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INTRODUCTION TO CEOS.fr
Pierre Labbé, President of CEOS.fr

Industrial Background

In the context of the CEOS.fr research programme, are regarded as “special” those
structures that are not covered by the current engineering practice, either because their sizes
are unusual (in particular very massive structures) or because of unusual in-service
requirements (life duration, leak tightness ...), or because of special requirements relating to
the protection against external threats or hazards, or for any similar reason.

In most encountered situations, addressing the design of such structures implies not only
discussing their strengthening capacity, but also describing the crack pattern under the
series of expected situations to be considered.

Current practice in crack pattern assessment

In the current engineering practice (such as for instance codified in the Eurocode 2), crack
width and crack spacing are estimated through formula that are supported by experimental
data from beams under bending moment or tensile force and are consequently reasonably
reliable for such load cases. Experience feedback has provided evidences that these
formula are questionable when dealing with shear walls or very massive structures. Other
formula are available, however their applicability is not clearly established.

A consequence is that designers do not have at their disposal a set of appropriate tools for
an accurate and reliable assessment of possible cracking patterns of special concrete
structures, especially for thick structures or structures under severe or complicated
environmental conditions (temperature, humidity ...) . For instance consequences of early
age behaviour are currently disregarded, while they are of much higher importance for
massive structures than for conventional structures. Also, cracking assessment is limited to
those load case that are considered for serviceability requirements. It means that
corresponding formula are not necessarily applicable in case of severe load cases such as
earthquakes or other extreme events.

Apart from current engineering practice, refined finite element analyses are possible,
incorporating non-linear constitutive relationship. However post-processing procedures,
appropriate for deriving reliable and accurate information about cracking pattern (width,
spacing and their variability), are not available at the moment. Furthermore experimental
data are still missing for substantiating and/or calibrating some models that could be
implemented in finite element computer codes.

CEOS.fr objectives

CEOS.fr general objective is to make a significant step forward in the engineering capabilities
for assessing crack patterns of concrete structures and predicting the expected pattern under
anticipated design conditions. This general objective is detailed in three areas, corresponding
to three different types of physical phenomena to be considered and modelled.

Cracking under monotonic loading case: The purpose is to calibrate available
methods and to establish their applicability. It is anticipated that new methods and formula
will be proposed, suitable for special structures.



Thermo-hydro-mechanical behaviour: Under this title different phenomena inducing
strains will be considered and studied, in particular: early age behaviour, different types of
shrinkage, consequences of long-term drying, boundary conditions ...

Seismic and cyclic loads: this area is connected to containment reliability and to other
safety considerations (such as anchoring of equipment), either during the seismic transient
or after the event. The cumulative damaging effect of load cycles will be considered.

Expected progress should provide engineering companies with more efficient, accurate and
reliable engineering tools for the description of crack patterns. It is anticipated that these
tools will consist of both post-processors of finite element computer codes and appropriate
formula to be included in design codes, and namely in the Eurocode 2.

These progress should also enable to interpret observed cracks so as to derive sensible data
about the historical background of a given structure and consequently to better predict future
crack evolution. This type of information can be of considerable interest for making decisions
relating to maintenance.

CEOS.fr general philosophy

CEOS.fr general philosophy consists of running concurrently conventional experimentation
and numerical experimentation. On the one hand, taking into account the type of phenomena
that CEOS.fr intends to scrutinize, it can not be reasonably envisaged that the experimental
support consists only of reduce scale specimen. On the other hand, running scale 1
experimentations is expensive and consequently only a limited number of such
experimentations can be envisaged. Numerical experimentation is a way to cope with this
difficulty.

Numerical simulation is a powerful tool to conduct studies about the sensitivity of the crack
pattern (width, spacing and their variability) to input data (loading and environmental
conditions). The variability (not only the means but also standard deviations of both width
and spacing are of interest) can be derived from Monte Carlo simulations.

Once the most influent input data identified, corresponding uncertainties will be identified
and consequences on the crack pattern will be discussed, so as to provide designers of
special structures with reasonably accurate and reliable tools, so that they can effectively
predict the expected crack pattern for structures under consideration.

Qutlines of CEOS.fr flow-chart
CEOS.fr flow-chart takes the form of a matrix, with in lines the three above mentioned
scientific areas, namely :

Cracking under monotonic loading case,

Thermo-hydro-mechanical behaviour,

Seismic and cyclic loads.

Columns correspond to the three scientific approaches or tools used in programme
implementation:

Numerical simulation,
Experimentation,
Engineering practices.
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MODELLING PROGRAMME

Cracking under monotonic loading case
Coordinator: Ludovic Jason CEA

A part of the numerical benchmark that was launched during the first year of the national
project was dedicated to the static monotonic behavior of concrete structures. The idea was
to evaluate the accuracy of existing numerical approaches to predict the static monotonic
behavior of reinforced concrete structures and to characterize their cracking properties
(spacing and opening). Three experimental cases were considered in this benchmark : a
reinforced concrete tie (Mivelaz, 1996), a three point bending beam (ECN, 2000) and a
shearing wall (Fouré et al, 1988). This benchmark was performed by 7 organisms among
the most representative French universities, research centers and companies. In the
following, each participant is referred by the name of its laboratory as follows: “3SR”,
“LaSAGeC”, “LCPC” (“LCPC-perfect” when using a perfect steel-concrete bond and “LCPC-
interface” when using a constitutive law for the interface), “LMT” (“LMT-cont” for the
continuum approaches and “LMT-discr” for the discrete one), “Oxand”, “LMDC” and “LM2S”
(“LM2S-dam” for the damage model and “LM2S-plasti” for the softening plasticity approach).
Even if the proposed models are generally based on the continuum mechanics, they cover a
representative range of approaches : from damage to plasticity and from continuum to
discrete methods. Moreover, they generally include a regularization technigue to avoid the
well-known mesh dependency effect due to the use of softening laws. It has to be noted that
a perfect bond between steel and concrete was generally considered, except for one
participant who takes into account the evolution of the steel-concrete interface (“LCPC
interface”). Finally, the main topic of the project was studied, since the majority of the
simulations also includes numerical tools to characterize the crack properties (spacing and
opening especially). They were generally based on some post-processing techniques using
the distribution of displacements, strains and/or internal variables.

Reinforced concrete ties

This test comes from (Mivelaz, 1996). An experimental investigation was performed on
reinforced concrete ties (5m x 1m x 0.42m). These ties were loaded in direct tension, with a
measurement along the three central meters. One of the key points of the simulation is the
numerical introduction of the initial heterogeneity, as the loading triggers homogeneous
solicitations (uniaxial tensile stresses). Two techniques were chosen by the participants. The
first one supposes initial damage band(s) by decreasing the initial young modulus locally.
The second one proposes an initial distribution of a material property around its average
value. Contrary to the first solution, this technique does not require any hypothesis on the
position of the cracks.

Figure 1 illustrates the simulated load — average strain curve and a comparison with the
experimental response. Globally, the force — strain behavior is in agreement with the
experiment (maximum of the force and global behavior). It is interesting to notice that, for this
simulation and the modeling approach proposed by “LCPC” (multi-fiber approach), there is
no significant difference between the results taking into account, or not, the steel-concrete
interface. From the description of the mechanical degradation, the opening of the main crack
was computed (Figure 2). The comparison between the experiment and the simulations
shows that the crack openings captured by the models are not so far from the experiment



(good order of magnitude). The average strain from which the crack appears is also correctly
represented.
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Figure 1. Force — average strain curve Figure 2. Opening of the main crack as a
function of the average strain

Moreover, the different techniques propose more or less the same evolution. Nevertheless,
the number of cracks (generally computed from the number of localized damaged bands) is
not totally satisfying (larger number of simulated cracks)

Three point bending beam

A three point bending beam (5m x 0.5mx0.2m) was modeled using the experiment provided
in (ECN, 2000). Figure 3 illustrates the different load — deflection curves and a comparison
with the experimental response. Globally, the numerical behavior is in agreement with the
experiment, even if the range of convergence is dependant on the models (from some
millimeters to 5 centimeters for the maximum of the deflection). From the description of the
mechanical degradation, the evolution of the main crack was computed. As no experimental
result is available, the comparison is only qualitative. The simulated openings follow the
same evolution with a significant increase when the maximum of the force is reached. The
distribution of the mechanical degradations (Fig. 5) shows some localized bands from which
the crack spacing is computed. The simulated crack spacing is not in total agreement with
the experiment and the number of cracks is generally smaller than the experiment. Moreover,
experimentally, cracks follow the distribution of the transversal reinforcement (10 cm
spacing). As the reinforcement is modeled using truss elements in the simulations, the
“inclusion effect” (geometrical heterogeneity) is not fully represented, which may partly
explain why the numerical spacing is not in agreement with the experiment.

