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ABSTRACT

RESUME

Inn structural elements consisting of concretes of differ-
ent ages (hybrid clements), hygral deformations induced
by drving of the new conerete are restrained by the old
concrete. Depending on the amplitude of these deforma-
tions and on the degree of restraint of the hybrid clement,
cracks can be induced in the new concerete layer. An
experimental investigation conducted during six months
on twelve hybrid clements demonstrated that global dis-
placements are reduced when the reinforcement ratio
placed in the new layer is increased. Comparison of the
experimental results with a numerical model shows that
the presence of reinforcement in the new layer increases
the degree of restraint of hygral deformations and the like-
lihood of localized cracks.

Dans les éérents de structure formiés de bétons d'dges diffé-
rents (Eléments hybrides), les déformations induites par le séchage
de la nouvelle couche sont entravées par le support de vieux
béton. En fonction de Pamplitude de ces déformations et du degré
d'entiave de la structure liybride, des fissires pevwent étre
induites dans la nonvelle couche. Des essais de fluage flexionnel
icalisés durant six mois sur douze ééments de streture hybride
ont permis de wmettre en évidence quie lewrs déplacements induits
par le séchage de la nonwvelle couche sont réduits lorsque le tarx
d’armatnre placé dans cette couche angmente. En Sappuryant sur
les résultats obtenus lovs de la validation de la modélisation
1imérique proposce, cet article démontie que la présence de barves
darmatire dans la novvelle couche augmente Pentrave de ses
déformations de séchage et favorise Papparition de fissures.

1. INTRODUCTION

Casting a new concrete layer on an existing support is
a common technique in the repair and strengthening of
existing reinforced concrete structures. During the
hydration of the new concrete, physical and chemical
deformations induced by heat release and autogenous
shrinkage are totally or partially restrained by the pres-
ence of the old concrete layer. The old concrete also
restrains deformations caused by the drying of the new
concrete after removal of the formwork (see Fig. 1).
Depending on the magnitude of these deformations and
the degree of restraint of the hybrid element, detrimen-
tal cracks can be induced in the new concrete layer at an
carly age or after a longer period of time [1]. If these
cracks reach the interface between the two concretes
debonding may occur (see Fig. 1).

This paper explains the findings of a research project

Editerial Note

Distribution Stress & Hygral

Drying =+ ofrelative = distribution =% crack

% % % % humidity & at time ¢ growth
attime 1

New concrele

Host
Old concrete

5 5 3 f’ l‘ﬁ.., \lni:jal désr.ribul.ion of h

Fig. 1 - Influence of drying on hybrid elements.

investigating the long term behaviour of structural ele-
ments consisting of concretes of different ages, hercin
called hybrid elements. Concentration is on the effect of
reinforcement on the cracking due to drying (herein
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called hygral cracking) of the new concrete layer in
hybrid elements. Their behaviour is studied using both
experimental and numerical methods.

2. RELATED WORKS

Most research on the behaviour of hybrid elements
has been conducted in the past two decades. The main
contributions are related to the study of the long-term
behaviour of layers of new concrete subjected to drying
(see [2-4] for layers thinner than 60 mm and [5, 6] for
thicker layers). These studies have established that the
penetration of cracks in the new concrete layer depends
mainly on two categories of parameters: 1) material proper-
ties, such as the magnitude of drying shrinkage, the ratio
between tensile specific creep and drying shrinkage and
the tensile strength of the new concrete, and the ratio
between tensile clastic modulus of new and old con-
cretes; and 2) strictural parameters, such as the thickness of
new concrete layer, the ratio between the thickness of
new and old concrete layers and the degree of statical
indetermination which depends on the static system of
the hybrid structure.

A simplified approach to estimate the stresses in the
new layer of hybrid clements consists in multiplying the
degree of restraint . by the product of free physical and
chemical deformations g; and elastic modulus E,,, of the
new concrete layer. Silfwerbrand [7] established an
expression of U for statically determinant hybrid slabs by
assuming time-independent elastic behaviour of con-
crete and constant deformation g, in the new concrete.
This expression has been generalized for various types of
hybrid structures and for statically indeterminate systems
in [5]. The assumption of constant deformation g, in the
new concrete is only a rough approximation of the real
distribution of deformations or relative humidity due to
drying g, ;. Due to the low diffusion coefficient of con-
crete, a sharp moisture gradient occurs berween the core
and the surface zone of the new concrete layer to balance
the external conditions of relative humidity [8].
Depending on the concrete composition and the thick-
ness of a structural element, the magnitude of the mois-
ture gradient can be high enough to induce microcrack-
ing in the surface zone even if the structural element is
not externally restrained [9] (the core of the element
restrains the drying shrinkage of the surface zone).

