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Abstract

The analysis of concrete structure durability is based on the investigation of the material long-term behaviour. Such behaviour is
influenced by mechanical, hydrous and thermal actions applied to structures. The main purpose of this study concerns the characterisation of
the coupled effects between drying shrinkage and damage for a cementitious material. An experimental study on a normalised mortar
(European norm) is then presented to characterise the damage effect, induced by drying and desiccation shrinkage on the multiaxial
compressive behaviour. Triaxial compression tests are carried out at different times of drying. The observed increase in deviatoric strength
and decrease of Young’s modulus and Poisson’s ratio are related to the loss in mass of specimens. These results are commented through the
damage processes of material because the drying phenomenon causes microcracking by exceeding tensile strength. This microcracking will
have a strong influence on the damage process of the material and then on its failure behaviour. Furthermore, the effect of drying leads to an
increase of the capillary suction into the mortar, hence, to an increase of the specimen strength. Such couplings have to be taken into account

in a reliable modelling.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Cementitious materials are commonly subjected to
multiaxial mechanical loading when these are used, for
example, in nuclear power plant, prestress concrete, or
when the impact of a missile on concrete structure has to
be studied [1]. The understanding and the economic use
[2,3] of these materials require the knowledge of its
behaviour under multiaxial stresses, in particular, under
axisymmetric triaxial compression. Until now, numerous
studies were led to know the behaviour of concretes and
mortars, and to model them under triaxial compression
[1-9], that is, only under mechanical stresses. Moreover,
these materials must be durable in time, in other words,
to ensure long lifetime properties to face damages such as
hydrous microcracking, chemical attack and physical
damages. Coupling these various mechanisms makes more
difficult for the elaboration of predictive and reliable
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modelling on one hand, and requires a very complete
experimental study for the identification of the relevant
parameters on the other hand.

We have thus studied, in our laboratory, the coupling
“triaxial compression behaviour-desiccation shrinkage™ for
a mortar having a water by cement ratio equal to 0.5. Only
few data can be found in the literature upon the influence of
the drying shrinkage on the multiaxial behaviour of cemen-
tious materials under confining pressure, while numerous
results on strains due to different kind of shrinkages are
available. The present work puts in light that studying this
coupling, for a predictive and reliable modelling, is crucial
as the elastic parameters and the strength of the material
show significant variations. Moreover, the mechanical be-
haviour of a cementitious material under triaxial compres-
sion is sensitive to the variation of its internal humidity
[10—12] and to the applied confinement level [1-7,9,13].
Furthermore, Bazant and Raftschol [14] showed that to
avoid any cracking during drying, it was necessary to vary
the relative surrounding humidity slowly and gradually,
resulting to relative humidity differences inside the speci-
men lower than 2%, and to use test specimen of unusual
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thickness (about 1 mm). Uniform drying is going with an
increase in capillary pressure, surface tensions or disjoining
pressures, which play an important role because the me-
chanical behaviour of material during its drying has to be
identified. Furthermore, matrix deformations are prevented
by aggregates leading to a diffuse cracking in cement paste
[15—19]. While considering structures, geometrical effects
induce a non-uniform distribution of relative humidity, even
if the drying process is extremely slow. If they are suddenly
exposed to external relative humidity variations, only 0.1-
mm thickness structures would be exempt of microcracks.
That means that heterogeneous drying microcracking may
take place [14,15,20], even if no mechanical load is applied.
In a general case, strains induced by hydrous gradient are
prevented by structural effect; as a result, the cementing
matrix is subjected to tensile stresses, which induce micro-
cracks if tensile strength is exceeded. Thus, induced crack-
ing due to these effects (material and structural) will have an
influence on elastic properties, damaging process and failure
stress of material [12,21,22].

Besides the drying process, the material behaviour is
also very sensitive to the confining pressure as, when the
latter is increased, a transition—brittle to ductile—can be
observed [1-3,6,23]. Under a low confining level, rupture
of concrete occurs with significant microcracking [2,3],
while under high confining pressure, the failure takes place
with slight microcracking [2,3] and major macrocracks,
which separate the sample in two or three parts [1]. The
confining pressure increase also changes the orientation of
the rupture plan [5]. For very high confinement (up to 100
MPa), mechanical concrete behaviour becomes stiffening
[24]. Hence, the possible influence of the induced micro-
cracking and desiccation shrinkage upon the behaviour
under low confinement and the failure process will be
one of the main objectives of this study, as well as the
induced capillary pressure effects.