Shearing wall

The behavior of a reinforced shearing wall (1.5m x 0.75m x 0.1m) (Fouré et al, 1988) was
modeled. One of the key points is the choice of the boundary conditions to represent the
evolution of the top face of the structure (perfect shearing condition, modeling of the loading
system or plane face with allowed rotation for example). Figure 6 illustrates the global load —
displacement curve. The effect of boundary conditions is clearly underlined with a
misevaluation of the behavior if the perfect shear hypothesis is chosen. One model does not
seem appropriate for this type of loading. The mechanical degradation is represented in
Figure 7. The experimental failure mode is correctly represented by the simulations (except
for one case).



350000 350000
300000 Af/ 300000
e n;ﬂ;',m, —
250000 250000 / /”/
Z 200000 Z 200000
Y —3SR 3 l/ —LaSAGeC
o o / _ e L
£ 150000 — LaSAGeC 2 150000 — LMT dlgcret
—LMT - discr LMT - aniso
100000 LMT - cont 100000 / LMDC —
—— LCPC-perfect 50000 y —LM2S - endo. | |
50000 — Oxand ! LM2S - plasti
—LMDC o4
0 ‘ ‘ —LM2S - dam ‘ ‘ ‘ ' ' '
‘ ‘ X 0,00E+00 5,00E-04 1,00E-03 1,50E-03 2,00E-03 2,50E-03 3,00E-03
0 0,01 0,02 0,03 0,04 LM2S - plasti .
Deflection (m) — expe Crack opening (m)

Figure 3. Load — deflection curve for the three Figure 4. Evolution of the main crack opening

point bending beam
‘ 5 ’fé%mﬁ%‘ﬁ i

(half length) (d) Oxand (full length) (c)

LMDC

V)

LMZS dam (half length) (d) LM2S plas_ti .(half length)(i

iz

LMT discr (full length) (c)

LaSAGeC (half length) (c.0.) 2z
LMT cont (full length) (d) LCPC (half length) (d)

(L R L

Experimental crack distribution

Figure 5. Description of the mechanical degradation for the three point bending beam. (d) :
damage , (c) crack distribution, (i.v.) : plastic internal variable, (c.0) : crack opening

As a conclusion, the models are generally able to reproduce the global behavior of the
considered reinforced concrete structures. Some post-processing methods were also
developed to capture the cracking properties. The simulated evolutions of the opening are
globally encouraging (good order of magnitude), even if the maximum value and the spacing
are not in total agreement with experiment. Nevertheless, this benchmark represents a good
starting point for further developments of existing methods.
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A special care should be given to:

the relevance of the material parameters. For example, on the reinforced concrete
ties, a change in the uniaxial tensile strength (compared with the experimental one) is
necessary to fit the experimental structural response (structural “size effect”). Moreover,
the initial heterogeneity has also to be calibrated carefully.

the steel-concrete interface should be included in the simulation. A perfect relation
between the two materials is probably not satisfying and may have a significant impact on
the description of cracking

well-instrumented experimental results (opening, spacing, exact location of the
measurement) are necessary to evaluate the ability of the developed methods to describe
the cracking of concrete structures, as available data are not sufficient. It will be one of the
key points of the experimental part of the national project CEOS.FR.

Finally, from these types of simulations, probabilistic approaches should be
developed to obtain, for a given opening, a cracking probability and to fully characterize
the cracking behavior of reinforced structures.
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Thermo-hydro-mechanical behaviour
Coordinator: Alain Sellier LMDC

Introduction

The current European standard design code proposes empirical methods for assessing
cracking risk and deducing reinforcement rates. Nevertheless, it is observed in the field that
these rules sometimes lead to a non-optimal distribution of rebars in massive structures,
where cracking can occur despite the respect of the design rules. The problem seems to be
linked to the fact that the present design rules were mainly worked out to control cracking in
common slender structural elements (beams and columns of buildings in particular). In large
structures, phenomena like early age heating due to cement hydration or autogenous
shrinkage play a major role and can no longer be neglected. Also, in large structures, the
traditional simplified approaches based on approximations of the kinematics (Navier's
assumption for example) or simplified concrete behavior laws (without softening) are not
sufficient and three-dimensional non-linear finite element analyses should be carried out
systematically.

This paper presents the national state of the art in the field of non-linear finite element
analysis capability applied to massive reinforced concrete structures. It includes a brief
presentation of cases studied by the various French research teams having joined the
National Project. Noteworthy among the cases considered are a nuclear confinement wall
studied at early age, a massive cylinder subjected to a temperature gradient and several
reinforced concrete beams under cyclic moisture boundary conditions. Starting from this
state of the art, the project, which will last a total of four years from 2008 to 2012, aims to
propose enhanced finite element modeling and its validation on large experimental
structures. Results should provide a better understanding of cracking in such structures so
that improvements can be suggested to the standards committee for European design rules.
In the present paper, only THM results of the benchmark are commented to point out
research needed in the domain. First the Moisture transfer dominant case is discussed; it is a
concrete beam subjected to a time dependent moisture boundary condition. The second
case concerns a massive cylinder subjected to a thermal gradient. The last one is a thick wall
studied at early age.

Beams under time dependent moisture boundary condit ion

1. Geometry and boundary conditions

The tests were carried out by Multon et al (Multon and Toutlemonde 2004, Multon et al. 2006).
The history of the boundary conditions of the beams and their geometry are given in Figure 1.

Concrete cover 30 mm

Phase 1 : "drying during Phase 2 : watering
2 rhbhed # hare = robed #16 ha 2rihed #l0bam ||, ) onihs during 9 months

30 %RH Contact with water

¥0 | %0 (30| =@ m!smm

Supports ]
(@ (b) Bottom in water

Figure 1: Beam geometry and moisture boundary condition variations
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2. Results analysis

A first step consisted of fitting the model parameters on a series of experimental results on
cylinders kept in the same conservation conditions. The objective was then to find the mass
variation and displacements of the beams versus time. Figure 2 shows the mass variation
simulated by the five teams (LMDC Toulouse (Buffo-Lacarriere & Sellier 2009), LMT Cachan
( Benboudjema & Desa 2009), EDF-CIH Cambeéry (Grimal 2007), CEA-LECBA Saclay (Bary
2009), CSTB-MOCAD Champs sur Marne (Boussa 2009)). Despite a good prediction during
the drying period, an underestimation of the mass regained and a discrepancy of simulations
increasing with time were noticed from the change of the top boundary condition (just after
14 months). The inadequacies of this modeling were attributed to the non-consideration of
hysteresis in the water retention curve and to an underestimation of the relative water
permeability coefficient in this phase.
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6,00E+03
——EDF-CIH

—— CEA-LECBA =

4,00E+03 ——CSTB As
——LMT .
LMDC
2,00E+03 = Experimenta

a
0,00E+00 = T T T
¥)0 200 300 40[’/ 500 600 700 800
-2,00E+03 \‘\

Mass variation (g)

-4,00E+03

Figure 2 : Mass variation prediction compared with experimental results

In addition to the mass variation, the beam displacement had to be predicted. Figure 3 shows
the results. Rather good simulation can be observed during the drying phase, but a large
discrepancy of the response appears during the second phase (wetting of the top of the
beam). Among the various responses, two models give a total return from the deflection: the
CSTB and the CEA models (although the phenomenon is delayed for the latter). These two
models are based on hydro-mechanical formulations without creep, unlike the other models
(EDF and LMDC, Grimal et al. 2008 part I, Grimal et al 2008 part II), which include a creep
module in their constitutive equation. This case shows the necessity of taking creep strains
into account for a long term hydro-mechanical simulation. Analyses of the predicted damage
pattern and of the stress state at the end of the test also showed that neglecting creep led to
an over-estimation of the stress and consequently of the damage state.

12
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Cylinder under thermal gradient

1. Geometry and boundary conditions

The concrete cylinder characteristics are given in (Ranc et al 2003) and summarized in
Figure 4. The concrete under study (called MAQBETH by its designers) was not fully
characterized so the participants had some latitude in fitting some terms of their model on
published results. Two teams treated the problem: CEA-LECBA (Bary 2009) and CSTB
(Boussa 2009). Both used a fully coupled hydro-mechanical formulation using a damage
model to describe the cracking (Bary et al 2008) (Boussa 2000). The gas and water transfers

were linked to the damage state.