The reinforcement, which is not affected by drying,
is generally located near the surface zone. It has been
demonstrated chat this reinforcement modifies the dis-
tribution of microcracking in the surface zone [10, 11].
The reinforcement increases the degree of restraint of
drying deformations.

As the moisture transport in the cement paste is a
slow process, the time required to reach moisture equi-
librium in a concrete structural element depends on the
thickness of the elements. For example, Acker [8] esti-
mated that this equilibrium is reached after ten years in a
cylinder of 160 mm diameter subjected to a external rel-
ative humidity of 30%. It has also been shown that the

total tensile creep of new concrete plays an important
role in releasing the internal stresses created by the non-
uniform distribution of moisture and restraint imposed
by the old concrete [5]. For hybrid elements with high
degree of restraint, it has been established in [5] that the
beneficial effect of tensile creep can limit the hygral
cracking and prevent the formanon of full-depth crack
and thus also prevent debonding. These results were
confirmed in [6] using a micromechanical model of con-
crete, This study also illustrated the beneficial influence
on cracking of aggregates in the new concrete. Laurence
[12] demonstrated that the hygral cracking observed on
the surface of new layers thinner than 60 mm does not
depend significantly on the tensile relaxation of con-
crete. Ulm et al. [10] also demonstrated that the microc-
racking of the surface zone is not significantly influ-
enced by the relaxation of concrete. These results can be
explained by the high and rapidly forming initial gradi-
ents of moisture, which cause this microcracking in the
surface zone, The time to cracking is too short to have a
beneficial effect of tensile relaxation.

3. EXPERIMENTAL STUDY
3.1 Tested hybrid elements

Twelve hybrid beams were fabricated and tested (see
Fig. 2). The supports were cast with a length/width/
thickness of 5400/500/170 mm. At the age of 60 days, the
upper surface of the supports was prepared with a hydro-
jetting technique to reduce the thickness by 20 mm. Two
weeks later, the interface was cleaned and moistened wich
water for one hour. At 70 days, the new concrete layer
was cast on the support. The two vertical faces and the
bottom part of the hybrid elements were sealed with an
epoxy coating to avoid drying after 100 days (see Fig. 3).
The tested clements were kept in a controlled environ-
ment (T, = 20 + 3°C and h,,, = 65 £ 5%) before the
beginning of the testing procedure.
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Fig. 2 — Cross sections of tested beams.
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Sealed with
epoxy

Fig. 3 - Boundary conditions and instrumentation.

Table 1 - Parameters of tested beams

Beams [ Reinfor. Dead Load Agety

[mm] in new layer P [kg] [days]
Al 70 4410 880 178
A2 120 44910 1200 178
A3 120 4910 1510 178
A4 120 4410 0 178
B1 70 6¢14 880 178
B2 120 6914 1200 404
B3 120 6014 0 404
B4 120 6¢14 1510 404
Cc1 70 Fiber 880 466
c2 120 Fiber 0 466
C3 120 Fiber 1510 466
c4 120 Fiber 1510 466

The variable parameters illustrated in Table 1 were
the thickness of the new layer I, (70 and 120 mm) and
the reinforcement type of the new layer (4 O 10 for
beams A, 6 @ 14 for beams B or only 80 kg/m? of stecl
fibers for beams C).

3.2 Concrete compositions

The concrete compositions in this investigation used
ordinary Portland cement CEM 1 52,5 R and are given
in Table 2. The cement was composed of 54.5% of C;S,
15.9% of C,S, 8.19% of C;A and 7.6% C,AF and the
specific surface was 4300 em?/g (Blaine finesse). The
hooked ends steel fibers were 35 mm long with diame-
ters of 350 pm.

