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ABSTRACT

Autogenous deformation under restrained conditions often leads to cracking and durability problems in
concrete structures. It is therefore important to monitor accurately the early age development of autog-
enous deformation. However, its expression depends strongly on the measuring methods and on the
choice of the time-zero. In order to determine the effect of slag on the evolution of autogenous deforma-
tion, a test rig was designed to monitor this deformation for three concretes with different slag content.
The choice of different time-zero was also discussed based on different methods: setting evolution, time
of peak expansion and evolution of deformation rate. Moreover, their restrained shrinkage was studied by
means of a Temperature Stress Testing Machine (TSTM). Following these experiments, the slag cement
concretes crack later than the Portland cement concrete despite the fact that they are characterized by

Relaxation
Time-zero a larger autogenous shrinkage. This behavior is mainly due to the expansion of their cement matrix at
TSTM early age and their largest capacity to relax internal stresses.

© 2011 Published by Elsevier Ltd.

1. Introduction

Slag cement concretes present many advantages in comparison
with Portland cement concretes. Indeed, production of slag cements
requires less energy and emits less carbon dioxide in the atmosphere
[1]. Moreover, this kind of concrete is also characterized by a lower
hydration heat, a lower permeability and a better resistance to sul-
phate attack [2,3]. Because of these various advantages, the use of
slag cement concretes is spreading for all kinds of constructions
and civil engineering structures (e.g. highways, bridges, tanks. . .).

However, some structures built with slag cement concretes
have exhibited early age cracking due to restrained shrinkage [4].
This susceptibility to cracking can be related to the evolution of
autogenous shrinkage. Indeed, several authors observed a larger
autogenous shrinkage for slag cement concretes than for Portland
cement concretes [5,6]. Nevertheless, slag effect on the evolution
of autogenous deformation and on its amplitude is not always
clearly defined in the literature. For example, slag content [7]
and time when the deformation is initialized [8], called hereafter
time-zero [9], can modify the above conclusion. To determine the
actual effect of autogenous shrinkage on cracking risk of slag
cement concretes, it is therefore necessary to study in-depth the
evolution of this deformation.

Furthermore, the study of autogenous deformation under free
conditions requires the use of equipment limiting the errors
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related to the measuring method. Many test rigs are proposed
in the literature for monitoring the evolution of autogenous
deformation at early age. Some of them may suffer from mea-
surement artifacts related to thermal gradients in the sample
[10], restraint related to the mould at early age [11], friction
between the sample and the mould [12]. For such reasons a
new shrinkage testing device was developed in the laboratory
of the Civil Engineering department at the Université Libre de
Bruxelles (ULB). Its design is based on an extensive literature
review [13] and aims at limiting these errors as much as possible.
The device enables measurements directly after casting. This last
characteristic is important because autogenous shrinkage has to
be measured at very early age (<24 h) in order to obtain its max-
imum potential.

Another interesting point is that the reported evolutions of
autogenous deformation strongly depend on the definition of the
time-zero [14]. A wrong choice of this reference time can lead to
different interpretations of behavior for the same material. In this
paper, several definitions of time-zero were studied to obtain real-
istic interpretations of slag cement concrete behavior.

Finally, the occurrence of cracks inside cementitious materials
also depends on other factors such as evolution of material
strength, rigidity, and capacity to relax tensile stress, as well as
the degree of restraint of the concrete element. All these parame-
ters were studied in a parallel experimental campaign conducted
with a Temperature Stress Testing Machine (TSTM) [15] to deter-
mine the cracking susceptibility of slag cement concretes under
sealed conditions.
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Table 1

Cements characteristics.
Cements CEMI525N CEM 111 CEM Il B

A4251A 42.5 HSR LA

Clinker content (%) 95 58 27
Slag content (%) - 42 71
Limestone filler content (%) - - 2
Specific area (m?/kg) 445 447 477
Density (kg/m?) 3.09 3.01 2.93

