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Effects of desiccation on mechanical behaviour of concrete
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Abstract

The objective of this work is experimental characterisation and numerical modelling of coupled behaviours between drying

shrinkage and plastic damage in concrete. In the first part, we present an original experimental study on an ordinary concrete in

order to determine material damage induced by drying shrinkage. Uniaxial compression tests are performed on samples dried

for different periods. It is shown that material damage can be caused by drying process. Mechanical behaviour becomes more brittle

with higher damage kinetics when concrete is dried. In the second part, a constitutive model is proposed in order to describe coupled

hydro-mechanical behaviour of partially saturated concrete. This model takes into account induced damage, mechanical and cap-

illary plastic deformations. Numerical simulations of experimental tests are presented, and show a qualitatively good agreement with

experimental data. The results are relevant with respect to the importance of drying process in the durability study of concrete

structures.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

One major preoccupations in civil engineering con-

cerns the long-term behaviour of concrete structures,

which is the background of a reliable durability analysis.

Many concrete structures are subjected to coupled ac-

tions of mechanical loading, drying and wetting pro-

cesses, temperature variation and chemical attack.

That makes it very complex to perform a reliable numer-
ical modelling. The purpose of this work is to deal with

one important feature of coupled behaviours: effects of

drying process on mechanical behaviour of concrete. In-

deed, in spite of many studies on the estimation of

shrinkage deformation of concrete (see [1–4] for compre-

hensive synthesis), there are few results concerning ef-

fects of drying shrinkage on mechanical behaviour of
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concrete [1,2,5–7]. Drying shrinkage induces time depen-
dent strains, which can significantly modify stress distri-

bution in many structures. The time dependent induced

damage due to drying shrinkage affects the durability of

many structures. So far, influences of drying shrinkage

on mechanical behaviours of concrete and failure condi-

tions are not properly taken into account in many com-

puter codes, probably due to inadequate knowledge of

the associated degradation processes of concrete [1,5].
This paper is composed of two parts. In the first part,

some new experimental results are presented. The main

purpose of laboratory investigation is to show how basic

mechanical behaviour of ordinary concrete is affected by

drying shrinkage. In particular, we will study the deteri-

oration of elastic properties of concrete, due to normal

drying process, and the dependency of damage process

and failure stresses on moisture content. To do this, a
new testing programme is proposed. Evolution of drying

shrinkage is first measured. Then, uniaxial compression

tests are performed on samples submitted to different
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drying times, and interpreted in terms of elastic proper-

ties degradation, failure stresses and plastic deforma-

tion. The second part is devoted to constitutive

modelling of main behaviours obtained in experimental

studies. This is done in the framework of hydro-mechan-

ical modelling of concrete in partially saturated condi-
tions. As the induced damage and plastic deformation

represent the common features for most concrete like

materials, we propose to use an elasto-plastic damage

model. The damage of material is characterised by an

extension of the damage model proposed by Mazars

[8]. We consider two different mechanisms of plastic

deformation, respectively related to mechanical loading

and suction variation. Simulations of laboratory tests
are provided to show the overall quality of numerical

predictions.
Table 1

Concrete composition

Cement 324 kg/m3

Water 205 kg/m3

Gravel 4/8 mm 1110 kg/m3

Sand 0/4 mm 668 kg/m3

W/C ratio 0.63
2. Experimental investigation

This part presents a comprehensive analysis and some

new experimental results for drying shrinkage of con-
crete. The main purpose is to show the evolution of

mechanical properties and induced damage in concrete

due to desiccation and drying shrinkage.

2.1. Desiccation of concrete and effects of drying

shrinkage on mechanical behaviour

The total shrinkage of concrete is generally decom-
posed of several parts [1,6,9–11]: autogenous shrinkage

including Le Châtelier contraction and self-desiccation

shrinkage, thermal shrinkage, carbonation shrinkage

and drying shrinkage. The influence of each part is re-

lated to concrete composition [2,12–14] and environ-

mental conditions. In this study, only the effects of

drying shrinkage are studied. Recently, it was experi-

mentally shown that an important part of microcracking
induced by drying is due to, on one hand, the heteroge-

neous moisture content in the material which induces

gradients of drying shrinkage of the cement paste; on

the other hand, the heterogeneity induced by the pres-

ence of aggregates [15–17].