Table2 -C t iti
Climatic room : =20 °C and = 30 % able 2 - Concrete compositians
T 0ld Concrete New Concrete
bc okl el Allbeams | beamsA+B beams C
2700 mm [kg/m3) [kg/m?] [kg/m3]
Agg. 8- 16 mm 640 612 580
1200 1100 Agg. 4-8mm 588 644 588
3 Opiical Fib d Sand 0- 4 mm 715 687 715
Hllﬂ 1bre
Sensors ’ Steel fibres - - 80
1000 ]l Cement CEM 152.5 R 350 300 350
New Concrete Total water 161 150 171
0Old Concrete w/c[-] 0.46 0.50 0.49
] Rheobuild 2000t 3.50 3.60 350
\_Displacement Displacements / T Rheobuild 2000 is a superplasticiser from Master Builders Technologies.
Veerir Veoun AN Vo

3.3 Testing procedure and instrumentation

3.3.1 Long term flexural tests on hybrid elements

Each beam was placed in a climatic room (T, =20 £
3°C and h,,, = 30 £ 5%) three days prior to testing (the age
t of the new conerete prior to testing is given in Table 1).
The static system used during the tests and the position of
dead loads imposed at time 1, are described in Fig. 3. The
imposed values of P are given in Table 1. The load level
was selected to be representative of the permanent ser-
viceability loading of hybrid elements. The loads placed
on beams Al, A2, A3 and B1 were introduced in two
stages (80% of P at time t, and 20% after 14 days). The
beams A4, B3 and C2 were not loaded during the tests.
The tests conducted on loaded beams will be called herein
flexural creep tests on hybrid elements (FCTHE) and
those conducted without dead loads are called flexural
shrinkage tests on hybrid elements (FSTHE). Each beam
was tested for a 6-month period.

Three vertical displacements (Vi Veenter A9 Vsouch)
were measured during the flexural tests. The vertical dis-
placements due to the imposed loads are assumed to be
positive. The location of the displacement transducers 1s
shown in Fig. 3. Each beam was instrumented with 3 opti-
cal fibre sensors [13] during casting. The 3-level position
of these sensors is shown in Fig. 3 (FiV for bottom of the
support, FiB and FiH for bottom and top of the new layer).
The optical fiber sensors measured total displacements at
the beam mid-span (distance 2000 mm). The evolution of
cracking in the new concrete was observed visually on the
upper and vertical surfaces of the hybrid elements.

3.3.2 Flexural shrinkage tests without old concrete
layer (FSTWO)

Flexural shrinkage tests were carried out indepen-
dently to study the influence of reinforcement on the ver-
tical displacements due to drying of a non-restrained con-
crete element. Four beams were cast with a length/width/
thickness of 1150/100/100 mm. A reinforcing bar (diame-
ter 10 mm) was placed in the bottom of two of the beams
(concrete cover 20 mm). The concrete composition was
similar to that used for the new concrete layer of beams A
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Fig. 4 — Experimental and numerical results related to the flex-
ural shrinkage test without old concrete layer (FSTWO): influ-
ence of reinforcement.
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Fig. 5 - Numerical calculation of residual stresses and damage in
the FSTWO beams: influence of reinforcement.

and B (sce Table 2) however the cement type, CEM 1
425, was coarser. During the first day, the tested beams
were kept in the steel formwork. They were then placed
in water for 5 days. At 6 days, the tested beams were
removed from the water and the sides and the top of cach
beam were scaled with an epoxy coating (see Fig. 4). At 7
days, the four tested beams were placed in a climatic room
(T, = 20£3°C and h, = 30 = 5%). The static system
used during the tests 1 Shown in Fig. 4. The vertical dis-
placement of each beam was measured during the testing
procedure (see Fig. 4). The duration of these flexural
shrinkage tests without old concrete layer (FSTWO) was
[ year.

3.4 Experimental results

3.4.7 Flexural shrinkage tests without old concrete
layer (FSTWO)

The evolution of the vertical displacements of the
four beams is shown in Fig. 4. During the first 50 days,
the eentral part of cach beam rose due to drying (nega-
tive vertical displacement according to the chosen con-
vention). The resules show that the presence of rein-
forcement reduces this displacement. As the
reinforcement restrains the hygral deformations in the
bottom of the beam, the observed reduction of vertical

displacement is an expected result. After 50 days, the
direction of the displacements is reversed. For a purely
elastic material, the beam would return to its initial
shape after drying. For the tested beams without rein-
forcement, a residual displacement was still measured
after 1 year. This residual displacement was probably due
to the non-completed reclosure of the hygral cracks in
the surface zone. After 330 days, the vertical displace-
ment of reinforced beams became positive. This result
can be explained by the effect of creep due to the dead
weight of the beam. No visible cracking was observed on
the bottom of the beams during the tests.

