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Restrained shrinkage of massive reinforced concrete structures:
Results of the project CEOS.fr

Within the CEOS.FR national research project, several experiments on massive
concrete structures were conducted to improve the knowledge on the cracking
phenomenon. In this paper, experiments where deformations at early age are
restrained are presented. Testing bodies are I-shaped and two largely
dimensioned steel struts are placed laterally between the two transverse heads to
prevent almost any shrinkage. Three testing bodies were realized: RG8, the
reference one, RG9, with a reduced reinforcement and RG10, with an increased
cover. A full set of measurement was used for auscultation of these beams during
early age. Optical long base fibres gave information of the relative displacement
and local measurements in concrete were given thanks to Vibrating Wire
Extensometers. Gauges on rebars produced data of the strain on the first
reinforcement layer, and force in struts was monitored. With this, the force and
the stresses in concrete and rebars could be deduced. This huge amount of data
allows verifying the phenomenology of the concrete. Various hypotheses were
analysed to explain strain measured and the corresponding forces in each
component during specific period of early age. A first analysis of the cracking

process shows that the cracks could appear for stresses below the tensile strength.

Keywords: concrete, restrained shrinkage, cracking, crack control, crack width,
thick slabs

Introduction

In several applications, including nuclear ones, concrete structures (like nuclear
containments or radioactive waste storage) have to ensure various functions and possess
specific performance levels in addition to their structural resistance and durability. The
confinement (water or air tightness) and durability of reinforced concrete structures are
affected by cracking. According to current practice and considering crack control,
structural design is based either on a formula as in design codes (ACI committee 318

2014; EN 1992-1-1 2004; fib model Code 2013), or on detailed procedures. Experience

Buffo-Lacarriére et al. 2015



EJECE published online 08/2015 DOI:10.1080/19648189.2015.1072587

has shown that this approach is not accurate and is sometimes misleading for thick
slabs, walls and other massive structures.

Therefore, the French concrete construction community initiated the CEOS.FR
national research project, which brought together more than 41 research organisations
and companies, including infrastructure owners, construction companies, engineering
companies, and private or public research centres, with the support of the French
Ministry of Sustainable Development. The aim of CEOS.fr was to improve
understanding of the cracking phenomenon and, in the longer term, to provide designers
with reliable crack design codes, able to give a reasonable appreciation of crack width
and spacing, and applicable to a greater number of structures. With a total funding
budget of 7 million Euros, the project lasted five years, from 2008 to 2013.

It was organised on a cross theme approach. Three types of situations involving
cracking were identified: static and monotonous loading, cyclic or seismic loading and
thermo-hydro-mechanical (THM) loading (restrained shrinkage). For all these loading
situations, structural analysis and design, scientific modelling and experimental testing
were performed (Demilecamps 2010). This paper presents the THM experimental part
of the work and its results.

After a description of the concrete structures tested and the instrumentation
used, the results are analysed in terms of temperatures, strains, global forces and crack

analysis. Finally, the storage of the results in an open database is presented.

Presentation of structures tested

Geometry and reinforcement

The restrained shrinkage testing bodies were massive I-shaped beams composed

of a central part (5.1 m long, 50 cm wide and 80 cm high) and two massive heads (90
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cm long, 2.2 m wide and 90 cm high), (figures 1 and 2). Two largely dimensioned steel
struts (diameter 32.4 cm and thickness 5.5 cm) were placed laterally between the two
transverse heads to prevent almost all shrinkage. They were equipped with vibrating
wire gauges to measure the forces generated in the struts and to deduce the exact level
of restraint. The beams were reinforced and the heads were transversally prestressed

(see Figure 1).

Figure 1: Geometry of the RG specimens
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Figure 2: Reinforcement of the central parts of specimens

Buffo-Lacarriére et al. 2015



EJECE published online 08/2015 DOI:10.1080/19648189.2015.1072587

Three test bodies were made: RGS8, the reference; RG9, with reduced

reinforcement; and RG10, with increased cover (see table 1).

Table 1: Reinforcement of the central part of specimens RG8, RG9 and RG10

RG8 RG9 RG10
% of longitudinal 2% 0.56% 2%
reinforcement
cover 30 mm (50 mm for | 30 mm (50 mm for | 50 mm (70 mm for
longitudinal rebars) | longitudinal rebars) | longitudinal rebars)

Complete details on the reinforcement of these 3 test specimens are available in
the CHEOPS database (see section concerning result storage) and only information on

the reinforcement of the central sections is given in Figure 2.

