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Drying creep: an elasto-plastic damage approach of the structural effect
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ABSTRACT: Drying shrinkage and drying creep strains represent significant components of the delayed
strains occurring in concrete. Natural drying, induces not only deformation throughout the material but also a
strong structural effect: the skin of the concrete dries much more quickly than the core, thereby generating
tension at the skin and ultimately leading to cracking. Supported by a series of tests conducted by Granger, we
will demonstrate that a model of concrete’s drying and an scalar elasto-plastic damage approach enable recre-
ating a considerable number of experimental phenomena for drying structures (loaded and unloaded). Indeed,
for unloaded structures, the observed initial cracking phase and proportional shrinkage / weight loss are prop-
erly described for thick specimens. Further, the model reproduces the additional asymptotic shrinkage phase
due to crack opening / closure in the case of thin specimens for which the drying is a short time process.
Moreover, cracks occur at the skin of the concrete, even in the case of a compressive loading. Cracking is less
pronounced in this case, but leads to an additional time-dependent deformation, namely the structural drying
creep strain. Numerical simulation shows that this strain increases rapidly in the skin of the concrete, which
can not bee neglected, since its value is of the same order of the elastic one. A comparison of experimental re-
sults with numerical results is made and points out that the model is able to reproduce accurately the evolution
of drying shrinkage and drying creep strains.

1 INTRODUCTION drying creep strains (Fig. 1). Therefore, the drying
creep strains reads:
Predicting delayed strains in concrete proves to be
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structures, such as containment vessels of nuclear
power plants. These delayed strains include:
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- autogeneous shrinkage, as deformation re- |
lated to the water consumption during the hydra-
tion reaction in early-age concrete: &,

- drying shrinkage, as deformation related to
the moisture diffusion from the inner core to he
outside of the concrete member; &;
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- drying creep strains, as additional deforma-

tion, which occurred in a drying and loaded Drying test Basic creep test Total creep test

specimen (Pickett effect): &:. . ‘
. . Figure 1. Experimental procedure to get the drying creep
Drying creep strains can not be directly separated  strains.

from the other components of the delayed strains.

Indeed, a drying test, a basic creep test and a total  The autogeneous shrinkage strains are not consid-
creep test need to be performed, in order to get the  ered here, since attention is given to aged specimen.
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When focusing on drying shrinkage as one compo-
nent of delayed strains of concrete, one can observe
that this process néver takes places in a homogene-
ous manner. It leads, in addition to deformations
throughout the material, to a strong structural effect
that leads to the cracking of the concrete skin
(BazZant 1994). This phenomenon also partially ex-
plains the drying creep (BaZant 1994, Granger et al.
1997).

In this study, a coupled elasto-plastic-damage model
(Meftah et al. 2000, Nechnech 2000) is shown to be
efficient in describing experimental findings
(Granger 1994) for a simple structure (cylindrical
test specimen) subjected to drying and creep tests.
This model allows, namely, to reproduce cracks
opening-closing process with stiffness recovery.
Also, irreversible strains can be simulated. These
two factors are shown to be of a primary importance
in reproducing the observed non-linearity in the
drying shrinkage-weight loss diagram (Fig. 4).
Therefore, drying shrinkage strains can be relied by
a linear relationship to the weight loss, which can be
identified from the linear part of the concerned dia-
gram (Fig. 4). Furthermore, the drying process has
been considered, in these simulations, as a diffusion
problem governed by a parabolic-type differential
equation. Solving this equation allows for computing
the evolution of water content in the concrete speci-
men, which can be related to the drying shrinkage as
explained above.

Since the drying process is properly described
through the use of this appropriate damage model,
the structural effect in the drying creep, when me-
chanical loads are concomitant to drying process,
can therefore be quantified in a more accurate man-
ner. Indeed, concrete cracking is less pronounced
due to the relaxation driven by creep strains of the
tensile stresses. Therefore the drying shrinkage
(which was counter-balanced by skin cracking in the
case of drying specimen only) appears in this case as
more important. These additional induced-strains
correspond, in fact, to the structural part of drying
creep. It is emphasized that no basic creep model has
been used. The experimental measured basic creep
strain is removed from the total delayed strain in or-
der to compare the remaining component to the
simulated one.

