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Abstract: Experimental values of early-age tensile stresgythih capacity are relatively scarce
in literature due to practical difficulties in perming direct tensile testing during setting andyea
hardening stages. Existing methods do not allowrdehing the tensile strain capacity from fresh
state to hardening stage. A new experimental proeedas been designed to provide a continuous
evolution of tensile strength and tensile straipacity of concrete from fresh state to the agedof 2
hours. The measure of displacements was deduceddigital image correlation. The output data
allow determining stress—strain curves and terssikn capacity. This is defined as the strain when
the main crack appears. The parameters of the stumlg the water-to-cement ratio, the paste
volume, and the type of coarse aggregates. Thaugmolof the tensile strain capacity showed a
minimum between final setting time and early handgrstage. This age actually corresponds to a
critical period for early-age cracking risk. Thegic modulus actually increased from very early
ages whereas tensile strength did not show sigmifidevelopment before final setting. This shift
between the developments of both properties img@i@dinimum for the evolution of tensile strain
capacity. The coarse aggregate type had a liminéidence on tensile behavior. The water-to-
cement ratio and the paste volume had a signifieffatt, which could be taken into account for
early-age cracking control.

1 INTRODUCTION cracking vary significantly during the first
relatively low tensile strength, cracking is N Standards can be used on hardened concrete

taken into account as an assumption in the Only. As a common  stress-inducing

design of reinforced concrete structures. Phenomenon, shrinkage has been widely
Model codes allow determining the Studied and some experimental procedures

reinforcement needed to comply with the allow a continuous monitoring from fresh to

significant improvements of mechanical and of other properties, such as strength, fracture

physical models, avoiding excessive cracking €Nergy, elastic modulus, creep, coefficient of
remains a challenging task. Cracking is likely thermal expansion, etc. Their evolution is still
to occur at early age, even before any external "0t Wwell known at early age and the
load is applied. The properties involved in €xperimental values remain scarce, although

thermal cracking and shrinkage-induced SOMe recent advances [2-4].



Emmanuel Roziere, Ahmed Loukili

10000 _
C a

€ : s o o o5 m[6] o[7]
£
= ' S @ o8] e[9] °[10]
£ 1000 + D@-@D
8 ; o o[11] o[12] *[13]
[ o 553 o
o ] [u}
g r 0O g o % ?
> 100 + = 0 [ ]
Q@ E " ! g
7] [ [ ]
c
15

10 Y Y

0.01 0.10 1.00 10.00 100.00

Age, days

Figure 1: Evolution of tensile strain capacity: experimental data from literature.

This is not due to a lack of interest or strengths/strain capacities of cement-based
relevance. Tensile strength and tensile strain material from 2 to 24 hours did not exist.
capacity are input data of design methods [13- A new direct testing procedure has been
14]. Hammer et al. [5] have shown that the recently developed [15] with the objective of
period that includes the setting time and early providing reliable measurements of the
hardening is a critical time period for cracking. displacements of concrete specimens. In this

The lack of data is most likely due do study the method has been used to investigate
practical difficulties, especially for direct the influence of major mix-design parameters
tensile testing. The methods designed for — water-to-cement (W/C) ratio, volume of
hardened concrete can be used for relatively paste (Vp), aggregates type — on the evolution
early ages (1 day) and rapid hardening of tensile strength and tensile strain capacity
materials. These methods cannot be used atduring the first 24 hours.
earlier ages as fresh concrete cannot carry the
loads due to its own weight and hardening 2 EXPERIMENTAL PROGRAM
concrete specimens cannot to glued to the _
testing frame due to poor quality of the 2.1 Experimental procedures
interface. Horizontal uniaxial tests have thus Figures 2 and 3 show the different parts of

been developed. However stress the experimental setup stored in a room at
concentrations and possible sliding between controlled temperature of 20°C. The horizontal
the concrete sample and the mold made it steel mold consists in two halves with curved
difficult to define reliable stresses and strains transition to a central prismatic volume of
from these tests. These issues become evenipox105 mm? cross section. The inner face is
more critical as studied materials stiffen. A covered with PTFE and a polyethylene (PE)
review of existing literature actually showed sheet containing the concrete sample. The left
that: i) data related to very early ages vary half is linked to the frame by a spherical pin
over several orders of magnitude, thus their connection and the right half to a 40 kN
consistency can be questioned; ii) relatively electric actuator. The relative displacement of
few data can be found about concrete agedthe two halves can be measured using LVDT

from 7 to 24 hours (Figure 1). A sensors. These also allow checking that
comprehensive dataset of tensile bending remains negligible.