Instrumentation

All specimens were fully instrumented, externally and internally. The exact
position of all the sensors is available on the site where the results of this project are
stored (see corresponding section) but the kind of sensors used is summarized below:

- 9 internal temperature probes (Pt 100 Q type sensors)

-16 vibrating wire extensometers (VWE) for local internal strain measurement +
6 to measure the forces in the struts (2 self-sustaining reading coils)

- 3 internal long-base optical-fibre displacement sensors (Michelson type)

(except for RG10 test)

- 6 electrical strain gauges (resistance type) placed on reinforcement bars (except

for RG10 test).

Buffo-Lacarriére et al. 2015
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Boundary conditions and loading

The structures were placed outside for the THM test and all the environmental
conditions were recorded in the field from the time of casting. The variations of external
temperature, relative humidity, wind speed and solar radiation (on a horizontal sensor)
for the three tests are available in the database.

The geographical orientation of the specimen is also detailed on the following

figure and the azimuth of each vertical face is given in Table 2.

Vertical face 2

: iot (azimuth) for face

Vertical face 4 E

~

W

;/f.-
= ' Vertical face 3
‘ [ 99BJ [BOTMAA

Figure 3: Geographical orientation of the specimens

Table 2: Azimuth for each vertical face (0° is for a surface facing directly south and -
90° for a surface facing directly east)

Azimuth

Vertical face 1 -6° (+/-4°)

Vertical face 2 -96° (+/-4°)

Vertical face 3 | 174° (+/-4°)

Vertical face 4 84° (+/-4°)

Any shadowing effects caused by the building near the structure were evaluated

using the schema presented in Figure 4.
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Figure 4: Neighbourhood of the specimens and eventual shadow effect

The structure was insulated during the two first days after casting. Two zones
with slightly different insulation can be distinguished:
- Zone 1 (upper and lower faces of the structure): Formwork was in plywood
and the isolation was in polystyrene (see Table 3).
- Zone 2 (lateral faces): The same materials were used (with the same
thickness) but the formwork was reinforced by aluminium bars which
created "weak points" in the isolation (see Table 3). A schema of the system

of formwork and insulation for these lateral faces is presented in Figure 5.

Table 3 : Thermal characteristics of material used for formwork

Formwork Insulation "Weak points"
Material Plywood Polystyrene Aluminium
Thickness 2cm 4cm see schema
Thermal conductivity | 0.13W/K.m | 0.036 W/K.m | 237 W/K.m
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Figure 5: Scheme of the thermal insulation of lateral faces

Experimental characterisation of concrete at early age

The concrete composition of the CEOS.fr experimental campaign was
characterised by a Portland cement CEM | 52.5 N and two different fractions of
aggregates (0/4 and 4/20). Its water-cement ratio (w/c) was 0.46 and its cement content
was 400 kg/ms3. The admixture (Cimfluid Adagio 4019) used was a polycarboxylate
type superplasticiser. The amount of this water-reducing and setting retarding admixture
was equal to 1.35% of the cement content. Details on the concrete mix proportions are

given in Table 4.

Table 4: Mix proportions of concrete

Content (kg/m3)
CEMI 52,5N CE CP2 NF Couvrot 400
Sand 0/4 GSM LGP 785
Gravel 4/20 GSM LGP 980
Superplasticiser Cimfluid Adagio 4019 54
Total water 185

Buffo-Lacarriére et al. 2015
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Its behaviour at early and long-term age was first studied by means of the

laboratory tests described below.

Characterisation of hydration development and heat production

Hydration and heat development were characterised using an adiabatic test
performed on the concrete (Julliot and Mary-Dippe 2010). This test follows the
concrete’s temperature during the cast and maturation phase in adiabatic conditions in
evaluate the heat release under the effect of cement hydration. Concrete has been placed
in a 300 mm cubic container, thermally isolated. Then, it has been placed in a climatic
compound which simulates concrete’s temperature at the heart’s concrete structure.
Surface and interior temperature has been taken during 5 days in order to ensure that
there is no difference between the two (adiabatic conditions). The heat release obtained
in this laboratory test is presented in Figure 6. It is worth noticing that, for in situ
concreting, a delayed effect of superplasticiser was observed for low casting

temperature due to its sensitivity to concreting temperature (Kolani 2012).