Table 2

Concretes mixtures proportions.
Composition (kg/m?) CEM I CEM III/A CEM I1I/B
Cement 375
Water 164.6 166.95 164.9
Total water 169 169 169
Superplasticizer 5.63 2.63 5.25
Sand 0/0.5 492 492 492
Sand 0.5/1 126 126 126
Sand 1/3 104 104 104
Limestone 2/6 311 311 311
Limestone 6/10 438 438 438
Limestone 10/14 415 415 415
Slump (mm) 80 80 130

2. Experimental program
2.1. Materials

Three cements were used in this experimental program: a
Portland cement CEM I 52.5 N and two blended cements namely
CEM III/A 42.5 LA and CEM III/B 42.5 HSR LA. The blended cements
(CEM III/A 42.5 LA and CEM III/B 42.5 HSR LA) contained 42% and
71% of slag respectively. The clinker and the slag of the three
cements had the same origin. Their specific area and density were
similar (Table 1). The chemical composition of the studied slag
and clinker, a parameter affecting significantly the reactivity and
mechanical properties [16] of cementitious material, is givenin[17].

The concretes associated with these three cements are hereafter
indicated as CEM I, CEM III/A and CEM III/B respectively. The
water-binder ratio (w/b) and the binder (clinker + slag) content
of these concretes were kept constant and equal to 0.45 and
375 kg/m® respectively. Crushed aggregates with six different
fractions were used. The concrete mixture proportions are given
in Table 2.

2.2. Testing procedure

2.2.1. Mechanical properties

The mechanical properties of the concretes were measured at 1,
3,7, 14 and 28 days on three cylindrical samples (& = 100 mm and
h =200 mm for the compressive strength and 350 mm for the sta-
tic elastic modulus) kept at 20 °C and 90% R.H. In order to deter-
mine the evolution of the material stiffness before 1 day, the
measurements were supplemented by monitoring the dynamic
modulus. This parameter can be calculated from the evolution of
the ultrasonic velocity measured on concrete samples stored at
20°C (Eq. (1), [18]). In this last equation, the Poisson coefficient
varies with the advancement of the hydration reaction. It can be
estimated from Eq. (2) [19], where the degree of the hydration
reaction is calculated from the evolution of the chemically bound
water content measured by thermogravimetry [17]. Notice that
the evolution of the ultrasonic velocity was also used to determine
the initial and final setting times of the studied concretes [17].

PRSI (1)

To(t)

v(o) = 0.18 sin ( ) + 0.5 exp(—10a(t)) (2)
where E4, V, v, p and o are the dynamic elastic modulus (Pa), the
ultrasonic velocity (m/s), the Poisson coefficient, the density (kg/
m?) and the hydration degree respectively.

2.2.2. Free autogenous deformation

Fig. 1 presents the testing equipment developed for monitoring
free autogenous deformation directly after casting. Concrete was
cast in a cylindrical Teflon mould (@=96 mm and h =210 mm)
which allows minimizing the friction between the sample and
the mould walls. Since the thermal expansion coefficient of Teflon
(80 x 107%/°C) is much larger than that of concrete (10 x 1076/°C),
the mould did not counteract concrete volume variations related to
the temperature increase. A Teflon mould was also used in other
research studies [10,20]. Nevertheless, our experimental device
differs by its deformation measurement set-up and the use of a
thermal regulation system directly in contact with the mould. In-
deed, the linear contraction/expansion of the samples was mea-
sured by means of two displacement transducers (Solartron
LE12) in contact with steel plates anchored at the ends of the sam-
ples. The use of two transducers allows measuring the relative dis-
placement between the top and the bottom of the sample. The
measuring range of these transducers is 12 mm with an accuracy
of 0.4 pm. They were mounted on a rigid frame with vertical posts
in invar. This material is characterized by a low thermal dilation
coefficient (1.6 x 107¢/°C). In that way the effects of ambient tem-
perature variations on the measurements are minimized. Unlike
the two other equipments [10,20], the specimens were immersed
vertically in a temperature-controlled bath to limit thermal defor-
mations. Thanks to this thermal regulation system, thermal gradi-
ents related to the sample sizes and the hydration reaction were
inferior to 0.3 °C and 2 °C respectively during an isothermal test
at 20 °C (for the Portland cement concrete). A plastic foil was put
between the mould and the samples to insure water tightness. Dis-
placement measurements in isothermal conditions were supple-
mented by temperature measurements (bath water, ambient air,
concrete) to investigate the influence of the temperature on the
measured parameters. This experimental device was validated
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Fig. 1. The autogenous deformation equipment and its mould (1. concrete sample,
2. vessel, 3. Teflon cylindrical mould, 4. displacement transducers position, 5. steel
plates with anchorages).
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comparing shrinkage measurements on Portland cement concrete
obtained with the BTJADE equipment (LCPC, Paris) developed by
Boulay [21].

