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Résumé

Les structures en béton armé s’endommagent au cours de leur vie a cause de plusieurs
facteurs : conditions thermiques, attaques chimiques, retrait, fluage, carbonatation, cor-
rosion, etc. Ce processus d’endommagement débute dés les premiers jours de la vie de
I'ouvrage et continue lors de son vieillissement. L’endommagement au jeune age peut
influencer significativement le comportement dynamique des structures en béton armé.
En effet, la fréquence propre d’une structure, qui constitue un parameétre de dimension-
nement, peut étre fortement réduite a cause de cet endommagement. Afin de déterminer
I'influence de 'endommagement di aux effets du jetine age (0 a 28 jours) sur la réponse sis-
mique d’une structure en béton armé, ce travail de thése a combiné a la fois modélisations
numériques et essais pseudo-dynamiques sur deux groupes de portiques en béton armé. Le
premier groupe a été gardé en conditions endogénes (échanges hydriques avec Pextérieur
empéchés) durant le jeune age afin de limiter les effets du retrait de séchage (fissuration).
Le second groupe a quant a lui été gardé en conditions non-endogénes (échange d’eau avec
le milieu extérieur possible) similaires aux conditions de chantier, ce qui a induit un en-
dommagement initial (fissurations) d notamment & un retrait de séchage plus important.
Les deux types de portiques ont été soumis a la fin de leur jeune dge au méme chargement
sismique au moyen d’essais pseudo-dynamiques. D’une part, ce manuscrit présente les
résultats expérimentaux obtenus & travers la réalisation d’essais pseudodynamiques afin
d’évaluer le comportement dynamique des portiques face a un séisme d’intensité mod-
érée. Les structures ont été instrumentées en utilisant de la fibre optique, des capteurs de
déplacement et de force ainsi que des vélocimétres et de la corrélation d’image. D’autre
part, le modéle numeérique en poutres multifibres qui a été développé pour les portiques
et qui permet de suivre I’évolution de leur endommagement au jeune age et de déterminer
leur réponse lorsqu’ils sont soumis & un accident sismique est présenté. Dans ce modéle
numérique, le retrait et les déformations thermiques du béton sont calculés avant d’étre
réinjectés dans un modéle d’endommagement couplé permettant de tenir compte des effets
de fluage et de déformations mécaniques. Le modéle numérique a été validé en comparant
ses résultats a ceux obtenus expérimentalement, ce qui a permis d’évaluer I’évolution de
fréquences propres des deux types de structures au jeune age ainsi que de quantifier leur
différence de comportement dans le domaine non-linéaire. Les travaux menés dans le cadre
de cette thése ont donc permis de proposer un modéle complet pour les structures en bé-
ton armé qui peut étre utilisé afin de suivre ’évolution de leur endommagement allant de
leur réalisation a l'application d’un accident sismique et de quantifier leur vulnérabilité
sismique.

Mots-clés

Jetine Age, Retrait de séchage, Essais Pseudo-dynamiques, Béton Armé, Réponse sis-
mique, Modélisation en Elements Finis Multifibres, Monitoring, Vulnérabilité sismique.
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Abstract

Reinforced Concrete (RC) structures get damaged over time due to many factors: thermal
conditions, chemical attacks, shrinkage, creep, carbonation, corrosion, etc. This damaging
process starts at early-age and continues with structure aging. Early age damage can have
a significant impact on the dynamic behavior of reinforced concrete structures. In fact, the
natural frequency of a structure, which is a design parameter can be highly reduced due
to this damage. In order to quantify the impact of early-age damage (0 to 28 days) on the
seismic response of a reinforced concrete structure, this thesis combined both numerical
modeling and pseudo-dynamic tests on two types of RC portal frames. The first one was
kept in endogenous conditions (water exchange with the surrounding environment was
prevented) during its early age period in a way to limit drying effects leading to cracks.
As for the second one, it was kept in non-endogenous conditions (possibility of water
exchange with the surrounding environment) similar to construction site conditions, which
induced an initial damage (cracks apparition) due to a more important drying shrinkage.
Both types of RC portal frames were subjected after their early age period to the same
seismic loading using pseudodynamic tests. On the one hand, this manuscript presents the
experimental results obtained through the use of pseudodynamic tests in order to evaluate
the behavior of the two types of RC structures under a moderate intensity earthquake. The
structures were instrumented using optical fiber sensors, displacement and load sensors,
velocimeters and monitored using Digital Image Correlation. On the other hand, the
enhanced multifiber beam model that was developed for the portal frames in order to
follow their early age damage and to determine their static and dynamic behavior while
accounting for their early age effects is presented. In this numerical model, shrinkage
and concrete thermal deformations are calculated and then introduced as inputs of a
coupled damage model accounting for creep and mechanical deformations. Such model
was validated by comparing its results to the ones obtained experimentally, which made
it possible to evaluate the evolution of frequency content of the two types of structures
during early age and to quantify their difference of behavior in the non-linear domain.
Work conducted within this thesis thus allowed proposing a complete model for reinforced
concrete structures that can be used in order to follow their damage evolution from casting
until being subjected to a seismic load and to quantify their seismic vulnerability.

Keywords

Early age, Drying Shrinkage, Pseudo-Dynamic testing, Reinforced Concrete, Seismic Re-
sponse, Multifiber Finite Element modeling, Monitoring, Seismic vulnerability.
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Résumé étendu en Francais

Contexte

L’année 2018 a été marquée par effondrement du pont Morandi (en béton armé) en Italie
causant plusieurs morts. Cet événement dramatique nous rappelle que lors de leur vieil-
lissement, les structures en béton armé s’endommagent et deviennent plus vulnérables. Cet
endommagement commence dés le jeune age et continue au cours de la vie de 'ouvrage. 11
peut étre causé par plusieurs facteurs [I]: le fluage, le retrait, la corrosion les déformations
thermiques et la carbonatation. Il a pour conséquence de rendre la structure plus vul-
nérable vis a vis des chargements permanents ou d’exploitation qu’elle doit supporter ou
encore vis a vis de certains chargements accidentels tels que les séismes et impacts. Cette
thése traite plus particuliérement de l'effet de 'endommagement initial qui a lieu lors du
jeune age (0 a 28 jours) sur la réponse sismique des structures en béton armé. En effet, les
codes de dimensionnement des structures en béton armé vis a vis du risque sismique [2]
[3] actuellement en vigueur ne traitent pas de ce sujet. Ainsi, les effets du jeune age sur
les performances dynamiques des structures en béton armé doivent étre quantifiés. Plus
particulierement, 'effet du retrait de séchage sur la réponse dynamique des structures en
béton armé est étudié dans cette thése.

Objectifs et Méthodologie

Les objectifs de cette thése sont de quantifier expérimentalement les effets du retrait de
séchage au jeune age sur la réponse sismique de structures en Béton Armé (BA), de
proposer et de valider un modéle numérique (en le confrontant aux résultats expérimen-
taux) capable de reproduire leur comportement statique et dynamique sous séisme tout
en prenant en compte I’évolution de leur endommagement au jeune age.

Tout d’abord, une campagne expérimentale a été menée sur portiques en BA qui
ont été coulés et durci dans des conditions différentes au jeune 4ge avec un groupe de
référence dit "endogéne" dans lequel le retrait de séchage est freiné et un groupe dit
"non-endogéne" dans lequel le retrait de séchage n’est pas freiné. A la fin de la phase
de jeune age, les différents portiques ont été soumis a des essais statiques cycliques et
des essais Pseudo-Dynamiques (PsD) [4], permettant d’obtenir leur réponse dynamique
sous sollicitation sismique, afin de quantifier leur différence de comportement. Ensuite, un
modéle enrichi de type multifibres a été développé pour chaque groupe. Ce modéle permet
de suivre I’évolution de 'endommagement au jeune age due au retrait, aux déformations
thermiques et au fluage, et d’évaluer leur réponse vis-a-vis de sollicitations statiques ou
dynamiques.

Le modéle repose sur une approche Thermo-Hygro Chimique (THC) développée au sein
du laboratoire GEOMAS de I'INSA de Lyon [5] et basée sur les travaux de Buffo Lacar-
riére [6], Mainguy [7] et Coussy [§]. En outre, ce modéle utilise 3 modules viscoélastiques
de type Kelvin Voigt afin de simuler le fluage ([9] [10]) ainsi que le x modéle pour tenir
compte de 'endommagement du béton [11]. Les résultats expérimentaux issus des essais
cycliques et PsD ont été comparés aux résultats numériques afin de valider le modéle
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proposé.

Cette thése est constituée de quatre chapitres:

e Dans le chapitre 1, un état de ’art sur 'endommagement des structures en béton
armeé est proposé: les causes de I’endommagement, les modéles existants permettant
de simuler cet endommagement (modéle THC, modéle de fluage, modéle mécanique
d’endommagement de type Mazars, etc.) ainsi que les recherches antérieures menées
sur le sujet. Une revue bibliographique des techniques numériques qui sont utilisées
afin de simuler le comportement des portiques en béton armé étudiés est présentée
(Principe de résolution de la méthode des Eléments finis, les éléments multifibres de
type Timoshenko avec enrichissement de la loi de comportement, analyses pushover,
analyse modale, analyse spectrale et analyse non-linéaire dynamique). De plus, un
état de ’art sur la technique pseudo-dynamique est également proposé. Par ailleurs,
le principe des techniques d’instrumentation employées est explicité (Capteurs de
force et de déplacement, corrélation d’image, mesures de bruits de fond et mesures
par fibre optique).

e Le chapitre 2 présente le protocole expérimental, ainsi que les résultats associés,
qui a été adopté afin d’étudier les effets du retrait de séchage sur I’évolution de
I’endommagement au jeune age ainsi que la réponse statique et dynamique des deux
couples de portiques. Un premier groupe a été conservé en conditions endogénes lors
du jeune age (les échanges hydriques avec ’environnement extérieur ont été limités
en recouvrant les portiques de cellophane de maniére a réduire le retrait de séchage).
Un second groupe de portiques (composé de deux portiques) a été gardé en condi-
tions non-endogénes (portiques non protégés et donc échanges hydriques possibles).
A la fin du jeune age (28 jours) un portique de chaque groupe a été soumis & un essai
statique cyclique afin de déterminer sa réponse statique non-linéaire. Durant les es-
sais statiques cycliques, les portiques ont été instrumentés en utilisant des capteurs
de déplacement (LVDT) et de force (type galette). Les deux autres portiques (un
de chaque groupe) ont été suivi durant leur jeune age en utilisant des vélocimétres
(bruits de fond) et de la fibre optique (afin de suivre leur évolution de fréquence
propre et d’endommagement). Ensuite, a la fin de leur jeune age, ils ont été testés en
utilisant la technique pseudo-dynamique afin de comparer leur réponse dynamique
non-linéaire sous séisme modéré. Durant les essais pseudo-dynamiques, les portiques
ont été instrumentés en utilisant des vélocimeétres, capteurs de déplacement et cap-
teurs de force. Un suivi par corrélation d’image des champs de déplacement a la
surface des portiques a en outre été réalisé [12] [13].

Les essais ont montré une différence de raideur entre les deux structures (la raideur
initiale du portique endogéne obtenue expérimentalement est quatre fois plus impor-
tante que celle du portique non-endogéne). Par ailleurs, les essais pseudo-dynamiques
qui ont été réalisés sur les deux types de portiques ont également montré une dif-
férence de comportement en terme de déplacement et d’efforts au cours du temps.
La courbe force en fonction du déplacement révéle que le déplacement maximum
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atteint par le portique non-endogéne est 33 % plus élevé que celui atteint par le
portique endogéne (Figure . La corrélation d’image a permis de suivre les distri-
butions de fissures lors du chargement dynamique et a montré que les fissures se
sont principalement manifestées au niveau des noeuds d’ossature pour les deux types
de portiques. Par ailleurs, les mesures de bruits de fond ont montré une chute de
fréquence plus importante dans le portique non-endogéne par rapport au portique
endogéne.

e Dans le chapitre 3, le modéle numérique basé sur des éléments finis poutres mul-
tifibres couplés a une loi de comportement enrichie (prise en compte du retrait,
fluage, déformations thermiques et de "endommagement mécanique) est présenté et
ses résultats sont comparés aux résultats expérimentaux pour validation. Le modéle
permet de décrire I’évolution de 'endommagement des portiques et de simuler leur
réponse mécanique statique et dynamique a la fin de la phase de jeune age. Le mod-
éle numérique multifibres qui a été développé pour les portiques a permis de suivre
leur endommagement au jeune age et de reproduire leur comportement expérimental
statique et dynamique. Un modéle 3D mais utilisé en 2D sous des conditions de con-
traintes planes 2D utilisant une loi de comportement enrichie similaire a également
été développée afin d’amélorer la description des motifs d’endommagement pour une
meilleure prise en compte de la cinématique des noeuds d’ossatures (non-capturée
par des éléments poutres).

Conclusions

Tout d’abord, les résultats expérimentaux qui ont été obtenus ont permis de montrer
une différence de comportement entre les deux types de portiques (endogénes et non-
endogénes). Les résultats cycliques ont montré une différence de raideur entre les
deux structures tandis que les essais PsD ont montré une différence de réponse en
effort et en déplacement. Une comparaison des résultats obtenus expérimentalement
et numériquement a permis de valider le modeéle numeérique (Figure . La différence
de comportement observée a lissue des essais cycliques et PsD suggére que des
structures en BA sont sensibles aux conditions dans lesquelles la maturation du
béton au jeune age est effectuée. Méme si pour des séismes majeurs, la différence de
comportement entre 2 groupes de portiques sera moins importante, la différence de
raideur constatée dans le domaine élastique peut conduire a une mauvaise évaluation
de la vulnérabilité sismique dans les zones de sismicité modérée (comme la France
métropolitaine).