In the first part, the setting up of the experimental
program and the necessary requirements (the studied
material and the experimental process) are described. In
the second part, the obtained results are presented to
underline the mechanical behaviour evolution of a mortar,
under hydrostatic and triaxial compression stresses, in
relation with the drying process. These results are analysed
by putting forward the coupling effects between drying
shrinkage and the multiaxial mechanical behaviour.

2. Elaboration of the experimental program

Total shrinkage of mortar and concrete comes from
several shrinkages [21,25]: endogenous (including “Le
Chatelier” contraction and self-desiccation shrinkage),
thermal and desiccation shrinkage, which is the object of
this study. Further shrinkage, known as carbonation shrink-
age, can take place for samples preserved, during a long
period of time, in a highly charged atmosphere with CO,

[23,26]. Drying shrinkage was assumed to have prevailed
within the present study, thus, carbonation shrinkage,
supposed to be negligible, was not measured. The main
cause of inducing drying shrinkage is commonly assumed
to be the loss of free water [12,21]. Thus, hydrous gradient
takes place from the heart to external sides of the sample,
which, coupled with a low material permeability, will cause
a differential drying shrinkage, leading to tensile stresses at
the outer surface. As a result, there is initiation and
propagation of microcracks, whether tensile strength is
exceeded. In parallel, the cementing matrix contraction will
arise around the aggregates, which are there like rigid
inclusions. From this, a diffuse cracking may result
depending on aggregate sizes [17—19]. In this work, the
influences of the drying shrinkage on the damageable
elastic-plastic behaviour of a mortar were studied using
triaxial compression tests. For that purpose, a particular
experimental procedure was designed.

2.1. Composition of mortar and samples conservation

To carry out this study, a normalised mortar of classical
composition (see Table 1) was used and compound with a
normalised sand (European norm EN196-1) and an often
used cement. Such mortar has the advantage to be easily
reproduced by other laboratories.

The necessary amount of mortar to achieve the whole
study was cast at the same time in a beam formwork (4-m
length, 150x150 mm? section), whose surface in contact
with room atmosphere [temperature (T)=21+1°C, relative
humidity (Hr)=60+5%] was protected by a plastic cover to
prevent a local desiccation. Five days later, the beam was
immerged for 6 months in water regulated at 20°C. At the
end of this period, effects of thermal and endogenous
shrinkages are thus negligible, while maturation of mortar
is almost achieved. Samples used for the mechanical tests
(37-mm diameter, 74-mm length) and for the permeability
and porosity measurements (37-mm diameter, 90-mm
length) were cored and cut from the beam, then carefully
rectified to obtain a perfect geometry. Sample dimensions
were chosen to measure the relevant parameters within a
reasonable period of time. Let us note that cylinders used for
transport property measurements (90-mm length) were cut
in three parts: a central one of 50 mm intended for
permeability measures, two small parts of 20 mm for
porosity determination.

Table 1

Composition of normalised mortar

Components Quantity
Normalised sand 0—2 mm (EN 196-1) 1350 kg
Cement CEM II/B-M 32,5 R (EN 197-1) 450 kg
Water 225 kg
Water/Cement ratio 0.5
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After 6 months of immersion, samples were classified in
three different series:

v protected samples from desiccation by two layers of
adhesive aluminium, mentioned further as “saturated
samples”’;

V¥ samples submitted to desiccation in a controlled atmo-
sphere (T=21£1°C, Hr=45+5%), mentioned further as
“desiccation samples”;

¥ oven-dried samples at 60°C, until constant weight and
protected from resaturation by two layers of adhesive
aluminium, mentioned further as “dried samples”.

The experimental program is decomposed as follows (all
the presented tests are performed according to the drying
process and the conservation mode):

v measurements of endogenous and drying shrinkages on
prisms (40x40x 160 mm?), these prisms were made up
and preserved under the same previously described
conditions;

¥ hydrostatic compression tests and triaxial compression
tests on cylinders (¢p37x74 mm);

¥ measurements of loss of water of prisms (40x40x 160
mm) and cylinders (¢37X%74 mm);

V¥ measurements of porosity (¢37x20 mm) and perme-
ability (¢37 mmX50 mm).