For each concrete, several specimens from different batches
were tested at 20 °C [13]. The evolution of their autogeneous defor-
mation was expressed as function of the equivalent age. This anal-
ysis allows removing the influence of temperature on the maturity
of concrete samples. The validity of the maturity approach applied
to autogenous shrinkage measurements is always a controversial
issue. Indeed, some authors [22,23] suggest that this approach
should not be applied to predict autogenous deformation. Others
[24-26] have a different, though often nuanced, position. Turcry
et al. [25] assume that the maturity approach is valid for tempera-
ture values varying from 10 °C to 40 °C. Kamen et al. [26] limit the
temperature interval between 20 °C and 30 °C. In this study, the
temperature variation was around 20 °C. Thanks to this low tem-
perature variation, this approach can thereafter be applied.

These experimental results were also compared with results ob-
tained with the TSTM device. In this last case, free conditions were
obtained by cancelling the load applied to the sample once the
stress inside concrete reached the value of 0.01 MPa. This equip-
ment is described in the following section.

2.2.3. Restrained autogenous deformation

The restrained autogenous deformation was monitored using
the TSTM equipment. In the framework of this study, the frame
of TSTM was equipped with a mould and thermal regulation and
displacement measurement systems. The TSTM consists of an elec-
tromechanical testing setup, where one end of the specimen is re-
strained by a steel head and the displacement of the other is
controlled by a motor moving the other steel head (Fig. 2). The
dog-bone sample was characterized by a cross-section equal to
100 x 100 mm? in its center and 100 x 150 mm? at its extremities.
The straight part (center of the specimen) was 1 m long. The mould
of the sample was made of aluminium and its inner surface was
covered with a Teflon sheet to minimize friction. Before casting
the concrete, a thin plastic film was installed in the framework
to prevent water evaporation. Isothermal conditions were obtained
by means of a thermal regulation system consisting of several zinc
box beams placed in contact with the mould. Thanks to this
system, the thermal gradient related to the hydration process
was limited to a value inferior to 1 °C for a Portland cement con-
crete. Furthermore, thermal conditions tended to stabilize after
100 min. These values are close to the ones obtained with other
TSTM devices [15,26,27]. Displacements were measured by means
of two transducers (Solarton LE12) placed on the straight part of
the sample and separated by 750 mm to limit the effects of bound-

ary conditions. They were mounted on a rigid frame fixed to the
TSTM. These sensors were in contact with an invar rod screwed
on a threaded rod anchored in the sample directly after casting.
The invar rods were kept in their initial position thanks to a brass
ring until the beginning of the tests. The evolution of the temper-
ature was also monitored using a thermocouple placed in the con-
crete specimen.