Perspectives

Les portiques étudiés sont de dimensions réduites. Du fait de leur faible section,
les effets de fluage et de déformations thermiques sont supposés négligeables (gra-
dient de température faible sur leur épaisseur). Une extension du travail pourrait
étre 1'étude de structures a échelle 1 (poutre avec retrait géné, noeuds d’ossature
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Figure 1: Déplacements en fonction du temps et comparaison entre résultats issus des
essais PsD et ceux issus du modéle multifibres (a) Non-Endogéne (b) Endogéne

de portiques, etc.) En considérant des structures de dimensions réelles; il serait
possible d’étudier des structures massives en béton dans lesquelles le fluage et les
déformations thermiques sont plus importantes. En menant de nouvelles campagnes
expérimentales a échelle réelle, il sera en fait certainement possible de valider ou
d’améliorer le modéle actuel. Par ailleurs, il serait envisageable d’enrichir d’avantage
le modéle actuel afin de tenir compte d’autres sources d’endommagement (effets de
corrosion ou encore des Réactions Alcali-Granulat).
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General Introduction

Context

In 2018, the Morandi Bridge collapsed in Italy causing many deaths. Such dramatic event
reminds us that during their aging process reinforced concrete structures get damaged
and become more vulnerable. This damage starts at early age and continues during the
life time of the structure (Figure . It can be caused by creep, shrinkage, corrosion,
thermal deformation, carbonation and so on [I]. As a consequence of this damage, the
structure becomes more vulnerable and can collapse either due to its self weight and live
loads or due to hazards such as earthquakes or impacts. This thesis focuses on the effect
of the initial damage that takes place during the early age period (0-28 first days) on
the seismic response of reinforced concrete structures. Current Reinforced Concrete (RC)
seismic design codes (|2] [3]) do not deal with this aspect. Thus, early age effects on the
dynamic performances of RC structures need to be quantified. More particularely, the
effect of drying shrinkage on the dynamic behavior of concrete structures is focused on in
this thesis.

Objectives and Methodology

The objectives are to experimentally quantify the effects of early age drying shrinkage on
the seismic response of Reinforced Concrete Structures (RC) and to propose a numerical
model able to simulate the static and dynamic behavior of RC structures under an earth-

quake while taking into account their early age damage evolution.

On the one hand, an experimental framework was conducted on RC portal frames
that were casted an kept in different conditions during early age with a reference group
"endogenous group" where drying shrinkage was limited and a "non-endogenous" group
where shrinkage was not prevented. At the end of the early age period, the different
portal frames were subjected to cyclic and Pseudo-dynamic (PsD) tests [4], allowing to
obtain their dynamic response in order to quantify their difference in behavior. On the
other hand, an enhanced multifiber beam model was developed for each group. Such

model allows following the evolution of damage at early age due to shrinkage, thermal
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Figure 2: Reinforced concrete damage over time

deformations and creep, and to evaluate their response under static and dynamic loadings.

The numerical model uses a Thermo-Hygro-Chemical (THC) approach developed
within the GEOMAS lab of INSA Lyon [5] based on the work of Buffo Lacarriere [6],
Mainguy [7] and Coussy [§]. In addition, it uses 3 viscoelastic Kelvin Voigt models to
simulate creep ([9] [10]) as well as the ;1 damage model to simulate concrete damage [11].
Experimental results obtained with cyclic and PsD tests were compared to numerical re-

sults to validate the proposed model.

This thesis is composed of four main chapters.

e Chapter 1 presents literature related research dealing with the effects of concrete
damage on the dynamic properties of RC structures to show the gap in knowledge.
A review of RC structures early age damage causes and models (THC model, Creep
models, concrete damage laws, etc.) is also provided. Furthermore, this Chapter
presents a review of some effective numerical modeling techniques used in the lit-
erature to simulate the behavior of RC structures (FEM principle of resolution,
multifiber Timoshenko beam elements with an enhancement of the constitutive law,
pushover analysis, modal analysis, spectral analysis and Non-linear dynamic anal-
ysis). In addition, a state of the art on the pseudodynamic technique that can be
used to experimentally test the dynamic response of civil enginering structures is
presented. Last, a review of existing monitoring techniques (Digital Image Correla-
tion, ambient vibration, optical fiber, displacement and load sensor measurements)

is provided.
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e Chapter 2 presents the experimental protocol that was used to underline the effects
of EA drying shrinkage on damage evolution, static and dynamic response of two
groups of RC portal frames. A first group (composed of two portal frames) was kept
in endogenous conditions during early age (The portal frames of this first group were
covered using a plastic sheet in a way to stop water exchange with the surrounding
environment from occuring and thus to limit early age drying shrinkage from hap-
pening). A second group of portal frames (composed of two portal frames) was kept
in non-endogenous conditions (No imposed covering during early age). At the end
of the early age period (28 days) one portal frame of each group was subjected to
a static cyclic loading to determine its non-linear static response. During the static
cyclic tests, the portal frames were instrumented using displacement (LVDT) and
load sensors. The two remaining portal frames (one of each group) were followed
during their early age period using velocimeters and optical fibers and then tested
at the end of their early age period using the pseudo-dynamic technique in order
to compare their non-linear dynamic response under a low intensity accelerogram.
During the pseudo-dynamic tests, the portal frames were instrumented using ve-
locimeters, displacement and load sensors and monitored using 2D Digital Image
Correlation [12] [13].

e In Chapter 3 the numerical multifiber beam model with an enhanced constitutive
law to account for shrinkage, creep, thermal deformations and mechanical strains
developed for the portal frames is presented and its results are compared to the
experimental ones for validation. The model allows to describe the early age damage
evolution of the portal frames as well as to predict their mechanical response under
static or dynamic loads at the end of their EA period. A 2D model with a similar
enhanced constitutive law (generalized to a 3D in plane configuration) was also
developed in order to capture the damage patterns observed experimentally and
to account for the effects of the kinematic of the nodes of the portal frames (not

captured using beam elements).

e Conclusions and perspectives are presented in Chapter 4.
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CHAPTER 1

State of the art

This chapter is a state of the art where the main tools and concepts used in the rest of
the manuscript are explained. Concepts presented in this state of the art were divided
into 5 main sections. In the first section, an overview of literature references dealing with
the evaluation of early age damage effects on the seismic response of RC structures is
presented. In the second section, an explanation of the physical origins of early age damage
that takes place in concrete structures is given. The third section presents some popular
and efficient models used in the literature to simulate early age damage of RC structures:
THC models, creep models, as well as mechanical models for concrete and steel. The fourth
section deals with the principle of some classical and more advanced techniques used by
structural engineers in order to quantify the seismic response of structures: Finite element
analysis, pushover analysis, modal and spectral analysis as well as transient analysis, 3D
Timoshenko beam finite elements and multifiber beam elements. Then, the fifth section
presents the principle of different testing and monitoring techniques such as the pseudo-
dynamic technique, digital image correlation, ambient vibration measurements and optical

fiber measurements. Conclusions of the Chapter are provided in Section 6.

1.1 Early age damage effect on the seismic response of

RC structures

Current RC seismic design codes [2] [3] do not deal with Early Age (EA) effects on the
seismic response of RC structures. Thus, Early age effets on the dynamic performances
of RC structures need to be quantified. Many research programs were conducted or are
still undergoing in order to quantify and model the effect of early age damage. Such
research initiatives will allow improving current applied codes and standards. The CEOS.fr
National program for instance showed that the natural frequency of a RC beam subjected
to early-age restrained shrinkage is highly affected [14].

In the last decade, many research articles providing numerical models used to simulate
the effects of early age drying shrinkage on the mechanical behavior of concrete structures

were published [15]. However, such models were not fully validated. [16] pointed out that
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the stiffness of RC structures decreases during their aging process due to cracking which is
shown through a 2D numerical simulation based on a proposed Thermo-Hygral Analysis.
Unfortunately, no experimental work was conducted to validate the numerical simulations.
In [I7], numerical simulations using a Thermo-Hygral model were performed on RC struc-
tures of different dimensions in order to show that the decrease of natural frequency due to
early age effects is more important in structures having a small thickness. In [I8] authors
modeled the dynamic behavior of a 28 story building of real size kept in either endogenous
or non-endogenous conditions using a FEM approach. Only the non-endogenous build-
ing was both experimentally tested and simulated numerically, whereas the endogenous
one (sealed one) was only modeled numerically. Moreover, additional strain and damage
sources were significant (thermal deformations, corrosion) and drying shrinkage effects
were not exclusively quantified. In [19], the effects of drying shrinkage on the mechanical
performances of shear walls were underlined from an experimental and a numerical point
of view under quasi-static cyclic loadings. The authors of [20],[21] and [22], also studied
the effects of shrinkage using static loadings on beams. In addition, two types of finite
element models (one with shrinkage) to simulate the envelope of the response of beam
columns under monotonic and cyclic loading are provided in [23], whereas [24] shows how

adding steel fibers to concrete specimens helps reducing shrinkage greatly.

In this thesis, the effects of early age drying shrinkage on the dynamic behavior of
RC structures were determined numerically and experimentally by testing two RC portal
frames (kept respectively in Endogenous and Non-Endogenous conditions) at the end of
their early age period using the Pseudo-dynamic technique. The size of the structures,
their small cross section and casting conditions allowed studying the effects of early age
drying shrinkage while other sources of damage (thermal shrinkage, creep, mechanical
deformations, etc.) were limited. Moreover, from a measurement point of view, the exper-
imental setup was composed of many accurate and complementary monitoring techniques
(LVDT sensors, velocimeters, optical fibers, 2D Digital Image correlation, humidity sen-

sors, temperature sensors, etc.)

1.2 Early age damage physical origins

During their early age period, concrete structures get damaged due to shrinkage, thermal
deformations, and creep. Shrinkage and thermal deformations are independent of mechan-
ical deformations whereas creep causes mechanical deformations even if the structure is

unloaded.
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1.2. Early age damage physical origins

Concrete is made of cement, water, fine aggregates, and coarse aggregates [25]. To
those components can be added admixtures or additives to improve certain properties
(retarders, accelerators, etc.) The total amount of water in concrete is the water ab-
sorbed by the aggregates, the water necessary for the hydration of cement and the water
needed for workability. Aggregates absorb water till reaching a saturated surface dry con-
dition (SSD). Part of the water present in concrete is used in the hydration process of
the cement. Hydration is an exothermic reaction occurring between cement and water,
consuming water in order to form hydration products, and allowing concrete getting its
final strength. The remaining water present in concrete allows having enough workability.
Concrete structures can be subjected to 5 types of shrinkage [25] [26] [27] [28] [29]:

e Plastic Shrinkage that takes place while concrete is still fresh (while cement paste is
still plastic) and has not yet hardened (usually during the first hours after concrete
has been cast in place). That type of shrinkage is due to the evaporation of free
water from concrete in the surrounding environment which induces tensile stresses
on the surface layers restrained by the non-shrinking inner concrete. Concrete is

very weak in tension, therefore, those tensile stresses induce cracking.

e Autogenous Shrinkage: During the hydration of concrete, the chemical reaction that
occurs consumes water which generates a depression within concrete pores leading
to a contraction of the material (Contraction of le Chatelier). As stated in [30], its
value remains small in comparison with the other types of shrinkage (50 to 100 £7).
However such type of shrinkage increases when the water/cement ratio decreases
(less than 0.42). Indeed, in concrete having a low water to cement ratio, all the
water is used in the hydration process and the demand for more water creates
very fine capillaries. The surface tension within the capillaries causes autogenous

shrinkage.

e Drying shrinkage happens after concrete has hardened (when a good portion of the
chemical hydration has been done). It is due to the evaporation of water in the
surrounding environment as for plastic shrinkage (which induces a depression in the
pores and thus a contraction of concrete) [3I]. As shown in [30], drying shrinkage
is directly proportional to water content in concrete. The more water is present in

concrete, the more drying shrinkage will occur.

e Thermal Shrinkage: During the hydration process, an increase in the core temper-

ature of the structures occurs. The gradient of temperature between the core of

7
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the section and its outer part causes strain deformations. Such deformation type is
less important for structures having a small cross-section. Indeed, in this case, the

gradient of temperature is less important.

e Carbonation Shrinkage: It is due to the reaction of C'O;y in the environment with
hydration products [3I] that causes concrete to contract. Carbonation shrinkage
induces an increase in concrete strength. However, it also neutralizes the alkaline
nature of the hydrated cement paste, reducing therefore the protection of steel from
corrosion [30]. This type of shrinkage increases during the aging process of concrete

structures and can be neglected at early age.

Literature provides several models that can be used to simulate early age damage
due mainly to shrinkage, thermal deformations, creep and mechanical deformations in RC
structures. Such models will be explained in the following section. Thermo-Hygo-Chemical
models (THC) allow accounting for concrete shrinkage and thermal deformations whereas
creep can be determined using Kelvin-Voigt rehological models in series. During the past
decades, several models were developed to accurately simulate the mechanical behavior

of RC concrete structures under static and dynamic loadings.