2.2. Experimental devices and measurements

Various tests were thus performed with this mortar:
hydrostatic compression and classical triaxial compression
tests with unloading—reloading cycles, permeability tests,
measurements of porosity and desiccation shrinkage.

Hydrostatic compression and triaxial compression tests
were carried out using a triaxial cell, a confining pump
(Gilson® 307), to ensure oil injection until the required
pressure level, and a hydraulic press (Instron® 500 kN
capacity). A prescribed displacement mode was used, the
axial strain velocity being of 2 um s~ ' for the deviatoric
loading rate (Fig. 1a). The axial stress, applied on sample,

a ﬂ Axial stress G,
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Fig. 1. (a) Principle of the triaxial compression test. (b) The special hinged loading platen and a mortar sample.
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was deduced from the machine load measurement cell.
The longitudinal and transversal strains were measured
with four gauges: two longitudinal and two transversal,
located at the middle of the sample (Fig. 1b). To carry
out a perfect stress state (without significant bending
effect), a special hinged loading platen was designed
(Fig. 1b) and placed between the superior press platen
and the sample. Imperfections due to a possible parallel-
ism defect between the two sample surfaces were thus
minimised.

The triaxial compression tests are classically conducted:
loading with hydrostatic pressure until the desired level (15
MPa) and then kept constant during the deviatoric loading.
The deviatoric strength is then equal to the maximum
deviatoric stress reached during the test.

The characterisation of failure strength can be complet-
ed by permeability measurements, for example, as it is a
key parameter among the ‘‘durability indicators”. The
mortar permeability was measured by ethanol injection, a
liquid that is actionless with cement (for more details, see
Refs. [27,28]). After 6 months in water, samples were
dried up to a constant weight (at 60°C) before testing.
These permeability measures are thus affected by the effect
of microcracking induced by the drying process (for
example, see Refs. [27,29]). Porosity is obtained by the
difference between water saturated and dried (at 60°C)
sample masses. As well as for the permeability tests, the
measured porosity includes microcracks due to drying.
Finally, the shrinkage measurements on prisms were

achieved by a classical device (using a retractometer),
corresponding to the variation of the prism length (base
160 mm).

3. Experimental results in permeability, porosity and
triaxial compression

3.1. Intrinsic permeability and porosity of the normalised
mortar (w/c=0.5)

To measure its permeability, the sample is subjected to a
liquid flow; ethanol was chosen in the present case. The
liquid permeability cell is depicted in Fig. 2. Liquid is
injected at a constant pressure P;, by a high-pressure pump
(Gilson® type) from calibrated capillary tubes (3-mm di-
ameter). Such a device has the advantage that the injected
flow can be measured with a good accuracy and, as soon as
a steady state flow is reached, it can be easily recorded.
Furthermore, it is a direct measurement of the permeability,
under steady conditions, which is carried out and based on
the entry flow rate O measurement. For such conditions,
Darcy’s law can be applied and leads to:

_ro_ L
Kint— S (Pi_PO) (1)

where K, is the intrinsic permeability (m?), Q is the volume
rate of liquid flow (m*-s™') and u the liquid viscosity
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Fig. 2. Principle of the permeability measurement device.
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Table 2

Values of porosity and permeability of mortar

Sample number 1 2 3 Average
Fluid permeability (10~"7 m?) 0.6 0.7 0.5 0.6
Porosity (%) 17.7 18.7 18.2

(Pa-s). P; is maintained at 1.5 MPa during the whole test
and Py, is the atmospheric pressure as the sample is freely
drained on its upper side (Pa). L and S are, respectively, the
length (m) and the sample surface (m?) of the cross-section.

Table 2 shows obtained porosity and intrinsic permeabil-
ity results. The n°1 and 2 used specimens were cut in three
parts: central part was used for gas permeability measure-
ment, and others parts for porosity. The porosity, presented
in Table 2, is the average of two results obtained on the
slices (top and bottom of each specimen). The average
permeability is equal to 0.6x107'7 m?, and the average
porosity 18.2%. As there is no significant scattering among
these permeability values, the initial used mortar and the
drying effects can be considered as homogeneous.