Concerning the mechanical model, the phenomenol-
ogical behavior of concrete at the macroscopic level
is modeled by a coupled elasto-plastic damage ap-
proach in which the effective stress concept has been
introduced (Kachanov 1986). A scalar mechanical
damage variable is introduced in the relationship
between the stresses and the effective stresses. This
variable describes stiffness degradation concept due
to mechanical cracking process. Therefore, the evo-
lution of the mechanical damage variable is related
to the physically observed crack opening represented

by the plastic strain. This makes it convenient to
calibrate the damage evolution from experimental
results naturally based on the stress, without intro-
ducing an additional damage surface based on the
strain. Furthermore, it is well known that when
loading ranges between the tensile and the compres-
sive states, the recovery of degraded stiffness is ob-
served during unloading from the tensile region to
the compressive region (Reinhardt 1984). The stiff-
ness recovery is a consequence of the closing of the
previously opened cracks. The damage variable is
then splitted in two parts, one for tensile loading and
the other for compressive one. This provides the
separate evolution of the directional damage and
then allows capturing stiffness recovery. In these
simulations, the compressive behavior of concrete is
considered as elastic since compressive stresses re-
main within the elastic domain,

2 EXPERIMENTAL RESULTS

We will be making use of the results obtained by
Granger (1994), which include measurements of
both weight loss and drying shrinkage on various
concrete mixtures used in France in the construction
of nuclear power plants. Since the shape of the
curves describing these different samples is identi-
cal, only one concrete mix design will be considered
for the remainder of this study (see Table 1).

Table 1. Composition of the concrete mixture (per°m3) for the
Civaux B1l specimen.
Water

Gravel Sand  Adjuvant Cement

1100 kg 772kg 1.22kg  350kg 195 kg

The measured mechanical properties of the speci-
men are given in Table 2 for a 28 days old specimen:

Table 2. Mechanical properties for the Civaux B11 specimen.

Young Modulus ~ Poissonratio  Strength

Tensile  compressive
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33.7 GPa 0.248 3.7MPa  40.2 MPa

During drying tests, the specimens are stored in a
test room, where the temperature is 20°C £ 1°C and
the relative humidity is 50 % + 5 %. Figure 2 shows
the experimental evolution of weight loss as a func-
tion of the square root of time. Weight loss is meas-
ured on a test specimen of 16 cm in diameter and 32
cm in height, both ends of which have been pro-
tected from drying (thus causing radial drying only).

Drying shrinkage is measured on a test specimen 16
cm in diameter and 100 cm in height. Total shrink-
age is measured on a 50-cm base located in the cen-
tral part of the specimen, which allows avoiding all
boundary effects (Fig. 3). An identically-sized



specimen protected from desiccation serves to
measure the level of autogeneous shrinkage, which
is then subtracted from total shrinkage in order to
derive the actual drying shrinkage.
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Figure 2:  Weight loss as a function of square root time.

zone of measurement : 50 cm

a) test : (by courtesy of  b) principle : shrinkage is
LCPC, Paris, France)  measured in the central
part of the sample

Figure 3. Weight loss as a function of square root time.

The evolution of the drying shrinkage as a function
of the weight loss shows for the considered concrete
mixture together with other one (Fig. 4) the exis-
tence of three phases (Granger 1994, Bazant 1986):

- during the first phase, the water content gradient
created by the drying generates a stress gradient,
coupled with very high tension in the skin layer
and (as a mechanical effect) cracking in the
skin, yet without any shrinkage (sleeping zone);

during the second phase, these gradients become
more pronounced, the cracking in the skin re-
mains unchanged, and shrinkage is proportional
to drying (linear zone);

during the third and final phase, the gradients
disappear and the cracks would be expected to
close yet this phenomenon is not entirely re-
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versible, a condition which results in asymptotic
shrinkage (non linear zone).
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Figure 4. Drying shrinkage as a function of weight loss.

The same observations have been made recently by
Bissonette et al. (1999).

These hypotheses have been confirmed by means of
different models, such as the probabilistic model
(Granger 1994) or with the used elasto-plastic dam-
age approach (Meftah et al. 2000). These models
allow an accurate simulation of the drying shrinkage
including the cracking of the skin of the samples.
Using the same elasto-plastic damage model, we can
simulate the effect of drying during a creep test. Due
to the external loading, the behavior of concrete is
similar to the behavior of a concrete in which the
tensile strength is increased by the loading. We have
fewer cracks and more strains. These supplementary
strains are the structural part of the drying creep.

For the same specimen, the author (Granger 1994)
also measured basic creep strains and total creep
strains (Fig. 5). The applied uniaxial stress is 10
MPa. During the total creep test, the specimen is
stored in the same ambient conditions that the drying
shrinkage test specimen.
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specimen.