1.3 RC early age damage modeling

1.3.1 THC model

Shrinkage due to the hydration process (Chemical Shrinkage) and due to liquid water
evaporation in the environment (Drying Shrinkage) and also thermal deformations can be
calculated using a THC (Thermo-hygro-chemo) model. Many models exist in the litter-
ature [6], the one that was chosen to be described here was developed in the GEOMAS
lab [5]. It is based on the work of Buffo-Lacarriére [6], Mainguy [7] and Coussy [§]. In
such model, the degree of saturation of the mortar is calculated by solving three sets of
differential equations based on conservation laws: liquid water, water vapour and wet air
equilibrium equations. The evolution of the total porosity as well as the distribution of
pores are taken into account when solving the equilibrium equations to account for early
age effects. Using the equivalent pore pressure of cement based materials concept as ex-
plained by Coussy [8] shrinkage evolution is then calculated. As for thermal deformation,
it is calculated by solving a heat transfer thermal conduction differential equation. All dif-
ferential equations can be solved using a FEM software (COMSOL software for instance

was used in this thesis) and model parameters have to be calibrated to account for the

8
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properties of concrete used in the structure under study. In the following paragraphs, the

different equations that are envolved in the resolution of the THC model are presented.

1.3.1.1 Mass Transfer

Concrete can be defined as a porous material [§] made of a solid skeleton (cement matrix)
(anhydrates and hydrates) and pores composed of liquid water, vapor water and wet air.
Pores have a volume ¢. S being the degree of saturation of the cement based material,
the volume of ¢ occupied by liquid water is equal to ¢S whereas the volume occupied
by gas (vapor water and wet air) is equal to ¢(S — 1). Knowing that liquid water has a
density p; whereas vapor water has a density p, and wet air a density p,, it is possible to

calculate the mass of the liquid water m; , the mass of the vapor water m, and the mass
of the dry air m, in the porous concrete medium using equations [1.1} [I.2] and [1.3] .

m, = py¢(1 — S) (1.2)
Mg = Pa¢(1 - S) (13)

During concrete hydration, chemical reactions that take place consume liquid water. The
mass of liquid water consumed during such reactions is m;—¢ . Cement based materials are
open thermodynamic systems allowing water exchange with the surrounding environment.
Thus, part of the liquid water present in the cement based material evaporates in the
surrounding environment if concrete structures are not covered with protective sheets (i.e
non endogenous conditions). m;—s, is the mass of liquid water that evaporates.

Liquid water, vapor water and dry air are governed by the following equilibrium equations.

om; o Omp—y Omy—e
rra + div(w;) = o Y (1.4)
om, . _ OMmi—sy
5 + div(w,) = T (1.5)
9
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omyg

ot

+ div(w,) = 0 (1.6)

In the previous equations, w; refers to the flux of liquid water, w, is the flux of vapor
water and w, is the flux of dry air within the porous material. In fact, within the porous
material, there are liquid water, vapor water and dry air movements that occur, their
value depends on the permeability and diffusivity of the material that can be determined

experimentally. Liquid water flux w; can be determined using the Darcy law given in

equation [1.7]

Kleff

m

w; = —p grad(p;) (1.7)

In equation , Ky 77 is the effective permeability of liquid water in the concrete porous

medium, 7; is water viscosity and p; is liquid water pressure.

KT = K x K.4(8) (1.8)

Where K is the permeability of the porous medium.
Ku(Si) = S{°[1 = (1 = §p2T) /222 (1.10)
Vapor water flux w; can be determined using a combination of Fick and Darcy law as

shown in equation [I.11]

Kelf

wy = —=Despgrad(p,) — po——grad(p,) (1.11)
g

Where 7, is the viscosity of gas and p, is the pressure of the gas mix, whereas D.ss is the

coefficient of the effective diffusion of water vapor in wet air.

Dy = D2 (1.12)

T

Where 7 is the tortuosity and D the coefficient of diffusion of water vapor in wet air

10
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whereas K¢// is the effective permeability relative of the air in the porous medium.

KT = K x K,,(S) (1.13)

_ 1/2 2.2712/2.27
T 1) — .
Krg(S1) = (1= 5)#[1 = 577 (1.14)

w, which is the flux of dry air within the porous material can be calculated using
equation [I.15]

Kelf

v

Wq = —Deprgrad(pa) — pa grad(py) (1.15)

g
In order to calculate gas pressure value needed in the previous equation, there is a

need to apply the Ideal-gas law as given in equation [I.16}

M;

A I 1.1
pi = R (1.16)

Where M, is the molar mass of a given gas, R is the ideal gas constant, T"is the temperature
of the mix and p; is the pressure of gas and p; the density of gas. The liquid water pressure
can be determined knowing the gas pressure (sum of water vapor and dry air) using the
equation of Kelvin-Laplace (equation

RT
Pg — D1 = —Plﬁlln(h) (1.17)
Where:
Dg = DPv + Pa (1.18)

Equation is the Dalton’s law of partial pressures. It states that the total pressure

exerted is equal to the sum of the partial pressures of the individual gases.

Pv

Pusat

h = (1.19)
Where p,sq¢ is the saturated vapor pressure and he, is the equivalent humidity. At the
miniscus surface between liquid water phase and vapor water phase (figure , if the
equivalent humidity is reached, liquid vapor can evaporate. h is the relative humidity. It
can be defined as the ratio of the water vapor pressure and the saturated pressure vapor of

water. It is also assumed that the rate of change between the liquid phase and the vapor

11
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phase is proportional to the difference between the vapor pressure and the saturation

vapor pressure.

aml—h)
ot

— Fimsu(heg — h) (1.20)

Vapor
Water

T

Liquid
Water

Figure 1.1: Equivalent humidity at the miniscus interface between liquid and vapor water

In order to determine h.,, the desorption curve needs to be drawn. Indeed as shown
in equation the degree of saturation S and the humidity A are linked.

2y M

T, h) = (1 — exp|—m———t—
S(.To) = (L= explom_ e

[y (1.21)

In equation [1.21] M, is the molar mass of water whereas m, n and p are constants that
need to be determined using calibration. kj—s,(heq — h) is a coefficient chosen to initiate

numerical calculations.

1.3.1.2 Hydration reaction

The degree of hydration « is defined as the ratio between the mass of cement that reacted
during the hydration reaction and the mass of the initial anhydrous m,. cement before

hydration starts:

mgissolved = am, (122)

At each hydration time step, it is possible to use the value of o the degree of hydration in

order to calculate: the volume of dissolved cement that reacted which is Vi, the volume

12
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of the remaining cement that didn’t react defined as V,,;, and the volume of cement paste

which is made of anhydrous cement and dissolved cement and defined as Vjgste.

me

‘/pastedc

Vs = @ (1.23)

The volume of anhydrous cement at each time step can be calculated using the following

expression:

Me

V;;?astedc

Vs = (1 — @) (1.24)

The dissolved cement reacts with the available free water that becomes a bound water of
volume V. in order to form hydrates. The volumic fraction of hydrates per unity of paste

volume can be calculated using the contraction of Le Chatelier parameter (.;q::

Vhyd = ﬁchata/dis + ‘/ec) (125)

v is the stoichiometric ratio of the hydration reaction of cement: It is defined as the mass

of water m.. needed so that all the initial anhydrous cement m,. reacts (equation [1.26]).

mec
= 1.26
= (1.26)
Using ~y it is possible to determine the volume of bound water.
m
Vee = - 1.27
b V;)astde ( )

Thus m;—¢ defined previously as the mass of water consumed during the reaction of

hydraction can be written as:

me

V;)ast

Mi—e = Y (1.28)
The model that governs the hydration kinematic was developed by Laurie Buffo-Lacarriere
as part of her PhD thesis work [6]. The rate of the reaction is induced by two antagonist
mechanisms. Chemical activation promotes the chemical reaction whereas the loss of ac-
cessibility of cement to the water is a slowing down factor of the reaction. The rate of the
hydration chemical reaction depends on the temperature of the system. Such dependence

is expressed by the Arrhenius equation (equation m ).

13
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—Eg

& = Ae” 7t (1.29)

Where A is the coefficient of Chemical Affinity (usually taken as a polynomial sum
function of the degree of hydration with constant paramters that need to be calibrated)
[10], T the temperature, E, is the activation energy (constant) and R is the universal
gas constant. Thus, the Arrhenius equation relates the heat equilibrium reaction (which
allows determining the temperature of the system) to the hydration reaction. The two
equilibriums are therefore interdependent. In the model proposed by Buffo-Lacarriere

such expression is enhanced using two terms k and 7 as shown in equation [1.30}

Eq

& =krAe T (1.30)
Where 7 is the coefficient of accessibility to water.
7= PG (1.31)
Where 7, is the radius of accessibility given by:
Vhyd
Ty = ———— 1.32
SonVarn (132

Where ¢, is the porosity of the paste. In the hydration model of Buffo-Lacarriere, the

coefficient of chemical activation A is calculated as follow:

am

A= ——
‘/;m,steSdc

(1.33)

d. being the density of cement and d. the density of water. The volume of hydrates can

be determined using the following expression:

de
Vhyd = Bchat(l + ’yd_)‘/;izs (134)
The total porosity ¢ is defined as:
¢ =1- (vhyd + Vanh)‘/paste (135)

¢ can be calculated using the following differential equation that relates it to the rate of

14
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hydration c:

o d.
¢ = 04[1 - ﬁchat(l + ’Yd_

e (136)

Which allows determining the chemical shrinkage €.pemicar Using equation [1.37}

de

MmMe

€chemical = CY(ﬁchat - 1)(1 + Vd_)d_ (137)
1.3.1.3 Heat Transfer
The heat equilibrium equation is the following;:
oT . 0Q1  0Q2
— + div(—=\ d(T)) = —/— + —= 1.
pCp at + ZU( Tgra ( )) at at ( 38)

Where: Ar is the coefficient of thermal conductivity and p is the density of the porous
material and C), is the specific heat capacity. The rate of the heat of hydration is given

as

0
% = am.Q. (1.39)

Where (). is the ultimate heat of hydration, a the hydration coefficient and m, the mass
of anhydrous cement before hydration starts. Thus, heat transfer is directly related to

hydration.

The Heat of vaporization can be calculated using:

aQQ _ _aml—)vL
ot ot Y

(1.40)

Where L;—s, is the latent heat of vaporization.

1.3.1.4 Fluid-solid interaction

According to the theory of porous medium developed by Coussy [8], the fluid that occupies
the porous space interacts with the solid skeleton. Such interaction can be accounted for

by defining an effective stress:
o' =ké=c+br (1.41)
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Where k is the modulus of compressibility of the porous medium, € the mechanical defor-

mation, b the Biot coefficient calculated following the expression [32]:

¢

"= o5 _9)

(1.42)

Where ¢ is the material porosity and 7 the equivalent pore pressure. The modulus of

compressibility k£ can be determined as follow:

E
k= 3T=3) (1.43)

Where E' is the Young modulus of the mortar and v the Poisson ratio.
The decrease of the degree of saturation induces a meniscus to form at the liquid-vapor

interface which allows the equilibrium of surface forces below saturation vapor pressure.
T=p" —U (1.44)

Where p* is the average pressure in the fluid and U is the sum of interfacial energies
(liquid-gas interface, liquid-solid and solid-gas interface). The average pressure in the
fluid is given by the Dalton Law (equation [1.45):

p*=Sp+(1—9)p, (1.45)

The sum of surface energies is defined as the surface air under the capillary pressure curve

pe(S) as:

1
U(s) = / pe(S)dS (1.46)
s
Thus, it can be deduced that:
dm = —Sdp. + dp, (1.47)

Drying shrinkage (e,) can be determined knowing that: ¢’ = ké = ¢ + brr

, bS . 1.
€ = —?pc + Epg (1.48)

The equation of Kelvin Laplace allows accounting for the physico-chemical equilibrium:
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1.3. RC early age damage modeling

RT

— —p——In(h 1.4
Pe ==y, n(h) (1.49)

p. being the difference between the gas pressure and the liquid pressure it is possible

to write:
Py — D1 = Pe(S) (1.50)

The capillary pressure p. can be written as a function of S the degree of saturation as

follow:
pe(S) = a(S7P —1)71/P (1.51)

Where a and b are constants that depend on the type of material used.
Which gives the expression of the differential equation that allows getting the evolution
of the drying shrinkage:

bSRT.  bSRIn(h) . 1.
h —T+ - 1.52

€ = —p1

Then it is possible to deduce the total shrinkage €prinkage by summing up the contributions

of drying shrinkage ¢, and chemical shrinkage €.nemicai-

€Eshrinkage — €r ~+ €chemical (153)

1.3.1.5 THC model summary

In summary, in the considered THC model mass equilibrium equations, are related to
the hydration reaction, itself related to the heat transfer equilibrium and to the fluid
solid interactions that occur within the porous medium defined by the cement based
material. In total, it is possile to define 21 main unknown variables of the problem (from
which it is possible to determine sub variables). The model also allows writing 21 main
equations which allows solving the problem in order to get the 21 variables evolutions over
time using the COMSOL software. Among the variables that can be determined using the
model: there is the evolution of the temperature within the structure 7', the hydration rate
evolution ¢, the Saturation evolution .S, the porosity evolution ¢, the mass loss evolution

and so on. A summary of the equations and unknowns of the model are presented in table
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[1.T} Tt should also be pointed out that in the THC model there are many constants that

