34] or the disjoining pressure [35].
Drying shrinkage can also be modeled phenomenologically, i.e. as
a proportion of the water content or of the variation of relative
humidity (for example, [23,26,36,37]).

2.3. The basic creep model

Many mechanisms have been proposed in order to reproduce all
the collected experimental data concerning the basic creep of con-
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crete, but no single mechanism has been universally accepted yet.
Several models can be found in the literature.

Several basic creep models are based on rheological elements
(springs and dashpots). The most popular elements consist of Kel-
vin–Voigt and Maxwell chains which are combined in series and/or
in parallel. In this paper, we use several Kelvin–Voigt chains (Fig.
2). The use of such elements leads to straightforward formulas
for the calculation of the evolution of strain, in contrast to Maxwell
chains, for example, which require the use of an algorithm such as
the exponential algorithm proposed by Bažant and Wu [38]. How-
ever, such a model is incapable of predicting irreversible basic
creep strains at unloading, which account for about 60–70% of
the total creep strain.

Let us consider a Kelvin–Voigt unit i. The evolution of the basic
strain is given by the relation:

gi
bc _ei

bcðtÞ þ ki
bce

i
bcðtÞ ¼ ~rðtÞ ð9Þ

where ~rðtÞ is the effective stress (see Section 2.5), ei
bcðtÞ the elemen-

tary basic creep strain, ki
bc the stiffness and gi

bc the viscosity of Kel-
vin–Voigt unit i. The characteristic time is defined as si

bc ¼
gi

bc

ki
bc

. Then,

the total basic creep strain is obtained as the sum of all the elemen-
tary basic creep strains:

ebcðtÞ ¼
X

i

ei
bcðtÞ ð10Þ

A short-coming of this approach is that aging was not consid-
ered in our study, although it has a considerable influence on basic
creep of concrete (for example, [38]). Therefore, this basic creep
model is intended to be used only for a specific age at loading. If
a different age is to be considered, the model’s parameters should
be identified again.

2.4. The drying creep model

Drying creep corresponds to the additional strain observed
when concrete is under stress and a change in the internal mois-
ture state occurs. This behavior, called the Pickett effect [39], is
quite paradoxical. Indeed, a previously dried specimen creeps less
than a saturated specimen, even though during a creep test con-
crete creep rises as the relative humidity decreases [40].

Two mechanisms explain drying creep in concrete. The first
mechanism is the microcracking effect [27], which we do take into
account since we are using a cracking model (see Section 2.5). The
second mechanism is intrinsic. We will be using the stress-induced
shrinkage model proposed by Bažant and Chern [23]:

_edc ¼ lj _hj~r ð11Þ

where edc is the stress-induced shrinkage strain and l a material
parameter.

2.5. The cracking model

Two smeared cracking models will be used and compared. The
first is an isotropic elastic damage model (IED) based on that pro-
posed by Mazars [24]and described in Reviron et al. [41]. The other
σ~σ~

1
bcη n

bcη

1
bck n

bck

Fig. 2. Basic creep model.
is an orthotropic elastic–plastic damage model (OEPD) which we
developed in a previous paper [25]. The objective is to study the ef-
fects of taking into account (or not) irreversible strains during
unloading along with isotropy/orthotropy on the cracking pattern
due to drying and on the residual mechanical properties after dry-
ing. Since the constitutive relations of these models and the asso-
ciated algorithms have already been published, we will review
them only briefly.

In both models, a characteristic length is introduced in order to
avoid mesh dependency [42]. This characteristic length is related
to the mesh size [43,44], so that the same amount of energy is dis-
sipated after mesh refinement, when strains are localized in a sin-
gle row of finite elements.

Numerical implementation of IED model is straightforward. In-
deed, all involved equations are defined analytically and can be cal-
culated without any local iteration, which enhances the speed of
calculations. This is not the case with OEPD model, which needs lo-
cal iteration.