Restrained shrinkage was measured as follows (Fig. 3): the sam-
ple placed in the TSTM was initially restrained by the stiffness of
the frame with the motor being turned off until stresses inside con-
crete reached a threshold value of 0.01 MPa. At that moment, the
displacement transducer readings were zeroed and the concrete
sample could deform freely until the recorded deformation in the
central part of the specimen reached a threshold equal to
6.7 pm/m (Aégjimic in Fig. 3). This moment coincides with the end
of the first cycle. Then, the load was adjusted to pull the specimen
back to its initial length. The applied load at the end of the adjust-
ment process was kept constant during the following cycle until
the deformation in the sample reached again the previous thresh-
old value. This procedure was applied many times till cracking of
the specimen and it is similar to the one used by Charron et al.
[15]. It allows avoiding early cracking of the specimen. During
the test, four parameters were continuously monitored: the load
applied on the sample, its deformation, its temperature and the
displacement of the moving head.

2.2.4. Microstructure evolution

The previous macroscopic analysis on the autogenous deforma-
tion of slag cement concretes was completed by a microscopic
study to determine the slag effect on the nature and evolution of
the hydration products. The evolution of portlandite, ettringite
and chemically bound water content were monitored by means
of different techniques: differential thermal analysis (DTA), ther-
mogravimetry (TGA), differential scanning calorimetry (DSC) and
scanning electron microscopy (SEM). They were applied on mortar
samples extracted from fresh concrete kept at 20 °C and 90% R.H.
Their hydration reaction was stopped at different ages (<1, 2, 3,
7 and 28 days) using two solvents (ethanol and ether). Capillary
porosity and pore size distribution of the samples were also quan-
tified by means of a mercury porosimeter able to detect pores with
diameters ranging from 360 pum to 0.003 pm. In the following, cap-
illary porosity is considered within the interval characterized by
pore diameter between 5 pm and 0.01 pm corresponding to the
pore space between the binder grains [28]. Nevertheless, one has
to keep in mind that such measures only quantify pores accessible
to mercury and thus can lead to a wrong estimation of the pore size
distribution of the cementitious material [29].
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Fig. 2. The TSTM equipment with dog-bone sample and the cross-section in the straight part of its mould with a thermal regulation system (measurements in mm).
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Fig. 3. Procedure of restrained shrinkage test from [15].

Table 3
Evolution of average compressive strength and static elastic modulus.
Age (days) CEMI CEM III/A CEM I1I/B
fc (MPa) E(GPa) fc(MPa) E(GPa) fc(MPa) E (GPa)
1 26 32 14 31 3 22
3 41 38 30 36 26 36
7 49 40 47 41 45 41
28 54 43 61 45 56 45

3. Experimental results and discussion
3.1. Mechanical properties

At early age, the slag cement concretes are characterized by a
lower strength than the Portland cement concrete (Table 3). This
behavior is due to their low C3S content [30] and to the evolution
of their hydration reaction consisting of two subreactions: a clinker
and a slag reaction [3]. Indeed, hydration of slag cement concretes
depends on the breakdown and the dissolution of the glassy slag
structure caused by hydroxyl ions released during hydration of
the clinker and alkali content in cement [31]. Moreover, the port-
landite resulting from the clinker reaction is needed by slag reac-
tion to product additional C-S-H. This is why the evolution of
strength at early age is delayed for slag cement concretes. At
7 days, their strength value is close to that of CEM I.

For CEM III/B, evolution of static elastic modulus is close to the
evolution of its compressive strength: a low value at early age and
a fast increase during the first days. The static elastic moduli of
CEM I and CEM III/A are similar from 1 day. After 3 days, the values
of static moduli of all the studied concretes are almost the same
and evolve slowly.

3.2. Free autogenous deformation

3.2.1. The time-zero

Evolution of the autogenous deformations has to be expressed
from the time-zero defined as the time when stresses appear [9].
Several ways based on the initial or final setting time [32,33], time
of peak expansion [34], deformation rate [35] and self-induced

stresses evolution [36] are proposed in the literature to determine
time-zero. The first three methods are discussed hereafter.