At macroscopic level, desiccation of concrete is a

complex phenomenon. Several types of transfer occur,

in two different forms: liquid and vapour. Three types
of moisture transport exist [18]: Darcy flow of liquid

water, Darcy flow of vapour, and diffusive transfer of

vapour. Considering the experimental results that al-

lowed Baroghel-Bouny [12] to identify sorption–desorp-

tion isotherm of cylindrical bars, Mainguy et al. [18]

analysed the influence of the three kinds of transport

on mass loss kinetics of concrete. He showed that for va-

pour, the Darcy movements are negligible compared to
diffusive movements and that diffusive transfer of va-

pour is small. From the study of vapour molar fraction
curves, and after having verified that there was gas over-

pressures inside the pores, he concluded that rapid uni-

formity of the vapour molar fraction is achieved. As a

consequence, the diffusive transfer of vapour is consider-

ably reduced. A description of water transfers in liquid

form with evaporation from the faces of the structure,
and the use of a non-linear diffusion equation expressed

as a function of degree of saturation or water content,

are sufficient to describe correctly the kinetics of con-

crete mass loss with time [18].

Consequently, the drying shrinkage is caused by dry-

ing process through loss of water from concrete. The

concrete drying yields local compressive deformation

of skeleton material. However, this deformation is par-
tially constrained either by coarse aggregates (local ef-

fect) and heterogeneous distribution of moisture state

in concrete body (structural effect—i.e. differential

shrinkages between the surface and the center of sam-

ple). Local tensile stresses may appear and induce

initiation and propagation of microcracks [2,15,19].

Shrinkage associated with oven-drying seems to have

more damaging effect on the concrete microstructure
than compression loading to its maximum capacity

[19]. Furthermore, microcracks will change the material

elastic properties. The objectives of the current experi-

mental investigation are to show such an effect.

2.2. Concrete composition and testing procedure

Composition of the tested concrete was determined in
order to maximise drying shrinkage in a relatively short

time. There is a relationship between drying shrinkage

and the water by cement ratio (W/C) [13,20]. In general,

drying shrinkage increases with the value of this ratio.

Indeed, cementitious material with elevated W/C pre-

sents a high permeability, facilitating leak-off of water

from sample. In addition, more important drying

shrinkage would be observed when the maximum size
of aggregates is relatively small. Consequently, we have

used a concrete with 8 mm maximum aggregate size and

a W/C ratio of 0.63. The cement used is of CEM II/B-M

(LL-S) 32.5 R CP2 (in European norm EN 197-1). The

composition of the concrete is shown in Table 1. With

such a W/C ratio, it is expected that the cement matrix

will contain large pores [5,12,13] and then present a rel-

atively high drying kinetics. After the curing of 28 days,
the porous structure of cement matrix is assumed to be
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definitively formed [9], this lets us to consider that mois-

ture diffusion will occur with nearly the same porosity

for all specimens.

The structural effect is also an important feature in

the study of shrinkage of concrete [2,21,22]. Indeed,

the space distribution of moisture is dependent on sam-
ple size. The bigger the sample size, the slower is the

moisture movement. Inversely, there is a rapid variation

of water content in structures with small characteristic

size. Accordingly, the effect of drying shrinkage on

mechanical behaviour of concrete may be more easily

detectable in small size samples [1,22]. However, the size

of specimens for mechanical testing should be large en-

ough to preserve the pertinence of representative volume
element. In this study, prismatic and cylinder samples

are chosen respectively for shrinkage measurement and

conventional uniaxial compression tests. The suitable

size for cylinder samples is 110 mm diameter and

220 mm height, and the size of prismatic specimens is

of 40 · 40 · 160 mm3.

According to previous works [1,12,13], it is reason-

able to assume that autogenous and thermal shrinkage
become negligible after 28 days curing, with respect to

drying shrinkage for this class of concrete. All specimens

were cured in water under a constant temperature of

20 �C for 28 days (Fig. 1). In order to avoid dissolution

of portlandite in water, the cylinder samples were simply

stored inside their cardboard mould; while prismatic

specimens were conserved inside plastic bags immerged

in water (Fig. 1). A better way to avoid portlandite dis-
solution would be to cure sample in water saturated by

lime. In our case, for the sake of simplicity, we preferred

to directly put samples in thermo-controlled water, by

avoiding portlandite exchange by leaving them in their

moulds. After 28 days of curing, the specimens were

taken out of the water and stored under relative humidity

of 60% ± 5% and temperature of 21 �C ± 1 �C (Fig. 1).