2.5.1. The IED model
A scalar damage variable D is used to describe the occurrence of

microcracking and the associated degradation of the Young’s mod-
ulus. The apparent stresses r read:

r ¼ ð1� DÞ � ~r ¼ E0 � ð1� DÞ � ee ð12Þ

where ee are the elastic strains, e the total strains and E0 the elastic
stiffness tensor. The elastic strain is

_ee ¼ _e� _eds � _ebc � _edc ð13Þ

The damage criterion f is given by (Fig. 3)

f ¼ ê� j0 ð14Þ

where j0 is the tensile strain threshold and ê the equivalent tensile
strain [24]:

ê ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eeh iþ : eeh iþ

q
ð15Þ

The damage variable is related to the compressive and tensile dam-
age variable by the relation:

D ¼ 1� atð ÞDc þ atDt ð16Þ

where at is related to the tensile and compressive strains created by
the principal tensile and compressive stresses [24].

The evolution of the damage variables in tension Dt and in com-
pression Dc reads:

Dx ¼ 1� j0

ê
1þ Axð Þ exp �Bx êð Þ½ �Ax exp �2Bxêð Þ� ð17Þ
fc0

OEPD

Fig. 3. Yield surfaces in plane stresses conditions for both IED and OEPD models.
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where x = t for tension and x = c for compression, andAx and Bx are
constant material parameters which control the nonlinear part of
the stress–strain curve.

2.5.2. The OEPD model
As in the IED model, damage theory is used to describe the deg-

radation of the Young’s modulus. Now, the damage process is as-
sumed to be isotropic in compression and orthotropic in tension,
where orthotropy is induced by cracking in preferential directions
which occurs during drying. The damage tensor D is divided into a
compressive scalar part Dc and a tensile tensor part Dt:

1� D ¼ ð1� DcÞð1� DtÞ ð18Þ

The evolution of damage is considered to be related to the relative
crack opening resulting from the accumulated plastic strains jc and
ĵi

t (used as hardening/softening parameters, i 2 [1,3]) given by

Dc ¼ 1� exp �ccjcð Þ and Dii
t ¼ 1� expð�ctĵi

tÞ ð19Þ

where ct and cc are material parameters identified from experimen-
tal stress–strain curves.

Here, the use of plasticity theory enables the description of
inelastic strains ep. In order to obtain a suitable behavior, a Druc-
ker-Prager criterion in compression and three Rankine criteria in
tension [45] are used (Fig. 3):

Fc ~r;jcð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3J2 ~rð Þ

p
þ af I1 ~rð Þ � b~scðjcÞ and

Fi
tð~̂r; ĵi

tÞ ¼ ~̂ri � ~si
t ĵi

t

	 

ð20Þ

where I1 and J2 are the first and second invariants, ~sc the effective
strength in compression related to the compressive accumulated
plastic strain jc, af and b two material parameters which depend
on the ratio of the uniaxial to the biaxial compressive strengths,
and ~si

t the corresponding effective strength related to the accumu-
lated tensile plastic strain vector ĵi

t.
The effective strength of the material in tension as well as in

compression is

~scðjcÞ ¼ scðjcÞ=ð1� DcÞ and ~si
tðĵi

tÞ ¼ si
tðĵi

tÞ=ð1� Dii
t Þ ð21Þ

where sc and si
t are the nominal strengths of the material, defined

by exponential functions:

sc ¼ fc0 1þ acð Þ exp �bcjcð Þ � ac exp �2bcjcð Þ½ �
si

t ¼ ft 1þ atð Þ exp �btĵi
t

	 

� at exp �2btĵi

t

	 
� � ð22Þ

ac and bc are material parameters identified from a uniaxial com-
pression test; fc0 is the elastic strength in compression; at and bt

are material parameters identified from a uniaxial tension test; ft

is the elastic strength in tension.
Then, the stress–strain relation becomes:

r ¼ I� Dð Þ � ~r ¼ I� Dð Þ � E0 � ee ð23Þ

The elastic strain is:

_ee ¼ _e� _ep � _eds � _ebc � _edc ð24Þ

Where the plastic strain ep is obtained by Koiter assumption:

_ep ¼
X

i

_ki
t
oFi

t

o~r
þ _kc

oGc

o~r
ð25Þ

where ki
t and kc are the tensile and compressive plastic multipliers,

respectively, which gives the cumulated plastic strain rates as

_jc ¼ 1þ 2a2
g

� �1=2
_kc and _̂ji

t ¼ _ki
t ð26Þ

A non-associative plastic potential is adopted in compression in or-
der to predict the correct amount of dilatancy of concrete since
damage is isotropic in compression:

Gc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3J2 ~rð Þ

p
þ agI1 ~rð Þ � b~sc jcð Þ ð27Þ
where ag is a material parameter which controls the dilatancy of
concrete.