80

ST
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.
.|

|

30
) T‘ime (h)

20

Adiabatic temperature (°C)
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Figure 6: Evolution of concrete temperature in an adiabatic test

Buffo-Lacarriére et al. 2015



EJECE published online 08/2015 DOI:10.1080/19648189.2015.1072587

Instantaneous characteristics

Concrete strength and Young modulus measurements were made on cylindrical
samples (height h = 320 mm, diameter @ = 160 mm) kept at 20°C and 95% relative
humidity (R.H.). The mechanical properties were measured at 1, 2, 7 and 28 days on
three samples. Tensile strength measurements were made by means of splitting tests.
The cracking energy Gf was also measured at 1, 2 and 28 days by means of three points
bending tests performed on a beam (length L = 50 cm, h = 10 cm, width w = 10 cm)
with a notch (w = 5 mm, length = 3 cm) (Kolani 2012). During the tests, the variation
of the applied force, crack opening and maximal deflection were monitored. Gf was
calculated by inverse analysis using a non-linear damage model (Sellier et al. 2013a; b).

Using a hydration model (Buffo-Lacarriére et al. 2007; Kolani et al. 2012), the
hydration degree of each specimen tested was determined at the ages of testing. The
evolution of the mechanical characteristics could thus be presented according to a
variable independent of the experimental conditions (casting temperature for instance)
(Figure 7). From these experimental results, and the relation proposed by De Schutter
based on the hydration degree (Schutter and Taerwe 1996), the evolution of these

parameters could be predicted (Figure 7 and 8).

X(a) < a—ag )n
Xref Aref — Qo

Where

- o 1s the hydration degree

- X(a) is the value of the mechanical property for the hydration degree o

- 00 is the hydration degree for the development of a significant strength
(percolation threshold) (Stefan et al. 2010)

- Xref 1S the value of the mechanical property for a reference hydration degree
aer (for instance 28 days)
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- n is a constant fitted using the experimental results
The fitting parameters obtained for each mechanical property are summarised in

Table 5.

Table 5: Fitting parameters for mechanical properties of CEOS concrete (Buffo-

Lacarriere et al. 2014)

E Rc Rt Gf
Xref 2
(28d) 35 GPa 62 MPa 4.6 MPa 140 J/m
n 0.667 1 0.667 0.5
0Oo 0.1
Olref
28 0.9
40 80

¢ Measured values
30 | ——Model

+ Measured values
60 |- —Model

g £
=4
10 20
. / Degree hydration / Degree of hydration
‘ . . \ 0 ‘ ‘ ‘ .

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

| ¢ Measured values ——Model
—Model

120 |- 4 Measured values .

A
A
40

1
/ Degree of hydration / Degree of hydration

0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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w
\
Fracture energy (J/m?)
o
=

Figure 7: Evolution of instantaneous characteristics according to hydration development

(experimental results from (Kolani 2012))
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Figure 8: Evolution of autogenous delayed strains under loading (a) and without loading
(b) (experimental results from (Kolani 2012))

Creep and shrinkage

Laboratory tests at 20°C

Free shrinkage measurements were carried out on three 7x7x28 cm prismatic
specimens. These specimens were equipped with metal studs on their lateral faces. The
monitoring of the length evolution started 1 day after the concrete was mixed and the
specimens were stored in an air conditioned room at 20 °C, protected from the
desiccation by a layer of aluminium tape. The autogenous shrinkage was measured at
different ages. Creep was also measured in autogenous conditions under a compressive
loading equal to 30% of the compressive strength at the age of the test (7 days after
casting). Using adapted models (Benboudjema and Torrenti 2008; Buffo-Lacarriere and
Sellier 2011; Schutter 1999), the effect of hydration on creep could be obtained from the
evolution of the Young modulus. Tensile creep was not measured. Nevertheless it could
be deduced by inverse analysis from the ring test presented below (Briffaut et al.

2011b).