Equation number Equation Number of unknonws
1 Oy djv(wy) = 8mlat—>v — Ime 7
2 am” + div(w,) = ml_>“ My, My, Mg
3 ama + div(w,) = 0 Wiy Wy, Wea, Mi—sy
4 pwetfazr = 2 27 Pwet—air 4
5 Pvapor—water — R_jiﬂpvapor—water Pwet—air, Pvapor—water
Pwet—airy Pvapor—water
6 Pg — DI = —pi RTln(h) 1
yy!
KeIT
7 wy = —Pll—gmd(pz) 0
Wy = _Deffgrad(pv) pv ( ) 1
9 wo = —Desrgrad(pa) — pa f’ff grad(py) Dy
10 Py — o1 = pe(S ) 1
pe(S)
11 pe(S) = a(S~b — 1)1=1/°b 1
S
12 S(a, T, h) = (1— exp[—m%])p 1
h
13 m; = ,0[¢S 1
14 my = pv¢(1 - S) ¢
15 ma:pa¢<1_s)
16 Pg = Dv + Pa
17 & = kmAe~ T 2
a, T
18 ¢ = [l — Boar (1 + yle )]s
19 C’p%f + div(=Arpgrad(T)) = % LQtz 0
20 €chemical = (Bchat - 1)(1 + 7%)76?; 1
€chemical
21 € = —m l}’iﬁ h+ p bSRl"(h)T + kpg 1
67’

Table 1.1: THC Equations and unknowns

need to be determined through experimental calibration of the model as will be explained
in Chapter 3.
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1.3.2 Creep model

Creep induces an increase of strain in concrete structures. It is possible to divide creep
into two main categories [33]: basic creep due to the movements of water within the
structure and drying creep caused by movements of water between the structure and
the surrounding environment. In basic creep, it is possible to distinguish short term creep
caused by the redistribution of water within the capillarities of the structure and long term
creep induced by the displacement of gel particles under a loading. Basic creep can be
measured experimentally using a ring test [10]. Drying creep is not yet a fully understood
phenomenon due according to some theories to microcracking in concrete skin or to stress-
induced shrinkage [34]. It is common to only model basic creep which is independent
from shrinkage. Basic creep evolution of concrete structures at early age is function of the
evolution of the degree of hydration & [35]. In order to model basic creep evolution at early
age, certain authors suggested the use of a chain of Kelvin Voigt models put in series where
each model has constant parameters that are added together in order to best approximate
creep behavior [35]. Indeed, it was experimentally and mathematically proven that such
rheological model allows to approach well creep evolution observed experimentally. De
Schutter [35], suggested to replace the multiple Kelvin Voigt models with an original single
Kelvin Voigt model that has varying parameters over time. Kelvin Voigt model parameters
are calculated at each time step knowing the value of the rate of the hydration reaction.
That later can be determined by solving a THC model for instance. The differential
equation governing the Kelvin Voigt model is the following [10]:

Tbce.l;c + (Tbc kbC(g) + 1)61.30 = k’bif)

Where 7. is the characteristic time (contant), k. is the spring stiffness (increasing with
the degree hydration ), o the effective stress and £ the degree of hydration. be stands for

basic creep.

047300

1.55
b09.081 — 1.608¢ (1.55)

kbc(f) =

Where kjo0 is the final stiffness (at the end of the early age period). The Dashpot viscosity
of the model is given by equation [1.56]

MNoe = kjbc(g)’rbc (156)
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The Kelvin Voigt model presented by De Shutter has proven its efficiency in accurately
reproducing the early age creep behavior of concrete structures. In order to have even
finer results, authors of the article [I0] proposed the use of three Kelvin Voigt viscoelastic
models in series where each creep model has varying parameters: Kpe1, Kpe2, Koes, Mbets Mbe2
and my.3 that depend on the hydration evolution ¢ and constant parameters: Tpe1, Theo,
Theds: Kpeloos Kpeaoo and kpegoo. Each Kelvin Voigt model follows the differential equation
given in equation

In order to better approximate the creep behavior of concrete during the early age
period (0-28 days) it was proposed in [I4] to choose time constants as follow: 7., = 0.1
day ; e = 1 day and 7.3 =10 days in a way to have a good coverage of all the period. As
for kpeio0, kpeaoo and kpyeseo they are determined through calibration (by fitting experimental
and numerical creep data). In this thesis, a similar 3 Viscoelastic Kelvin Voigt model was
implemented in an enhanced multifiber beam constitutive law in order to simulate the

early age creep evolution of the portal frames as will be explained in Chapter 3.

1.3.3 Mechanical models
1.3.3.1 Concrete mechanical model

Over the years, Professor Jacky Mazars contributed to the development of many models

that allow simulating the behavior of concrete structures.

The first model developed in 1984 known as the "Basic Model" [36] allowed charac-
terizing the isotropic behavior of concrete structures under monotonic and static loadings
in elasticity. Such model was based on a continuum mechanics approach and consisted in
calculating 2 damage variables "D_." to account for concrete behavior in compression and
"D;" for concrete behavior in traction. It was also based on the calculation of an equiv-
alent deformation. In its 3D formulation, compression and traction damage parameters

were combined to calculate a global damage variable "D".

This first model was then enhanced later on to simulate the cyclic behavior of concrete
structures. Between 1995 and 2001 the PRM model (standing for Pontiroli, Rouquand and
Mazars) was developed [37]. Such model accounts for permanent deformations and cracks

openings and closings during the loading.

The PMR model was improved in order to reproduce the hysteretic behavior of con-

crete and to account for the effect of the velocity of the external applied loading (by
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multiplying the damage threshold with an amplification factor "R"). Taking into account
the effect of the velocity of the external applied loading allows reproducing the behavior
of concrete structures subjected to impact loadings (to simulate the behavior of rockfall
protection galleries for instance). Such model was used for example in the thesis of Berthet
Rambaud in 2004 under the Abaqus software [38].

Later on, the y damage model was developed in 2013 [I1]. It uses a simplified formal-
ism and allows taking into account the cyclic and dynamic behavior of concrete structures.
It consists in calculating two types of equivalent deformations in compression and traction
from which two damage thresholds in compression and traction are calculated. They are
then combined to define a global damage threshold. In its 1D formalism, the  model also
accounts for permanent deformations, hysteretic dissipation of energy and cracks openings

and closings.

In conclusion, it can be said that while first attempts to model concrete behavior didn’t
account for permanent deformations and were not compatible with cyclic behavior [36],
more recent models were able to reproduce the cyclic and dynamic behavior of concrete
structures (p model of 2013) [II]. In this thesis, strain to stress relationship of concrete
fibers was determined using the non-linear Mazars p model [I1]. It relates strain to stress
using a damage variable D calculated using a thermodynamics framework based on two

variables Y; and Y, for concrete cracking and crushing.

og=A¢(1=D):¢ (1.57)
Y=rY,+(1—-1r)Y. (1.58)

Yo ~B(Y-Yp)
D=1-(1—A)3} - Ae (1.59)

Where A is the Stiffness Matrix, € the Strain Matrix, o the Stress Matrix, D the Damage
variable, r the Triaxiality factor, A and B are constant parameters, whereas Yj is the initial
elastic threshold (takes into account compression and traction contributions).

Such model has proven its efficiency in accurately reproducing the cyclic behavior of

concrete structures under static or dynamic loadings [11].
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1.3.3.2 Steel mechanical model

The 1D non-linear Menegotto [39] cyclic model with strain hardening [40] is widely used
in the literature as it accurately reproduces the behavior of steel rebars under dynamic
and cyclic loadings. This model allows determining the normal stress o,, within a steel
reinforcement knowing as an input the axial deformation ¢, of the steel fiber. The model

is based on the following equation:

(1 —b)ers

T efx)% (1.60)

Ogx = bezx +
In this equation b is a constant corresponding to the hardening ratio, whereas R evolves

during time as follow:

0315

R:RO_CR2+§

(1.61)

Where Ry, cg1 and cge are constants determined through calibration, whereas £ is calcu-

lated at each iteration step and is function of stress and strain values.

Such law will be used in order to simulate the behavior of the longitudinal steel re-
inforcements of the portal frames under study. It should be pointed out that in order to
account for early age thermal deformation of steel rebars such model was slightly modified

as will be explained in Chapter 3.

To study the vulnerability of structures under earthquakes, civil engineers make use of
numerical tools to approach the dynamic behavior of structures. Among popular methods
used worldwide, we can find the Finite Element method. Such method is intuitive and
easy to implement in numerical softwares. It also allows performing non-linear dynamic
analysis of structures by solving the equation of motion of the considered system. Based
on the Finite element method, civil engineers can perform different types of analysis such
as the static pushover analysis, a modal analysis, the linear dynamic spectral analysis
and the dynamic transient analysis. 3D Finite element analysis simulations, while being
accurate are often hard to implement and are time consuming. Simplified methods such
as the multifiber beam finite element approach have raised as an alternative method
to model structures. Next section will present the main equations and steps involved
when performing a non-linear dynamic analysis using the finite element approach. An
explanation of the principle of the pushover analysis, the spectral and modal analysis as

well as the transient analysis will be given in addition to an explanation of the multifiber
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beam finite element approach.

1.4 Finite Element (FE) modeling for earthquake engi-

neering

1.4.1 Non-linear Dynamic Analysis

The dynamic behavior of a structure can be determined using a non-linear finite element
(FEM) approach [41]. In such technique, the studied structure is devided into elements (1D
beam elements, 2D elements, 3D elements, etc.) as shown in figure . Each element is
composed of nodes at its ends where displacement values are unknown. The displacement
at any position of the structure can be determined starting from the nodal displacements
(once determined) through interpolation using shape functions. Thus, the FEM allows
going from a continuous problem to a descritized problem.

When being subjected to a loading, the structure has to satisfy the equation of motion at
each time step (equation in the global coordinate system (coordinate system of the

structure).

Neutral Axis

3D FE

0

2D FE

1D FE

® Node

@ Gauss Integration point
(c)
(a)

Figure 1.2: (a) Finite element types (b) the beam theory (¢) Timoshenko beam kinematic
in 2D
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MUi‘f'CUi"'P(Uianan) =F (1.62)

Where i is the time step, M is the Mass matrix , C' is the Damping matrix, P(Uj, U, UZ)
is the Restoring force, F' is the External load vector, U is the Nodal displacement vector,
U is the Nodal velocity vector and U is the Nodal acceleration vector.

Knowing the displacement, velocity and acceleration vectors at time step 4, the ob-
jective is to determine those variables at the following time step ¢ + 1. By writing the

equation of motion at time step i + 1, we come up with the following equation [1.63]

MUi1 + CUits + P(Uit1, U1, Uip1) = Fia (1.63)

In the previous equation displacement, velocity and acceleration values are unknown.
To solve the problem, there is a need to use 2 additional equations that relate velocity and
acceleration to diplacement. Among temporal existing integration schemes, the Newmark
equations involving f and 7 parameters are often used in the literature [42]. Written at

time step 7 + 1, Newmark equations are expressed as follow:

Uiir = Us + (1 — 7)ALU; + #[Ui+1 — U, = AtU; = (5 = B)ALT] (1.64)
Uit = o [User — Us — AT — (- — pyAR)] (1.65)
+1 — ﬁ(At)Q i+1 [ 7 9 ) .

~v and [ values are chosen depending on the temporal integration scheme wanted. In
our case: v was chosen equal to % and [ to %. Choosing such constants allows having an
implicit scheme free of numerical dissipation of energy and unconditionally stable. Using

such relations, the equation of motion becomes:

- Cv M o ! . o
Vi1 + P(U;, U, U;) = Fiq + [725 + 5V + [C(* — 1)+ —|U; + [CAL(

1 |
( M+ BAL T B(AL? 3 BAL

5
B(At)? BAt

-y e Dy (1.66)

In the previous equation, the right side is known. It is composed of the external loading
and of constants. On the left side, the mass matrix and the damping matrix are known con-
stants whereas the internal force vector P(Uj, Ui, UZ) and the displacement vector U;,, are
unknowns. If the material behaves linearly the term P(Uj, Ui, Ul) = P(Ujy1) = KUy =

F;.1 and the system can be solved directly. However, if the material has a non-linear
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behavior then, the internal force P is a non linear function of the kinematic variables (U,
U and U ) and its expression depends on the material constitutive law. Thus, the equation
of motion is solved directly using an iterative procedure (Newton-Raphson algorithm).

The resolution process of the Newton procedure can be divided into 5 main steps:

1. The displacement vector at time step i« + 1 is at first assumed to be equal to the
displacement vector at time step ¢ and k which is the counter for the Newton loop

is set equal to 1.

2. From the assumed displacement vector value, strain vector is determined (the re-
lation between displacement and strain depends on the chosen kinematic: Timso-
henko, Navier-Bernoulli, etc.) More generally, the relation between displacements
and strains depends on the shape functions of the finite elements used (QUA4,
TRI3, etc.)

3. Knowing the material constitutive law, stress vector is calculated and from it the
internal force vector P is determined (by assembling the contributions of the different

elements).

4. A residual parameter R;,; is definied at time step ¢ + 1 as equal to the difference
between the right side and the left side of the equation of motion (equation [1.67)).
If its value is more important than an e threshold chosen value, the Newton loop

starts.