We assume that there is an asymptotic stabilisation of
drying shrinkage after 90 days according to the concrete

composition (W/C = 0.63) [13,22], and the size of prisms

(40 · 40 · 160 mm3). On the other hand, for cylinders
Maturation process 28 days

Water bath T = 20˚C

Cardboard mould Plastic bag

Fig. 1. Conservation condi
(/ = 110 mm, h = 220 mm), the bigger geometry re-

quires longer time to have complete drying [1]. However,

the essential part of water mass loss is obtained after 90

days of drying. This lets us to consider that the main

shrinkage is produced during this period, which is a rea-

sonable duration for the proposed study. Certainly,
quantitative comparison of shrinkage evolution cannot

be done due to difference in geometry between the

prisms and cylinders, but phenomena should be similar

in both cases. The general testing procedure is defined as

follows:

• continuous measuring of axial shrinkage deformation

of prismatic specimens for 80 days (length variation
along the central line of sample),

• regular measuring of weight of prismatic specimens

for 80 days,

• regular measuring of weight of cylinder specimens for

80 days,

• uniaxial compression tests with unloading–reloading

cycles on cylinder specimens at selected instances,

during the 80 days of drying.

2.3. Drying shrinkage results

It is assumed that samples were saturated when they

were taken out of the water bath. The global water con-

tent is then deduced from the total mass variation of

sample. Fig. 2a and b show respectively the evolution
of axial shrinkage strain in three prismatic specimens

as a function of the time of drying and as a function

of loss in mass. These results are similar to those ob-

tained by Granger et al. [21]. In Fig. 2b, two phases

can be distinguished. The first part of the curves corre-

sponds to the rapid drying of sample surfaces. This is

accompanied by superficial microcracking which delays

progress of global shrinkage. Such a behaviour can be
attributed to leak-off of free water, which does not in-

duce shrinkage [23,24]. However, many test performed

on small size samples have shown a linear relation
Drying period 80 days

Controlled atmosphere

T = 21˚C ± 1˚C - Hr = 60 % ± 5 %

tions of the samples.
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Fig. 2. Evolution of dessiccation shrinkage strain versus time of drying (a) and loss in mass (b) for three prismatic specimens.
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between shrinkage and loss of water mass, which is in

contradiction with this hypothesis. Granger et al. [21]

suggest that this kind of behaviour is rather related to

sample surface cracks, which can hide effect of intrinsic

drying shrinkage. In the second phase, there is propor-

tionality between loss in mass and shrinkage strain.

Microcracks do not evolve at this stage because the

moisture gradient tends to vanish. The shrinkage be-
comes proportional to loss of water mass, like that ob-

served in small size samples. If the measurement was

continued after 80 days, a third phase would be obtained

where the shrinkage strain would tend to stabilise while

the loss in mass continues to evolve [21]. The third phase

shows a weight loss evolution without additional drying

shrinkage. This last phase can be explained either by the

fact that contraction of cement matrix becomes low due
to lack of water, by a non-linear drying and drying

shrinkage relation, or by a non-linear mechanical behav-

iour of mortar [25].

Fig. 3 gives the relative variations of total mass of six

cylinder specimens (named by their identification num-

bers G2.8 to G2.59) as functions of drying time. The

relative mass is defined as the ratio between the current

mass and the initial mass of sample (at 28 days of mat-
uration) before drying. The overall profile is in accor-

dance with classic results reported in literature.

However, it is interesting to notice that each specimen

considered here was subjected to uniaxial compression

test until failure at a selected time (say at 7, 21, 41,

56, 66 and 69 days of drying). After the mechanical test,

the specimen was carefully conserved in order to pursue

the measurement of weight variation. Comparisons be-
tween six samples do not show any correlation between

the mass variation rate and the time of performance of

mechanical test. This seems to indicate that the influ-

ence of mechanical loading on drying kinetics is rela-

tively small, and that the drying process is rather

controlled by diffused microcracks than by macroscopic
cracks formed under mechanical loading. Notice that
the mechanical tests were stopped before complete fail-

ure of samples. In uniaxial compression test, only very

few (1 or 2) of macro cracks are formed at failure of

the sample. This does not significantly increase ex-

change surface of sample for drying process. According

to Bažant et al. [26], cracks in concrete can affect water

migration process only if their opening exceeds some

millimeters. Therefore, it is not surprising that cracks
induced by mechanical loading do not significantly in-

crease velocity of drying process. Further, Meziani

and Skoczylas [27] have shown that concrete permeabil-

ity increases significantly only if the load approaches to

failure stress, and it comes to initial value once sample

is unloaded. In our study, samples are completely un-

loaded before continuing drying; this leads to a drying

kinetics which is quasi independent of mechanical
loading.
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2.4. Uniaxial compression tests