14
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2. Results analysis

Although the models used were able to reproduce the temperature profile (Figure 5), the gas
pressure in the pores (Figure 6) and the relative humidity profiles (Figure 7) were more
difficult to obtain. This is particularly visible on the RH profile in Figure 7 where it can be seen
that, on the heated face, CEA-LECBA gives an RH equal to zero while CSTB found a value

of 50%.

Figure 4 : Cylinder under thermal gradient
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Figure 6 : Interstitial pressure simulations (CEA) compared to experimental results

In fact, both teams had difficulty in obtaining a correct RH profile in zone (a) (Figure 7). The
CSTB model underestimated the RH in this zone and compensated by moving the
corresponding boundary condition up. In contrast, the CEA overestimated the RH in the
same zone and consequently moved the boundary condition down to obtain a better fit.
Finally, both models had difficulties predicting the RH correctly in the hot zone. This was
certainly due to the difficulty in precisely estimating the different terms of the water mass
transfer equation in hot conditions. The water retention curve and consequently the
permeability depend strongly on the temperature but this dependence is still poorly
understood. For example, Poyet and Charles showed recently that the usual Kelvin-Laplace
theory failed to explain the effect of the temperature on the water retention curve and could
be advantageously replaced by a sorption modeling based on the Clausius-Clapeyron
equation (Poyet and Charles 2009).

On the other hand, the analysis of the predicted damage pattern (given at 200 hours in
Figure 8) shows that the models used lead to significant differences. Although both models
predict damage in the cold zone, the CEA-LECBA model gives two localized, deep
horizontal cracks not found by the CSTB model. As the damage acts on the permeability
and on the water retention curve in these models, it is obvious that, from this time on, the
vapor pressure fields diverge from one another in the two models. This last remark shows
that, after the first significant cracking, the coupling between the damage and the water

14



transfer properties plays a major role. For these reasons, coupling between cracking and
water transfer properties needs serious enhancements.
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Figure 7 : Relative Humidity predictions compared to experimental ones

CSTB damage pattern at 200H

CEA-LECBA damage pattern at 200H

Figure 8 : Computed damage pattern for the MAQBETH specimen at 200 hours

Thick concrete wall at early age

1. Geometry and boundary conditions

The last case studied was a nuclear plant wall at Civaux, 1.20 m thick and 20 m long, cast in
two successive parts, a first one 1.90 m high and a second one 0.90 m high. Temperature
measurements were taken at the numbered points given in Figure 9 (a). Two teams carried
out the modeling: LMDC at “Université de Toulouse” (Buffo-Lacarierre & Sellier 2009, Buffo-
Lacarriere et al. 2007) and LMT at “ENS Cachan” (Benboudjema et al. 2009). LMT used two
different meshes, a two-dimensional one in plain strains and a three dimensional one. LMDC
used a single, more detailed mesh (consideration of soil and pre-stressed reservations). The
characteristics of the material, from (Nectoux 1992) and (Granger 1996) were supplied to the

participants.
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Figure 9 : Civaux’s thick wall geometry and modeling for early age cracking assessment

2. Analysis of results

The first objective was to find the temperature evolutions versus time and to compare them
with the measurements made on instrumented points of the wall. Both teams succeeded in
this part as illustrated in Figure 10. Note that the LMT prediction was less accurate near the
foundation due to the fact that the soil was not meshed in their modeling. Both teams used a
hydration model coupling chemical advancement and thermal analysis, allowing a realistic

thermal activation of the hydration reactions to be considered.
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The main objective was nevertheless to predict the cracking pattern and the date of the first
cracking. Concerning these points, the different models led to significant differences as
illustrated in Figure 12 and Figure 13. The 2D mesh used by the LMT showed an
overestimation of the cracking risk, which appeared sooner than in the field, showing that the
plain strain assumption was too penalizing toward the cracking risk assessment. On the
other hand, the 3D mesh used by the LMT led to a single horizontal crack at the bottom of
the wall just between the foundations and the first part. This crack was also initiated in the 2D
LMT mesh. It was due to the high shear stress level reached in this zone during the cooling
period. As the foundations constrain the thermal shrinkage of the wall, a longitudinal tensile
stress appeared in the wall and was balanced by a compressive one in the foundations. The
abrupt change in the stress sign at this level caused this shear stress concentration. Once
the shear damage has appeared in the model, the bond between the wall and the foundation
is altered and consequently the tensile stress decreases in the wall, avoiding the appearance
of vertical cracks. Curiously, these phenomena were more limited in the LMDC modeling as
shown in Figure 13. The vertical cracks obtained were, however, less numerous than in the
field (Figure 14). The difference of behavior between the LMT and the LMDC modeling was
not due to the constitutive laws used for the material, since they were almost the same, but
to the more realistic mesh adopted by the LMDC.

LMT 2D PS

Figure 12 : LMT Computed damage pattern obtained by the LMT

As can be observed in Figure 10 and Figure 13, the LMDC meshed the soil, which provided
a better temperature prediction near the wall-foundation interface (Figure 11 ) and, above all,
the pre-stress vertical reservations from which the vertical cracks started as shown in Figure
13.

23 kN

Figure 13 : LMDC damage pattern

Although the LMDC mesh and boundary conditions were better than the LMT'’s, the LMDC
modelling seemed, however, to underestimate the crack number (Figure 13 compared to
Figure 14). This has been attributed, among other things, to the material characteristics
which perhaps were not assessed accurately enough. In particular, the basic shrinkage and
the thermal dilatation coefficient evolution at very early age (around the percolation threshold
transition) need to be clarified. The role of the reinforcements and of possible tensile creep
just after the temperature peak could also play a major role in the global process of cracking
at early age.
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Figure 14 : In-the-field cracking pattern

Finally, this last benchmark test shows that the cracking risk assessment at early age
remains a difficult exercise because of the need for accurate data, which is difficult to obtain
for an evolving material, but also because of the strong dependence of the result on the
mesh realism, which leads to greater or less stress concentrations, which themselves control
the crack pattern.

Conclusion

The first phase of the French research project CEOS.FR consisted in a numerical
benchmark. Its objective was to point out the ways research could improve the
understanding of the cracking risk in massive structures subjected to various loading types
and, in the longer term, to lead to efficient numerical tools to predict cracking in such
concrete structures. Among the different benchmarks, we have focused on the THM ones.
Each of them has effectively allowed us to highlight particular research needs. Concerning
the long-term cracking risk under moisture effects, we have pointed out the necessity using a
hydro mechanical formulation involving a realistic creep model. The need to model the
hysteresis aspect of water retention curves has also been underlined. Concerning the risk of
damage under high thermal gradient, the MAQBETH specimen study again shows the
importance of knowing the water retention curve versus relative humidity and temperature,
but also the impact of the damage on the permeability. Indeed, the coupling between
permeability and damage plays a major role and can lead rapidly to a divergence between
the different models after the first cracking. The last case concerned a thick wall in early age
conditions inducing a problem of differential shrinkage between the foundations and the wall.
The high dependence of the predicted cracking pattern on the mesh realism and on the
boundary conditions was underlined; the necessity to improve this type of modeling,
especially around the temperature peak transition was noted. The CEOS.FR project is now
progressing in its second phase, which concerns the improvement of the models and their
testing on large reinforced concrete specimens (more than 6 m long and 1 m? cross section).
Most of the research paths pointed out in the present paper are currently being approached
by the different teams of the project or have been used to build an accompanying research
program dealing more specifically with the modeling aspects, the MEFISTO research
program, also supported by the French national research agency (ANR) “ville durable”
(sustainable development in civil engineering).
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Seismic and cyclic loads
Coordinator: Christian La Borderie LaSAGeC?

Introduction :

We present in this report the results of the CEOS.fr cyclic benchmark. This benchmark has
been proposed in order to evaluate the ability of existing models to reproduce the behaviour
of reinforced concrete structures (beams and shear wall) under cyclic loading and to give
informations about crack openings. The strength and the weakness of the used models are
evaluated in order to focus our future developments. The present report is a patrtial
translation of the original report written in French and available at http://www.ceosfr.org/.

Participant's Answers

In this benchmark, four concrete structures (two beams and two shear walls) have been
proposed.

The participants had to reproduce numerically : the global behaviour, the crack pattern and
indications about the crack openings. The numerical results are compared to the
experimental ones.