2
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LVDT 1 The software VIC2D® is used to determine
o e W the displacements of the two regions in the
loading direction. The difference between both
values provides the relative displacement, used
80 mm e | |- to assess the longitudinal strain in the concrete
[ Imageb — B | M <—Imagea specimen. The stress is calculated from the
load and the cross section in the central part.
The stress-strain curve can be plotted (Figure
4). From very early age the specimens show a

il|
il

,_V[T)T 2 brittle behavior and the post-peak stage cannot
be described. The tensile strength and the
Figure 2: Mould and positions of digital images. tensile strain capacity are respectively defined

as the tensile stress and strain at failure (Figure

A 12-litre concrete sample is cast into the 4).
mold then vibrated using a vibrating needle
and covered with a PE sheet to avoid drying. 18
One hour before loading, the PE is removed. 1.6 1
White then black painting is sprayed onto the
surface of concrete specimen to create a
contrast and allow the use of Digital Image
Correlation (DIC) technique (Figure 3).

The loading rate was 5 um per second. The 0.4
actual loading rate of the concrete specimen 0.2
was lower due to sliding between the concrete
specimen and the mold during loading. LDVT
cannot be used to determine the displacements
within concrete, hence the use of cameras. Figure4: Determination of tensile strain capacity
Two images of 320x240 pixels are recorded from stress-strain curve.
each second.

- f,=1.70 MPa

Stress, MPa

Tensile strain capacity
€ = 201 pm/m

0 100 200 300 400
Strain, um/m

2.2 Materialsand mixtures

The studied concrete mixtures were derived
from an initial mixture based on Portland
cement and siliceous gravels. The cement
CEM | 52,5 had &S, GS, GA, and GAF
contents of 58.5%, 10.0%, 11.8%, and 7.5%
respectively. Its Blaine fineness was 3680
cm?/g. Crushed limestone sand from
Boulonnais, France, and sea sand from Le
Pilier, France, were used at equal proportions
to obtain well-graded mixed sand. The
concrete mixtures are described in Table 1.
Siliceous gravels S were quartzite aggregates
from Palvadeau, France. They were substituted
by the same volume of dense limestone LS1,
porous limestone LS2, and lightweight
aggregates LW at constant volume of coarse
aggregates. The effective water-to-cement
Figure 3: Test rig and cameras. ratio (W/C) and the Coarse aggregates to Sand
(Ve/Vs) volume ratio were varied keeping the
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Table 1: Composition and properties of studied concreteumgs.

VP, 04 | Vpgt20 | Vpoe-20 06 VP, 1 LW LSl L2
WIC 0.50 0.40 0.50 0.50 0.60 0.50 0.50 0.50 0.50
Vp (Lm) 288 288 346 231 288 288 288 288 284
Coarse s s s s s s LW Ls1 LS2
aggregates
VolVe 1.43 1.43 1.43 1.43 1.43 1.00 1.00 1.43 143
Sp/C (%) 057 0.63 0 1.39 0 0.51 0.69 0.51 0.37
Slump (mm)| 182 104 195 151 150 128 164 160 180

volume of paste (Vp) constant (288 jmand

the volume of paste was varied at constant
W/C of 0.50. A superplasticizer (Sp) was

added when needed and its content was
adjusted to obtain a minimum slump of 100

mm.

3 RESULTSAND DISCUSSIONS

3.1 Influence of aggregates and correlation
with setting and hardening stages

The experimental procedure allows the
determination of the tensile strength) @nd
tensile strain capacitfec) during the first 24
hours. The repeatability has been estimated in
a previous studyt10% of f and+10 um/m of
€w. [15] Figure 5 shows the influence of
aggregate type. The four studied concrete had
approximately the same properties. Aggregates
influence the microstructure and the
macroscopic behavior of concrete. This is
mainly due to their elastic modulus, strength,
and the interfacial transition zone (ITZ)
generated at the interface between aggregate
and cement paste. For instance limestone
aggregates have been reported to result in
higher tensile strength, as the properties of ITZ
were improved by the formation of
carboaluminates [16]. This mainly concerns
hardened concrete and it was not observed

here at early age. The contrast between the

elastic modulus of paste/mortar and coarse
aggregates could also have produced different
behaviors of studied in concrete in tension, but
this effect was not significant in experimental

1

data. Finally the properties of studied concrete
were mainly influenced by the evolution of
cement paste.

The setting time was determined according
to standard EN 196-3 on mortar samples
extracted by sieving fresh concrete using a
vibrating table. Final setting time was defined
as the time when the penetration of Vicat
needle becomes lower than 2 mm. Initial and
final setting times have been plotted on the
graphs of Figure 5. During setting, the tensile
strength started increasing slowly and the
tensile strain capacity decreased of several
orders of magnitude and reached a minimum
value at defined final setting. Thus this age
correspond to critical stage in terms of
mitigating early-age cracking. Previous studies
showed that this also corresponds to a critical
period for shrinkage-induced cracking [5].