3. Numerical simulations

The main objective is to study the effect of creep and some
mechanical properties (isotropy/orthotropy, inelastic strain) on
the predicted cracking pattern and mechanical parameters
(Young’s modulus, compressive and tensile strength) after drying.
Unfortunately, no single experiment (i.e., corresponding to one
concrete mix) is available in the literature to carry out this study
in the most appropriate way. Nevertheless, a significant amount
of information is available through the tests performed by Granger
[46] and will be used here. A brief description of these tests is first
presented.

The experiments were carried out on 28-day-old specimens
(normal concrete with a water-to-cement ratio of 0.56), which
had been previously sealed. The drying tests were performed in a
room at constant temperature (20 �C ± 1 �C) and constant relative
humidity (50% ± 5%). The weight loss was measured on
16 cm � 15 cm (diameter � height) cylindrical specimens. Shrink-
age and creep tests were performed on 16 cm � 100 cm (diame-
ter � height) cylindrical specimens. The displacements were
measured on a 50-cm middle section of the specimens in order
to avoid boundary effects. For the basic and total creep tests, a
compressive stress of 12 MPa was applied. The mechanical proper-
ties measured at 28 days were the Young’s modulus E = 33.7 GPa,
the Poisson’s ratio m = 0.248, the compressive strength fc = 41 MPa,
and the tensile strength ft = 3.5 MPa.

The simulations were carried out using the finite element code
CAST3M developed by the French Atomic Energy Commission [47].
An axisymmetric model composed of eight-node rectangular finite
elements was used. The mesh and boundary conditions are pre-
sented in Fig. 4. One can observe that the mesh is more refined
along the drying side of the sample.

First, we will present the identification of the material parame-
ters. Then, we will discuss the predictive numerical simulations
which were performed in order to reach our objective.
3.1. Identification of the material parameters

3.1.1. Evolution of drying
First, since no such information was available for the concrete

being studied, isothermal desorption parameters (van Genuchten’s
model, see Eq. (4)) were identified from a similar concrete mix
(Philajavaara [16], Fig. 5).

Then, the intrinsic permeability was identified from the exper-
imental evolution of the weight loss (Granger [46], Fig. 6). The
material parameters are given in Table 1.

3.1.2. Static mechanical behavior
Typical stress–strain curves in compression and tension (Figs. 7

and 8; Table 2) were used for both models (IED and OEPD, see Sec-
tions 2.5.1 and 2.5.2). The only difference between the two curves
concerns the unloading phase.

3.1.3. Basic and drying creep
Basic creep parameters were identified separately using basic

creep experimental results. Five Kelvin–Voigt elements were
needed to fit the whole range of experimental results with good
accuracy. Then, the drying creep parameter was identified from
the experimental evolution of the basic and drying creep strains.

Figs. 9 and 10 show the simulated (longitudinal) basic and dry-
ing creep strain obtained by fitting the experimental curve with
the set of parameters given in Table 3.
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Table 1
Parameters of the drying model used in the numerical simulation

a (MPa) B / K (m2)

25 2.08 0.13 1.1 � 10�21
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Table 2
Mechanical parameters for the two models

At Bt Ac Bc j0 fc0 (MPa) af

�0.2 5 � 103 14.4 920 1.04 � 10�4 16.4 0.14

at bt ct ac bc cc b

8.25 � 10�3 7.5 � 103 104 7.87 430 240 0.86
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Fig. 10. Experimental and numerically fitted evolutions of the total longitudinal
delayed strain with time.