Two teams (LaSAGeC and NECS) have chosen the cyclic benchmark as a principal answer,
LMT team chose the monotonic benchmark as a principal answer and the cyclic benchmark
as an optional one.

LaSAGeC LMT NECS

Beam 1 X @] X
Beams

Beam 8 X @] X

Safe T10 X o] X
Walls

Safe T12 X X
X : principal answer O : Optional answer o0 : partial answer

The “beam benchmark” was based on two experiments performed at LMT Cachan on two
beams with different reinforcements. A shear mode characterize the failure for the first beam,
for the second one, a classical bending failure occur.

The the shear walls T10 et T12 had different reinforcement ratio and were loaded with a
seismic shear load. The T12 wall was loaded by an additional vertical load.

For all the test proposed (beams and walls), the seismic pseudo dynamic loading processes
were made of several thousands of time steps and the computation times were very
expansive.

Only the results concerning the second beam (Beam 8) and the shear wall T10 are
discussed here.

LMT & LaSAGeC teams have performed their computations using the finite element code
Cast3M, NECS used ASTER.

1. Behaviour models:

For LaSAGeC, the isotropic “microplane” model developed by Fichant was used. It couples
damage and plasticity and takes into accounts the unilateral effects. The Hillerborg's method
is used as a regularization technique. The elasticity modulus is represented by a spatially
correlated random field.
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LMT Cachan used the Desmorat's Model. This model uses an anisotropic damage variable
without coupling with plasticity. The crack closure effect is based on the stress sign. This
model can be coupled with a non local regularization which is not the case here.

NECS has used the damage model developed at EDF by Badel. This model is based on
anisotropic damage without coupling with plasticity. The crack closure effect is based on the
strain sign. The non local regularization method can be used with this model but the authors
didn't mention the value used for the characteristic length. NECS has used the standard
procedures existing in the ASTER code and couldn't give any values of the crack openings,
the crack patterns is given from the damage field as for the LMT team.

Concrete model Regularization  Steel model
Damage Plasticity | Unilateral
LaSAGeC Isotropic Yes Stress Hillerborg Plastic bi-linear kinematic
hardening
LMT Anisotropic No Stress Non local Perfect plastic
NECS Anisotropic No Strain Non local Plastic linear hardening

2. Crack opening estimation :

LaSAGeC proposed a post-processing method to compute the crack openings values. The
method is based on the concept of fictitious crack and the energy dissipation.

We suppose that each element is crossed by a unit crack. The strain into the element is the
contribution of two part :

An elastic part which corresponds to the initial elasticity of the material.
An inelastic strain due to the displacement jump.

This method is based on the fracture energy and does not need additional parameters.
For the other teams (LMT & NECS), The crack openings values are not given.

Beam results

1. Simulation settings :

Three different approaches have been used by the participants :

LMT used a multi-fibers beam approach which is very efficient for reproducing the global
behaviour for such problem. The model uses 8 elements in the beam height and uses
median symmetry.

LaSAGeC performed the simulation in plane stresses, the median symmetry was used.
Isoparametric quadrilateral elements (4 nodes) were used.

For NECS, the beam is modeled in 3D, 2248 isoparametric 20 nodes cubic elements were
used.

The 3 teams supposed perfect bound behaviour between steel and concrete.

2. Global behaviour

Only the results of the second beam are presented. Beam n8:
The global behaviour (the Load-Displacement curves) of the different teams are compared
with the experimental results.
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The global behaviour is well reproduced. Experimentally, the curve has an “S” shape which is
not correctly reproduced by the numerical result. Numerically, the load values are over
estimated which lead to a premature failure.

For LMT, the Figure shows that the concrete contribution is correctly estimated. However,
the plasticity limit is under-estimated due to the steel behaviour law used (perfect plasticity).
NECS results have not been given for all the loading cycles. For the first cycle , the global
behaviour is correctly reproduced.

For beam 8, no experimentally crack pattern is given.
For LaSAGeC, the crack opening field and the damage field are given. For NCES, only the
damage field is reproduced. LMT team has not produced any results.

Figure 4: NECS: Damage field
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Figure 5: LASAGEC : TOP: Damage field, BOTTOM: Crack
Openings field

The crack patterns produced by LaSAGeC and NECS show a bending failure. As the
experimental crack patterns results are not given, these numerical results could not
compared to the experimental ones.

3. Conclusions :
- Regarding the global behaviour, the experimental curve has an “S” shape which has
not been reproduced in the participants results.
LaSaGeC and LMT computations have been done for all the cycles where for NECS,
partial results have been reproduced probably due to premature failure or non
convergency.

Shear wall's results :

Only the results of the first shear wall T10 are discussed.

1. Simulation settings

LaSAGeC :
For LaSAGeC, a 2D plan stress computation has been carried out. Reinforcements bars
have been modeled using shell elements.

Figure 6: LaSAGeC Mesh

The reinforcement bending inertia is calculated taking into account the discretization length
h3

(the Finite Element size h ) and a characteristic length le (the is introduced. lee= 1| Réel|_3 .
e
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This characteristic length is taken equal to le = 8 mm.

LMT: LMT's computation were carried out in 3D , no indication was given about
reinforcements.

Figure 7: The LMT mesh

NECS :A 3D computation has been done by NECS. Reinforcement bars have been modeled
using “grid elements”

L

Figure 8: NECS mesh

A Large discretization have been used by NECS, for the wall :
- Depth: 1 element.

- Height: 5 elements.

- Length: 13 elements.

2. Global behaviour Shear wall T10, run 1

The loading run corresponds to the nominal accelerogram. For this wall, LMT has not given
the global behaviour result. Only the crack patterns are given.
The next figures show the global behaviour results obtained by the LaSaGeC and NECS.
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Necs's results shows that the global behaviour in the elastic part is over estimated. The value
of the elastic modulus has been given by the experimental procedure and is the same one
used by LaSAGeC. This is due to the fitness of the the discretization.

The elastic limit is not well reproduced by the two teams. After the peak, the NECS obtained
a fragile behaviour, where LaSAGeC obtained a ductile one.

The “S” shape shown in the experimentation has not been reproduced numerically.

3. Global behaviour Shear wall T10, run 2

This loading run corresponds to an accelerogram of three times the nominal one.
NECS (Figure 12) produced a partially result due to the convergences problems.
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Figure 18: Global behavior T10 run2 (LaSAGeC)

LaSAGeC simulations (Figure 11) overestimate the load in the first stage of the loading and
under-estimate it in the last stage.

For NECS, The ultimate load is under-estimated. This is certainly due to the reinforcement
failure. LaSAGeC proposed to calculate the bending inertia of the reinforcement bars using
the finite element size, the numerical results are given for all the run.
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Figure 19: Global behavior T10 run2 (NECS)

4. Crack patterns T10 run 1

For NECS and LMT, the damage field is presented to indicate the crack patterns. LaSAGeC
produced the damage field and the crack opening filed.

The experimental crack patterns are compared to those given by the numerical ones. They
are superimposed in the same figure. LMT produced a crack pattern for the second run.

Remarks

For the LaSaGeC, the squaring represented in figure 15 corresponds to the reinforcements
bars.

The crack patterns given by NECS and LaSAGeC are well reproduced (regarding cracks
number and spacing),

The maximal crack opening value given by the experimentation is of 0.149mm. LaSAGeC
gives a value of 0.061mm.
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5. Crack patterns T10 run 2

For run 2, the crack opening field is given by LaSaGeC, for the other team, the damage field
is reproduced.

Figure 21: Crack openings T10-2 (LaSAGeC)

Figure 22: Damage T10 -2 (LMT)

At the end of the run 2, the maximal crack opening given by the experimentation is about
0.429, LASaGeC gives a value of 0.233mm.

For LMT, the damage field show that one crack occur, it is similar to a failure of a shear wall
very slightly reinforced. This means that the reinforcement contribution has been under-
estimated.

Concluding remarks :

For the beam test, regarding the global behaviour, numerical results show that the models
used by the participants are not able to describe the crack closing process which is a
combination of softening and hardening. The experimental results show an “S” shape of the
curve. In order to reproduce the correct form of the global behaviour, the damage must be
accompanied with plastic (inelastic) strain. These inelastic strains created in tension must
vanish progressively when the load sign is inverted (under compression loading).

About the shear wall test, even if the global behaviour is not well represented, the crack
patterns are correctly reproduced by LaSAGeC and NECS.