According to the first method, autogenous deformation is often
expressed from the initial setting time. In our case, this time was
measured and found equal to 5.5h, 5h and 7 h for CEM I, CEM
III/A and CEM III/B respectively. Thanks to the expansion of their
cement matrix at early age, autogenous shrinkage of the slag ce-
ment concretes expressed in that way presents a lower value than
autogeneous shrinkage of the Portland cement concrete at 28 days
(Fig. 4). This definition of time-zero is generally chosen because the
material stiffness, a parameter providing an indication about the
ability of the material to develop internal stresses, changes rapidly
during the setting.

However, according to our experimental results (Fig. 5), the val-
ues of the moduli of the studied concretes are negligible at the ini-
tial setting time and then they increase slowly during the setting.
At the final setting time located at 9 h, 8.8 h and 10.5 h for CEM
I, CEM 1III/A and CEM III/B respectively, moduli are still low. They
are equal to 11 GPa, 5 GPa and 2 GPa respectively. In other words,
significant stresses do not develop during the setting. Following
this observation, it seems that a reference time equal to the final
setting is more appropriate. This choice is in agreement with the
results of Sant et al. [32]. Autogenous deformation of the slag ce-
ment concretes expressed from this time-zero is still characterized
by an expansion of their cement matrix and the value of their
shrinkage at 28 days is always inferior to the shrinkage value of
the Portland cement concrete.

According to Cusson [34], the cracking risk of concretes
characterized by an expansion of the cement matrix at early age
is underestimated if the extent of free shrinkage is expressed from
a time-zero based on the setting. The reason is that not all of the
strain will produce tensile stresses under restrained conditions. A
conservative estimate of the deformation that may produce crack-
ing in concrete structures for this kind of concrete may be obtained
if autogeneous deformation is expressed from the peak of expan-
sion of the cement matrix [34]. When applying this approach, the
slag cement concretes are characterized by a larger value of shrink-
age at 28 days than the Portland cement concrete (with deforma-
tion initialized from the final setting time) (Fig. 6). It also
appears that shrinkage evolution rate is the largest.

These various approaches require monitoring the setting for the
Portland cement concrete, a material without expansion of its
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Fig. 5. Evolution of the dynamic elastic modulus.

cement matrix at early age. However, evolutions of setting and
autogenous deformation are not determined on the same speci-
men. Therefore, the hydration reaction advancement of these con-
crete specimens could be different due to errors related to
experimental conditions (ambient temperature, dimensions of
the sample, batches, etc.). In order to limit the errors, it would be
better if one could determine time-zero and deformation evolution
on the same sample. A way to do this is to determine time-zero
thanks to the evolution of the shrinkage rate.

Following this third method, time-zero is defined as the moment
characterized by the second maximal value of the deformation rate
(Fig. 7). For the slag cement concretes, this time is located between
the final setting time and the end of the expansion period of the
cement matrix (Fig. 8). It is equal to 20.5 h, 30 h and 55 h for CEM
I, CEM IlI/A and CEM III/B respectively. This definition of the
time-zero can be viewed as the time when significant stresses
develop inside the concrete samples. Indeed, the rate of deforma-
tion decreases after this moment due to the increasing stiffness of
the material. This hypothesis was confirmed thanks to restrained
shrinkage tests realized with the TSTM. These experiments showed
that this moment is also close to the moment when internal stres-
ses equal to 0.01 MPa appear inside the sample [13]. A similar
reference time was also chosen by other authors [35,36].

In comparison with the previous method based on the time of
expansion peak, this approach underestimates slightly the final
shrinkage value of CEM I and CEM III/A. But at 28 days, the slag ce-
ment concretes are again characterized by a larger autogenous
shrinkage than CEM I. Furthermore, the autogenous deformation
curves of concretes from same or different batches expressed from
this time-zero (Fig. 7) show a small difference (<20 pm/m). This re-
sult can be compared with the experimental campaign presented
in [37]. In this study, the autogenous deformation curves expressed
from 3 days for the same mix from different batches show a differ-
ence equal approximately to 30 pm/m. Using the evolution of the
shrinkage rate seems thus to be the most reliable method to define
the time-zero in the framework of this work about the cracking
risk of the slag cement concretes.