3.2. Desiccation shrinkage measurements

An example of drying shrinkage measurement performed
on prismatic sample submitted to desiccation is depicted in
Fig. 3. One can notice that endogenous shrinkage, measured
on samples immerged 6 months in water and protected from
desiccation, is negligible compared with drying shrinkage.
This curve showing the drying shrinkage evolution versus
loss of free water was obtained with retractometer measure-
ments. The last point of this curve, denoted “dried sample”
(X), corresponds to the desiccation shrinkage measured on a
prismatic specimen dried at 60°C until constant weight. The
result is classical as three characteristic phases are present
[30,31]: the first phase, corresponding to the weight loss
with only weak shrinkage measurement, comes from rapid
evaporation of surface water, coupled with an induced
microcracking which counterbalances prism shrinkage; in
the second phase, drying shrinkage is a linear function of
loss of water; this is due to solid skeleton contraction
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induced by capillary depression [21,32], variation in surface
energy [12] and disjoining pressure [33], (we will consider
that the dominant mechanism is the capillary suction);
finally, the third phase shows a weight loss evolution
without additional shrinkage. The last phase can be
explained either by the fact that the contraction of cement
matrix becomes low by lack of free water, by a nonlinear
drying and desiccation shrinkage relation, for example, due
to induced microcracking, or by a nonlinear mechanical
behaviour of mortar [34].

3.3. Results of hydrostatic and triaxial compression tests

For a homogeneous, elastic, linear and isotropic material,
we can define classical parameters as:

AV - 3(1—2v) Oh
Ey =—/F=2¢ & e = — = —
v 1 2 3 E Oh K

where ¢1,=P, for a hydrostatic compressive test,

(2)

01 — 03

E (3)

&
- 82(: 83)
Ve 4)

If ¢ represents the actual stress tensor during classical
triaxial test, the hydrostatic and deviatoric components of
the stress tensor can be defined as:

(o1 + 203)

Op — 3 (5)

3., (6)
where ¢, is the axial strain, &,, &3 are the lateral strains, &, is
the volumetric strain, £ is the Young’s modulus, v the
Poisson’s ratio, P. the confining pressure, K the bulk
modulus, ¢, the axial stress (major stress), g,, o3 lateral
stresses (minor stress), g, the mean stress (also named
spherical stress) and o4 is the deviatoric stress. J, is the
second invariant of deviatoric stress tensor.

04 = 01 — 03 =
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Fig. 3. Drying shrinkage versus loss in mass for normalised mortar.
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Fig. 4. (a)Variation of the volumetric strain versus the confining pressure in hydrostatic test. (b) Deviatoric stress versus axial and lateral strains for different

confining pressure (15, 20 and 50 MPa).

Obtained results from triaxial compression tests are
presented on Figs. 4a and b. Fig. 4a displays the variation
of volumetric strain (e,) versus the applied confining
pressure (P.), while the variations of axial strain (g;)
and lateral strains (e,=¢3) versus deviatoric stress (o;—03)
are plotted Fig. 4b. The strain values reported there were
calculated by averaging the two corresponding gauge
measurements, as preliminary tests showed they were
virtually identical either for hydrostatic or triaxial com-
pression tests. Due to the measurement device, the axial
strains are limited to about 16,000x10 °. Rupture of
specimens was obtained under low confining pressure
(15 and 20 MPa), whereas failure strength was not
reached under 50 MPa of confinement. Measurements
of initial Young’s modulus (Eq. 3) and Poisson ratio
(Eq. 4), as well as their variations with mechanical
loading, were also processed. Young’s modulus measure-
ments were conducted following RILEM recommenda-
tions [35], extended to the case of triaxial compression as
being the secant modulus measured after three loading—
unloading cycles up to a 9-MPa maximal deviatoric stress

and the initial Poisson ratio being minus the ratio
between the lateral deformation reached after these three
cycles divided by axial deformation at the same stage.
Variations in elastic modulus and Poisson ratio can
therefore be evaluated according to the maximal devia-
toric stress value. The bulk modulus can be determined
by two different ways: direct determination from hydro-
static compression test or by using Eq. (2), with material
elastic parameters deduced from triaxial compression test.
The second method allows, by comparison of both
results, to verify the reliability of elastic parameters
measurements. To maximise measurement accuracy on
Young’s modulus and Poisson’s ratio, each material
behaviour was meticulously analysed. This measurement
process was performed on each specimen. Material be-
haviour exhibits hysteretic loops, which are due to
material viscosity [36]. One can notice that their opening
decreases with drying. Obtained results according to
mechanical damage in multiaxial compression test are
very similar with those presented in the literature on this
classical mortar.