3.4.2 Flexural shrinkage tests on hybrid elements (FSTHE)

The evolution of vertical displacements of beams A4,
B3 and C2 are illustrated in Figs. 6 a), b) and ¢) respec-
tively. The ends (v, and \\m,rh) of bcam A4 rose
almost linearly due to drying (negative vertical displace-
ment a(,cordmg_, to the choscn convention) and the cen-
ter (Vo) Went down. This behaviour of beam A4 was
almost as expected. The behaviour of beam B3 however
was significantly different. The vertical displacements
remained small. The differences between beams A4 and
B3 were the reinforcement ratio placed in the new laver
(4 O 10 for A4 and 6 O 14 for B3) and the age of the
new concrete at the beginning of the test (1, = 178 days
for A4 and 404 days for B3).

It is believed that this difference was predominately
due to the reinforcement ratio as the observed behaviour
of beam C2, with a new concrete of 466 days at 1,, was
very close to that of the beam A4. It is important to
recall that the new conerete of beam C2 is a non-rein-
forced steel fibre concrete. The increased reinforcement
restrained more severely the hygral deformations in the
surface zone and thus reduced the vertical displacements
of the hybrid clements. The different values of time 1,
had a negligible influence on the tests.

The evolution of total strains at the mid-span of
beam A4, measured with the optical fibre sensors, are
shown in Fig. 7 a). The time and the measured strains in
Fig. 7 a) are assumed to be 0 at the age 1, of the beam.
The total strains for the negative values of time are duce
to the thermal and autogenous effects at carly age and
drying. The carly age behaviour of the tested elements 1
studied in [5]. It is interesting to notice that the magni-
tude of the early age strains is near 300 pm/m and that
the magnitude of strains measured during the FSTHE 1s
only 50 um/m.

3.4.3 Flexural creep tests on hybrid elements (FCTHE)

The evolution of the total strains ac mid-span ()f
beam A2, measured with the optical fibre sensors, is
shown in Fig. 7 b). The observed behaviour is similar to
that observed on the non-loaded beam A4 (see Fig. 7 a).
Again, it is interesting to notice that the magnitude of
mechanical strains due to loading is approximately seven
times lower than the amplitude of strains due to hydra-
tion cffects at carly age and drying.

The evolution of total vertical displacements of
beams Al and B1 (i, = 70 mm) and of beams A2 and

nen
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Fig. 6 — Experimental and numerical evolution of displacements
of beams a) A4, b) B3 and ¢) C2 during the flexural shrinkage
test on hybrid elements (FSTHE).

B2 are shown in Fig. 8 a), b) and 11 a), b), respectively.
Comparison of these figures shows that the elastic
instantancous displacements of beams A1l and B1 are
similar. The time-dependent displacements of beam B1
are however greater than those of beam A1, Similar
results can be observed on beams A2 and B2. The higher
reinforcement ratio in the new concrete increased the
amplitude of total vertical displacements measured with
time. An initial explanation is that the higher reinforce-
ment ratio increases the effect of creep. It should be kept
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Fig. 7 - Experimental and numerical evolution of total strains in
the center of the beams a) A4 during the FSTHE and b) A2 dur-
ing the flexural creep tests on hybrid elements (FCTHE).

in mind that the measured displacements correspond to
the summation of positive displacements due to creep
and negative displacements due to drying shrinkage. As
observed in the FSTHE, the displacements due to dry-
ing shrinkage decrease with the increase in reinforce-
ment ratio. If we assume that the principle of superposi-
tion is applicable, the higher total displacements
obscerved on beams B1 and B2 can be explained with the
reduction of negative hygral displacements due to the
higher reinforcement ratio in the new layers.

The behaviour of beams C was similar to that
observed on beams A. The displacements measured on
all beams are given in [14].

The beam B1 was the only beam, which exhibited
localized vertical cracks in the new layer during the
FCTHE. The cracked zone near the north support is
shown in Fig. 9. No visible cracks were found during the
preliminary check of the surfaces of new concrete layer
done before the FCTHE. It can therefore be assumed
that the observed cracks appeared during the FCTHE.
The new layer of concrete in beam B1 was thin and had
a high reinforcement ratio. Beam A1, which was similar
to B1, except for a lower reinforcement ratio, exhibited
no visible cracks. This result confirms the influence of
reinforcement on the increase in degree of restraint of
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hygral deformations in the new layer and on the increase
in likelihood of cracking.