About the global behaviour, NECS results show a premature failure due to the fact that the
steel reinforcements effect under shear was not taken into account correctly.

Figure 23: Damage T10-2 (NECS)
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The LaSAGeC team proposed a new method to compute the bending inertia of the
reinforcements bars. The finite element size is taken into account. This method must be
validated experimentally.

For the shear wall, the crack opening values given by LaSAGeC is about 50% the
experimental ones. This difference from the experiments is probably due the bad description
of crack closure.

To sum-up, we say that the participants have produced their contributions in different
contexts :

For LMT, the cyclic benchmark has been chosen as an optional option. The numerical results
provided show that the team has good numerical tools to correctly simulate the structures
under cyclic loading. As they have chosen the monotonic benchmark as a principal answers,
the time dedicated to cyclic benchmark was may be reduced.

The LaSAGeC has investigated the cyclic benchmark as a principal work. Even they are not
perfect, the numerical results given are interesting. Some numerical developments have
been achieved in order to reproduce the crack opening values and correctly estimate the
contribution on the reinforcements bars for the shear wall.

NECS used a FE code in an industrial context. Even if the numerical results presented are
partial, they have been able to correctly simulate the structures under cyclic loading in the
first stage of the loadings process.

In order to realize significant progress in this domain, we must focus our efforts on the model
formulations in order to better describe the mechanical behaviour of structures under cyclic
loading. The procedures for evaluating the crack openings can be conform to those
developed in the monotonic case.
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EXPERIMENTAL PROGRAMME

Coordinator: Louis Demilecamps

Introduction: CEOS.fr French National project research programme,
experimental aspects

Numerous concrete constructions have to ensure various functions and feature specific
performances aside from their structural resistance, many of which being linked to reinforced
concrete cracking or better low- or no-cracking; these properties are durability, water or air
tightness, safety (for nuclear vessels fro example). To the current practice and as regards
crack control, structural design is based either on formulas like in design codes CEB model
Code 78, fib CEB model Code 90, EC 2-1-1, SIA or ACI 318-15, or on detailing procedures.
Experience has shown that this approach is not accurate and sometimes wrong, for thick
slabs, walls and other structural massive elements and special concrete structure.

Therefore, the French concrete construction community has initiated the CEOS.FR national
research project which gathered more than 50 first rank organizations and companies,
including infrastructure owners, construction companies, engineering companies, private or
public research centers, with the support of French Construction Ministry (MEEDDM).
Granted with a total budget of 7 million Euros, the project is intended to last four years,
starting from 2008.

The aim of CEOS.FR is to improve the knowledge of the cracking phenomenon and at last to
provide the designers with reliable crack design codes, able to give a reasonable
appreciation of crack width and spacing, applicable to a greater number of structures.

The project has been organized on a cross theme approach. Three types of situations
involving cracking have been identified:

- static and monotonous loading

- thermo-hydro-mechanic loading

- cyclic or seismic loading.

And three ways to investigate these loading types have been retained:

- structural analysis and design

- scientific modelling

- experimental testing.

From a structural analysis and design point of view, a first benchmark between above
mentioned calculation codes was led by different engineers from already available
experiment results. It has confirmed that design cracks spacing and width estimation could
range from a 1 to 5 factor. This point is more thoroughly approached in another fib paper by
P. Bisch, D. Chauvel and J. Cortade.

The main object of this paper is to present the experimental aspect and program of
CEOS.FR.

The first point that must be emphasized is that the aim of experimental program is not to
provide new data on unknown phenomena or specific cracking situations, but full sets of
coherent data that shall allow scientific research to finely and accurately adjust and qualify
their models to be then able to run virtual tests in complex situations. From these virtual
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(numerous) experimentations, it shall be possible to produce enough data to initiate the
expected code revision.

Experimental program

The experimental program is divided in three parts, according to the three loading cases:
cyclic, static monotonous and thermo-hydro-mechanic, leading to three experimental
arrangements. In each of them, some common principles have been retained:

cast concrete testing bodies as large as allowed by the testing machines or installations
design testing bodies as geometrically simple as possible in order to allow a very accurate
transfer to modelling,

start from one reference testing body, and then just change one "second order"
parameter, to allow to check if the calculation model is able to represent reliably even
slight detail changes likely to influence cracking generation,

as it is essentially not possible to foresee where and how the cracks will appear, it has
been decided to use (over)numerous sensors and moreover based on different physical
principles. Therefore we expect to be able to pick-up the relevant information from at least
one set of filed data,

material relevant characteristics will be determined thoroughly (not less than 15
parameters for concrete) and from early age for concrete strength and modulus,

as it was fanciful to think that we could ensure stable external conditions, a complete set
of additional sensors (wind insulation, temperatures, hygrometry) was placed close to the
testing bodies fabrication and testing areas. It will provide a full set of limit conditions data
which will then be introduced within the modelling phase.

Alternate loading test on 1/3 scale concrete walls

The aim of this sub-program is to get data on cracking mechanism and pattern when a wall is
submitted to alternate loading applied within its symmetry plane. The overall dimensions
selected for the testing samples were 4.20 m in length by 1.50 m in height. Due to the level
of forces to be applied to reach the ultimate shear load and to the affordable jacks and
testing bench, the thickness of the wall was limited to 0.15 m, more or less representing a 1/3
scaled massive and highly reinforced wall as it can be found in industrial buildings.

Fig. 1 Design Principle

Design specifications were as follows:

wall behaviour must be tested over ULS
testing bodies behaviour should be similar to the one that could be observed at real scale,
which implies to reduce concrete thickness and reinforcement diameter,



- reinforcement ratio should largely be over non-fragility minima
- stress state and cracking pattern due to cyclic loading have to be perfectly isolated.

This led to the following choices:
- scale factor : 1/3
- minimum reasonable height/length ratio (about 1/3), to avoid flexion to interfere with shear

concrete category: C40, with one variant of C25
reinforcement ratio: 0.5% to 1% in two layers
limited reinforcement resistance to accommodate the bench loading capacity: 4 MN.

Static Dynamic Dynamic test Dynamic test with
reference test reference test with concrete reinforcement

change change

Concrete C40 C40 C25 C40

Cracking limit 1.47 1.47 1.09 1.47

(MN)

Reinforcement f10, 10x10 cm | f10, 10x10 cm | f10, 10x10 cm f8, 8x8 cm

rs,eff 0.0105 0.0105 0.0105 0.0084

ssr (MPa) 350.5 350.5 260.4 434.9

ULS (MN) 3.30 3.30 3.30 2.64

wk (V) (mm) 0.38 0.49 0.54 0.46

Srm  (mm) 176 176 176 177

Table 1

Fig. 2 Testing Body General Dimensions
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Fig. 3 General Reinforcement Arrangement

Fig. 4 Loading bench arrangement, principle

Instrumentation And Data Collection

Apart from measurement of external alternate efforts applied, each testing body will be

thoroughly equipped with various and numerous sensors:

- 17 "long base" optical extensometers will be placed externally on one side of the wall
giving information on global deformations,

- 4 temperature optical sensors based on Bragg nets, inside,

- 19 Bragg optical local deformation sensors placed on reinforcing bars. Accuracy of such
sensors is over 1 pum/m,

- 40 electrical strain gauges placed on reinforcement bars, plus one directly within concrete.

Fig. 5 External Extensometers
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Fig. 6 Internal Bragg Optical Fiber Sensors

According to these more or less "local" deformation measurements, a full area deformation
field will be recorded using a new measurement technique: image correlation (see detailed
description hereafter).

Fig. 7 Image Field Arrangement — Principle

Monotonous loading on large scale testing bodies, " Free shrinkage" or
"restrained shrinkage"

The aim of these two sub-programs is to collect extensive data from large dimensions testing
bodies. One series of prismatic testing bodies will be cast, freely matured during about four
weeks, then brought to a seriously cracked stage by simple flexion on a specially made
testing bench. The second series intends to explore the field of restrained shrinkage. Similar
sized testing bodies will be cast and appropriate arrangements taken to prevent almost every
possibility of shrinkage. After one month of maturation, they will also be submitted to a flexion
test on the same bench.

Free shrinkage testing program

Largely dimensioned testing bodies (6.10 mx1.60 mx0.80 m) have been designed to explore
the influence of different "second order" parameters.