3.2.2. Expansion of the cement matrix

As it has been already mentioned, autogenous deformation of
the slag cement concretes is characterized by expansion of the ce-
ment matrix at early age (Fig. 4). This was also observed by other
authors [8,38]. This phenomenon is significant because it delays
the occurrence of the autogenous shrinkage.

In the literature, cement matrix expansion at early age under
isothermal conditions for different types of cementitious materials
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is often related to the occurrence and growth of hydration products
(Ca(OH),, Afm, Aft) [39], an internal C-S-H growth [40], a reab-
sorption of the bleeding water [23] or a measuring artifact (e.g.
thermal gradients inside the concrete sample). In this experimental
campaign, cement matrix expansion is not due to a temperature
variation linked to the hydration reaction. Indeed, thermal dilata-
tion is very limited (less than 12 pum/m) thanks to the good ther-
mal regulation system around the samples (Fig. 1). Moreover,
cement matrix expansion was also measured by means of the
TSTM measuring the free autogenous deformation at early age
[13]. It seems thus that cement matrix expansion of the slag ce-
ment concretes is a material behavior.

To better understand this observation, the evolutions of autog-
enous deformation, elastic modulus and portlandite content are
compared in Figs. 9 and 10. During expansion, the elastic moduli
of the mixtures increase rapidly (E=36 GPa and 33 GPa at the
expansion peak for CEM III/A and CEM III/B respectively) as well
as the portlandite content for CEM III/A. This last observation
was also confirmed by SEM analysis (Fig. 11, left) showing clearly
portlandite crystals at 2 days. On the contrary, the portlandite
content for CEM III/B remains (almost) constant. The reason is that
it is used by slag hydration to produce additional C-S-H. Indeed,

C-S-H is apparent on SEM pictures from 3 days (Fig. 12). During
the first 2 days, SEM analysis showed that the main hydration
product is ettringite (Fig. 11, right).

In order to monitor the development of ettringite, the consump-
tion of the setting regulator by the mineral phases of clinker C3A
and C4AF to produce ettringite was measured with DSC. More spe-
cifically we looked at the evolution of the endothermic peak lo-
cated between 120 and 160°C (Figs. 13 and 14). This peak
vanishes after 1 and 3 days for CEM III/A and CEM III/B respec-
tively. These previous observations confirm that the expansion
phase of slag cement concretes is characterized by a fast ettringite
development.

It appears thus that the expansion of slag cement matrix is re-
lated to the formation of hydration products which apply crystal-
line pressures on the pore surfaces against which the growing
rigidity of the cement matrix cannot compete.

3.2.3. Slag effect

Considering the evolution of autogenous deformations initial-
ized from a time-zero equal to the moment characterized by the
second maximal value of the deformation rate, it appears that
the deformations of both slag cement concretes are larger than that

100 10
Deformation(pm/m) Portlandite content
E (GPa) /,\‘ (% of sample mass)
50 8
Y
0 6
o)1 100
-50 + 4
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Fig. 9. Evolutions of the portlandite content, static elastic modulus and autogenous deformation initialized from the initial setting for CEM III/A.
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Fig. 10. Evolutions of the portlandite content, static elastic modulus and autogenous deformation initialized from the initial setting for CEM III/B.
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Fig. 12. Hydration products of CEM III/B at 3 days: ettringite (left) and C-S-H (right).
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Fig. 13. Thermal analysis of CEM III/A by DSC.

of CEM I after 7 days (Fig. 8). This behavior was confirmed by the
experimental tests realized with the TSTM under free conditions
(Fig. 15). More specifically, comparison of the autogenous shrink-
age curves obtained by the two experimental devices (Figs. 8 and
15) shows that deformations of the slag cement concretes at 6 days
measured on the dog-bone sample are slightly larger than the ones
measured on the cylindrical sample. This difference of behavior is

related to the amplitude of their expansion phase which is lower
for the measurements realized with the TSTM. This lower ampli-
tude is due to the stiff frame of the TSTM that restricts cement ma-
trix expansion.