Table 3
Material parameters for the drying shrinkage, basic creep and drying creep models

k1
bc (GPa) s1

bc (days) k2
bc (GPa) s2

bc (days) k3
bc (GPa) s3

bc (days)

169.4 0.1 168 1 157.3 10

k4
bc (GPa) s4

bc (days) k5
bc (GPa) s5

bc (days) l (GPa�1) ads

105.2 100 18.6 1000 0.3 1.2
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3.1.4. Drying shrinkage
Finally, ads (Eq. (7), Table 3) was identified from the experimen-

tal evolution of drying shrinkage. The evolution of the drying
shrinkage strain with respect to the weight loss is shown in Fig.
11 for three different models. The type of mechanical model has
only a small influence on the evolution of drying shrinkage. The ef-
fect of creep is more pronounced. Indeed, due to the relaxation of
the stresses, the predicted damage is less when creep is taken into
account (see also Section 3.2.1). Therefore, the elastic and inelastic
tensile strains caused by the opening of the cracks are smaller,
which results in greater apparent drying shrinkage (compressive
strain).

3.2. Numerical analysis of the influence of the mechanical model and of
creep

The material parameters identified previously were used in or-
der to study the influence of the mechanical model and of creep on
the predicted microcracks (magnitude and orientation) and
mechanical properties after 700 days of drying.

3.2.1. Damage after drying
The damage field after 700 days of drying is shown in Fig. 12 for

three different models. The effect of creep is significant. Indeed,
creep tends to relax the predicted stresses, which results in a smal-
ler damaged thickness (about 1.8 cm when creep is not taken into
account compared to about 7 mm when creep is taken into ac-
count). This is relatively small compared to the experimental
observation by Bisschop and van Mier [1] (about 2 cm for a 4-
cm-wide specimen at 30% RH). However, the models did not take
into account aggregate restraint, which seems to play an important
role in the development of cracks during drying (see the next
section).

The effect of the mechanical model is less significant. The differ-
ence observed results from the different static behavior after
unloading in tension (Fig. 7). For a given tensile strain, the damage
(related to the slope) is less when the inelastic strain is taken into
account.
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A difference in the orientation of the microcracks was also ob-
served. Indeed, the radial damage Drr was equal to zero while the
vertical and orthoradial damage parameters Dzz and Dhh, were al-
most identical. This means that microcracking on the surface of
the cylinder is nearly isotropic (in 2D). This agrees with the exper-
imental results of Sicard et al. [3], shown in Fig. 13 with the asso-
ciated orientation of the predicted damage values (OEPD taking
creep into account).
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Fig. 13. Orientation of the cracks (left) and damage (right) at the surface of the
specimen after 700 days of drying (OEPD + WC).

Table 4
Effect of drying on the mechanical properties (at 50% RH)

E=E0
a in compression E=E0

a in tension fc=fc0
a ft=ft0

a

IEDb + NCc 0.65 0.54 0.73 0.37
IEDb + WCc 0.92 0.92 0.96 0.84
OEPDb + WCc 0.98 0.95 0.99 0.94

Influence of the model type.
a The subscript 0 denotes initial value (sealed specimens). E, fc and ft are the

Young’s modulus, the compressive strength and the tensile strength, respectively,
after drying at 50% HR.

b IED = isotropic elastic damage model (see Section 2.5.1); OEPD = orthotropic
elastic–plastic damage model (see Section 2.5.2).

c NC = without taking creep into account; WC = taking basic creep and drying
creep into account.
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3.2.2. Effect of drying-induced cracking on the mechanical properties
As seen previously, drying induces microcracking on the surface

of concrete. Therefore, a loss of mechanical properties can be ex-
pected after drying. Tensile or compressive loading was applied
on the top side of the specimens after 700 days of drying. Fig. 12
also shows that the predicted damage depends significantly on
the model being used. The effect of drying on the mechanical prop-
erties is given in Table 4 for three different models. This leads to
the following remarks:

1. when creep is not taken into account, the predictions show a
significant drop in Young’s modulus, compressive strength
and tensile strength (between 35% and 73%). This does not
agree with the experimental results;

2. when creep alone is taken into account (but not inelastic strain
or induced orthotropy), a slight decrease (between 4% and 16%)
is predicted;

3. when creep strains, inelastic strains and induced orthotropy are
all taken into account, the predicted decrease is even less
(between 1% and 6%).

From these numerical results, creep seems to have an important
effect on the prediction of cracking pattern and associated loss of
mechanical properties. Therefore, creep should be taken into ac-
count in such analysis.