After being cast, they will be let to maturation freely, slightly protected from major weather
influence, for about four weeks? Then they will be placed on a flexion bench, tightened to it
by prestressing bars and brought to limit flexion stage by two rows of four 100 T jacks.
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Fig. 8 Free Shrinkage Testing Bodies (Scheme)

Fig. 9 First Free Shrinkage Testing Body

Different situations to be tested are as follows:

- RL1: Reference: reference grade concrete, reference reinforcement (percentage,
diameter)

- RL2: Reference concrete reduced percentage, same bar diameter

- RL3: Reference concrete, same percentage, reduced bar diameter

- RL4: Reference concrete, same reinforcement but increased concrete cover

- RL5: Same reinforcement, reduced concrete grade

- RL6: Variability test: reference block

- RL7: Reference block with small defaults: @27 mm plastic tubes

Fig. 10 Scale 1 Prismatic Body. General Layout
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Fig. 11 Typical Reinforcement

Instrumentation

Apart from external parameters, all blocks will be fully instrumented, externally and internally.
- 12 points for internal temperature measurement

- 16 vibrating cord sensors for local internal deformation measurement

- 16 vibrating cord sensors for external deformation measurement

- 15 displacement sensors during the flexion loading phase

- 3 internal optical fibre sensor

- 6 external optical fibre sensor

- 12 electrical strain gauges placed on reinforcement bars

Fig. 12 Instrumentation

Moreover two complementary techniques will be used.

Acoustic survey:

A set of acoustic sensors is placed on lateral faces of the testing body during the flexion test
phase. Each new cracking event or extension generates acoustic signal that is recorded in
time and in frequency by the lateral sensors. Numerical treatment allows localizing the event
even when it is not yet observable externally.
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Fig. 13 Acoustic Sensors Arrangement

Fig. 14 Cracking Events Localization

Image correlation:

Different pictures of lateral face of the testing body are taken during the flexion test phase,
and then numerically correlated. The comparison allows making a full area displacement field

analysis with a precision of about 0.1 mm.

Fig. 15 Paint Pattern Preparation

The technique implies a preparation of the recorded face by projection of a special painting
pattern.
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Fig. 16 Paint Pattern Preparation (Detail)
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Restrained Shrinkage

Restrained shrinkage testing bodies are I-shaped, with a central part (the one that has to be
tested) which has a cross-section of 0.80 mx0.50 m. Two largely dimensioned steel
members placed laterally between the two transverse heads will prevent almost any
shrinkage (but they will be equipped with strain gauges to allow any correction if necessary).

Three testing bodies will be realized:
- THMBS: a reference one

- THMO: reduced reinforcement
- THM10: increased reinforcement

Fig. 17 I-Shaped Restrained Shrinkage Testing Body

Fig. 18 THM8 Testing Body — Reinforcement

During the first days of maturation, formworks will be thermally insulated to maximize thermal
and shrinkage phenomena.

After a 4-week maturation, testing bodies will be placed on the testing bench and submitted
to a flexion test, like for prismatic testing bodies.

General instrumentation layout is similar to the one for prismatic testing bodies.
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Fig. 19 THM8 Testing Body — Cross Section

Testing bench and area

As the size of the testing bodies and the associated testing forces were not available within
the CEOS.FR partner’s facilities, a specific testing bench was designed and cast for the
project.

With overall dimensions of 6.20 mx2.00 mx1.40 m, it has allowed to include some of the
sensors intended to be used for the testing bodies and to qualify the general procedures.

Fig. 20 Testing Bench

Fig. 21 Overall View of the Testing Area
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Conclusion

When this paper was written, this experimental program has just started and is entering its
cruise pace. The specific testing bench was cast for monotonous and thermo-hygro-
mechanic loading in July 2009 and the embedded probationary sensors work correctly). The
first "free shrinkage" testing body was cast at mid-October and will be submitted to loading
test within a few days. Another "free shrinkage" and a first "withdrawn shrinkage" testing
bodies are to be cast at the same time. The testing bench for cyclic loading test and the first
associated testing body are under construction.

The program will now go on. The very first results will be used at the end of December 2009
to feed an enlarged international benchmark. The experimental part of CEOS.FR program
should be over by the end of 2010. Numerous and interesting results will be available by the
time of fib congress. Then they shall be released to the concrete international scientific
community.
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ENGINEERING PROGRAMME

Cracking and shrinkage in special works — A review of different calculation
methods

Coordinator: Jacques Cortade

Introduction :

A great number of concrete structures have to ensure different functions in addition to their
resistance. Among these functions, several are linked with cracking such as durability, water
or air tightness or even safety (for nuclear buildings for example). As regards crack control,
structural design is based on Eurocode 2, which proposes methods which are generally
satisfactory for beams of usual dimensions in flexion. Experience has shown that this
approach is not accurate enough for thick walls and other structural massive elements.
Moreover water migration in massive elements is often neglected in the code formulation.
Therefore the French community of concrete construction associated with research centres
has initiated, with the support of Governmental grants, a research project called
CEOS.FR11. The aim of this project is to improve the knowledge of the cracking
phenomenon in order to modify the existing standard formulae for calculating spacing and
opening of cracks and to give engineers guidance and calculation methods applicable to a
greater number of structures and also practical analytical tools.
Three types of situations involving cracking have been identified:

- static and monotonous loading,

- thermo-hydro-mechanical loading,

- cyclic or seismic loading.
These situations are studied through experimental procedures. In addition, refined finite
element models will be developed to extend experimental research to numerical
experiences.
This project started in March 2008 and the first year has been dedicated to a review of the
practical procedures currently used. It resulted in the choice for further analysis of CEB
model Code 785, fib CEB model Code 906, Eurocode 2 part 1-17, SIA10, and ACI 318-051 +
paper of Robert Froch8 and previous French code CCBA684. Using those methods, the
results of five experimental tests have been checked for the static monotonous loading, two
for the THM loading and two for the cyclic loading. Also, these results could be confronted
with the results of analytical models which were tested in the same experimental situations.

Overview of the state of codes worlwide :

Concerning the cracks opening limitation and the associated method for design, two types of
codes can be distinguished: codes with crack opening calculations and codes with particular
equivalent rules (minimal area of reinforcement, maximal spacing between rebar, stress
limitation).

In the course of time, a code can be evolved from a type to the other type. For example, in
France, the codes from 1960 to 1983 (CCBA60 or CCBA68) used the theory of cracking
(Brice theory), but from 1983 up to now the present generation of codes (BAEL) limits the
stress in the rebars in order to control the corrosion and not the crack opening (stress
limitation independent of rebar diameter). In the USA, the ACI-318 code used in the past
formulas for the calculation of crack opening. In the new revision (since 2002), particular
rules to limit spacing between rebars are given. Same evolution exists in the Swiss code
(SIA). In Europe, Eurocode 2 is based mainly on crack calculation (from different revisions of
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the model-code CEB). In China, the code (GB50010") is based mainly on crack calculation
(with some adaptation of the model code).

Main feature of major codes :

Major codes in Europe have a common origin in the works of CEB, the other origin of codes

is the works of ACI.

Formulas for the calculation of crack opening generally follow two steps:

- determination of the mean distance between cracks (s ). It supposes that the cracking
process has reached the stabilised phase. Some documents (model codes 78 or 90)
allow this determination during the phase when cracks progressively appear (before the
stabilised phase), others are using the maximum distance between cracks (S max);

- calculation of the maximum opening of cracks Wy = bWy = HSim &mr OF Wk = Stmax &mir
with em, = & - k; e[3,, (mean deformation of the reinforcement).

For the determination of s,,,, according to A. Borosnyoi & G.L. Balazs®, several types of

formulas are used:

- withalinear form: sy, =A;c+ Ay s+ Az s+A; s/ cef, OF

- with a non linear form.

Similarly, formulas for the mean deformation of the reinforcement (taking into account the

deformation of the concrete between the cracks) are:

o s fetetr
- with a linear form: egy- €;pm=—> 1- kt—s(1+aer Seff) , Or
Es Sl seff
s Sy °
- with a non linear form: egm, - €cm :E_s 1- bsb, =50
S
S S

Main parameters are:

c reinforcement cover (concrete depth between steel and surface),

s spacing of bars,

fs  diameter of bars (or equivalent diameter in case of several diameters),

reer reinforcement ratio or fo/r e,

ss  reinforcement stress ( concrete resistance in traction neglected),

feer CONCrete resistance in traction.
In addition different formulas give a minimum amount of reinforcement, which in some
standards take into account thermo-hydro effects which are not explicitly stated.