L. Yurtdas et al. / Cement and Concrete Research 34 (2004) 1131-1143 1137

-120

Deviatoric strength
[MPa] X

-1154

-110
-105

-100
95
-90 4
854
-80

@ saturated samples
-754 X dried samples
A desiccation samples

=70 O Average value of saturated samples
X Average value of dried samples
-651 A Average value of desiccation samples Time of drying [days]
-60 —— —— T
0 50 100 150 200 250

Fig. 5. Deviatoric strength versus time of drying.

Besides, the behaviour of tested mortar in triaxial
compression evolves between a brittle behaviour (15
and 20 MPa of confining pressure) toward a ductile
behaviour (P.=50 MPa). As the main objective was to
evaluate the influence of the drying induced microcrack-
ing on the multiaxial mechanical behaviour of a mortar,
it was hence decided to perform primary several tests
with a confining pressure equal to 15 MPa, to emphasize
the microcracking phenomenon on the material failure
process.

3.3.1. Triaxial compression strength evolution (P.~=15
MPa)

Triaxial compression results can be analysed in relation
to the drying time of mortar. For each considered time of
drying, two cyclic triaxial compression tests were carried
out on the same day. Finally, two dried samples were tested
with the purpose to simulate complete drying, that is, no
more free water into the material.

Authors showed that the desiccation increased the
strength of cementitious materials [10,11,37—39] and de-
creased the mortar’s elastic characteristics under uniaxial
compression [37,38]. Results of triaxial compression tests
according to the drying time (Fig. 5) clearly display the
effect of desiccation on the maximal deviatoric strength: an
increase of about 29% (this increase was about 21% for
uniaxial compression strength [37,38]) from the value
obtained for saturated samples to those obtained on dried
specimens. To verify that no maturation effect occurs during
the experimental campaign, the tests on samples preserved
from desiccation (point ®) were made periodically. In Fig. 5,
time ¢ = 0 corresponds to the beginning of the drying. The
dried specimens (point X) exhibit a higher strength com-
pared with the samples protected from desiccation, whereas
specimens left in the natural desiccation (point A) have a
deviatoric strength which evolves, during drying, from
saturated sample values towards dried sample values of
strength.
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-1154  Deviatoric strength x
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4110 | X

X dried samples

X Average value of dried samples

@ saturated samples

O Average value of saturated samples
A desiccation samples

A Average value of desiccation samples
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-60 +—————————————
o -l 2 3 4
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Fig. 6. Deviatoric strength versus loss in mass.
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Fig. 7. Young’s modulus versus loss in mass.

The same tendency is observed on Fig. 6, where the
evolution of the mortar deviatoric strength is plotted versus
the mass loss. The failure deviatoric strength of desiccation
samples (A ) increase with mass loss to finally reach that of
the dried samples (X). One can notice that desiccation
samples do not reach the strength of dried samples, which
was not the case when measured in uniaxial compression
[37,38]. This comes from an amount of free water evapo-
rated, from specimens during natural desiccation, smaller
than for dried samples at 60°C. Therefore, the lower the
suction effect is, the lower the increase of deviatoric strength
will be.