In order to understand this evolution, the
ft/€ctu ratio has been plotted as a first
estimate of Young's modulus. However the
obtained values include plastic and creep
strains. Creep strain depends on concrete

roperties and test duration. This
significantly increased with testing age from
final setting time, which resulted in an
apparent decrease of fi/€cw ratio during this
period. In order to avoid creep effects, the
evolution of Young's modulus has also been
deduced from the velocities of ultrasonic
waves. The FreshCon method allows
determining a so-called «dynamic» elastic
modulus Egyn from the density of fresh
concrete and the velocities of compressive
and shear waves [17].
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Figure5: Evolution of mechanical properties during
setting and hardening stages: A. Tensile strength (ft),
B. Tensile strain capacity (€cw), C. ft/€cw ratio,D.
Young's modulus from ultrasonic monitoring.

The results are plotted in Figure 5.d. The
modulus increased by several orders of
magnitude until final setting then became
evolved much more slowly, which globally
confirms the previous graph. The
development of fi/€cwu ratio was shifted in
concrete age when compared with Eqyn. This
could be due to effects of settlement and
compaction that could not be captured by
direct tensile testing, and/or creep effects at
very early age. The initial setting of cement
paste corresponds to a percolation
threshold of hydration products [18]. The
fi/€ctw actually increased from initial setting,
whereas Egyn increased earlier [19].

Whatever the actual evolution of Young's
modulus, the minimum of tensile strain
capacity is due to a shift between the
development of the modulus and the tensile
strength of concrete. The value of f; at final
setting time was 20% of its value at 24h
while it was 80% for Egyn (for S concrete).
This had been indirectly pointed in previous
studies [20-22] and it can be related to the
evolution of the microstructure of cement
paste. The proportions of hydration
products, such as C-S-H, portlandite, and
ettringite, significantly vary during the first
hours of cement hydration [23], as well as
the morphology of C-S-H [24], thus the
properties of hydrating cement paste
significantly evolve.

3.2 Influence of water-to-cement ratio and
paste volume

The phenomenology described in previous
section can be used to understand the influence
of the other mix-design parameters
investigated in this study. Direct tensile tests
were performed after 3, 5, 7, 10, 15 and 24
hours.

At very early age, tensile strength increased
with the volume of paste (Vp) then it showed a
decreasing evolution from the age of 15 hours
(Figure 6). The results at 15 and 24 hours are
consistent with the influence of Vp on elastic
modulus and compressive strength [25, 26].
Increasing the volume of paste has a restricted
effect on strength, but it has also been shown
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to make concrete more brittle and the width of low hydration degree — around 0.35 for
the fracture process zone increased [27]. TheseW/C=0.5 [15]. Byfors [28] has shown that a
phenomena cannot explain the increasing trend given amount of hydration products per gram

observed between 5 and 10 hours, i.e. during of cement

results in higher compressive

setting. The three concrete mixtures had the strength for low W/C ratios.

same W/C ratio but their Sp/C ratios were
respectively 1.39%, 0.57%, and 0%. The used
Sp is known to delay the setting process. This
effect actually increased with Sp/C ratio.
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Figure 6: Influence of paste volume on tensile
strength.

The influence of W/C ratio on; find &cw
can be observed in Figures 7 and 8
respectively. From the age of 10 hours the
tensile strength significantly decreased with
WIC ratio, but at 7 hours it increased with
WI/C and at earlier ages it was almost constant.
The evolution ok, can be used to understand
that of f. The minimum of the curve is
actually shifted to higher ages for decreasing
WI/C ratios. This is apparently conflicting with
existing knowledge on setting process. The
percolation threshold depends on the WI/C
ratio. It appears earlier for low W/C ratios
[18]. Thus the influence of Sp can be pointed
out again. The three concrete mixtures actually
had Sp/C ratios of 0.63%, 057%, and 0%
respectively. Assuming that the minimum of
the curve corresponds to final setting time, this
was shifted from 6 h for W/C=0.6 to 8 h for
W/C=0.5 and 10 h for W/C=0.4. Thus it seems
that the whole setting period is affected by the
delaying effect of Sp.

It should be noted that the lowest W/C ratio
of 0.4 lead to significantly higheg., at all
ages especially at the minimum. This,
minimum actually corresponds to relatively
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Figure 7: Influence of W/C on tensile strength.
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Figure 8: Influence of W/C on tensile strain capacity.

The influence of W/C on the tensile
strength at later ages is consistent with the
well-known influence on the compressive
strength of hardened concrete as predicted by
Féret's and Bolomey’'s equations. Abel and
Hover [29] observed the same influence on
tensile strength. Lower W/C ration actually
result in lower porosity and higher volume of
hydration products.