3 MODELING APPROACH

3.1 Drying model

Drying is modeled according to a very classical
approach, by relying on a diffusion equation:

%% =div(D(C)- gradC)

2
in which C is the water content and D is the diffu-
sivity which varies in a strongly non-linear manner
as a function of the water content. The diffusivity is
calculated with the relation derived by Xi et al.
(1994) and given by Eq.2a. However, the authors
tied the diffusivity to relative humidity 4 instead of
water content. As such, we were able to obtain the
desired relationship by means of a desorption curve
h(C). Granger showed that a parabolic approxima-
tion of the desorption curve (Eq. 4) is sufficient to
reproduce properly the experimental curve available
in the literature for a similar concrete (Pihlajavaara
1982). The D(C) and h(C) relationships used in the
computations are the following:

D(h)= A- (a +4- (1 —p-tortn ))
with A = 7x107°, o= 0.002, B = 0.45 and y=4.

2
n(C)=1-05- -G
C() _Ceq

On the basis of the concrete’s composition, Granger
determined the initial water content Co = 132.7 I/m’.
As regards the limit conditions, we have set the
value of surface water content Ceq = 62.1 I/m” to cor-
respond with the relative humidity of test specimen
storage conditions (50%).
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Figure 6. Comparison of measured changes in weight loss vs.
computed changes.

These equations and data were then entered into the
CASTEM2000 code developed by the French
atomic energy commission (CEA). Figure 6 displays
the comparison between computational results and
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experimental measurements in term of evolution of

weight loss with respect to time. )
From figure 6, we observe that the numerical result

correlates quite well with the experimental data for

the weight loss.

3.2 drying shrinkage constitutive law

The relation between drying and shrinkage is often
based on a linear relation between drying shrinkage
and the relative humidity (Wittmann 1982, Alvaredo
1994). Indeed, the desorption isotherm is almost lin-
ear if the relative humidity is higher than 50%.
Therefore, in a previous study (Torrenti et al. 1999)
based on the concepts forwarded by Granger
(Granger 1994), the local shrinkage strain tensor €
was been considered as proportional to the water
content variation: .

&, =k &1 (5)

where k is held fixed on the linear section of the ex-
perimental curve at a value of k = I .22x107, and T is
the unit tensor. The dot represents derivation with
respect to time. The computation is then carried out
by taking the local shrinkage as the imposed defor-
mation.

3.3  Mechanical model

The mechanical behavior of concrete is modeled by
an isotropic damage model coupled with plasticity.
A single scalar damage variable 0 < D < 1 is used to
represents the effect of progressive cracking, due to
external mechanical loads. It gives the degradation
of the current stiffness tensor E of the material:

E=(I-D)E, (6)

where Ey is the initial elastic stiffness tensor.

Since the behavior of the undamaged part of the
material is elastic, the stress-strain relationship
reads:

6=(1-D)-8=(-D)E, ¢, ¢
and the elastic strain €, is obtained by:
€, =E—E, —E4 3

where € is the total strain and g, is the irreversible
strain (due to cracking).

Since numerical simulations (§ 4) show that the
compressive stresses are beyond the elastic strength
of the material, we will only present the features of
the mechanical model in tension. For more details on
the mechanical model, the reader is reported to
(Nechnech 2000).

The modeling of the crack opening/closing behavior
can be implemented by elastic-stiffness recovery
during the elastic unloading process from tensile



state to compressive state. Thus, the tensile damage
variable is modified by a scalar weight factor:

D=1-(1= e, and (@)= 53(e7) [SYor|

where o/ is the i component of the principal effec-
tive stress tensor o, and (0)=(|x|+x)/2 is the
Macaulay’s bracket function. This parameter allows
to shift progressively the effect of the tensile part of
damage and to get a virgin compressive stiffness,
when stress state swishes from tension to compres-
sion as one can easily see in the uniaxial case. The
subscript ¢ refers to tension.

The evolution of the damage evolution is considered
as of an exponential form:

D, =1-exp(~¢,x,) 10)

where #; is the tensile cumulated plastic strain and ¢y
a material parameter identified from experimental
stress-strain curve (Nechnech 2000).

Once micro-cracks are initiated, local stresses are
redistributed to undamaged material micro-bonds
over the effective area. Thus, effective stresses in
undamaged material points are higher than nominal
stresses. Accordingly, it appears reasonable to state
that the plastic flow occurs in the undamaged mate-
rial micro-bounds by means of effective quantities
(Ju 1989). A Rankine criterion (Fig. 7) is used in
tension (Feenstra 1993):

F,(8,x,)=6, -7,(x,)

(1)

where 7 is the nominal strength in tension and oy is
the maximal principal stress in tension. The ~ symbol
corresponds to effective quantities.
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Figure 7. Loading surface defined in the principal stress plane
space

The nominal strength is written as:
T, = fmm ta, )exp(— b, i, )— a, exp(-2b, -« )]

where fiy is the initial tensile strength of the material,
a, and b, are material parameters identified from uni-
axial test (Nechnech 2000).