Besides the effect of confining pressure, the mortars’
deviatoric strength increase can be attributed to two con-
comitant phenomena. The first is the capillary suction effect,
leading to a compression of the solid skeleton, similar to a
“prestressing” of mortar, which will be, as a result, more
resistant. This phenomenon was often mentioned for rocks
[40]. Thus, there will be an increase of the triaxial com-

pression strength, with hydrous pressure gradient or not.
This capillary suction can be considered as isotropic; this
could partially justify the more important strength increase
(29%) observed under multiaxial compression loading (the
suction is ‘“‘active” in a multiaxial way), compared with
uniaxial compression (21%). The second phenomenon is
linked to the moisture gradients, present in the sample
during drying. The induced contraction of the external part
of the sample leads, first, to a microcracking and also to a
confining effect on the “non-retracting” central part [10,21].
This phenomenon, obviously observed for the desiccation
sample, brings about an overconfining effect, which is not to
be active for the oven-dried sample of uniform humidity
content. Moreover, when these low permeability samples
are tested closed to complete saturation, the mean compres-
sive stress increase may induce an interstitial overpressure
known as the Skempton effect (under undrained conditions
[41,42]). This effect would amplify the opening and prop-
agation of microcracks previously induced by drying.

0,25
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021¢ o A X Average value of dried samples
0.15 N A >><<
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0,1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ T \ T T
0 -1 2 -3 -4 -5 -6 -7 -8

Fig. 8. Poisson’s ratio versus loss in mass.
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Fig. 9. Variation of deviatoric stress versus Poisson’s ratio.

On the other hand, strength increase under triaxial
compression (29%) is higher than the increase of uniaxial
compression strength (21%) during complete drying. This
phenomenon may be due to the fact that interstitial pressure
is initially higher in the triaxial case. Hence, induced micro-
cracking, which plays an important role in failure process,
would be more pronounced under deviatoric loading, when
the sample is close to complete saturation. When failure
occurs, it can be observed that macrocracks and shearing
band divide the sample into two or three parts. Under low
confining pressure conditions, this type of failure is fre-
quently reported in the literature [1-7,9].

3.3.2. Measurements of Young'’s modulus and Poisson's
ratio under triaxial loading—drying effect

Young’s modulus and Poisson’s ratio evolutions, versus
loss in mass during drying, are respectively plotted on Figs.
7 and 8. Both Young’s modulus and Poisson’s ratio vary
between two limit values: an upper one (that of saturated

samples) and a lower one (that of dried samples). Inside this
range, Young’s modulus value of desiccation samples
remains constant in the first stage, before an almost 15%
decrease to eventually reach the dried sample values.
Poisson’s ratio variations are quite similar, with a decrease
around 25%. The loss in mass threshold, from which elastic
parameters begin their drop, is in the range of 2.5-3%
(about 40 drying days).

Two different effects can be attributed to hydrous gra-
dient, as they are coming along with increase of capillary
suction: microcracking (induced by desiccation) and the
previously mentioned structural effect, causing mortar
sample prestressing. From the latter, the measured Young’s
modulus can be considered as an apparent stiffness. One
can mention there that under intermediate saturation state,
the humidity content cannot be considered to be uniform
through the sample. As a possible structural effect is thus
possible, elastic property measurements and strength deter-
minations have to be carefully used for numerical analysis.
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Fig. 10. Volumetric strain (after 15 MPa of hydrostatic pressure) versus loss in mass.
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Microfissuration involved with drying must logically
cause a Young’s modulus decrease; this assertion is thus
consistent with the final values of the latter for desiccation
samples and the decrease of elastic stiffness observed after a
significant amount of lost free water. The loss in mass
threshold, from which elastic parameters begin to decrease,
is also the state from which no more drying shrinkage is
observed (phase 3; Fig. 3). At this stage, the sample pre-
stressing should not counterbalance the microcracking grow-
ing, leading hereby to visible hydrous damage phenomena.

The variations in Poisson’s ratio versus maximal devia-
toric stress, that is the higher value of applied stress for each
loading—unloading cycle, are presented Fig. 9 for the three
types of samples. For low stress value, Poisson ratio remains
almost constant up to a 54 MPa value for saturated samples
and 62 MPa value for dried samples. Beyond these values,
there is a sharp increase of these ratios, which is neverthe-
less smoother for dried samples. The lower stress value, 54

a

70 -
Hydrostatic

Pressure [MPa]

K= 21430 MPa

MPa face to 62 MPa, could be attributed to the interstitial
pressure and its effect on the microcracks opening. The
desiccation samples behaviour is intermediate when com-
pared with the limit cases (dried or saturated). Furthermore,
the threshold stress value from which Poisson’s ratio is
varying sharply seems to increase with drying time, even if
there is no obvious difference between 42 and 71 days. It is
somewhat difficult, in such a case, to clearly distinguish
what is due to structural effect or to a possible poromechan-
ical coupling, and its outcome upon microcracks opening.