Autogenous shrinkage increases thus faster for the slag cement
concretes than for the Portland cement concrete with the advance-
ment of the hydration reaction. Moreover, the CEM III/B mix is
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of the deformation rate measured with the autogenous deformation device.

characterized by the highest value of shrinkage at 28 days. The dif-
ference of behavior between CEM III/A and CEM III/B is only related
to the slag effect on the hydration kinetics. Indeed, their deforma-
tion rate is similar beyond the expansion phase, when deforma-
tions are expressed as function of the hydration degree.
However, this last point is not sufficient to explain the difference
of behavior between the slag and Portland cement concretes.

The major mechanism at the origin of self-desiccation is the
variation of capillary depression. According to the Laplace and Kel-
vin laws, the intensity of capillary depression is inversely propor-
tional to the pore radius. Thus, monitoring porosity evolution is a
first approach to understand the difference of behavior between
the slag and Portland cement concretes. At early age, capillary
porosity is larger for CEM I1I/B and CEM III/A than for CEM I (Table
4). It decreases rapidly for the slag cement concretes. At 7 days, all
concretes present the same percentage of capillary porosity. The
curves of cumulative porosity show that pore size is larger for
CEM III/B than for CEM I and CEM III/A at 2 days (Fig. 16). With
the advancement of the hydration reaction, this difference of
behavior vanishes. At 7 days, pore size distribution is almost the
same for all studied concretes. This observation could be explained
by the production of additional C-S-H by the slag hydration filling

Table 4
Evolution of the capillary porosity (%).
2 days 3 days 7 days 28 days
CEM I 15 15 13 10
CEM III/A 17 15 13 12
CEM I1I/B 19 17 13 13

the porosity developed at early age. The quantity of the finest pore
size (diameter less than 15 nm) is slightly larger for CEM III/B.
However, this last result has to be considered cautiously because
the mercury porosimetry tends to underestimate the content of
large pores and overestimate the content of small pores [29].

One possible explanation for the difference of shrinkage behav-
ior between the slag and Portland cement concretes could be re-
lated to their finer and larger porosity leading to a larger
capillary depression. This observation is in agreement with Lura’s
internal relative humidity results [38]. In his study, slag cement
pastes were characterized by a lower internal relative humidity
than Portland cement pastes. According to the Kelvin equation,
pores are finer for slag cement pastes than for Portland cement
pastes.
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Fig. 17. Stress evolution at 20 °C under a complete degree of restriction.

3.3. Restrained autogenous deformation

Looking at the experimental results on the elastic modulus,
strength and autogenous shrinkage, the slag cement concretes,
especially CEM III/B, seem to be more prone to crack under re-
straint conditions than the Portland cement concrete. However,
cracking risk also depends on other factors, such as the degree of
restriction and the material capacity to relax tensile stresses.

These factors were taken into account in the retrained shrink-
age tests realized with the TSTM equipment. They showed that
autogenous shrinkage induced stresses develop faster for CEM I
than for the slag cement concretes (Fig. 17). This difference is par-
tially due to the cement matrix expansion of the slag cement con-
cretes which delays the occurrence of the tensile stresses threshold
(0.01 MPa). This threshold was used to start the tests (§2.2.3). It
was reached at 15.4 h, 25.7 h and 55.7 h for CEM I, CEM III/A and
CEM III/B respectively. Because of the fast increase in internal ten-
sile stresses, CEM I cracks first at 3.3 days for a stress equal to
about 3 MPa. Cracking appears later for CEM III/A and CEM III/B
at 4.6 and 5.1 days respectively for a value of stress close to 3 MPa.