12
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Shrinkage in thermal conditions similar to those in the core of the RG structures

To understand the restrained deformation measurements inside the RG beams, it
was necessary to know the free deformation of the concrete mixture used under similar
conditions. For this, each restrained test was completed by measurements of free
deformation samples using a vibrating wire extensometer (VWE) placed inside two
cylindrical concrete specimens (@ = 16 cm, h = 32 cm). The first specimen was
subjected to the same environmental conditions as the RG beams. Its behaviour was
quite similar to the behaviour of the concrete located close to the RG beam surface
(condition 1). The second specimen, placed in an isolated box (QAB test) under semi-
adiabatic conditions, behaves similarly to the concrete in the core of the RG beams
(condition 2). The results for the specimens reproducing RG10 beam conditions are
presented in Figure 9. As the deformation of the specimen under condition 1 varied
strongly with variations of the external environment (ambient temperature, wind, rain,
sun, etc.), the deformation measured under condition 2 was taken as the reference strain
(Figure 9), since the measurements obtained on the QAB-samples corresponded to those
of the vibrating wire extensometer (VWE) chords placed in the transverse direction of
the RG beams (Figure 10). This was due to the fact that the transverse deformations of
the RG beams were not restrained (except by reinforcement) and had a similar
temperature history to that of the QAB-sample. (Measurements every 10 minutes, taken

by vibrating wire extensometer in sustained reading).

13
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Figure 9 : Free deformation under local environmental outdoor conditions (condition 1)
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Figure 10 : Free deformation under QAB semi-adiabatic condition (condition 2) and
transverse deformations measured with the vibrating wire extensometer (VWE) placed
in the RG10 beam

Cracking sensitivity

To determine the cracking sensitivity of the concrete mixture at early age
considering restrained delayed deformations (autogenous, thermal and drying

14
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shrinkage), two types of restrained shrinkage tests were performed. The first was carried
out using a device consisting of a brass ring with an inner radius RO (220 mm) and an
outer radius R1 (240 mm), around which concrete was cast in the form of a ring with an
outer radius R2 (310 mm). The internal brass ring restrained the concrete deformation
and the susceptibility of the material to cracking was evaluated by its cracking age.
During the test, the ring deformation was measured using three strain gauges glued
inside the ring at mid-height and arranged at intervals of 120°. The passive ring test was
performed at 25 + 1 ° C and 20 £ 5% RH. In this test, the concrete was protected from
desiccation (by a plastic film on the upper side) for the 6 first days. Then, the concrete
ring was allowed to dry. The result obtained by means of the passive ring highlighted an
increase in deformation due to the drying shrinkage when the hydric conditions were
modified (Figure 11). Despite the increased deformation, no cracking was observed.
Note that this type of test is not able to reproduce the significant temperature rise in
massive structures and the associated thermal deformations. This was taken into account
with the active ring test. The principle of the active ring test was to reproduce in the
laboratory the effects of restrained thermal shrinkage in a real massive structure by
dilation of the ring (Figure 12) (Briffaut et al. 2011a) and to allow the inverse

determination of tensile creep at early age (Briffaut et al. 2011b).

15
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Figure 11 : Strain, temperature and relative humidity evolution in the passive ring test

Figure 12 : Active test ring with its mould

This expansion was obtained by increasing the temperature of the brass ring.
Since the thermal expansion coefficient of the brass was about three times larger than
that of concrete, the concrete ring prevented expansion of the brass. This induced
compressive stress in the brass and therefore additional tensile stresses in the concrete.
The dimensions of the brass ring (thickness = 30 mm and inner radius = 190 mm) were
calculated to obtain measurable deformation of the ring (concrete section 100x100 mm).
The temperature variation was obtained by circulating a fluid, supplied by a

16
Buffo-Lacarriére et al. 2015



EJECE published online 08/2015 DOI:10.1080/19648189.2015.1072587

thermostatic bath, inside the brass ring. The brass deformations were measured by three
strain gauges placed at 120° intervals inside the ring at mid-height. Two temperature
sensors were also placed on the inner surface of the brass ring (at half height and
diametrically opposed) and a temperature sensor was immersed at mid-height in the
concrete during the casting. The concrete was de-moulded after 24 hours and protected
against desiccation by a double layer of aluminium. The temperature increase was
imposed directly after the formwork removal. The deformation of the brass ring, and the
brass and concrete temperatures are plotted in Figure 13. The concrete temperature
followed the imposed temperature (brass ring) and led to concrete swelling. Before
reaching the maximal imposed temperature, the deformation curve was characterised by

a jJump at 100 hours due to the cracking of the concrete ring.
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Figure 13 : Temperature and deformation evolutions during the active ring test

These experimental results show clearly that the cracking sensitivity of the
mixture studied depended strongly on the temperature history applied to the concrete
specimen. Moreover, this concrete mixture seemed sensitive to a large temperature
increase at early age (as is the case under semi-adiabatic conditions and in the core of

RG beams).