4. NUMERICAL STUDY

The previous experimental results have revealed that
the presence of reinforcement in the new layer enhances
the restraint of hygral deformations. Internal stresses are
promoted and hygral cracking seems to be more pro-
nounced. As these new findings are of great interest with
regard to the durability of repaired concrete elements, it
appears essential to analyze them by means of a numeri-
cal approach. The following study demonstrates the
capabilities of the numerical model to reproduce the
obscrved behaviour, The focus of the simulation also is
to determine the amplitude of internal stresses and the
cracking due to the presence of reinforcement in the
new layer of hybrid structural elements.

4.1 Description of modelling

The long-term behaviour of hybrid elements sub-
jected to drying was modelled using the Finite Element
softwarc HEAT 6.3 (developed by Femmasse b.v.
Company). This software was developed by Roelfstra
[9]. Recent modifications have been made to improve
the models of the hygral- and time-dependent cracking
behaviour of concrete [3].

The analysis consisted in solving a boundary value

Fig. 8 - Experimental and numerical evolution of displacements
of beams a) A1 and b) B1 during the flexural creep test on hybrid
clements (FCTHE).

Fig. 9 -
Cracking of
the new con-
crete of beam
B1 during the
FCTHE.

problem (BVP) for relative humidity as well as stresses.
The formulation of the BVP for relative fuumidity was
based on the Bazant model [15] and is given by:

h = div (D(h) grad h) + hia ()
with D(h) = D, |a, + ——%—
1+ 1-h
1-h,
g=T" (h—hm) n (on the boundary) (2)

where fi: relative humidity of concrete, By decrease in
relative humidity due to hydration, Dfh): diffusion coef-
ficient (D, = D(h = 1)), ¢: moisture flux through the sur-
face, m: moisture convection cocfficient, h.: external
relative humidity, u: outward unit normal to surface and
- ay, I are parameters.

After computation of the relative humidity distribu-
tion, a stress analysis was carried out. The formulation of
the BVP for stresses is given by:

T=T7 and u (on the boundary) (4)

where T = g-n: stress veetor acting on the surface, 6: stress

-

g = Sw [Srum!

=&

(3)

u
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tensor, S, viscoelasticity tensor, €, total strain tensor,
€. tensor of the physical strains duce to drying calculated
with a constant cocfficient of hygral dilation o, T:
imposed stress vector and 17 prescribed displacements.

The viscoelastic behavienr was modeled with a general-
ized Maxwell model [16]:

= Yad + z » 6)

wel .
l-¢ ™ [|A [L\G,.,,d,—L\ﬁil

. o _ | %
with Aol = |— E
A

Pt
where @ =T to 6 Maxwell unit number with E,: spring
modulus, 7,: dashpotlt.ﬁldatlon time, G, Stress tulsor at
time 1, Ar =1, -1, time increment and A: tensor con-
taining the terms related to the Poisson ratio v.

The non-finear influence of relative hmidity and tensile
stress fevel on the stress rate was taken into account with the
time equivalent method [15, 17]. At is corrected with:

. o,
sinh| ¢, ~
Alm” = (ft’,—(‘l—ﬂ')hz) s Ar (6)

where 6 major principal stress, [ tensile strength of
concrete and a,, ¢, are parameters. The lrygral transicnt creep
(Pickett effect) was taken into account by introducing a
stress=dependent contribution [18] in the coefticient of
hygral dilation (o, 5 = o, - 15 G;) where r: parameter.
The cuacking behaviour of concrete was modelled with
strain-softening smeared-type model [19]. A bilinear
relationship (6, w) depending on the fictitious crack
width w (6 = f,, w = 0; o f, w0, 1w} was used after the
principal tensile stress reached the tensile strength £, In
this crack model, the damage (denoted D in Figs. 5 and
10) corresponds to the ratio between the effective stiff-
ness of a cracked and uncracked concrete clement. For
example, only non-localized microcracks (fictitious
crack width less than 10 wm) can be expected for a value

Beam Al (49 10) Beam B1 (64 14)
0 05 1 ¢ 0 0. 1
L H = D
— D —
g ] - “ = o
2 1
8 P— I
———  Damage after 178 days (before flexural ereep or shrinkage lest)
[ —  Damage after 400 days (after Mexural shankage test)
i = Damage after 400 days (after flexural creep test)