3.3 Discussion

The results presented in sections 3.2 and 3.3
have revealed common phenomena whatever
the investigated composition parameter.

The delay in the development of tensile
strength and tensile strain capacity of several
concretes has been attributed to the retarding
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effect of superplasticizer. However other better correlation with the  Tensile
parameters varied in the same time. Among strength/Modulus of elasticity ratio. However
these, the W/C ratio is known to affect the they used data from concrete specimens loaded
setting process. Figure 9 presents the influenceat longer term, with a stronger effect of
of Sp/C on tensile strength at constant W/C aggregates properties. Here the effect of
ratio of 0.5. The 24-hour tensile strengthuf aggregates modulus and ITZ was apparently
was not significantly affected by the other not significant at early age. Moreover this kind
studied parameters: it ranged from 1.50 MPa of correlation depends on experimental

for Vpo+20% concrete to 1.89 MPa for yd procedure. The tensile strain capacity was
concrete. Thus the/ff.s, ratio is plotted found more sensitive to loading rate than
against Sp/C. tensile strength [15].
At very early ages the strength decreased
with Sp/C ratio. This is not a continuous 240
evolution as a threshold appears between 0.5 £ 20 | "
and 0.7%. This effect was stronger at 7 hours = i c .
than at 10 hours. This could correspond to the 3 160 L ©
saturation proportion of superplasticizer [30]. § 120 | g | mwo *VpO+20% |
Sp molecules are bound to cement particles § g | . o | AVPOZ0% eLW
until saturation is reached. As the studied Sp é w0 (8"~ - Con foe
based on modified polycarboxylate has a steric 5 ;1(‘: - 5Vpo_1

effect; cement particles covered with Sp repel 0
each other. Above the saturation content the
Sp in excess remains in the pore solution and
does not affect the microstructure of cement Figure 10: Tensile strain capacity and tensile

0.0 1.0 2.0 3.0
Tensile stregnth, MPa

paste. From 15 h all the concretes showed the strength between 7 and 24 hours.
same behavior, thus the effect of Sp was
temporary. 4 CONCLUSIONS
L0y pyp & em e N A new experimental procedure has been
tolen 4 tm ® = Vpo . designed to allow a continuous monitoring of
[ * Vp0+20% tensile strength and tensile strain capacity from
) o 10h e, | VRO fresh to hardened state. The method combines
Somod S t\;vl ’ direct tensile loading on a 12-litre concrete
= i . ALS2 specimen cast in a horizontal steel mold, and
. s digital image correlation to assess the
displacements. The testing procedure has been
001 Lo used to investigate the effect of the main
0.0 0.5 1.0 L5 composition  parameters on  early-age
Sp/C (%) properties: water-to-cement (W/C) ratio,

volume of paste (Vp), aggregates type. From
the results of the experimental study the
following conclusions can be drawn.

Figure 9: Relative tensile strength and Sp/C ratio.

Whatever concrete mixture, the evolution of «  The tensile strain capacity decreased
€ Showed a minimum due to the shift of several orders of magnitude until
between the developments of tensile strength final setting time then increased to
and elastic modulus. After this minimum reach values commonly found in
corresponding to final setting, the tensile strain literature for hardened concretes.
capacity increased. The values &f, during This minimum is due to a shift
this hardening stage have been plotted against between the development of elastic
fein Figure 10. Tasdemir et al. [31] found a modulus and tensile strength. This
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related properties is
competition between strength and stress
developments, especially at the critical period
of setting and early hardening stage.

Travaux
acknowledged for their support to the project.

critical period should be taken into
account to mitigate the cracking risk
at early-age.

» The evolution of tensile strength and
strain capacity was mainly driven by
the evolution of cement paste.
Aggregates properties are known to
influence the microstructure and
macroscopic behavior of hardened
concrete but these effects were not
significant at early age.

* The lowest values of W/C and Vp
allowed increasing significantly the
values of tensile strain capacity,
which is interesting to reduce the
cracking risk.

» After setting, the tensile strength
decreased with the volume of paste
and the W/C ratio. Until the end of
setting, the development of strength
was strongly affected by the
retarding effect of the wused
superplasticizer. The final setting
time was actually delayed.

» After final setting, the experimental
data show a correlation between
tensile strength and tensile strain
capacity. This could be of practical
interest as the determination of
strength is easier and more
repeatable.

Besides the development of tensile strength,
several other phenomena occur in cement-
based materials
shrinkage,

at early-age,

heat release,

such as
and creep. Any

[2]

[3]

[4]

[5]

[6]

variation in the kinetics and magnitude of the [7]

likely to affect the
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