17
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Results on RG beams

Temperature variations

The main result in terms of thermal evolution was the core temperature. The
mechanical loading of this kind of structure is restraint by the struts of the thermal
strains induced by the global cooling of the structure after the formwork is removed.
This evolution is plotted for the 3 structures in the following figures (Figures 14, 15 and
16), which also show the external temperature and solar radiation variations. The

vertical red line indicates the time of formwork removal (around 48 hours after casting).
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>0 ——Solar radiation -1 2000 &E“
< / N\ 5
£40 1600 S
2 \ s
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“l \
2.30 1200 ©
< j -
20 = : AN I 800 &
10 ?\\\ AN 400
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0 0
0 20 40 60 Time (h) 100

Figure 14: Evolution of core and external temperature and of solar radiation in the RG8
structure (from casting to 100h)
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Figure 15: Evolution of core and external temperature and of solar radiation in the RG9

structure (from casting to 100h)
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Figure 16: Evolution of core and external temperature and of solar radiation in the
RG10 structure (from casting to 100h)
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It is firstly interesting to note that, even though the same concrete was cast for
the 3 structures, the thermal history was different in the 3 cases because of different
environmental conditions. The differences of casting temperature induced a different
delay effect in the first stage of hydration. For concrete cast at 20°C (for RG8) we
observe that the superplasticiser strongly delayed hydration (very slight increase of
temperature before approximately 10 hours). This delay effect was reduced for RG10
which was cast at 25°C and did not appear at all for RG9 cast at 30°C.

The environment is also responsible for the global cooling of the structure. If we
compare the in situ temperature evolution at the core with that obtained in an adiabatic

element (see Figure 17), we note that cooling occurred even before the formwork

removal.
T (°C)
Tad
70
formwork and
isolation removed
60
50
40 a5
30 i —— ! ‘
20 - \ ‘ ~
0 WaN \//\\-Vﬁ \\//"\ ,,,,,,,,,,,,,,,
Text Tilme from célsting (h)
0 | |

0 20 40 60 80 100 120 140 160 180 200

Figure 17: Evolution of temperature in RG8 at core and on upper and lower faces

compared to the evolution of external temperature and adiabatic temperature

The cooling then accelerated after the formwork removal led to a dependence of
the structure temperature (even at the core, as can be seen in Figure 17) to the variation
of external temperature. We also note that the impact of solar radiation was

20
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considerable and can be observed on the core temperature for RG8, where the
temperature is higher than the external temperature even after a long time (see Figure

17). For RG9 and RG10 the structure was protected from solar radiation to avoid this

effect (only partial protection for RG9).

Concerning the global cooling, it can be observed that the difference between
maximal temperature and temperature after the cooling is similar for RG9 and RG10
(around 48 ° C) while it is lower for RG8 (around 40 ° C). In consequence the
mechanical behaviour of RG9 and RG10 could be compared because of the similarity of
the thermal loading in these 2 cases.

The measurement of surface temperatures also provided information about the
risk of surface cracking that could be induced by the thermal gradient. Figure 18 shows
that, for RG8, the difference of temperature between core and surfaces (upper and lower

faces) was quite small and did not exceed 8°C. No surface cracking was observed on

this structure.
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Figure 18: Evolution of temperature difference between core and upper face (green

curve) and between core and lower face (red curve) — RG8 test
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Strain evolutions

As explained in section 2, strains were measured by local vibrating wire
extensometers at different cross sections. Figures 19, 20 and 21 present the evolution of

longitudinal strains in the central cross section at core for the 3 structures.
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Figure 19: Evolution of longitudinal and transversal strains at core of the central section
for RG8 structure
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Figure 20: Evolution of longitudinal and transversal strains at core of the central section
for RGO structure
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Figure 21: Evolution of longitudinal and transversal strains at core of the central section
for RG10 structure

The results obtained show that the 3 structures first exhibited extension during
the heating and then a progressive contraction induced by the global cooling. The
relatively large effect of the environmental conditions on RG8, which was not protected
from solar radiation, can also be noted; it led to daily variation of strains of around +/-
75 pum/m,

In Figure 22, the strains obtained at the core for RG8 are compared with the
thermal strain that would be obtained in a free structure subjected to the same thermal
history. A comparison is made with optical fibres embedded in the concrete in three

sections of the beams.
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Figure 22: Comparison of strains recorded by local vibrating wire extensometers
(VWE) and optical fibres with the thermal strain for a free sample

The restraining effect of the struts can be estimated using this comparison during
the cooling (from 30 hours). For RG8, the restraining effect before the first crack
appeared (observed around 70 hours after casting) led to approximately 30% of strain
reduction.