The theoretical stress value developed inside an elastic mate-
rial can be calculated using the tests of free and restrained autog-

enous deformations (Eq. (3)). The difference between the
evolution of the theoretical and measured stresses provides an
estimation of the relaxation capacity of the studied concretes
(Fig. 18). It appears that the slag cement concretes are character-
ized by a larger capacity to relax tensile stresses than the Portland
cement concrete. Indeed at 3 days, relaxation is larger for the slag
cement concretes than for the Portland cement concrete. One has
to keep in mind that this estimation is based on several hypothe-
ses: the restrained sample is not spoiling, the development of its
modulus is similar to that of the free sample and the theory of
superposition of deformations and stresses is valid. However, the
largest capacity to relax stresses of the slag cement concretes
was also confirmed by sealed tensile and compressive creep tests
presented in [13].

w (&(ti) — &(ti-1)) ”

where a.(t;) is the theoretical stress at time t; developed inside an
elastic material (MPa), E(t;) is the tangent elastic modulus at time
t; calculated from deformations and stresses under restrained
conditions and &(t;) is the deformation under free conditions at time
t; for a time ty deduced from the shrinkage rate.

Oel(ti) = Ga(ti-1) +
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Fig. 18. Evolution of the theoretical and measured stresses at 20 °C.

Nevertheless, the reason of cracking delay of the slag cement
concretes is not only related to their larger capacity to relax inter-
nal stresses. Indeed, relaxation capacity grows up later for all stud-
ied concretes (Fig. 18). Therefore, cracking delay of the slag cement
concretes is also related to the expansion of their cement matrix at
early age.

4. Conclusions

In this paper, an experimental program was presented in order
to study the effect of autogeneous deformation on the cracking risk
of slag cement concretes. The main achievements and observations
are summarized hereafter:

- In order to determine the slag effect on the evolution of free
autogenous deformation we have developed a specialized
testing equipment minimizing measurement artifacts and mon-
itoring deformation directly after concrete casting. The experi-
mental campaign showed that the evolution of autogenous
deformation strongly depends on the definition of time-zero,
especially for the slag cement concretes characterized by an
expansion of their cement matrix. In this work, three definitions
of time-zero were considered: the initial or final setting time,
the time of peak expansion and the time characterized by a
maximal value of the deformation rate. This last definition
was chosen as time-zero. It should be seen as the time from
which significant stresses develop inside the concrete speci-
men. This assumption was confirmed by TSTM tests where ten-
sile stresses were detected. This choice allows determining
autogenous deformation and time-zero on the same sample,
helping thus to avoid experimental errors. It also enables to take
into account a large part of the deformation producing tensile
stresses into the material under restrained conditions.

- The expansion of the cement matrix of the slag cement con-
cretes is related to the fast formation of hydration products
(C-S-H, ettringite, portlandite) at early age. They apply crystal-
line pressures on the pores surface against which the growing
rigidity of the cement matrix cannot compete. Expansion has
significant role because it delays the occurrence of autogenous
shrinkage.

- The slag cement concretes are characterized by a larger value of
shrinkage at 28 days than the Portland cement concrete. Their
shrinkage evolution rate is also faster. This difference is princi-
pally due to their porosity. From the evolution of their elastic
modulus, compressive strength and autogenous shrinkage,

one could conclude that the slag cement concretes, especially
CEM III/B, are more prone to crack under restrained conditions
than the Portland cement concrete.

- Experiments realized with the TSTM equipment showed that
the cracking susceptibility of the slag cement concretes is
delayed in comparison with the Portland cement concrete. This
behavior is due to their slower hydration kinetics, their larger
capacity to relax tensile stresses and the expansion of their
cement matrix at early age.

Based on these experimental results, it seems that the suscepti-
bility to cracking of slag cement concrete under drying conditions
is not directly related to the evolution of autogenous shrinkage.
Therefore, autogenous deformation is not the major factor control-
ling this behavior.
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