Riw = —P(U;, U, Uz) + = —P+ Fina (1.67)

5. Newton loop

The displacement vector at time step i+ 1 is corrected by adding and additional

_ pk
term 6UF,, and k is set equal to k + 1. 6U},| = (gﬁ.
Where:
huh J0 M C+K 1.68
(aU)z—i-l B(Aty + BAt + ( )
(g—ﬁ)ﬁﬂ is the tangent operator and the value of 6Uf,, is determined through a

linearization of R¥, .

Knowing the material constitutive law, stress vector is calculated and from it

the internal force vector P is determined.
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The residual parameter of iteration ¢ + 1 which equals to the difference between
the right side and the left side of the equation of motion is calculated. If its value
is more important than the e threshold chosen value, the Newton loop continues.

Otherwise, the Newton loop ends.

Thus, the displacement vector assumed at one Newton iteration step k is corrected by
adding and additional term 6UF ; until converging towards a null residual value.

It should be pointed out that all the equations that were expressed were given in
a global coordinate system (X,Y,Z). Which means that if the considered structure is
composed of many finite elements then there is a need to define a global stiffness matrix
starting from the individual stiffness matrices of the elements (depending on the element
type) as well as global displacement and internal load vectors. In this thesis, the portal
frames were devided into Timoshenko beam finite elements with 3 degrees of freedom per

node (plane problem).

1.4.2 Seismic analysis of structures

In order to quantify the seismic behavior of structures, civil engineers perform different
types of analysis [43]. Static pushover analysis allows determining the initial stiffness of
structures and their strength capacity, modal analysis allows determining the numerical
signature of a structure and its natural frequencies that are needed to conduct a spectral
analysis. Transient analysis is a more advanced and complex type of analysis that allows
simulating the non-linear dynamic behavior of structures. A brief explanation of the prin-
ciple of the pushover analysis, the modal and spectral analysis as well as the transient

analysis will be given next.

1.4.2.1 Static Pushover

A pushover analysis is a non-linear static analysis [44]. It allows evaluating the inelastic
response of a building without performing a full dynamic non-linear analysis. In a force
based approach, it consists in imposing on a structure monotonically increasing lateral
loads applied at the center of mass of the floors that push the building (which explains the
term pushover analysis) until its displacement reaches some predetermined limits (maxi-
mum allowable storey drift or ductility limit) or until the structure reaches an unstable
state or experiences collapse. In such analysis, the structure is subjected to a modal inertia
force distribution [43]. In a displacement based approach, a pushover consists in applying
a monotonically increasing displacement Time History on a structure until reaching its

ultimate capacity. A pushover analysis allows drawing a capacity curve which is the curve
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giving the evolution of base shear as a function of the displacement on top of a structure.
Such curve gives interesting information such as the initial elastic stiffness or the ultimate
strength of a structure [44].

In order to conduct a pushover analysis using a finite element software with a displace-
ment based approach, the idea is to solve a simplified version of the equation of motion
(equation presented previously, where velocity and acceleration terms are removed
and where a static displacement time history is imposed at the nodes positioned at the
center of masses of the floors of the structure (following a modal inertia displacement
distribution accounting for the effective mass participation of the different modes). The

known displacements are removed from the equation and then that later is solved.

1.4.2.2 Modal and Spectral analysis

Modal analysis allows getting the natural frequencies and mode shapes of a structure.

When performing a modal analysis, the equation of motion becomes:
MU; + KU; =0 (1.69)

Where M is the Mass matrix , U is the Nodal displacement vector, U is the Nodal accel-
eration vector and K is the stiffness matrix. In fact, when performing a modal analysis,
we are solving the equation of motion knowing the intial displacement and velocity. The
idea is to suppose that displacement can be written as : U = ue™? where w is the angular
frequency of the system and u the mode shape. The equation becomes then :

[—w?M + Klue™" =0 (1.70)

The determinant of [—w?M + K] gives the frequencies, from which it is possible to de-
termine the mode shapes u. Mode shapes give the proportions of how much one mass
displaces in comparison to the others, the value of displacement being time dependent.
In a finite element approach, a modal analysis can be performed by inverting the global

stiffness K of the finite element structure. In fact, the eigenvalues of K~'M are the ﬁ

7

values.

Based on the modal frequencies or periods obtained using a modal analysis, it is
possible to perform a spectral analysis which is a dynamic linear analysis very commonly
used in the practice for the design of structures. In order to conduct a spectral analysis,
there is a need to know on the one hand the natural frequencies of a structure (that

characterize the behavior of the structure) and on the other hand to have a response
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spectrum (given by seismologists or by design codes) that characterizes the effect of an

earthquake on a single degree of freedom system.

A response spectrum can be constructed as follow: A linear single degree of freedom
system is characterized by its mass and stiffness. Such system has a period (or frequency)
that is function of its mass and stiffness. If we impose to that system an accelerogram,
and that we write its equation of motion in terms of acceleration (by writing displacement
and velocity values in terms of acceleration using for example Newmark equations), it is
possible to directly determine its response in terms of acceleration. The maximum accel-
eration response of such system when being subjected to the accelerogram gives one point
of the response spectrum curve. By choosing another combination of mass and stiffness
leading to another period, we come up with another single degree of freedom system. If
we apply to that new system the same accelerogram, we will get another maximum ac-
celeration response (which gives a second point of the response spectrum). By repeating
the same procedure, it is possible to construct the reponse spectrum of a single degree
of freedom system to an earthquake. Such curve gives the pick acceleration response of a
single degree of freedom system as a function of its period (or frequency).

However, such response spectrum is deduced using only one Time History accelerogram
that is relative to one earthquake. Seismologists repeat the same procedure and draw
other response spectrum curves for different earthquakes (time histories). Then the re-

sponse under the worst scenario earthquake gives them the design response spectrum.

For each natural frequency of the structure (modal analysis), it is possible to determine
using the response spectrum, the pick acceleration of the structure for the specific mode
considered. From that value, the base shear F;"** of the structure for the mode ¢ under
consideration can be calculated (equation [L.71).

Spa X 9T M$

Fimax —
&7 M,

M ¢, (1.71)
Where: S, is the spectral acceleration of mode ¢; ¢; is the mode shape value at mode i;

M is the structure mass Matrix and 0 is the projection vector.

In practice, only the modes that have an important effective mass m.¢;, (equation
1.72) and participation factor (equation |[1.73)) are taken into account (the sum of mass
participation of the considered modes should equal at least 90 % of the total mass of the

structure).
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(6 M6)?

Meff; = T Mo, (1.72)
_ oTMo
Pi = ST, (1.73)

Where: ¢; is the mode shape value at mode 7; M is the structure mass matrix and ¢ is

the projection vector.

Ultimately, the maximum base shear of the structure under the given response spec-

trum can be calculated by summing up base shear values ;""" at each mode i.

In order to account for the non-linear behavior of structures using a spectral analysis

it is possible to introduce ductility factors.

The spectral analysis method is very commonly used in the practice by civil engineers.
Existing seismic codes provide a more simplified method known as the lateral force pro-
cedure [2]. In such method, only the fundamental period of the structure is considered in

the analysis, and a procedure is provided for the users to account for higher mode effects.

1.4.2.3 Transient Analysis

A dynamic analysis can be performed numerically by applying an accelerogram (recorded)
to studied structures. To achieve that, the equation of motion (equation is solved as
previously explained. The only difference is that due to the acceleration imposed to the
structure an additional term is added on the right side of the equation and the external
force term is removed since no external loading is imposed to the structure in addition to

the accelerogram. The equation of motion that is solved becomes then:
MU; 4+ CU; + P(U;, U;, U;) = —MAAqge, (1.74)

Where M is the Mass matrix , C' is the Damping matrix, P(U) is the Restoring force,
Agee 18 the accelerogram Time History, U is the Nodal displacement vector, U is the Nodal

velocity vector and U is the Nodal acceleration vector.

In order to perform a non-linear dynamic analysis, there is a need to define a damping

matrix. The damping matrix C' commonly chosen in the equation of motion is a Rayleigh
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damping matrix [43]. Such matrix is a combination of the mass matrix and stiffness matrix.
[C] = aM + K (1.75)

By defining the damping this way, we come up with a diagonal matrix in the space of
mode shapes. If the damping matrix is not diagonal in the space of mode shapes the

different modes will be coupled due to damping.

2 X & X wiwo

w1 + Wa
2
_2xE (1.77)
w1 + Wo

Where w; and w, are the angular natural first natural frequencies and £ is the damping

ratio.

1.4.3 3D Timoshenko beam FE

Beam theory deals with structures having a cross-section very small in comparison to
their length (Figure[L.2b). Such element types can be represented by a line (neutral axis).
The different points of the line represent the position of the neutral axis of the cross
section (G, G2,G3, etc.) The Timoshenko beam theory considers that the section of the
beam element remains straight but not necessarily perpendicular to its neutral axis (A
distorsion of the cross-section is allowable).

As shown in figure [I.3] along the beam neutral axis, the displacement at a position
x of the axis is given by U,(z) following the x direction U, (z), following the y direction
and U, (z) following the z direction. The rotation at a position x of the axis is given by
6, (z) following the x direction 6,(z), following the y direction and 6,(z) following the =
direction. Such displacements and rotations are calculated through an interpolation using
the nodal displacement and rotation values Ui, Usy, Uiy, Usy, Uiz, Uss,014, Oog,014, O2y,01,
and 0y, as illustrated in Figure . From the displacement of the beam along the neutral
axis, Timoshenko theory proposes to determine the displacement at any point of the cross
section along the beam defined by its coordinates (z,y, z) using equations , and
Such equations account for the possible distorsion of the section, which is defined
as a possible rotation between the cross section and the bending line (induced by shear
deformation). Thus, the displacement following the x direction of a point of the cross-

section u,(z,y, z) depends on the displacement following the x direction U, (z) of a point
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[Ux(x); Uy(x); U,(x); 0, (x); Hy(x); 0,(x)]
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System X Uzz
U
le Node 2 O2x
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U 2y
1z 022
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1z Gauss Integration points /

X
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Figure 1.3: Generalized displacements and rotations and nodal displacements and rota-
tions in a Timoshenko beam

at a position x of the neutral axis, and the rotation y and z at a position x of the neutral
axis [45].

uy(z,y, 2) = Uy(z) — yb,(z) + 20, (z) (1.78)
uy(z,y, 2) = Uy(z) — 20,(2) (1.79)
u.(r,y, z) = U.(z) + y0.(v) (1.80)

If the considered problem is 2D, 6, and 0, need to be removed from the previous ex-
pressions. In the 3D case, the deformation value at a given position (x,y,z) of the cross

section can be determined by deriving the displacement expressions given previously [45].
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Deformation expressions are given in equations [1.81] [1.82] and [1.83]

a x ! / /
eo(2,.2) = 5= = Us(x) - ybl(a) + 26.(x) (1.81)
Ou, Ou , ,
264y (T,y, 2) = 3 + 8_xy = U,(z) = 0.(x) — 20,(x) (1.82)
Ou,  Ou, , ,
2¢,.(x,y,2) = 5 + e U,(x) +6,(z) + yb.(x) (1.83)

In the Timoshenko finite element approach, a structure will be divided into Timo-
shenko beam elements. Each beam element will be characterized by its element stiffness,
restoring force nodal vector and displacement nodal vector. By taking into account the
contribution of all the finite elements, it is then possible to assemble the stiffness matrix
as well as the displacement and load vectors of the structure in the global axis coordi-
nate system to solve the equation of motion given previously. In order to determine the
expression of the stiffness matrix and internal force vector of the different elements in the
finite element approach, there is first a need to choose shape functions that allow deter-
mining the expression of the displacements along the elements as a function of the nodal
displacements. {U(z)} = [N]{U} where {U(x)} is the generalized displacement vector
at a positions = of the beam element whereas {U} is the nodal displacement vector and
[N] is the shape function matrix. At each node there are 3 unknown displacements and
3 unknown rotations. In our case, we chose the shape functions given in the matrix of
equation that can be found in Kotronis et.al [45]. Cubic shape functions were used
for transverse displacements and quadratic for rotations. High order shape functions were
used in order to overcome shear locking phenomenon. Such numerical phenomenon corre-
sponds to the apparition of parasite stiffnesses in slender elements [45]. Using high order
shape functions also allows for one element to reproduce the real displacement of a punc-
tual and distributed loading under different boundary conditions. It should be pointed

out that interpolation functions are determined once using the Elastic Young modulus
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1.4. Finite Element (FE) modeling for earthquake engineering

and Elastic Shear stiffness and then assumed constants for the next steps [45].