Uniaxial compressions were carried out on cylinder

samples dried for different durations. All tests were per-

formed under displacement-controlled conditions with a

strain rate of 2 · 10�4 s�1 by using a hydraulic machine.
The lower platen of the machine is rigid while the upper

platen is of kneecap connection. Unloading-reloading

cycles were performed at different values of axial stress

to determine variation of elastic modulus. It is impor-

tant to point out that during the drying, water content

is not uniform in the test sample, which is a heteroge-

neous medium. Therefore, overall values of stress, strain

and elastic stiffness of the specimen should be used in-
stead of local fields. A typical axial stress versus strain

curve obtained in uniaxial compression is presented in

Fig. 4. In order to illustrate the influence of drying pro-

cess on deterioration of concrete elastic properties under

mechanical loading, a scalar damage index is defined as

the ratio of current elastic modulus (Ei) to the initial

elastic modulus (E0) (as illustrated in Fig. 4). This dam-

age index is defined for every specimen in order to be
able to compare its evolution according to the micro-

cracking induced by the drying. The elastic modulus at

each cycle is determined from the initial tangent of the

reloading curve. However, to avoid unstable responses

of samples at the beginning of test, the initial elastic stiff-

ness is determined from the third unloading-reloading

cycle in each test (the corresponding nominal axial stress

is 9 MPa). The evolution of damage is expressed as a
function of the normalised irreversible strain (also

named ‘‘normalised plastic strain’’), which is defined as

the irreversible axial strain of each cycle divided by the

axial strain at the peak stress of each test. Results ob-

tained from 4 cylinder samples tested respectively at 2,

24, 44 and 69 days are shown in Fig. 5: the notation

‘‘G237’’ is the identification number of sample, and

the number ‘‘77’’ is the average water saturation degree
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Fig. 5. Evolution of damage versus normalised irreversible strain (a) and no
of the sample at the time of mechanical testing; this

average saturation degree is estimated from the known

loss in mass of the sample and its initial water content

(function of its porosity). The water saturation degree

after 2 days of drying is still close to 100%. Samples

tested after 24, 44 and 69 days of drying have respec-
tively an average saturation degree of about 77%, 68%

and 60%. This average saturation degree gives a global

indication of drying state as well as the saturation degree

is not uniform in samples. It is obvious that there is

higher evolution kinetics of damage in specimens dried
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for a longer time. Therefore, the mechanical behaviour

of dried concrete becomes more brittle in nature. Prop-

agation of cracks induced by mechanical loading is eas-

ier due to initial microcracking which is a consequence

of desiccation and drying shrinkage. In Fig. 5a and b,

curves are crossing each other. This crossing point oc-
curs for very high damage index (superior to 0.65) cor-

responding to very large axial strain of the sample: a

structural effect appears and damage index have to be

carefully analysed. Nevertheless, for smaller damage

index, differences between each curve are more pro-

nounced and clearly indicate effects of the microcracks

induced by the drying process, which is imposed on

the samples before mechanical loading.
Another effect of drying on concrete behaviour is the

increase of uniaxial compression strength due to desicca-

tion. This is shown in Fig. 6a and b where one can ob-

serve a continuous increase of strength with time of

drying (Fig. 6a) or with the loss in mass (Fig. 6b). Each

point represent in average 2 tests performed on the same

day (so two points on the same day mean that 4 tests

were performed). Such a strength increase is usually
shown on mortar and concrete, and considered as a con-

sequence of both developed capillary forces and in-

creased surface tension during drying [28–33]. In our

modelling, we chose to take into account strength

increasing as a consequence of capillary forces (see Sec-

tion 3). Furthermore, the increase of concrete strength

is assumed to come from two concomitant phenomena.

The first is capillary suction effect leading to an almost
isotropic compression of solid skeleton. As a result,

material behaves like a prestressed concrete of higher

strength. The second phenomenon is linked to hydrous

gradients which are taking place and involving a contrac-

tion of the external part of the sample as well as a con-
15

20

25

30

35

40

0 20 40 60 8

Drying period [days]

Uniaxial compression strength [MPa]

0

+ 28 %

(a)