The details of the tested formulas are not recalled here. They can be found in the original
textst 426710

Feed back from practical applications

1. Monotonous loading

1.1. Tie beam in pure tension

- Experimental results are extracted from the thesis of Pierre Mivelaz (EPFL, Lausanne
1996). Characteristics of the tested tie beams are given in figure 1.
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Figure 1: Tested tie beams.

Figure 2: Results of tests giving crack patterns and graphs force vs. strain from Mivelaz.

Only samples AS3 and AS5 are considered for the benchmark. Their length is 5m, their

height 1m and their width 0,42m. Material properties:

- Concrete: f, = 41,8 MPa(compression), f = 3,15 MPa (tension), E. = 33,4 Gpa,;

- Reinforcement: vyield strength f, =565 MPa, ultimate strength f,=647 MPa and
Es = 200 GPa.
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Figure 3: Comparison of cracks openings obtained by different code formulas.

As regards ACI, following Frosch paper, w is only accurate for = 0,6f, = 339 MPa. It can
be seen that, at this level of stress (which corresponds to a SLS situation), the calculated
crack opening varies from 0,17 to 0,33 mm, which is an important range. Anyway this should
be reconsidered because the combination of actions to calculate crack width can be different
between ACI code and European codes. It can be observed on figure 3 that, for FIB CEB
codes, the transition to the stabilised phase of cracking happens at about 300 MPa for tie
beam n<3 and 180 MPa for tie beam n®%.

The comparison between calculation and tests are given in table 1 for a strain of 0,3 %o in
steel and in table 2 for a strain of 0,5 %o in steel, for tie beam 5.

Crack opening wy (mm) | Measure EC2 FIP-CEB | ACI/Frosch | FIP-78

Tie bean n°3 0,235 ]0,283226 | 0,212461 | 0,39704215 | 0,194749
Tie bean n°5 0,115 [0,130264 | 0,146117 | 0,15476672 | 0,087308

Table 1: Testing of formulas at 0,3 %o.

Crack opening wy (mm) | Measure EC2 FIP-CEB | ACI/Frosch | FIP-78
Tie bean n°5 0,180 ]0,440613 | 0,313958 | 0,410720 | 0,231695
Table 2: Testing of formulas at 0,5 %o.

In the first case, the results are almost satisfactory. In the second case, the scatter between
the results is more questionable.

1.2 Beams in flexure

Experimental results are extracted from Maklouf®. The experimental program has consisted

in loading two series of beams:

- In group A, 16 beams with varying reinforcement ratios and concrete covers were
designed to verify the effect of increased cover on crack width.

- In group B, 8 beams were tested to evaluate the magnitudes of surface cover width under
service load using a 50 mm thick cover.

Beams are submitted to a four point flexure.

Analysis of Group B beams will not be detailed here; its conclusions are that all formulas give

results which are rather far from measures when stresses in the bars are relatively small (i.e.

150 MPa).

- Beam G2, the error with ACI model or Eurocode with French Annex are less than 15% for
reinforcement stresses over 200 MPa. Other models give results underestimating crack
width by about 40%.
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- Beam G3, the errors with ACI model or Eurocode with French Annex are less than 25%
for reinforcement stresses over 200 MPa. Other models give results underestimating
crack width by about 50%.

Main characteristics of the group A beams are given in table 3. The width of the beams is

180 mm, the height is either 430 or 460 mm. The strength of concrete is f'. = 34 MPa and the

yield strength of steel is 425 MPa.

o % < |& & Measured crack widths at differentComputed crack width at
£l o =22 § loading levels M/1,6 (mm)

o| r =) £ 8 5 u'd,

(% & 2 =18 § MJ/2 | MJ/1,8 | MJ/1,6 | M/1,4 BS ACI
11/2Y12/0,0031 430 30 - - 0,16 0,20 0,113 0,190
12|2Y16/|0,0056 430| 30 | 0,16 0,19 0,20 0,22 0,130 0,191
13/2Y20/0,00871 430| 30| 0,14 0,16 0,17 0,20 0,132 0,191
14|2Y25|0,0136 430| 30 | 0,15 0,15 0,21 0,24 0,126 0,189
21{2Y12,0,0031 460 | 60 - 0,18 0,23 0,27 0,189 0,353
22(2Y16/0,0056 460| 60| 0,11 0,17 0,20 0,23 0,231 0,355
23(2Y20/0,0087 460| 60| 0,19 0,24 0,29 0,35 0,242 0,355
24(2Y25/0,0136 460| 60| 0,15 0,17 0,21 0,24 0,243 0,356

Table 3: Characteristics of group A beams, tests and analytical results from Maklouf®.

As ACI and BS results were given in Maklouf article, only the other codes have been applied:
CEB fib Model Code 78 and 90 (considering shrinkage or not) and Eurocode 2 including
French National Annex. The results are given in table 4, other characteristics used for the
calculation are : shrinkage of concrete = 4~ 10™, other characteristics according to Eurocode
2.

The decomposition of the calculation is given to highlight where differences appear.

In the first set of columns are given the distances of the cracks: s, ma; in the second set are

given the mean strain in the bars, in the following one the crack width wy and in the last set of

columns whether the cracking process is considered stabilised (1) or not (0) in the code.

The conclusions are as follows:

- Cracking stabilisation is not taken into account in ACI and obtained at similar values of ¢
in CM 78 and 90 and Eurocode gives too high values. The formula of CM 90 which is s ef

2> fem (1 + ¢ se, can be written Fe = Fp ctm+ Fe ctmWhich is the sum of the force in
the concrete of the equivalent tie (section Acer) When the stress is fom (resistance in
tension) and the force in the perfectly adherent bar when the concrete reaches fym This
formula correctly represents the physical phenomenon and should be kept for future
works.

- When examining the distance Smay it can be seen that it is independent of the load,
which is true when cracking is stabilised as for CM90. It should be noted that this
distance varies from 1 to 2, which is too much.

- For the strain, once more the stabilisation of the cracking process is important and should
be addressed in the future. As regards CM90 the influence of the shrinkage should be
confirmed in the future tests.

- As regards the result: wk, the scatter of the results is more important for the beam with
light loading, which is the contrary for ACI Code.

The conclusion is that depending on the parameters, each code can be in good accordance