Ny 0 0 0 0 0 N, O O 0O 0 0]
0 Nj 0 0 0 Ny, O N; 0 0 0 Ng
Ni —N¥ NZ —N¥
N] = 0 0 3 0 . 0 0 0 : 0 ¢ 0 (1.84)

0 0 0o M 0 0O 0 O 0 Ny 0 0
o 0 —-NF 0 Ny O 0O 0 —-Ny 0O Nf, O
_0 N; 0 0 0 Ng 0 N 0 0 0 ng_

Where: Ny =1— ;5 Ny = 7;

Ny = 75{2(£)° = 3(2)° — o(§) + 1+ ¢}

Ni= {5 -2+ 9E)?+ 1+ 95}

Ns = 1512(3)* = 3(1)? — o(§)}

No = (5 - (1= 93 - D)

Nr = i {(2)? - (2))

Ny = b {8(2)2 — (44 6)(2) + (1 + 6)}

Ny = —=57{(5)° — ($)}

(I+6)L \\L L
NlO = (1_~1_¢ {3<%>2 - (2 - ¢)(%)}
12 [¢ E2dS  12FI, and ¢* — 12 [¢ E2dS  12EI,

* * _
N = Ni(¢") 6 = L2k, [¢GdS — L?k,GA ~ L%. [(GdS ~ L2.GA

Where G is the shear modulus, E the Young modulus, L is the length of the beam
element, k, and k, are shear correction factors (their value is function of the material
and cross-section geometry) [46], I, and I, are the sections’s moment of Inertia and
A is the area of the cross-section. As previously stated, the Timoshenko kinematic then
allows linking the generalized displacements to the generalized deformations. {¢(z,y, 2)} =
[B]{U}. Again, € is the generalized deformation vector at a position of coordinate (x,y,z)
in the beam element that can be deduced knowing the nodal displacements {U} and the
chosen kinematic (here Timsohenko kinematic using the [B] matrix given in equation
[1.85). Knowing that, it is possible to write the equation of motion in its weak form [41]
and using the theorem of virtual work it is possible to determine the expression of the

Timoshenko element stiffness as well as the restoring force vector [45]. Such expressions

are given in equations and [1.89,
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N, 0 0 0 0 0o N, 0 0 0 0 0
0 N,—N; 0 0 0 Nj—Ng 0 N.—N, 0 0 0 N} — Nyo
[B] = 0 0 Nf—Nf 0 —Nyj+NS 0 0 0  NS—Nf 0 —N;+Nj; 0 (1.85)
0 0 0 N} 0 0 0 0 0 N} 0 0
0 0 -NF 0 N 0 0 0 -NF0 N 0
0o N 0 0 0 N, 0 N 0 0 0 N,

In equation the ’ sign stands for the derivative operation with respect to x. Each
beam element will return the internal force vector P,.q giving force values at the nodes

of the beam element. Such vector can be calculated using the expression of the sectional
force vector P, (equation |1.86)):

PS = [Nv Ty; Tz; Mx; My; MZ]T (186)

N = fsamdS; T, = fs%de; T, = fsamdS; M, = —fsyamdS; M, = szamdS;
M, = fS(—Zny + yo,.)dS

Each beam element also returns an element stiffness matrix K., that can be calcu-

lated by first determining the expression of the sectional stiffness matrix [K] (equation
1.87)).

ksn O 0 0 kss ksse
0 ke 0 ko O 0
0 0 ks kg 0 0

(K| = 5 e (1.87)
O k824 k534 ks44 O 0

ksis 0 0 0 kg5 Eese

ksl(j 0 0 0 ks56 ks66

(Kotom] = / BT[K,)[B) de (1.88)

Prod] — / B[P d (1.89)

]{3511 = fSEdS, k$15 = fSEZdS, ksl(ﬁ = —fSEde, ]{?522 = ]Cy fSGdS7 ]{3524 = _k’y fSGZdS,
k333 = kz fSGdS, ]{7534 = kz fSGde’ k344 = fSG(kaz + kyZQ) dS, k355 = fSEZ2 dS,
k556 = — fSEyz dS, ]{?566 = fsEQZ ds
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1.4. Finite Element (FE) modeling for earthquake engineering

1.4.4 Multi fiber beam FE

The Multifiber beam concept was first introduced by Owen and Hilton [47], then it was
largely adapted by many authors and proved its efficiency in accurately reproducing the
Non-linear behavior of structures. Multifiber beam elements were then gradually enhanced
to account for transverse reinforcements, shear, torsion, warping, etc. [46] [48] [49)]. In the
multifiber approach, the beam is divided into longitudinal fibers (Figure . Each fiber
behaves independently and constributes to the global behavior of the beam element. This
approach is an intermediate approach (The structure is not modeled in 3D nor in 1D) and
allows accounting for material non-linearity of behavior (for example concrete material).
Also, multifiber beams allow modeling non-homogenous (composite) cross-sections as each
fiber can be made of a different material type (In RC structures for example we will have
concrete fibers and steel fibers). In the expression of the sectional stiffness matrix given
in equation and of the sectional force vector (equation there is a need to
integrate over the cross section the expressions of young modulus and stresses which is
easy to achieve using the multifiber beam approach. Indeed, in a multifiber beam the
cross-section is divided into fibers and strain is calculated at the positions (x;,y;,2;) of the
fibers independently, then stress (or young modulus) contributions of the different fibers
are added to give the contribution of the whole cross-section. Fibers can be positioned
by equally discretizing the cross section. In this thesis, and in order to further simplify
numerical integrations, fibers are chosen to be positioned at the Gauss points of the cross-
sections.

To illustrate this concept, we can give the example of a beam element having a cross
section made of concrete and steel (Figurdl.4h). We assume that the cross-section is
made of n, s = 3 concrete fibers in the y direction and of n. ¢y, = 4 concrete fibers in the
z direction as well as of ny; = 4 steel fibers of section Ay (it is possible to choose different
values for nygp, n.pi and ng, the same procedure will still apply). The RC cross-section
is a rectangular cross-section of height h and width b. The concrete fibers represented by
lines (Figurdl.4p) are chosen to be localized at the Gauss points of the cross section as in
the rest of the thesis.

In order to solve the problem there is a need to consider three scales of resolution (the

element scale, the section scale and the material scale).

1. The scale of the Timoshenko beam element: The generalized displacement evolution
along the beam element neutral axis is calculated using the nodal displacements

through shape functions.
2. The section scale: The strain value at a fiber positioned at coordinates (x,y,z) is
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determined using the Timoshenko kinematic.

3. The material scale: The stress value of the fibers is determined using different con-

stitutive laws that depend on the type of material used (concrete, steel...). Knowing

stress values at each fiber, section internal forces or sectional stiffness can be deter-

mined using the Gauss quadrature approach. Concrete contribution to the normal

internal force N, shear forces T}, T, and moments M., M, and M, can be deter-

mined as follow:

+b/2 +h/2

3
N = /o-jm dS = / / Ja,x(m‘,y,z) d'lde = Zw/i,a:l;:l:(x7yi72
S —b/2 —h/2 =t
+b/2 +h/2 3
T, = /Uzy ds = / / Ouy(2,y,2) dy dz = Zwia’ly(l‘vyhz
s “b/2 —h/2 =
+b/2 +h/2 3
Tz = /Uzz ds = / / (TEZ(IIJ.,”U,Z) dy dz = Z/ll)io-mz(fl;’yi’z
o —b/2 —h/2 =

4

3
]\/[z = - zT ds = 1Ozz\L)y Yiy i iOza\ T, Y, 25) 5
/Syo Zwa (@, i, 2)y Zw]a (1yz])2

i—1 j=1

3

b o h
)5 Z ij—IIJ:lJ(I’ Y, Zj)
j=1

b o h
)5 Z wjazy(xv Y Zj)
j=1

4
b
)5 Z W;0 gy (:1;7 Y, ZJ)
j=1

h

b
M, = /Szam ds = Zwio'zz(x7yiaz)§ ;wjazz(lH% 2j)z;

i=1

3 4 3 4

b h

M, =— Z; Ur’iaxz(l‘-, Yi, 2)5 z; Ur’jo'xz(fa Y, Zj)zi =+ Z; wi(fzy(fv Yiy Z).Ui Z; wjo'zy(l‘-, Y, 21)5
i= Jj= i= i=

2

2

h
2

(1.90)

(1.91)

(1.92)

(1.93)

(1.94)

(1.95)

w; and w; being the weight functions of the Gauss Integration quadrature, whereas

y; and z; are the coordinates of the Gauss points. Such values are known in the

literature and depend on the number of Gauss points chosen. In this example: for
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Figure 1.4: Multifiber beam element (a) Cross section with Gauss Integration positions
(b) Longitudinal fibers
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For j = 1, w; = 0.65, z; = 0.34, for j = 2, w; = 0.65, z; = —0.34, for j = 3,
w; = 0.35, z; = 0.86, for j = 4, w; = 0.35, z; = —0.86. Figure gives the
position of the different Gauss points of this example. For the contribution of the
steel rebars, stress values are determined at the position of each steel fiber, then this
stress value is multiplied by the area Ay of the steel longitudinal rebars, which gives
the contribution to the normal internal force of each steel fiber. Then the different
contributions are added to the one coming from concrete. The same approach can
be used to determine the different sectional forces and the sectional stiffness while

accounting for the contribution of the different fibers.

Multifiber elements are suitable for implementation in home made finite element soft-
wares (Filippou [50], Grange [51], etc.) The ATL4S finite element code developed on
Matlab by Stéphane Grange [51] was used.

1.4.5 Enhanced multifiber beam FE

As previously stated, with multifiber beam elements, it is necessary to consider three scales

of resolution: the element scale, the section scale and the material properties scale. Each of
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these scales can be enhanced by adding internal degrees of freedoms. At the element scale:
Internal degrees of freedom can be added to the Timoshenko beam elements in order to
account for embedded discontinuities [52] (to take into account the development of cracks
within the element or plastic hinges). At the section scale, internal degrees of freedom can
be added to account for warping, shear and lateral confinements due to stirrups [53], thus
by enhancing the section kinematic. At the material scale, internal degrees of freedom can
also be used in order to enhance the non-linear material law [54]. In our case, internal
degrees of freedom were used in order to enhance the non-linear constitutive law, thus
accounting for creep, shrinkage, thermal and mechanical deformations. The Algorithm

used for the resolution will be explained in Chapter 3 of this thesis.

1.5 Experimental techniques for RC structures moni-

toring

1.5.1 Overview

In order to study the dynamic behavior of structures, many experimental techniques exist:
quasi-static tests, force-vibration tests, shaking table tests or pseudodynamic tests [55].
That later has proven in the recent decades its efficiency in accurately determining the
seismic behavior of structures while being less costly than some popular techniques such
as the shaking table test. In order to monitor structures that are being experimentally
tested, many measurement techniques exist: Digital image correlation, optical fiber, am-
bient vibration measurements and so on. The dynamic behavior of the two types of portal
frames studied in this thesis was determined using the Pseudo-dynamic technique. A re-
view of this technique will be presented next. Then, the principle of different measurement

techniques that were used as well during the testing process will be explained.

1.5.2 Pseudo dynamic approach
1.5.2.1 History

The Pseudo-dynamic technique was first developed in the 70s in Japan by Hakuro. The
work conducted by Hakuro was summarized later by Takanashi and Nakashima [56].
In 1984, Shing and Mahin of the University of Berkeley (Seismic Engineering Research
Center) have published an article [57] where they have explained the advantages of the
pseudo-dynamic technique in overcoming some of the limitations of the shaking table

technique. In fact, constructing shaking tables is usually very expensive which explains
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why shaking tables that are constructed are usually of small dimensions. Thus, they don’t
allow testing structures of important dimensions (real size structures). Tested structures
are usually of reduced scales which induces dynamic and material similitud issues. Also,
due to the small dimensions of the shaking tables, weight of tested structures has to be
limited and for heavy samples structure interaction issues arise. Pseudodynamic technique
is less costly since it requires the use of a reaction wall rather than a supporting table
and allows testing structures of real dimensions. Also, substructuring is a very interesting
feature of pseudodynamic tests that can be used in order to test part of a structure which
behavior needs to be quantified while the rest of the structure is modeled numerically
(In reference [58] substructuring test results were presented). First pseudodynamic test
attempts were performed using the explicit Newmark method that presents the disadvan-
tage of being conditionally stable [57]. Then, a new implicit integration technique was
proposed allowing overcoming stability, error propagation and high frequency noise issues
[59] [60]. The a Operator Splitting algoritthm technique was developed later on at the
ELSA Lab in Italy. It is a linearization of the o Method and presents the advantage of
being non iterative and easy to integrate [4]. Such technique has proven its efficiency and
is widely used today. Also, real time hybrid experiments that allow to dynamically test

structures have been developed worldwide [61].

1.5.2.2 Principle and limitations

The pseudo-dynamic technique allows solving the equation of motion.
MU + CU + P(U) = Fpy (1.96)

Where M is the Mass matrix (Modeled), C' is the Damping matrix (Modeled), P(U) is the
Restoring force (Measured), Fi,; is the External load vector (Modeled), U is the Nodal
displacement vector, U is the Nodal velocity vector and U is the Nodal acceleration vec-
tor. Thus, the mass of the system as well as the external load are numerically simulated

while the restoring force of the system is measured experimentally.

The a OS Splitting algorithm adapted by Combesure and Pegon [4] was used in this
thesis. It consists in predicting a displacement that is imposed to the structure using
a jack. The real displacement of the structure is measured using a displacement sensor
while the restoring force is measured using a load sensor. Then, a new displacement to
be imposed in the next step is calculated. Using this iterative procedure (Figure ,

it is possible to determine the non-linear response of structures subjected to a seismic
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Figure 1.5: Tterative PsD procedure [4]

accelerogram.