In Figure 22, the results obtained by vibrating wires are also compared with the
mean strain deduced from the relative displacements measured by optic fibres (2.5m
long). We note that the optical fibres were not able to follow the strain properly at very
early age (underestimation of the strain before 20 hours). A marked dispersion can also
be observed for these sensors before the mechanical percolation of concrete (when
concrete did not exhibit mechanical properties according to shear stresses). The results
in terms of displacement are therefore presented after 10 hours and measurements
before this time are neglected. Processed measurements are presented in Figure 23 for
optical fibres located at the core and near the two surfaces (upper and lower faces) for

2.5 m in the central part of the RG8 structure.
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Figure 23: Relative displacement in RG8 structure measured by optic fibres (2.5m long)

This measurement was not precise enough to be interpreted at very early age
(before 20 hours), but it was interesting to detect the instant of first cracking. In the
particular case of RG8 (Figure 23), the first crack occurred in the optical fibres
measurement zone, and was clearly detected 72 hours after casting. The displacement
jump of the 3 curves indicates the instantaneous crack opening occurring in the
measurement zone. We observe a non-homogenous opening in the section with a crack
more open in the lower surface. This can be explained by (i) the specificity of the
thermal history of RG8, which was not protected from solar radiation and the upper face
of which reached higher temperatures than at the core, and (ii) the effect of dead weight

(see next section).
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Estimation of stresses

The behaviour of the longitudinal steel reinforcement of RG8bis is analysed
below. Three sections of this brace were instrumented with strain gauges glued on the
top and bottom @32 mm rebars. The strains were recorded in central section and in two
other sections situated symmetrically at 80 cm from the central one. The strain gauges
measured the mechanical strain, which could be directly used to assess the longitudinal
stresses in the top and bottom bars from the classical elastic stress-strain relationship.
Typical stress profiles deduced from the strain state in rebars, with Es=210 GPa, are

illustrated in Figure 24.
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Figure 24: Stresses in longitudinal reinforcement of the central section of RG8bis 72h

after casting, just before and after the first cracking (tensile stresses are positive)

Figure 24 shows the stress profile in steel reinforcement in the central section of
the brace, just before and just after the first cracking occurred (around 72h after
casting). The section was subject to bending and rebars were compressed despite the
brace being globally in tension just before cracking; the normal force in steel
reinforcements becomes a tension in the cracked section, just after cracking. Bending
was due to the dead weight of the brace. A simple linear elastic analysis revealed a
theoretical stress gradient of 10MPa induced by the dead weight between the upper and

the lower bars. This is in accordance with the stress profile gradient before cracking in
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Figure 24. The mean stress in steel was close to -15MPa before cracking and +15Mpa
after cracking. The total force supported by the reinforcement was obtained by adding
the contributions of each bar. For the stress states illustrated in Figure 24, a force of -12
tons was obtained before cracking and +12 tons just after. The same estimation was
carried out since the beginning of the test and the total force supported by the

reinforcement was plotted versus time for each of the three instrumented sections

(Figure 25).
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Figure 25: Total force in longitudinal reinforcements versus time (RG8 specimen)

In Figure 25, the curve discontinuity at 72h for the force in the central section
corresponds to the first transversal cracking of RG8bis. The other two sections were not
affected by the crack and forces in the steel rebars remained in compression despite the
fact that the brace was globally in tension. The fact that rebars stayed in compression in
un-cracked sections means they were sufficiently re-anchored at 80 cm from the
cracked section. This implies a bond stress of only 1.6MPa which is lower than the
bond-stress limit (6MPa for the elastic threshold and 20MPa for ultimate bond stress

according to Kolani’s experimental results (Kolani 2012)).
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Concrete’s strain analysis

Starting from the total force in the steel reinforcement and in the metallic struts,
it was possible to deduce the part of the force supported by the concrete alone (Figure

26):

Fconcrete + Freinforcement + Fstruts =0

1
i Fstruts
) : > <

%concrete B

T

|>1

reinforcment

w

Figure 26 : Forces involved in the balance equation to assess the tensile stress in the
concrete