with the tests, but none agree with all the parameters.
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Cracks calculations During the tests, cracks openings are measured onthe lateral faces of the beams at 10mm ofthe lower face.
d=h-c-phi/2
Mg S iNCM (&, - E, in cm)x10* w, in mm Istabilised cracking: yes =1 measure
CM78 | CM90 | EC2-1 |[EC2+AN| CM78 | CM90-r| CM+r| EC2-1 | CM78 | CM90-r | CM0+r| EC2-1 |[EC2+AN| CM78 | CM90 | EC2-1 | experiment
h= 0,43m GA11l Mu/2 14,1 191 24,8 237 3,913 | 2,451 | 6,451 | 5,870 0,09 0,06 0,12 0,15 0,14 0 0 0
c=30mm Mu/1,8 211 4,319 | 3,465 | 7,465 | 6,478 0,10 0,07 0,16 0,16 0,15 0 0 0
Mu/1,6 238 4,867 | 4,837 | 8,837 | 7,301 0,12 0,12 0,21 0,18 0,17 0 0 0 0,16
Mu/1,4 239 5,559 | 6,567 | 10,567 | 8,339 0,13 0,16 0,25 0,21 0,20 0 1 0 0,20
GA12 Mu/2 13,4 189 21,8 20,6 5,388 | 5,150 | 9,150 | 5,839 0,12 0,10 0,17 0,13 0,12 1 1 0 0,16
Mu/1,8 6,923 | 6,246 | 10,246 | 6,494 0,16 0,12 0,19 0,14 0,13 1 1 0 0,19
Mu/1,6 8,687 | 7,581 | 11,581 | 7,581 0,20 0,14 0,22 0,17 0,16 1 1 1 0,20
Mu/1,4 10,870 | 9,238 | 13,329 | 9,328 0,25 0,18 0,25 0,20 0,19 1 1 1 0,22
GA13 Mu/2 13,3 159 199 188 7,624 | 6,388 | 10,388 | 6,388 0,17 0,10 0,17 0,13 0,12 1 1 1 0,14
Mu/1,8 8,873 | 7,439 | 11,439 | 7,439 0,20 0,12 0,18 0,15 0,14 1 1 1 0,16
Mu/1,6 10,419 | 8,780 | 12,780 | 8,780 0,24 0,14 0,20 0,17 0,17 1 1 1 0,17
Mu/1,4 12,343 | 10,501 | 14,501 | 10,501 | 0,28 0,17 0,23 0,21 0,20 1 1 1 0,20
GAl14 Mu/2 13,1 135 18,5 17,3 8,428 | 7,036 | 11,036 | 7,036 0,19 0,10 0,15 0,13 0,12 1 1 1 0,15
Mu/1,8 9,581 | 8,088 | 12,088 | 8,088 0,21 0,11 0,16 0,15 0,14 1 1 1 0,15
Mu/1,6 10,996 | 9,402 | 13,402 | 9,402 0,24 0,13 0,18 0,17 0,16 1 1 1 0,21
Mu/1,4 12,778 | 11,082 | 15,082 | 11,081 | 0,28 0,15 0,20 0,21 0,19 1 1 1 0,24
h= 0,46m GA2L Mu/2 20,3 19,6 44,0 34,9 3,889 | 0,000 | 2,254 | 5,834 0,13 0,00 0,04 0,26 0,20 0 0 0
c=60mm Mu/1,8 21,7 4,319 | 0,000 | 3,328 | 6,478 0,15 0,00 0,07 0,29 0,23 0 0 0 0,18
Mu/1,6 245 4,867 | 0,700 | 4,700 | 7,301 0,17 0,02 0,12 0,32 0,25 0 0 0 0,23
Mu/1,4 280 5,559 | 2,430 | 6,430 | 8,339 0,19 0,07 0,18 0,37 0,29 0 0 0 0,27
GA22 Mu/2 19,5 251 37,8 288 4,292 | 3,119 | 7,119 | 5,836 0,14 0,08 0,18 0,22 0,17 1 0 0 0,11
Mu/1,8 280 5,939 | 4,215 | 8,215 | 6,494 0,20 0,12 0,23 0,25 0,19 1 0 0 0,17
Mu/1,6 285 7,811 | 5,550 | 9,50 | 7,295 0,26 0,16 0,27 0,28 0,21 1 1 0 0,20
MU/IA 28,5 10,104 | 7,297 | 11,297 | 8,343 0,34 0,21 0,32 0,32 0,24 1 1 0 0,23
GAZ3 Mu/2 19,0 225 34,2 252 7,161 | 5268 | 9,268 | 5,793 0,23 0,12 0,21 0,20 0,15 1 1 0 0,19
Mu/1,8 8,461 | 6,319 | 10,319 | 6,423 0,27 0,14 0,23 0,2 0,16 1 1 0 0,24
Mu/1,6 10,051 | 7,660 | 11,660 | 7,660 0,32 0,17 0,26 0,26 0,19 1 1 1 0,29
Mu/1,4 12,022 | 9,380 | 13,380 | 9,380 0,39 0,20 0,30 0,32 0,24 1 1 1 0,35
GA24 Mu/2 18,6 178 313 223 8,238 | 6,457 | 10,457 | 6,457 0,26 0,11 0,19 0,20 0,14 1 1 1 0,15
Mu/1,8 9,410 | 7,509 | 11,509 | 7,509 0,30 0,13 0,20 0,24 0,17 1 1 1 0,17
Mu/1,6 10,844 | 8,823 | 12,823 | 8,823 0,34 0,16 0,23 0,28 0,20 1 1 1 0,21
Mu/1,4 12,642 | 10,503 | 14,503 | 10,503 | 0,40 0,19 0,26 0,33 0,23 1 1 1 0,24

Table 4: Results of the calculations according to code formulas for Group A beams.

2. Thermo-hydro-mechanical loading

Three types of phenomena are tested by comparison between results on mock-up and

calculated crack spacing and crack opening with several codes:

- Cracking during the concreting phases (1,20 m thick walls with two concrete class),

- Cracking and deformation of a beam under variation of the humidity gradient (500 x 250
mmz from RH = 30% to RH = 100%);

- Cracking under thermal gradient (mock-up MAQBETH: 0,6 m thick wall at 200<C).

The use of codes for this analysis is problematic because some data or methodologies are

not completely given in these codes.

For example, for the calculation of the imposed strains, the dilatation factor is given for the

temperature but the “humidity” factor is not given. Concerning the humidity only average

strains are given but not the strain variation through the wall thickness.

Another example is the calculation of the stresses, the restraint factor is given in EN1992-3

for some case, but the methodology in order to take into account the stiffness reduction due

to concrete cracking is not given (only ACI-349" gives some guidance for thermal gradient).

The main conclusion is that calculated crack spacing is not correct if the reinforcement ratio

is small and if the cover is big. The calculated crack opening is also over-estimated in

comparison with measurements. The calculated crack opening without stress calculation

(EN1992-3 with restraint factor) is better, but the restraint factor is not given for some load

cases and the methodologies to calculate this factor are not clear.

Conclusions

Crack formation is a complex mechanical phenomenon, very difficult to model. Crack width
formulations given in the codes are simplifications which give very rough results which are
not satisfactory for thick walls. Moreover, the use of codes for thermo-hydro-mechanical
loading is problematic because some data or methodologies are not completely given in
these codes. Thus, how to model cracking for practical use should be developed in the
future. This is the aim of CEOS.fr research project.
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Cracking due to cyclic (seismic) action — a review of existing methods
Coordinator: Philippe Bisch

Introduction :

This theme is dedicated to the analysis of codes and of engineering practices related to
cracking control in thick walls, as a result of cyclic loads, including the seismic action

The forecast of cracking in reinforced concrete walls is important for the proper functioning
and sustainability of concerned structures. In a normative framework, this forecast must be
made at limit states, specifically:

- at Service Limit State, because it allows controlling watertight or confinement of tanks or
other works with functions of the same type. Cracking is also limited for aesthetic reasons
or for the sustainability of the structures.

- in certain circumstances, at Ultimate Limit States (in seismic or accidental situations), for
example, if it is required to maintain the tightness of a structure after earthquake or also
to limit cracks openings to ensure a good behaviour of equipment anchorages.

For instance, in the case of the seismic situation, it is not sufficient to know the state of
cracking during the movement, it should also be known at the end, because the final state
determines the future performance of the structure on a mechanical point of view, but also for
other features (tightness, sustainability...). This raises the question of the part of
irreversibility in the cracking phenomenon when a ULS of this type is reached.

Formulas developed in the different codes treat quasi-static SLS situations, which is not
suited to study seismic situations.

This part of the project consists, by relying on available or future experimental results and on
recent developments in modelling of reinforced concrete, in establishing simple procedures
to assess spacing and openings of cracks in service or ultimate situations, under cyclic
dynamic loading.

Contents of the benchmark :

As in the case of static or thermo-hydro actions, the benchmark aimed at comparing existing
formulas and methods concerning calculation of openings of cracks in reinforced concrete, in
seismic situations, and to compare them with experimental results. Five formulas were
retained by the CEOS.FR project and were applied to two different types of models: a beam
in cyclic deflection and a wall in cyclic shearing. The values resulting from these formulas
were first compared between them and then they were compared with the available
experimental results, when they exist.

It appeared that the expected experimental results either were not available, or were difficult
to interpret for a direct comparison with the results given by the formulas. Nevertheless,
certain tendencies could be achieved, in particular on spacing between cracks.

Conclusions :

A few conclusions can be drawn on the accuracy of the formulas, either by comparison
between them, or by comparison with the experimental results, taking account of the above
reservations concerning their interpretation.

- The SIA approach should be excluded from further works in the frame of the project,
because its approach does not fit to an extrapolation to ultimate situations. Also, its
results are too distant from other formulas and exploitable experimental results.
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As concerns crack opening, in the case of bending of beams, results are quite close
between CEB78, CEB90, CCBA68 and EC2-1-1, which no doubt betrays a common
origin. The ACI formula gives lower values.

In the case of walls in shear, which may be assimilated to a pure traction, results given by
the formulas are dispersed. Values given EC2-1-1 seem too high and conversely the
values given by ACI are lower than the others, but seem closer to experimental results.

The different formulas do not give evenly account of the influence of variations of the
main parameters, mainly the diameter of the reinforcement and the cover thickness. The
influence of the distance between main reinforcing bars is clear for certain formulae
(CEB78, CEB90 and ACI), neglected for others.

In the case of spacing between cracks, the results of the formulas are extremely
dispersed. The comparison of formulas in the case of walls shear (tests which seem to be
exploitable from this point of view) shows that the best results are obtained by CEB90
and to some extent by ACI, with however gives somewhat lower values. The values
obtained by EC2-1-1 are widely "out of the tracks" in all situations.
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