The PsD technique presents limitations and cannot be used to accurately study the
dynamic behavior of any structure. In fact, tested structures need to be lumped mass
structures and their behavior doesn’t have to be dependent on the rate of the loading
(velocity dependence) since the test is a static test. Also, in order to use the a Splitting
algorithm tested structures don’t have to deform a lot (very important stiffness loss) [4].
The PsD technique can be used to accurately determine the seismic behavior of reinforced
concrete structures. The response of such structures depends on the velocity of the im-
posed loading. However, if the velocity of the loading is low, the response of reinforced
concrete structures remains similar under even lower velocity loadings. Seismic loading
velocity is small enough and therefore the pseudodynamic method can be used [6I]. The
ELSA Laboratory in Italy for instance has performed many pseudo-dynamic tests on RC

structures [62].
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1.5.3 Measurement techniques

In order to monitor the dynamic behavior of structures, many measurement techniques
exist. Among them, displacement sensors (LVDT), load sensors (pancake load cells), Digi-
tal Image correlation, ambient vibration and optical fibers were used in this thesis in order
to follow damage and cracks apparition patterns of the tested portal frames. LVDT and
pancake load cells are classical measurement techniques widely used in the practice for
punctual measurements. LVDT sensors (standing for Linear Variable Differential Trans-
formers) associate a position to an electrical signal, whereas pancake load cells associate a
force to an electrical signal. The principle of digital image correlation, ambient vibration

and optical fiber measurements will be explained next.

1.5.3.1 Digital Image Correlation

2D Digital Image correlation [63] [64] [65] [66] allows following diplacements and cracks
apparitions in structures subjected to a mechanical loading. Displacement and strain
values are determined by tracking changes between a reference image and subsequent
images. Digital image correlation gives information on a local level as well as on a global
level.

It requires the use of a camera as well as applying a grey level speckle pattern on
the area to be tracked. The camera captures images of the Region of Interest (ROI) at a
given interval of time. In our case the ROI is the whole portal frame. A speckle has to be
applied on the ROI using for instance a white lime undercoating over which black dots
are applied (using a painting). The dots have to be of different sizes and shapes in order
to have a random texture. The original image is divided into numerical grids. Each grid
is supposed to have a specific pattern different from the other grids. And it is assumed

that from one image to the other the grid gray level remains constant.

f(X) = g(o(X)) (1.97)

In equation [1.97 f is the reference image gray level expressed as a function of pixel
coordinates whereas ¢ is the deformed image gray level expressed as a function of pixel
coordinates. X being the pixel coordinate in the initial state and U the displacement of
the pixel from the original configuration to the deformed image configuration, f and g
need to satisfy equation [1.97]

$(X) = X + U(X) (1.98)

Equation is the optical flow equation. The objective of image correlation is to
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find the U displacement that best approximates that equation. The problem to be solved
being a non linear ill posed problem, solving it necessitates using an iterative procedure
and writing the displacement field as a combinaison of shape functions (On a similar way
as in classical finite element problems). Thus, the original image has to be devided into
finite elements for interpolation (four noded quadrilateral finite elements, triangular finite

elements, etc.)

U(X)=U(X)+dU(X) (1.99)
Where U(X) is known. dU(X) is the correction imposed to gradually correct the dis-
placement value. Such expression can be written as a Taylor expansion for linearlization

purposes.
g X +UX)+dU) = g(X +U(X)) + Vg.dU(X) (1.100)

In order to determine the displacement value, the gradient of g (Vg) should be non null
in all the directions. To achieve this condition, there is a need to apply a random texture
on the area of interest (different size of dots). Also, since the dots are of circular shapes,

the gradient is defined in all the directions.
Cerr = (f(X) - g(X + U))/f(X) (1101)

Digital image correlation error allows following cracks apparition. Correlation error C.,.,
is calculated as shown in equation It corresponds to the difference of gray level
of a pixel of coordinate X in the initial image (f(X)) and the gray level of the same
pixel positioned at coordinate X + U(X) in the deformed image devided by (f(X)). An
important correlation error implies that the algorithm is not able to accurately find the
corresponding pixels between the initial image and the deformed ones. It can be due to
a lighting issue, a painting degradation or a crack apparition. Such data was used in this
project in order to characterize cracks apparition [67]. Image correlation was performed
using the UFreckles software [13].

1.5.3.2 Ambient vibration measurements

In order to determine the dynamic characteristics of a structure (frequency content, damp-
ing, etc.) it is possible to impose an excitation to the structure (impulse loading, sinusoidal
loading, etc.) and to measure its response. An interesting alternative to this destructive
process is to use the ambient vibration technique. It consists on using vibrations due to
wind, oceans, transport, human activity, etc., to determine the dynamic properties of a

structure such as its frequency content (at low frequencies (<1Hz) using ocean ambient
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noise and at high frequencies using wind ambient noise (about 0.5Hz up to about 15 to 60
Hz) and anthropological noise (traffic, industries, >2-4Hz)), damping and modal shapes
[68].

Once the vibrations of the structure under ambient vibrations are measured (using an
accelerometer, a velocimeter, etc.), it is possible to use a Fast Fourier Transform in order
to get the natural frequencies of the structure. The damping ratio of the structure can be
determined using the half bandwith power technique. The Random Decrement Technique
(RDT) is a more accurate technique used in order to extract the dynamic characteristics
of the structure (frequency and damping ratio). Such technique was first introduced by
Cole in the 70s [69)]. It is based on the observation that under a loading the response of a

given structure can be expressed as [70]:

T (t) = Togr D(t) + Togr V (E) + Oper / ¢Th,(t — 1) f () dT (1.102)
0
twnt §rwr
D(t) = e 5“r(cos(wg, )t + - sin(wgy)t) (1.103)
dr

1

V(t) = - sinwgrt (1.104)
dr

In the previous equations h,(t) is the r** component of unit impulse response function of a
viscously damped single-degree-of-freedom system; xg, and zgg, is the initial displacement
and velocity at the k' DOF; &, is the damping ration, ¢, is the rth mode shape; w,
and wy, are the natural frequency and damped frequency. In equation giving the
response of the structure (displacement as a function of time ), the two first terms represent
the response of the structure under a free vibration (under an initial displacement and
veclocity) whereas the third term represents the response of the structure under a loading
f(t). By averaging the response of the structure the two last terms can be canceled
and only the first term which has the shape of an exponential decay remains. Indeed,
f(t) follows a white noise Gaussian process and v is a zero mean Gaussian process and
can thus be removed by averaging the data. Then, by fitting an exponential decay it is
possible to determine the dynamic characteristics of the structure (which explains the
name of the technique). Indeed £ is the damping ratio and w the angular frequency that

we are trying to determine. Practically speaking, for a multiple degree of freedom system,
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Chapter 1. State of the art

a first step consists on using a Fast Fourier transform on the response of the structure
in order to roughly determine the natural frequencies of the structure. Once such values
are known, if we want to determine more precisely the frequency and damping ratio
of the k' mode of the structure, then the measured response signal of the structure
needs to be filtered around the needed mode. The filtered response is then divided into
windows of the same size (having the same intial conditions: displacement and velocity).
By taking the average of the different windows, it is possible to come up with the RD
signal (a sinusoidal decreasing signal). An exponential decay can then be fitted to the
decreasing signal. In order to measure the vibrations of the structure (via acceleromers
or veocimeters for example) a recorder is needed to perform microtremor measurements.
Many instrument types exist in the practice, the one chosen in this project is CityShark II
[71]. Such device is user friendly since it is portable and light-weight, it doesn’t require the
user to enter many paramaters (the amplifier gain, the sampling frequency and the time
period of recording ar the main input parameters needed). Furthermore, such recorder
has an interactive screen and doesn’t require the use of an external computer in order to
perform measurements. It is stored in a protective box that allows to transport it and to
protect it from environmental harsh conditions (Figure [1.6). Moreover it has an internal
battery for power supply, which allows it having an autonomy in case of power outage.

Data is recorded in a memory card for later treatment.

1.5.3.3 Optical fiber measurements

Monomode optical fibers with a Rayleigh scattering were used (LUNA Brand) in this the-
sis. Such sensors are made of a silica glass core of small diameter covered by a Polyurethane
cladding. The small core diameter (2.8 mm) allows transmitting only one mode of light.
The advantage of this type of sensors is that it is not prone to dispersion and is accurate
for long distance measurements. The core reflecting index is chosen to be very high in
a way to have a total internal reflection. This technology allows conducting continous
distributed strain measurements (384 measurements per meter) with a very high accu-
racy, which is very useful in the detection of crack openings [72]. The precision of the
strain measurements is equal to 1 pe. Along the optical fiber local imperfections are dis-
tributed and their position is known. An input light is imposed in the optical fiber and
its reflections by back scattering are measured. When no strain or temperature is being
imposed to the system, light propagates and gets reflected throughout the imperefections
with a given signature. When strain or temperature values vary the frequency of the back

scattered light is shifted. Strain value is related to the frequency shift.
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1.5. Experimental techniques for RC structures monitoring

City Shark Il Recorder

Figure 1.6: Ambient vibration recorder City Shark II
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1.6 Conclusions

In this Chapter, an explanation of the main concepts and techniques that were used in this
thesis to quantify the effects of early age damage on the seismic response of RC structures
both experimentally and numerically was given.

The principle of the pseudo-dynamic technique was explained. Such technique was used
in order to experimentally study the dynamic behavior of two groups of portal frames
that evolded respectively in endogenous and non-endogenous conditions during early as
will be explained in details in Chapter 2. In order to monitor such structures during ex-
periment, load and displacement sensors were used as well as Digital Image Correlation,
ambient vibration measurements and optical fiber measurements. The principle of such
measurements techniques was provided in this state of the art (section 1.5).

The portal frames tested in Chapter 2, were modeled using the finite element multifiber
Timoshenko beam approach presented in this state of the art (section 1.4) as will be ex-
plained in Chapter 3. The constitutive law of the elements forming the portal frames was
enhanced in order to account for early age damage (creep, shrinkage,thermal deforma-
tions and mechanical deformations). Creep was modeled using 3 Kelvin Voigt viscoelastic
models in series as explained in section 1.3.2, whereas the p damage model was used to
model concrete bahavior and the Menegetto Pinto model was used to model steel rebars
(subsection 1.3.3). In addition, shrinkage and thermal deformations were calculated by
solving the equations of the THC model presented in subsection 1.3.1 using the COM-
SOL software. In order to quantify numerically the seismic behavior of the portal frames
a pushover anlysis, a modal and spectral analysis as well as a transient analysis were per-

formed (Chapter 3). The principle of such techniques was explained in subsection 1.4.2.
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CHAPTER 2

Experimental damage evolution of two
RC portal frames during their early age
period and their response when being

submitted to static or seismic inputs

In this Chapter, the difference of behavior between two types of portal frames that evolved
in different conditions during their early age period (endogenous and non-endogenous
conditions) is determined experimentally. Damage is followed during the early age period
of the two types of structures that are then tested either using static cyclic tests or pseudo-
dynamic tests. This Chapter is divided into 8 main sections. The first section presents
the experimental protocol followed, while the second section describes the geometry and
material properties of the studied portal frames. In section 3, a comparison of the early
age damage evolution of the two types of structures determined using optical fiber and
ambient vibration measurements is given as well as the evolution of ambient humidity
and temperature. In section 4, the non-linear static response of the two types of portal
frames is determined, whereas in section 5 their linear and non-linear dynamic response
that was obtained using pseudo-dynamic tests is presented. Prior to using such technique,
that later was first validated by testing it on a linear steel spring. During PsD tests,
damage evolution of the two types of portal frames was followed using ambient vibration
measurements in addition to digital image correlation as will be presented in section 6. A
study of the effects of boundary conditions on the dynamic behavior of the portal frames is
then conducted in section 7 by considering another group of portal frames having different
boundary conditions that was tested experimentally with the same accelerogram used to

test the first group. Last, conclusions of this chapter are provided in section 8.

47

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2020LY SEI113/these.pdf
© [C. Jaafari], [2020], INSA Lyon, tous droits réservés



Experimental tests under seismic inputs

2.1 Experimental Protocol

Two groups of portal frames are considered (Figure [15]. One group is kept during
its early age period in endogenous conditions (which means that it was coverered using
a plastic sheet). The dimensions of the structures are given in section 2 of this Chapter.
Their small cross-section allows reducing thermal deformations. Creep and mechanical
deformations are also very small during early age. In order to make sure to get similar
casting conditions and a homogenous material for both structures, two formworks were
built and portal frames were casted the same day. The cement paste was blended (about
15 minutes) to get a homogeneous material. Then, after pouring, vibrators were used to
remove air bubbles. Both portal frames were casted in place horizontally in a way to
mitigate bleeding and segregation. Then, they were covered during 48 hours using wood
formworks in a way to limit plastic shrinkage. After 48 hours from casting, the structures
were put vertically using a lifting device. Mortar used in order to make the structures has a
water to cement ratio of 50 % which allows preventing autogenous shrinkage. Furthermore,
carbonatation shrinkage is negligible at early age. The first portal frame was kept during
its early age period in endogenous conditions. Which means that after 48 hours it was
covered using a plastic film in a way to limit drying effects leading to cracks and avoid
drying shrinkage . It is supposed to be a reference group where damage is limited.

The second portal frame was kept in non-endogenous conditions. In other words, no
covering was imposed after 48 hours from casting, thus allowing water exchange with the
surrounding environment during the hydration process. Such conditions are similar to the

ones found in construction sites inducing cracks apparition.