Fig. 6. Evolution of uniaxial compression strength versus dry
finement of sample inside body [1,30]. This ‘‘confining

lateral pressure’’ will then induce an increase of strength

in the perpendicular direction: the sample is self-rein-

forced. In addition, water saturated sample of low per-

meability will bring about interstitial fluid pressure

increase. Locally, and by coupling effect, this interstitial
overpressure may have an amplifying effect on the prop-

agation and opening of microcracks due to the mechan-

ical axial load [29]. It seems that this strength increase is

largely reported by many authors: as an example, Dantec

and Terme [34] observed an increase of uniaxial com-

pression strength of 22% at 60% of relative humidity

(Hr). Okajima et al. [35] also obtained a progressive in-

crease of compressive strength (about 38%) with the de-
crease of the relative humidity from 100% to 0%, in the

case of a mortar with a W/C ratio of 0.65. Brooks and

Neville [36] have measured, at 28, 56 and 84 days, the

compressive strengths of concrete samples (W/C = 0.5)

cured in water during 28 days, then kept either in water,

or in an atmosphere withHr = 60%: they mentioned that

the compressive strengths of dried specimens are always

superior to those measured on samples preserved in
water. The ratio between the strength measured at 56

days and the one measured at 28 days is equal to 1.1

for saturated specimens, and equal to 1.34 for samples

subjected to air drying. Let us note that the mechanical

strength decreases between 56 and 84 days, translating

the role of the microcracking induced by the drying pro-

cess on the mechanical damage. Accordingly, Pihlajava-

ara [28] and Torrenti [37] found respectively a strength
decrease of 6% for a mortar and 11% for a concrete be-

tween 100% and 50% of Hr. These strength decreases

are probably due to the drying induced microcracking

which becomes dominant in the failure process, in the

case of the cementitious materials used by these authors.
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ing time (a) and loss in mass (b) from cylinder samples.
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It appears necessary to have a series of control sam-

ples to validate this assumption. To do this, we have re-

cently conducted a large experimental campaign in our

laboratory in order to confirm the increase of mechani-

cal strength due to drying. Mortar samples were con-

served in water for 6 months in order to have a
complete curing. Samples were then separated into two

groups: the first was submitted to drying (T = 21 �C,
Hr = 45%) and the second is conserved without drying

and used as control specimens. No change of mechanical

strength was obtained in control samples, while there

was an increase of 21% in uniaxial compression strength

in dried samples [38]. Moreover, the high W/C ratio used

in our concrete (0.63) allows to consider that the hydra-
tion is essentially completed during the curing phase.

There is a very small increase of strength due to comple-

mentary hydration after 28 days in water, compared

with the increase of 28% in strength after 70 days of dry-

ing. The variability on drying-induced increase of

mechanical strength, observed in literature and in the

present work, is probably due to different kinds of ce-

ment used, differences in gravels (size and granularity)
which play a role in matrix-aggregate interface and then

on failure stress. Moreover, Baroghel-Bouny et al. have

shown that the porous structure of a concrete with a W/

C ratio of 0.43 evolves very little between 28 days and 90

days [13], in terms of total porosity, permeability and

saturation degree. As there is a clear relationship be-

tween porosity and compression strength, these results

support once again that the uniaxial compression
strength would increase very little for a concrete sample
0.7
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(W/C = 0.63) conserved in water for more than 28 days.

Finally, Wood [39] has performed mechanical tests on

samples conserved in water for a very long period: he

has observed an increase of 11% on compression

strength for a concrete with a W/C ratio of 0.71 and

13% for another concrete with a W/C of 0.53, between
28 and 90 days. After 90 days, any variation of strength

has not been observed until one year. Such increases

should be compared with the increase of 28% obtained

in the present study. One can conclude that the increase

of strength due to hydration is relatively small after 28

days. Furthermore, the Wood�s samples were conserved

in water, translating the fact that hydration can be made

in an optimal way, without lack of water. Results would
have been different if specimens had been only protected

from desiccation, because water diffusion towards non-

hydrated cement would have been more difficult, and

the cement hydration less efficient. Once again, the role

of water desiccation on the strength increase is shown.

Finally, in order to compare the elastic property of

samples with different moisture contents, under the same

stress level, we propose to define the normalised initial
modulus, as the initial elastic modulus of each test

(determined from the third unloading-reloading cycle)

divided by the maximum value among all the compres-

sion tests. In the present work, the maximum value is

obtained from the specimens dried for 7 days. Fig. 7a

and b show the evolution of normalised initial modulus

in cylinder specimens as functions of time of drying (Fig.