Fig. 10 = Damage calculated in beams Al and B1.

of D less than 0.30. In order to model the failure of con-
crete under sustained or repeated load, the tensile
strength f, was modelled as a function of the pure vis-
cous total strain €, 3] (a, b, c.: parameters):

% = 1-(a, (1 - &) U

The reinforcenrent was modelled with beam-type finite
clements superimposed on membrane-type finite cle-
ments used to represent the concrete. The compatibility
between these two types of finite clements is regulated
with a typical stecl-concrete adherence law (T = as® with
T: shear stress, 52 slip, @ and b paramcters) [20]. More
details concerning the modelling can be found in [53].

4.2 Determination of parameters

The parameters were determined by means of resules
obtained with standard tests [14], which were totally
independent of the experimental results presented in this
paper. When standard tests were not conducted, values
available in the literature (see references in [5]) were used
to determine the corresponding parameters. As the dry-
ing process of concrete could not be separated from the
total viscoclastic behaviour, an iterative procedure was
developed to determine the required parameters (sce
details in |5]). For the concretes described in Table 2,
the obtained parameters are: D, = 50 mm?/day, a,, = 0.05,

e = 0.82, Iy, = 0, 0, 4 = 1000 g/, 0., = 1715
um}'m (ﬂlml shrmL.M, £, = 000 um/m for hm =.63),
flf,”lh' - 7 MP a, .Il old ~ 4 4 Mpa Iru‘ Anterface 28 MP"['
l}'l'_ it = 37.0 C’la E ”‘443 G[.’l v =0.16,
=100-Dwithpw = 1to 6, L!/ o = 002, E ffm 0.04,

_;/Em = 0.07, E,JE,, = 0.14, E5JE,, = 027, EJE
0.46,a,=0.5,¢,=3.8,1,=5MPa~!, 00 = 0.25, 1, = 0.03
mm, w, =030 mm, a,=03,b =50,c,=025a=123
and b = 0.21. The elastic modulus of reinforcement was
210 GPa. Due to the different cement type, the follow-
ing parameters were different for the concrete used in
the FSTWO: D, = 36 mm?/day, 4, = 0.10, fi, = 0.70,
Oy, 0 = 1200 umfm. For a concrete surface i in a non-
windy environment, the moisture convection coefticient
nis equal to T mmjday.

tor

4.3 Numerical results and discussion

4.3.1 Flexural shrinkage tests without old concrete
layer (FSTWO)

A good correlation between the vertical displacements
measured on the reinforced beams and those predicted by
the numerical model is shown in Fig. 4. The reduction of
vertical displacement due to the presence of reinforcement
is rather well captured by the numerical model.

The influence of the reinforcement ratio is studied
by replacing the 10 mm diameter reinforcing bar with a
14 mm diameter reinforcing bar. In this case, a more
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pronounced reduction of the vertical displacement is
predicted by the numerical model. Residual stresses cal-
culated after 400 days arc shown in Fig. 5. For the non-
reinforced beams, the residual stresses are not significant.
For the reinforced beams, tensile stresses were present in
a large portion of the beam. As the equilibrium must
1111111ta1md compressive stresses act in the reinforce-
ment. As the magnitude of residual stresses is directly
related to the restraint due to the reinforcement, the ten-
sile residual stresses increase when the reinforcement
ratio increases. The microcracked zone for different
reinforcement ratios is also shown in Fig. 5. The damage
predicted after 400 days is similar for the two types of
beam used in the experimental study. For these beams,
the microcracked zone did not extend to the reinforce-
ment. For beams with a 14 mm reinforcing bar, the
microcracked zone was shown to pass the level of rein-
forcement. Even though the damage D remains smaller
than 0.50 (no visible cracks), the protection of reinforce-
ment against corrosion is questionable in this last case.

4.3.2 Flexural shrinkage tests on hybrid elements
(FSTHE)

A comparison between the calculated vertical dis-
placements of beams A4, B3 and C2 and the corre-
sponding measured values can be seen in Figs. 6 a), b)
and ¢). The smaller vertical displacements of beam B3
are accurately reproduced by the numerical model.
There is also a good correlation between the predicted
and measured strains at both early age and long term at
the mid-span of beam A4 (Fig. 7 a)). As the accuracy of
the numerical model has been verified using two inde-
pendent measuring techniques, it is demonstrated that
this model can be used to reproduce the behaviour of
reinforced hybrid elements subjected to drying.