The plastic strain rate is then obtained by the nor-
mality rule:

(12)
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g - 420 (13)
a5
where A, is the plastic multiplier.
Strain softening induces inherent mesh dependency
and produces failure without energy dissipation (Pi-
jaudier-Cabot et al. 1987). In order to avoid these
shortcomings, a characteristic length is introduced.
This length is related to the mesh size (Rots 1988) in
order to dissipate the same energy after mesh re-
finement, when strains localized (as a macro-crack
representation) in one row of finite elements.
In these simulations, the results of the elasto-plastic
damage model are compared with the results of the
Mazars’s elastic damage model (Mazars 1984). The
most important differences between theses two
models are that the Mazars’s elastic damage model
doesn’t take into account:
the inelastic strain which occurs, when the
material is cracked and unloaded,
the crack-closure effect when the material is
subjected to alternated loads;

4 NUMERICAL SIMULATION

The drying problem necessitates a rather thin mesh
at the skin layer in order to capture accurately the
drying front and reproduce correctly the shape of the
water content curve. Under these conditions, the me-
chanical computation, for which the zones of large
damage have already been located, provides suffi-
cient accuracy.

The model parameters have been held fixed in order
to reproduce the mechanical properties measured by
Granger (see Table 2). Note that the experimental
softening behavior of the considered concrete is not
known and damage evolution can not be determined
according to test results. Therefore two cases are
considered, corresponding to usual value of stiffness
degradation with cracking (Fig. 8).

unloading path : case 2

(1-dE
N unloading path : case 1

Figure 8. Two different unloading paths considering in the nu-
merical simulations.



The first results concern the drying shrinkage test
specimen. Figure 9 shows the evolution of stresses
as a function of the radius at different stages. In
contrary to the Mazars’s elastic damage model (Tor-
renti et al’ 2000), the plastic-damage model takes
into account the closure of cracks, leading to impor-
tant values of residual stresses. Indeed, even if the
specimen has completely dried, differential stress
distribution remains, which in plus gives rise to ten-
sile stresses in the core of the specimen inverting,
thus, the previous ones.

The peak stress indicates a progression in crack
depth, which reaches 2 cm after 50 days and then
remains relatively stable beyond that point. This as-
pect can also be shown through the profile of the
damage evolution during time, all over the radius of
the specimen (Fig. 10).
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Figure 9. Stresses at different times for the drying shrinkage
test specimen.
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Figure 10. Evolution of damage over the radius at different
times in the drying unloaded specimen.

A comparison of the evolution in shrinkage simu-
lated by two damage models versus experimental re-
sults is plotted in Figure 11. The first model is the
Mazars elastic damage model in which no inelastic
strains are taken into account. The second one is the
model presented above, in which crack opening is
given by the plastic strain, such that compressive
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stresses do rise to fully close the cracks when un-
loading occurs in tension. Figure 11 displays very
good agreement between the experimental findings
and the results of both of the two models, except
over the final phase for the elastic damage model.
The agreement in this phase with the elasto-plastic
damage model is quite well, namely in term of as-
ymptotic behavior of shrinkage strain evolution.
This outcome serves to validate the hypotheses for-
warded by the authors cited above (BaZant 1986,
Granger et al. 1997) regarding the structural behav-
ior of concrete during its desiccation and the hy-
pothesis regarding the proportionality existing be-
tween local shrinkage and local water content. These
findings also demonstrate that the damage model can
accurately simulate a significant portion of the dry-
ing shrinkage. Depending on the size of the test
specimen, the crack-closing phase will not be at-
tained within the structure's service life, in which
case an elastic damage model proves to be a suffi-
cient basis for modeling shrinkage. Otherwise, a full
elastoplastic damage model should be used. From
the figure 11, we observe also that the drying
shrinkage in the case of the first unloading path (Fig.
8) is bound by second unloading path case and by
the Mazars elastic damage case. It highlights the fact
that inelastic strains play a major role, as the drying
process ceases in the specimen, in the evolution of
the drying shrinkage strains.

Drying shrinkage [#m/m]

e Experiment

750 4 Elastic

—a&— Elastic Damage [Mazars]
600 - —&— Elasto-Plastic-Damage Case 1

—&— Elasto-Plastic-Damage Case 2
450 -
300 -
150 A

Water loss [%)]
0+ T T

2 3

Figure 11. Comparison of experimental shrinkage curves with
simulated ones by means of the Mazars’s elastic-damage (Tor-
renti et al. 1999) and the elasto-plastic damage models.