3.3.3. Drying effects on volumetric strain and compressibility

Volumetric strain versus loss in mass, depicted in Fig. 10,
concerns samples under hydrostatic loading up to 15 MPa,
that is, the stress level reached before axial loading in
triaxial compression test. At the same level of hydrostatic
pressure, an increase in volumetric strain of about 15% can
be observed from the saturated to dried samples. This
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Fig. 11. (a) Hydrostatic pressure versus volumetric strain for a saturated sample. (b) Hydrostatic pressure versus volumetric strain for a desiccation sample (loss
in mass 4.3%). (c) Hydrostatic pressure versus volumetric strain for a dried sample. (d) Hydrostatic pressure versus strain for each guage measured on a

desiccation sample.
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increase may be attributed to an affective stress effect, that is
transition from undrained to drained behaviour. Another part
of this increase comes from the microcracks closure; such an
impression is confirmed by Fig. 11a—c, showing the test
results on samples preserved under different conditions, the
highest value of hydrostatic pressure now being of 60 MPa.
On a general case, during a hydrostatic loading, it is
observed that an initial elastic behaviour is followed by
plastic deformations and a collapse or a consolidation; at
this stage, the behaviour can be assumed to be elastic-
plastic. When loading is growing up, stiffening is often
observed [24,36]. The strain gauge responses lead us to
assume that, in a first approximation, the behaviour remains
isotropic (Fig. 11d), which, thus, is an evidence of a diffuse
and not orientated microcracking due to hydrous damage.
The residual strain, coming from elastic-plastic behaviour, is
higher in the case of saturated sample. In fact, after a longer
drying time, the material behaviour becomes more damage-
able; as a result, under hydrostatic loading, a decrease of the
bulk modulus and fewer plastic residual strains are to be
observed (Fig. 11c). Thus, the multiaxial mechanical be-
haviour is varying from elastic-plastic to damageable elas-
tic-plastic when free water evaporates from material. Such a
phenomenon was also put in evidence on concrete under
uniaxial compressive loading [32,38].

Variations of isotropic modulus K versus loss in mass
were measured during the first hydrostatic phase of triaxial
loading, that is, to a final level of 15 MPa. These variations
are presented on Fig. 12 and would be similar to those
obtained, by calculation (Eq. 2), with the elastic parameters
deduced from triaxial tests (Figs. 7 and 8). As a partial
conclusion, one can say that hydrous damage coming from
desiccation will induce diffuse microcracking, leading to
multiaxial elastic property diminution.

4. Conclusions

This experimental study has put in light the influence of
drying and desiccation shrinkage on mechanical behaviour
of a normalised mortar submitted to triaxial compressive
loading. An increase of mortar deviatoric strength (29%) is
undoubtedly linked to the desiccation, while, for elastic
parameters, a contrary variation is observed. The Young’s
modulus and Poisson’s ratio decrease was respectively
about 15% and 25% for the studied mortar, from saturated
to dried conditions. These opposite phenomena come not
only from capillary depression generated by drying, but also
from the microcracking induced by the differential contrac-
tion between the external and internal parts of the samples
and by the presence of aggregates. A drying damage is then
obtained without any mechanical loading. Such a drying
effect has to be involved in modelling the coupling effect of
desiccation as regards to the mechanical behaviour of
concrete. Another desiccation effect is also observed: a
transition from elastic-plastic to damageable elastic-plastic

behaviours as drying is processing. Because of an initial
balance between capillary suction and microcracking evo-
lution effects, the decrease of elastic properties is observed
after 2.5—-3% loss in mass only. It is of interest to emphasize
there, that these 2.5-3% loss in mass is close to the
threshold, beyond which, no more desiccation shrinkage is
measured during drying. At this stage, another question can
be raised: are the elastic property decreases able to induce a
part of the concrete Pickett effect (see in general Ref. [43]),
observed under creep with desiccation? Such a hypothesis
needs complementary tests to be performed and will be the
purpose of further studies.
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