The force in the concrete assessed by this method is close to 75 tons (see Figure
27), corresponding to a mean stress in the section of 1.9MPa. This stress can be
compared to the concrete stress deduced from strains in the concrete. In fact, strains
sensors (vibrating wires) were embedded in fresh concrete in the central section, and
also in a quasi-adiabatic (QAB) specimen stored near the brace. The strain in the QAB
specimen indicated the free strain for a temperature history close to that of the RG8bis
central section. So the constrained strain in concrete was deduced by subtracting the
QAB strain from the measured strain. The resulting “mechanical strains” in concrete are

plotted in Figure 28.
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Figure 27: Forces in reinforcements (central section), struts and concrete versus time
(RG8 specimen)
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Figure 28: Free QAB strain (red curve) and deduced Mechanical longitudinal strains in
concrete (central section of RG8)
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In Figure 28, the constrained longitudinal strain in concrete during the
exothermic hardening period (between a few hours and 50 hours) is close to -40 um/m;
at the same time the concrete force (Figure 27) is close to -12t. This corresponds to a
mean concrete stress of -0.3MPa. The early age Young modulus could be estimated
from mechanical strains in concrete and the calculated stresses deduced from the force
analysis in reinforcement and struts (assuming a total restraint). At 7500 MPa
(=0.3MPa/40E-6), it is compatible with an early age “mean value” modulus. Further
evidence of the concordance in experimental results between these measurements is the
moment at which the sign of the stress changes in concrete: according to Figure 27 it is
close to 48h. This observation is compatible with the moment obtained in Figure 28.
Furthermore, the concrete strain evolution curves (Figure 28) show a peak around 72h,
corresponding to the first cracking in RG8, and to the sudden force increase in the
reinforcements (Figure 25).

According to Figure 28, just before the concrete cracking, the concrete
mechanical strain is between +50 um/m and +100 um/m. Adopting the Young modulus
measured by Kolani (Kolani 2012) (35GPa for hardened concrete) leads to a
corresponding concrete stress between 1.75MPa and 3.5MPa, with a mean value of
2.6MPa, but the total concrete force at 72h given in Figure 27 is 76 tons, corresponding
to a mean stress of 1.9MPa. The difference can be interpreted as a relaxation at early

age of 36% of the concrete stress.

Reinforcement’s strains analysis

Among the numerous possible analyses available with the rebar’s strains, let us
focus on the thermo-mechanical behaviour during the heating period (between 20 and
40 hours). Figure 27 shows the total force in longitudinal reinforcements was close to -

30 tons between 20 and 40 hours.
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During the same period, the force in the concrete was only -13 tons, the sum of
these two forces being balanced by a tensile force of +43 tons in the metallic struts. The
compressive force in the rebars cannot be explained by the shrinkage of concrete only.
A possible explanation is that massive heads of the structure (zones A and B in Figure
26) are more thermo-activated than the concrete brace because they are more massive.
So the hydration rate is greater in the heads than in the brace, consequently, the
mechanical hydration threshold is reached earlier in the heads than in the brace.
Between this occurrence and the moment when the hydration threshold is reached in the
brace, the rebars are anchored only in the heads. This prevents their free thermal
dilation since the brace are blocked by the struts, and it leads to a compressive stress of

the rebars in the brace corresponding to their impeded thermal dilation.

Discussion about the tensile strength of concrete

The tensile strength of 1.9MPa is lower than the mean tensile strength supplied by the
split tests carried out in the laboratory for this concrete (cf.2.3), which was close to
4MPa for the hydration degree reached at 72h. The difference can be explained by the
probabilistic scale effect (Rossi et al. 1994; Sellier and Millard 2014). Applying the
method proposed in (CEOS.fr 2015), and based on the Weibull theory, a theoretical
tensile strength in the central section of RG8 of 2.3MPa can be assessed, slightly greater
than 1.9MPa. The remaining difference (0.4MPa) can be attributed to the non-
homogeneous stress profile in the central section of this brace, since as explained above,
the dead weight induced a stress of +5MPa in the low steel corresponding to +0.8MPa
in the low concrete part of the brace. Another cause of tensile stress heterogeneity could
be the temperature gradient in the section during hydration, which is not perfectly
homogeneous and leads to self-equilibrated stresses in this section. But the temperature

difference remains lesser than 8°C, and is quite null at the cracking moment.
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Damage due to a coupling with creep could also be involved: when stresses are
sustained damage evolves and cracking could occur at a lower value than the tensile
strength (Briffaut et al. 2011b; Torrenti et al. 2011)

The last possible cause of differences is the number of sensors and associated
wires accumulated close to this section, which could slightly perturb the stress profile

and accelerate crack initiation.