6a) and loss in mass (Fig. 6b). Each point represents the
average value of two tests performed the same day. We
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can see that the normalised initial stiffness regularly de-

creases during desiccation (about 25%). This means that

drying process induces material deterioration by devel-

opment of microcracks due to local tensile stresses. Sim-

ilar experimental results have been obtained in uniaxial

tension tests [36,40,41]. In the tests conducted by Brooks
and Neville [36], such a diminution is of 8% between the

elastic modulus respectively measured at 28 and 56 days.

In the case of tests performed by Toutlemonde [40], the

elastic modulus of a dried concrete is reduced by 32%

with respect to a saturated concrete. Concerning the re-

sults from Terrien [41], there is a drop in elastic modulus

of 12% for a concrete and 30% for a mortar between sat-

urated and dried state. However, drying induced micro-
cracking results in a decrease of 12% in tensile strength,

due to the role of this induced initial microcracking on

the failure process of specimens. Here it is highlighted

that the drying of concrete leads to microcracking be-

cause of, on one hand, gradients in drying shrinkage

(structural effect due to moisture gradients) and, on

the other hand, effect of rigid inclusions (coarse aggre-

gates). These phenomenon also lead to a change of elas-
tic properties of the material, even without mechanical

load. There is a decrease in the elastic modulus of con-

crete. Besides the mechanical behaviour of the material

evolves into an elasto-plastic behaviour with softening

when it is saturated, towards an elasto-plastic damage-

able behaviour when its moisture content decreases.

This phenomenon can be taken into account by two

ways in the modelling: the first is to connect the evolu-
tion of the damage variable with the material degree

of saturation; the second is to consider the concrete as

an elasto-plastic material with damage, partially satu-

rated by water, in which the suction generates plastic

contractions, which induce diffused microcracks. It is

this second approach which is developed in the second

part of this article.

As a preliminary conclusion, this experimental study
clearly shows coupled effects between drying process and

induced material damage. Mechanical behavior of con-

crete becomes more brittle in nature with higher damage

kinetics when it is dried. There is also material deterio-

ration during proper drying process.
3. Constitutive modelling of partially saturated concrete
during drying

In the previous section, we have presented experimen-

tal results to show effects of drying shrinkage on

mechanical behaviour of concrete. In this section, we

propose a constitutive model being able to capture such

effects. We have used the elasto-plastic damage model,

recently proposed by the authors [42], for concrete in
partially saturated conditions. We present here the

essential features of the model. The formulation of the
model is based on the mechanics of porous media initi-

ated by Biot. The concrete is assumed to be saturated by

a liquid phase (noted by index �w�) and a gas mixture

(noted by index �g�). The gas mixture is a perfect mixture

of dry air (noted by index �da�) and vapour (noted by

index �va�). We assume an isotropic behaviour of concrete
and consider isothermal evolutions only. By adopting

the assumption of small strains, the total strain tensor

is decomposed into an elastic part and plastic part:

eij ¼ eeij þ epij; deij ¼ deeij þ depij ð1Þ

The basic poroelastic behaviour of concrete is described
by using the non-linear poroelastic model proposed by

Coussy [43,44]. The incremental form of constitutive

equations is expressed as follows:

drij ¼ C0
ijkldeekl � b½Swdpw þ ð1� SwÞdpg�dij ð2Þ

dpg ¼ dpva þ dpda

¼
pg
/g

�bdeev þ
dm
q

� �e

w

� �
þ pva

/g

dm
q

� �e

va

þ pda
/g

dm
q

� �e

da

ð3Þ

dpc ¼ dpg � dpw ¼ �M c �bSwdeev þ
dm
q

� �e

w

� �
ð4Þ

where rij are the components of stress tensor, the fourth

order tensor eC0
is the initial elastic stiffness of undam-

aged material, eeij are the components of elastic strain

tensor, and eev the elastic volumetric strain. The para-
meter b denotes Biot�s coefficient of porous medium

and Sw the water saturation degree, and /g the porosity

occupied by gas mixture. The scalar variable ðdmq Þek repre-
sents the elastic variation of mass of the kth fluid phase

per unit initial volume of porous medium, and pk the

pressure of the kth fluid phase. In Eq. (4), the variable

pc defines the capillary pressure. The parameter Mc is

Biot�s modulus related to capillary pressure, which is a
function of water saturation degree:

M c ¼ � 1

/0 þ ev

dpc
dSw

� �
; pc ¼ pg � pw ð5Þ

where /0 is the initial porosity and ev the volumetric

strain.