Next, we carry out simulation on the total creep test
specimen. The uniaxial applied stress is 10 MPa.
Figure 12 displays the stresses profile over the ra-
dius for different stages. As in the case of the drying
shrinkage test, cracks appear at the skin of the
specimen due to tensile stresses, even if a compres-
sive loading is applied. However, the depth of the
cracking zone reduces significantly, as shown by



figure 13. Furthermore, the stress profile tends to the
initially applied one without significant additional
residual stresses. ‘

Stress [N/mm2]

Radius [m]

Figure 12. Stresses at different times for the total creep test
specimen. ‘
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Figure 13. Evolution of damage over the radius at different
times in the drying loaded specimen.

In order to compare the numerically simulated and
the experimentally obtained drying creep strains, we

Shrinkage [um/m) ¢ Loaded Specimen: Experiment
1000 —&— Unloaded specimen: Simulation
—a— Loaded specimen: Simulation
A Unloaded specimen: Experiment
800 4 B

600

400 4 &

time [hours]

T

20000

0 10000 30000 40000 50000

Figure 14. Evolution of drying shrinkage for both of loaded
and unloaded specimen.,
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first plot in figure 14 drying strains for both of un-
loaded and loaded specimen. Since basic creep has
not been considered here in the numerical simula-
tion, experimental drying strains for the loaded
specimen are obtained by removing basic creep
strains from the total measured ones, in order to
compare homogenous quantities.

The figure 14 shows that for the two cases a good
agreement between numerical and experimental
findings is achieved. However, for the loaded
specimen, a scattering is observed after a certain
stage of the experimental test. It corresponds to a
decrease in the experimental drying strains (for the
loaded specimen) when removing the basic creep
component from the total measured strains as ex-
plained previously.

Drying Creep [um/m]
300
240 -
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a2 Experiment
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Figure 15. Comparison of test results with numerical results for
the drying creep strains evolution with respect to time.

Drying creep strains can now be obtained by re-
moving the drying strains measured on the unloaded
specimen from the drying strains of the loaded on.
Figure 15 displays the comparison of the numerical
results and the experimental counterparts. It can be
observed that the gap between the two curves is
more pronounced due, again, to a significant de-
crease in the experimental drying creep strains.
However, the agreement between experiment and
simulation remains acceptable particularly at early’
stages. This means that even an elastic damage
model can predict this early part of the experiment
since the irreversible strains and cracking closure
process do not act significantly yet. Nevertheless,
inherent errors related to measured values can also
be incriminated, namely when removing the basic
creep strains by considering them no influenced by
the moisture change within the specimen.

At last, figure 15 indicates that drying creep strains
increase rapidly in the skin of the specimen, during
the first days. Drying creep can not be neglected in
the case of a structure calculus, since its value is of
the same order of the elastic one (about 300 um/m).



5 CONCLUSION

Through the use of a damage model, coupled with a
classical water diffusion model and by assuming that
local shrinkage is proportional to local water con-
tent, we have confirmed a number of hypotheses
forwarded by various authors, namely:

the drying of concrete begins by a phase of skin
cracking which does not give rise to drying
shrinkage;

afterwards, drying shrinkage becomes propor-
tional to weight loss.

An elastic damage model proves to be adequate for
thick test specimens in that the phase corresponding
to the crack closure (as the drying process ceases)
will never be reached within the structure’s service
life (such tends to be the case with containment
shells at nuclear power plants). In order to simulate
accurately this final phase for relatively-thin speci-
mens as well, it is however necessary for the model
to take into account the occurrence of inelastic
strains as skin tension stresses decrease, which is the
case on an elasto-plastic damage model. The me-
chanical model used in these simulations correlates
well with experimental data for the drying shrink-
age.

In the case of the drying and loaded specimen,
cracking is less pronounced. Thus, it leads to addi-
tional strains, which are the structural part of the
drying creep. Numerical simulations show that the
elasto-plastic damage model fits pretty much with
experimental drying strains. However, a discrepancy
is observed for the loaded specimen, as the experi-
mental drying strains decrease. It may be related to
the manner we obtain drying creep strains from the
experimental data, since we made the assumption
that basic creep strains do not depend upon the
moisture change within the specimen.

In these simulations, basic creep and intrinsic drying
creep strains have not been modeled. Indeed, con-
crete cracking is less pronounced due to the relaxa-
tion of the tensile stresses driven by creep strains.
Thus, apparent drying shrinkage is underestimate.
Numerical simulations have to be performed to
quantify the role of creep strains.
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