Evolution in the long term

Concerning the evolution of steel stresses in the long term (in un-cracked
section), they globally follow the daily temperature variation. Their mean value
confirms the extent of shrinkage, but they are not of great interest in accessing to crack
locations or crack openings since the locations of the gauges are not in the cracked
section. As illustrated in Figure 29, their relative insensitivity to the apparition of
cracks, despite the short distance between gauges (Sup or Inf in Figure 29) and crack
planes, mainly reveals the rapid re-anchoring of reinforcements near these crossing

cracks.

(b) Crack pattern of RG9 at 425h

Figure 29: Crack pattern of RG8 and RG9 after restrained shrinkage test
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Storage of the results

The results presented and discussed in this paper are stored in CHEOPS
database. CHEOPS is a dedicated database gathering together experimental and
numerical quality information, to help engineers and researchers to improve their
knowledge and develop efficient models and simulation tools. The information is
organised and presented through the CHEOPS GUI website dedicated in order to help

scientists to efficiently access the information they need (https://cheops.necs.fr)

Five chapters could be found on the home page of each test: Summary,
Geometry, Materials, Procedures and Measures. “Summary” contains a short
description of the simulation, keywords and some images which will help the user to see
quickly what kind of simulation has been done. In the “Geometry” chapter, the user will
find a description of the specimen geometry and photos/drawings in jpg or pdf format.
The “Materials” tab groups all materials that were used in the simulation. For each
material, properties are given by tables, numerical data or pdf reports. “Procedures” and
“Measures” are described and presented in a similar way, in order to help the user to
find information as fast as possible. Pictures, pdf simulation reports, numerical data
files... are given in those chapters. In addition, numerical data has been treated and is

also available in graphics.

Conclusions

These results are part of a huge amount of data obtained from various massive
tests at full scale designed to study the effect of restrained conditions on massive beams.
To analyse thermo-hydro-mechanical effects, I-shaped beams were designed so as to
create restrained shrinkage on the central part of the beam. A full set of measurements

were used to investigate phenomena occurring inside these beams at early age.
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Optical long base fibres gave information on the relative displacement along
their length (2.5 m). These long base optical fibres were situated in the central part of
the beams and embedded in the concrete at 3 different levels. Local measurements were
taken in the concrete by means of Vibrating Wire Extensometers placed in 3 vertical
positions, and in various horizontal sections in order to give local information on the
strain in the concrete. Gauges on rebars produced data on the strain in the rebars of the
first reinforcement layer, and the force in the struts was monitored.

With mainly strain information (global strain and local strain in concrete and on
rebars) we have deduced the force and then the stress in the concrete and rebars. From
numerical simulation and a more simple elastic approach, the state in each beam section
could be obtained and thus correlation between all the measures established. This huge
amount of data allows the phenomenology of the concrete to be verified in such
boundary conditions. Various hypotheses were analysed to explain the strain measured
and the corresponding forces in each component (concrete, rebars and struts) during a
specific period of early age. Particular attention was paid to the early age before the
occurrence of the first crack. A realistic scenario was then proposed to explain the
measurements. These hypotheses were formulated using complementary numerical
modelling and measurement analysis. This numerical / test dialogue, gave the following
outcomes:

- Using the set of material characteristics obtained during the test campaign on
concrete, good correlation between modelling and measurements could be established,

- Because of the size of these massive beams, thermo-hydro-mechanical effects
occur, due to the temperature gradient inside the beam and the internal strain that

developed inside the beam in consequence,
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- These internal strains are difficult to measure because of the difficulty of
assessing the evolution of the mechanical characteristics of concrete during the very
first days after casting.

- Struts exert an additional constraint that leads to complementary effects, by
limiting concrete shrinkage and creating internal tensile stress in the concrete that can
cause cracking.

- Scale effects must be taken into account to reproduce the stress condition when
the first crack occurred.

- The effect of outdoor conditions strongly influenced the results obtained with
the same concrete.

- Correlation of the different results from various sensors was clearly established
after some days, but for the early age, during the heating phase and the early cooling
phase, discrepancy was observed between vibrating wires and optical fibres.

All these experimental results are stored in a database and can be used for
benchmarking. A complementary study of massive beams without restraining struts has
also been carried out. It gives complementary results on the effect of early age strain

resulting from the size of the specimens.
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