The emphasis of modelling is on the description of

coupled plastic damage due to drying shrinkage. The

formulation of plasticity is simplified: we have used

the classic Drücker-Prager criterion for the yield func-

tion. A non-associated flow rule has been used through
a linear plastic potential [42]. In order to take into ac-

count the effects of capillary pressure and induced dam-

age on plastic behaviour of concrete, we proposed an

extension of the Bishop effective stress concept [45] to

plastic flow of unsaturated concrete with isotropic dam-

age. The following modified effective stress tensor has

been used:



Table 2

Material parameters used in the simulations

Elastic parameters Plastic parameters

E = 27000 MPa b = 0.084

m = 0.2 a0 = 0.0

Damage parameters ar = 1.55

ed0 = 1 · 10�4 v = 2800

At = 1 C0 = 1.27 MPa

Bt = 5000 g = 0.2

Ac = 0.967 sd0 ¼ 23 MPa

Bc = 108.56 h = �1000
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r̂ ¼
r þ b½pg � Swpc�I

1� d
ð6Þ

The parameter b, different from Biot�s coefficient b,

defines the dependency of plastic behaviour upon the
variation of saturation condition. The scalar variable

d describes the isotropic damage of material.

The induced damage affects elastic properties of

material. In the case of isotropic damage, we assume

that only the elastic modulus is decreasing due to mate-

rial damage. Therefore, the elasto-plastic constitutive

equation (2) is completed by including the variation of

elastic stiffness due to material damage:

drij ¼ ð1� dÞ � C0
ijkldeekl � dðdÞ � C0

ijkle
e
kl

� b½Swdpw þ ð1� SwÞdpg�dij ð7Þ
The characterisation of damage evolution is based on

the model proposed by Mazars [8]. However, we have

adapted the damage criterion (fd) to include the contri-

bution of plastic strain to damage evolution:

fd ¼ ~e � kðdÞ 6 0;

~e ¼ ~ee þ ~ep ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

ðeeþi Þ2
r

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

ðepþi Þ2
r ð8Þ

where~e is the equivalent strain, k(d) is the damage thresh-

old, eeþi and epþi are the elastic and plastic principal tensile

strain. As in the initial model ofMazars, the total damage

is a linear combination of those respectively induced by

the tensile stress (dt) and compressive stress (dc):

d ¼ atd t þ ð1� atÞdc ð9Þ
The coefficient at defines the ratio between two parts of

the damage [8,42]. The evolution of each damage com-

ponent is respectively determined by the following equa-

tions [8]:

d t ¼ 1� ed0ð1� AtÞ
eM

� At

exp½BtðeM � ed0Þ�
ð10Þ
0
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Fig. 8. Comparison between simulation and test data in an uniaxial compre

saturated concrete.
dc ¼ 1� ed0ð1� AcÞ
eM

� Ac

exp½BcðeM � ed0Þ�
ð11Þ

where the parameter ed0 is the initial damage threshold

while eM represents the maximum value reached by the
equivalent strain ~e during the loading history (current

damage threshold). Four parameters Ac, Bc, At and Bt

control damage evolution rate under tensile and com-

pressive stresses.

The parameters involved in the constitutive model

can be determined from experimental data obtained in

uniaxial and triaxial compression tests (see details in

[42]), and the set of material parameters presented in
Table 2 has been used for the next numerical simula-

tions. By using the proposed model, we have simulated

some basic mechanical tests. In Fig. 8, we present the

comparison between experimental data and numerical

simulation for a representative uniaxial compression test

(saturated case). We can see the capacity of model to

reproduce basic mechanical properties of concrete, in

particular, plastic strains and deterioration of elastic
properties due to damage. In Fig. 9, we compare numer-

ical simulations between uniaxial compression and

tension test in saturated case (Sw = 100%). The asym-

metric response of concrete in tension and compression

is well described. In order to reproduce the effects of
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water saturation degree on the mechanical properties of

concrete, we have to determine the water retention

curve, which relates the suction to water saturation de-

gree. Based on the results reported in literature, the fol-

lowing equation is used:

Sw ¼ ½1þ ðapcÞ
b�c; a ¼ 2:35	 10�8

b ¼ 1:83; c ¼ �0:58
ð12Þ

In Fig. 9, we show simulations of four homogeneous

uniaxial compression tests with different degree of water

saturation. Increase in uniaxial compression strength

(about 30% in numerical simulation) is well reproduced

by the proposed model.
In Fig. 10, we show numerical simulations of four tri-

axial compression tests with different confining pressure.