The last model (OEPD + creep) can be considered to be the most
representative of the behavior of concrete. Unfortunately, the re-
sults obtained do not agree completely with the experimental data.
In the introduction, we mentioned that most authors measured a
greater drop in Young’s modulus (between 4% and 30%) than we
obtained (between 2% and 5%). Concerning the compressive and
tensile strengths, there is no consensus. Our numerical simulations
predict a drop of 1% and 6%, respectively. For a better prediction of
microcracking and the mechanical properties, one should also take
into account aggregate restraint (through an additional damage
mechanism, as in [28]) and the influence of capillary pressure
(through an increase in strength, as in [13]).

3.2.3. Analysis of induced orthotropy
Sicard et al. ([3], Fig. 14) observed that an application of vertical

compressive stresses induces a modification of the orientation of
the microcracks. A significant decrease in horizontal microcracks
was measured. The orientation of the predicted damage values
(OEPD with creep) after drying under compressive loading is
shown in Fig. 14. Such a phenomenon could not be predicted using
an isotropic damage model.

The use of an isotropic damage model would yield another mis-
leading result. Let us consider the case of a square specimen
(40 � 40 mm2, Fig. 15) which is allowed to dry for 700 days on only
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Fig. 16. Damage fields after 700 days of drying for the IED and OEPD models including creep.
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one side (Phase 1), and is then loaded in biaxial compression
(Phase 2). The numerical simulations were carried out under plane
stress conditions, based on experiments performed by Bourgeois et
al. [48].
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The damage fields after 700 days of drying obtained with both
the OEPD and IED models (with creep) are shown in Fig. 16. These
fields are similar in terms of amplitude and width, but with the
OEPD model the damage variable Dxx is equal to zero. This consid-
erably affects the numerical prediction of the residual mechanical
properties (see below).

The stress–strain curves obtained with the two models are
shown in Figs. 17 and 18. As measured experimentally, different
stress–strain curves in the x and y directions after drying are pre-
dicted by both models. Thus, drying in a preferential direction
makes the behavior of concrete orthotropic. The results obtained
with the IED model are not physically correct because they express
that the material is unable to sustain a horizontal loading. This is
due to the presence of a vertical (isotropic) damage band within
which the material is completely damaged (D is equal to 1). With
the OEPD model, the horizontal loading is not influenced by the
damage variable Dyy: one reverts back to the initial stress–strain
law. However, the vertical mechanical properties are slightly af-
fected, as discussed previously in Section 3.1.2. These numerical re-
sults (obtained by OEPD model with creep) are qualitatively
similar to those obtained experimentally by Bourgeois et al. [48].

4. Conclusions

Our numerical simulations highlight the importance of basic
and drying creep in the prediction of microcracking induced by dif-
ferential drying shrinkage. Damage is restricted to only a thin sur-
face layer of the concrete specimen (for the studied concrete mix).
Creep also influences the evolution of the residual mechanical
properties to a great extent. We found that when creep is taken
into account in numerical simulations, damage due to a gradient
of drying shrinkage has only a negligible influence on the mechan-
ical properties in the conditions which have been considered in
this paper (no external restrain). If creep is not taken into account,
the predicted loss of mechanical properties is greater than that
measured experimentally. Therefore, a simulation which would
not take creep into account could lead to wrong results (i.e. mis-
leading cracking pattern and associated loss of residual mechanical
properties).

In some cases, the use of an isotropic damage model for the
description of microcracking can also lead to misleading results.
The numerical simulations performed enable one to choose which
mechanical model (isotropic or orthotropic, with or without inelas-
tic strains) is the most appropriate for the required objectives.

Drying shrinkage strain (but not their consequences) can be
predicted accurately using an isotropic elastic damage model with-
out taking creep into account.

An even more accurate prediction of microcracking and of the
residual mechanical properties after drying should take into ac-
count the effects of aggregate restraint, concrete mix (and espe-
cially paste volume [49]) and capillary pressure. Indeed,
additional damage occurs due to the shrinkage of cement paste re-
strained by aggregates, while capillary pressure contributes to the
increase in compressive and tensile strength of the material. Corre-
sponding developments are currently underway.
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[31] Bažant ZP, Najjar LJ. Non linear water diffusion in non saturated concrete.
Mater Struct 1972;5(25):3–20.
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