Fig. 6 a) shows the calculated vertical displacements
for a hypothetical beam similar to A4 but reinforced with
6 @ 14 instead of 4 @ 10. Again, the presence of a higher
reinforcement ratio explains the lower magnitude of the
observed vertical displacements due to drying. The
results show that the real behaviour of beams acting
before the age ¢, at the beginning of the flexural tests
must be considered in order to obtain accurate predic-
rions with the model.

4.3.3 Flexural creep tests on hybrid elements (FCTHE)

The influence of the superimposed dead load is also
well captured by the numerical model (see the measured
and predicted strains in the central part of the beam A2
at both carly age and long term in Fig. 7 b) and the cal-
culated and measured vertical displacements for beams
Aland B1, and A2 and B2 in Figs. 8 a), b) and 11 a), b),
respectively),

The evolution of vertical displacements of beam A2
were calculated without taking into account the influ-
ence of tensile stress level on the stress rate (¢, = 0 in
Equation (6)) and without delayed cracking due to sus-
tained load (a, = 0 in Equation (7) (Fig. 8 b)). The
numerical results show that the influence of the tensile
stress level is not significant. On the contrary, the influ-
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Fig. 11 - Experimental and numerical evolution of displacements
of beams a) A2 and b) B2 during the FCTHE.

ence of sustained load on the reduction of tensile
strength must be taken into account in order to predict
accurate vertical displacements.

Fig. 11 a) shows the calculated vertical displacements
for a hypothetical beam similar to A2 but reinforced with
6 @ 14 instead of 4 O 10. Again, the presence of a higher
reinforcement ratio explains the higher amplitude of
observed vertical displacements.

By separating the two contributions of the calculated
vertical displacements it can be seen that since the verti-
cal displacements due to creep alone are similar for
beams Al and B1, the observed difference between total
vertical displacements is predominantly due to the influ-
ence of the reinforcement ratio on the vertical displace-
ment due to drying.

The damage calculated in beams A1 and B is shown
in Fig. 10. The more pronounced damage observed in
beam B1 was predicted by the numerical model. The
calculated depth of the microcracked zane corresponds
well with experimental observations (Fig. 9). The differ-
ent causes of damage are stated in Fig. 10. The majority
of the damage is due to the drying process alone. Even if
the imposed loads were similar for beams A1 and B1, the
addinonal damage would be more pronounced in beam
B1 duc to the higher residual stresses caused by drying in
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the more reinforced beam B1. This important result
demonstrates clearly that the presence of a large amount
of reinforcement can enhance the extent of the microc-
racking in the new layer of hybrid elements,

5. CONCLUSIONS

The following conclusions about the behaviour of
structural elements consisting of reinforced concretes of
different ages subjected to drying are based on the exper-
imental and numerical results reported in this paper:

1) Reinforcement in the new layer of concrete increases
locally the degree of restraint of hygral deformations;

2) Due to the increased restraint of the hygral deforma-
tions by the reinforcement the global displacements of
the hybrid structural element are reduced and more pro-
nounced hygral cracking is induced in the new layer;

3) Residual tensile stresses due to drying are present in the
long tern in the new layer. The magnitude of these stresses
depends predominantly on the reinforcement ratio;

4) When a service load is superimposed on an hybrid
clement subjected to drying, the mechanical stresses are
added to the residual stresses due to drying and cracking
can be more pronounced;

5) Irrespective of the degree of restraint, the depth of the
hygral microcracked zone of a concrete clement with a
high reinforcement ratio can be larger than the thickness
of the covercrete and can thus reach the level of rein-
forcement,

A minimal reinforcement ratio is usually required by
the codes in order to control the cracking in concrete
structures. Based on our results, it seems also important
to limit the maximum amount of reinforcement in order
to reduce the extent of the hygral microcracked zone.
Even if the relationship between the depth of microc-
racked zone and the corrosion protection of the rein-
forcement is not the scope of this paper, it seems obvious
that limiting the extend of microcracking in general will
improve the durability of concrete structures. For the
hybrid structural elements, such new criterion should
define the maximum amount of reinforcement as a
function of the thickness of the new layer.
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