Even if these results are not compared with experimental
data for the concrete tested here, they are qualitatively

in good accordance with most data obtained from clas-

sic concrete. Material behaviour becomes more ductile

when confining pressure increases. On this figure, we

also compare the simulations obtained with the elasto-

plastic model without damage, and those with coupled

elastic-plastic damage. We can see the important contri-

bution of damage on overall behaviour of concrete.
4. Simulation of drying process in a concrete cylinder

In this section, we present simulations of the drying

tests presented in Section 2. As mentioned before, dur-

ing these tests, the water saturation degree (then stresses

and strains) is not uniform inside samples. We have to
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solve a boundary values problem for numerical simula-

tion of drying tests. Therefore, the proposed model is

implemented in a FEM code (named MPPSAT), which

is devoted to hydromechanical problems of partially sat-

urated media. A fully coupled algorithm is used. The

governing equations have been presented in [42]. The
basic data used for the simulations are the variation of

relative permeability for liquid and gas. In this work,

we have used the following equations from [18], for a

classic concrete:

krl ¼
ffiffiffiffiffiffi
Sw

p
½1� ð1� S1=a

w Þa�2; a ¼ 0:17 ð13Þ

krg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Sw

p
½1� S1=a

w �2a ð14Þ

The drying process of cylinder is analysed in axisym-

metric conditions. The cylinder is assumed initially satu-

rated. Due to symmetry, only a quarter of a cylinder is
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with different water saturation degree: numerical predictions.
considered (h = 110 mm, l = 55 mm). The mesh is com-

posed of 400 eight-node quadratic elements. The values

of the used material parameters are given in Table 2. It is

submitted to drying on the right lateral surface with a

relative humidity of Hr = 60% while no flow conditions

are prescribed on the left lateral, top and bottom sur-
faces. The numerical model predicts a too fast drying

kinetics [42], because possible variation of permeability

due to damage is not taking into account in the present

simulation. Indeed, we should point out that numerical

results are obtained by calculating average value of

water saturation in sample volume, and numerical sim-

ulations are strongly sensitive to input data, such as evo-

lution of relative permeability of water.
In Fig. 11, we compare model�s predictions and exper-

imental data on the evolution of uniaxial compression

strength as a function of drying time (or equivalently
50 60 70 80

Drying period [days]

Experimental data
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n
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f drying time: comparison between simulations and test data.
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water saturation degree). Once again, we obtain a good

agreement from the qualitative and quantitative points

of view, also with most data found in the literature (for

example [29–36]). In Fig. 12a and b, we show simulations

of four homogeneous uniaxial compression tests with

different degree of water saturation (average value on
each sample). We present evolutions of damage variable

as a function of normalised irreversible axial strain (Fig.

12a) and normalised total axial strain (Fig. 12b). We can

notice that damage kinetics is higher in samples with low-

er saturation degree. This means that the compression

strength of concrete increases with drying but the mate-

rial becomes more brittle. Such a result is qualitatively

confirmed by experimental data shown in Fig. 5a and b.
5. Concluding remarks

A preliminary experimental investigation has been

performed in order to study effects of drying shrinkage

on mechanical behaviour of concrete. Uniaxial compres-

sion tests have been conducted on samples submitted to
different periods of drying. The obtained results have

clearly shown coupled phenomena between drying pro-

cess and material damage. Uniaxial compression

strength increases with desiccation due to developed

capillary forces. Material behaviour becomes more brit-

tle and therefore is reflective of a higher damage kinetics

when concrete is progressively dried. There is also mate-

rial damage during proper drying process. Thus, two
competition effects appear during drying of cementitious

materials: the effect of capillary suction increasing the

mechanical strength of material, and the degradation

of elastic properties by induced microcracks. A simple

elasto-plastic damage model is then proposed for model-

ling of hydro-mechanical behaviour of partially satu-

rated concrete. Even if only isotropic behaviour is

concerned, the model is able to describe principal re-
sponses of concrete under mechanical and hydrous con-

ditions. Let us note that this model, to be used in a more

practical way, can be easily coupled with concrete mat-

uration models (for example [46,47]). Numerical simula-

tions of uniaxial compression tests are in qualitative

agreement with experimental data. The obtained results

have clearly shown that it is important to take into ac-

count effects of drying in analysis of strength and failure
in concrete structures.
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performances. PhD thesis of Ecole Nationale des Ponts et

Chaussées, Paris, 1994 [in French].

[13] Baroghel-Bouny V, Rougeau P, Care S, Gawsewitch J. Etude
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Ponts Chaussées 1998;217:61–73 [in French].

[14] de Larrard F, Le Roy R. Relation entre formulation et quelques
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