2.2 Portal frames characterization

2.2.1 Geometry and mortar formulation

The portal frames are 1.4 m by 1.3 m structures (Figure 2.3h). They are made of a
square cross section of 11 ¢m by 11 ¢m. Longitudinal reinforcements have a diameter of
8 mm whereas transverse reinforcements have a diameter of 6 mm (Figure [2.3h). The
small dimensions of the cross sections allow reducing thermal deformations, whereas the
geometry of the structures induces an important restrained shrinkage towards the nodes
leading to an important drying shrinkage of the portal frame kept in non-endogenous
conditions. The cement material used in order to make the portal frames has the following
composition for 1 m3: 1534 kg of sand (0/5 mm), 511 kg of cement (CEM I 52.5 R of
VICAT), 1.53 kg of superplasticizer (Dynamon NRG 1040 of MAPEI) and 256 kg of water.
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Figure 2.1: Experimental protocol

Mix proportions are 1:3 for cement to sand ratio, 1:2 for water to cement ratio and the

dosage of the superplastifiant is 0.3 % of the cement.

2.2.2 Material Properties

In order to determine the compressive and tensile strength of the mortar used in the
portal frames as well as its Young modulus at the end of the early age period a series
of experimental tests were performed on cylindrical samples (11 ¢cm diameter and 22 ¢cm
length). Two types of cylindrical samples were considered: One group that was kept in
endogenous (EN) conditions at early age (Framework removal after 48 hours from casting
and converage using a plastic sheet) and a second group kept in non-endogenous conditions
at early age which means that no protection was used after framework removal [I5]. Split
cylinder test was used to determine the tensile strength of the samples and a compression-
testing machine was used to determine their compressive strength. Young modulus was
determined by instrumenting the cylindrical samples with strain gauges and testing them
under compression. Experimental results obtained for the different samples are given in
Table for the Endogenous and Non-Endogenous cases. On average, mortar used in
the portal frames has a compressive strength of 56 MPa and a tensile strength of 3 MPa,

whereas its Young modulus is equal on average to 27 GPa. Steel reinforcements have a
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(a) (b)

(c)

Figure 2.2: Early age conditions (a) Endogenous (b) Non-Endogenous (¢) Crack Appari-
tions in the Non-Endogenous Portal Frame at the end of the 28 days
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Figure 2.3: Geometry of the RC portal frames (a) Front View (b) Cross Section
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Experimental tests under seismic inputs

yield stress of 500 MPa.

Sample Number R;(MPa) R.(MPa) E(MPa)
NE E | NE E NE E

1 3.1 4 | 47.4 || 57.2 | 26045 || 28659

2 2.8 | 58.2 || 60.9 | 26199 || 25267

3 29 || 2.6 | 56.7 || b8 | 28471 || 27453

4 3.3 || 3.4 | 55.2 || 57.9 | 25892 | 27190

5 2.7 || 2.8 | 57.4 || 55 | 28249 || 28456

Average 3.0 || 3.12 | 55 || 57.8 | 26971 | 27405
Standard deviation | 0.26 || 0.58 | 4.38 || 2.11 | 1275 1351

Table 2.1: Mortar properties at the end of Early Age (R,=Tensile Strength,
R.=Compressive  Strength and E=Young modulus, @ NE=Non-Endogenous,
E=Endogenous)

The evolutions of mass loss of 4 cm by 4 cm by 16 cm prismatic specimens, kept in the
same endogenous and non-endogenous conditions as the 2 portal frames, were measured
during the early age period (Figure . It showed that there is almost no mass loss
in the endogenous specimens where water is not allowed to leave the specimens due to
their protective cover. On the opposite, mass loss was significant in the non-endogenous
specimens (up to 3 % mass loss at the end of the early age period). The objective of
measuring mass loss during early age, was to make sure that the protective sheet used in

order to stop water transfer with the surrounding environment is efficient.

2.3 Early age period

During their early age period (0 to 28 days) the two portal frames were instrumented using
optical fibers to monitor their strain evolution and detect cracks apparitions [I5]. They
were also instrumented with velocimeters to follow their frequency content evolution. The
instrumentation using optical fibers and the monitoring have been performed with the

help of the Quadric company in the framework of the EarlyQuake project [73].

2.3.1 Strain and crack evolutions using optical fiber

At the end of the 28 days, the portal frame that was kept in non-endogenous conditions
had visible cracks on its surface (Figure 2.2k) whereas no apparent cracks were visible
on the portal frame kept in endogenous conditions. In order to monitor cracks apparition

during the early age period both groups were instrumented using optical fiber sensors at
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Figure 2.4: Mass loss evolutions of Non-Endogenous (Non-Endo) and Endogenous (Endo)
4 cm by 4 ecm by 16 cm prismatic specimens

casting. Monomode optical fibers with a Rayleigh scattering were used (LUNA Brand).
This technology allows conducting continous distributed strain measurements (384 mea-
surements per meter) with a very high accuracy, which is very useful in the detection of
cracks [72]. The precision of the strain measurements is equal to 1 pe. Figure shows
how the portal frames were instrumented with optical fiber for strain monitoring and
Figure gives the fiber mapping used. Figure 2.6 shows the strain spatial distribution
towards the end of the 8th day (184 h) of the early age period in both portal frames. It
can be seen that strain values of the two structures are different and more particularely
in segments OP and UV of the optical fiber. Indeed, as shown in Figure while the
maximum strain is similar in both structures, the gradient of deformation is more impor-
tant in the endogenous portal frame than in the non-endogenous portal frame. It implies
that the non-endogenous portal frame is more damaged than the endogenous one due to
early age drying shrinkage. In fact, the integral of strain at a particular time step (for
example 150 h) giving the displacement of the segments OP and UV is more important

in the non-endogenous portal frame than in the endogenous one.
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Steel reinforcements

Optical fiber (blue)

(b)
(a)

Figure 2.5: (a) Location of the optical fiber along the reinforcements and (b) mapping of
the optical fiber

(a) (b)

Figure 2.6: Strain at the end of 8 days (a) Non-Endogenous Frame (b) Endogenous Frame
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Non-Endo- Endo-

(a) (b)

Non-Endo- Endo-

(c) (d)

Figure 2.7: Strain Evolution (a) Non-Endogenous OP Segment (b) Endogenous OP Seg-
ment (c¢) Non-Endogenous UV Segment (D) Endogenous UV Segment
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Second Floor

First Floor

Figure 2.8: (a) First mode of vibration and velocimeters position during early age (a)
scheme and (b) Experiment

2.3.2 Frequency content evolution using ambient vibrations

Frequency content of the two groups of portal frames was determined using ambient
vibrations [15].

For each portal frame group, two velocimeters (LE-3Dlite MKIII brand) were put as
shown in Figure 2.8b. Their upper frequency limit is of 100 Hz and they can be used to
perform measurements in three directions. Such devices allowed measuring the velocity
evolution following the horizontal direction ((x,y) plane) of the portal frames using the
ambient vibration recorder CityShark II [TI]. Measurements were performed as follow: 1
measurement at a frequency rate of 600 Hz during 15 minutes each 2 hours (with a gain
factor of 64 for noise removal). Using the Random Decrement Technique (RDT) which is
an accurate technique for the determination of the frequency content and damping ratio of
structures [74] [75], the first natural frequency evolution of the portal frames following the
horizontal direction ((x,y) plane) was determined. Its corresponding mode of vibration is
given in Figure . Such deformed shape was validated using 4 velocimeters (2 were put
on the first floor of the portal frames and 2 on their second floor (Figure[2.8¢)). In order to
perform the RDT technique, the velocity measurements were divided into windows having
a length of 8Ty, . ., Where Tj = 1L Ty

rough jbrouqh‘
its rough first natural frequency determined using a Fourier transform

being the rough first period of the

rough

system and fo, ..

as explained in the State of the art of this thesis. When performing the RDT technique,

the different windows were average using a trigger value equal to 30. o being the standard
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deviation of the measured velocities. Once the velocity measurements were performed, the
RDT technique was performed using a home made Matlab routine developed by ISTERRE
in Grenoble (Institut des Sciences de la Terre). During their early age (EA) period, the
portal frames were supported by the system (Table presented in Figures and
2.8. Ambient vibration measurements that started around 75 hours after portal frames

AV during EA SA and PsD AV during PsD
BC Supporting System | 3 Pinned connections | 3 Pin ned connections
+Jack attached on top
Masses Self Weight My, My, My Self Weight

Table 2.2: Boundary conditions and masses: AV= Ambiant Vibrations, EA= Early-Age,
SA= Spectral Analysis, PsD= Pseudo-Dynamic, BC= Boundary Conditions

were casted and ended around 600 hours after casting (25 th day of the early age period)
showed that the initial frequency of the two portal frames is almost identical (22.7 Hz for
the Non-Endogenous portal frame versus 23.8 Hz for the Endogenous portal frame) which
implies that the two portal frames were constructed in a similar way. 140 hours after the
beginning of measurements, the first natural frequency of the NE Portal frame increased
by 4% whereas in the Endogenous portal frame it took 500 hours for it to increase by 3 %.
Thus, the frequency increase rate was more important in the Non-Endogenous case (where
water exchange with the surrounding environment is important) than in the endogenous
case (Figure . During the early age period, it was also observed that the frequency
of the portal frames fluctuated every day and reached its pick at midnight. It is due to
the fact, that when the temperature is low during the night there is a contraction of the
portal frames and a closure of cracks. The amplitude of the daily fluctuations is more
important in the NE portal frame in comparison with the Endogenous one. Also such
fluctuations became smaller in the endogenous portal frame over time. The difference of
the daily fluctuations between the endogenous and non-endogenous portal frames shows

that the NE portal frame is more damaged than the Endogenous one.

2.3.3 Temperature and humidity evolutions at early age

48 hours after casting, temperature sensors as well as hygrometers were used in order to
capture ambient temperature and humidity evolutions (Figure . The measurements
showed that the ambient temperature during early age was on average around 20 °C and
whereas the ambient humidity was on average aroud 50 %. Such values will be used in

the numerical model of the portal frames presented in Chapter 3.
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Figure 2.9: First natural frequency evolution in the (xy) plane during the early age period.
The period between 437 hours and 521 hours correspond to 'No Data’

2.4 Static response after early age

In order to characterize the non-linear static response up to collapse of the portal frames a
second group of portal frames was cast in place and kept in the same conditions as the first
group (the one monitored during early age and then tested using pseudodynamic tests).
Thus, in the second group, one portal frame was kept in endogenous conditions and the
other one in non-endogenous conditions. At the end of their early age period, a static cyclic
loading was applied to the structures [15]. Figure shows the cyclic displacement
imposed on top of the structures using a jack (Figure ) Two low intensity cycles
were performed followed by two cycles of higher intensity in order to characterize the cyclic
behavior of the structures. After that, a pushover was applied in order to determine the
maximum capacity of the frames. The structures were designed to be pinned at their three
ends. They were instrumented using 4 displacement sensors (LVDT1 (measuring range of
+ 100 mm), LVDT2 (measuring range of + 50 mm), LVDT3 (measuring range of £ 5 mm)
and LVDT4 (measuring range of + 20 mm)). LVDT1, LVDT2 and LVDT3 were used to
measure in plane horizontal displacements following the x direction, whereas LVDT4 was
used in order to measure any out of plane movement of the portal frames. To avoid the

collapse of the portal frames if out of plane movements were to happen, the supporting
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Figure 2.10: External ambient temperature and humidity evolutions during the early age
period

system presented in Figure [2.11b was used. The gain ratio of the different displacement

sensors is 0.1V /mm whereas the gain ratio of the load sensor used is 0.2V /kN.

The response of each structure under the imposed displacement Time History (mea-
sured by the LVDT1 displacement sensor and the load sensor of figure ) is given
in figure The envelope of the positive increasing cycles is given in figure [2.13] Tt
can be seen that there is a difference between the intial slope of the two portal frames:
the endogenous portal frame has an initial slope 4 times higher than the one of the non-
endogenous portal frame (72 x 102N /m versus 31 x 10°N/m). Results suggest that the

behavior of the two structures if subjected to a moderate intensity earthquake will be
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Figure 2.11: (a) Cyclic displacement Time-History and (b) Experimental set-up
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Figure 2.12: Experimental response to the cyclic loading
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Figure 2.13: Envelope of the experimental response of the portal frames to the cyclic
loading and Spectral Analysis curves

different because of their initial stiffness difference. The pushovers performed at the end
of the cyclic loadings, showed that there is a difference in maximum capacity between
the endogenous and non-endogenous portal frames even if they were casted in place the
same day with a similar blend and using similar rebars. The non-endogenous portal frame
has a more important capacity (16.6 kN) than the endogenous one (14.9 kN) (Group 1
in Table [2.3)). To confirm results obtained with the first series of portal frames regarding
the ultimate capacity of the structrues, pushovers were performed at the end of the PsD
tests on a second series of portal frames as will be presented in 2.5.2.2.

Figure gives displacement evolutions measured by the 4 LVDT sensors used on the
two portal frames. LVDT1 measures the horizontal displacement imposed on top of the
structures, LVDT2 measures the lateral drift of the first floor of the structures whereas
LVDT3 was used to measure any lateral displacement at the bottom of the left column of
the portal frames. Since the portal frames are supposed to be pinned at their three ends,
no lateral movement should be measured by LVDT3 (which is the case here). LVDT4

allowed measuring out of plane movements. It can be seen that the structures underwent

in maximum around 5 mm out of plane displacement.

61

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2020LY SEI113/these.pdf
© [C. Jaafari], [2020], INSA Lyon, tous droits réservés



Experimental tests under seismic inputs

LVDT1
30 :
Endogenous
£ 20 Non-Endogenous
E
-
Q
£ O
[<D]
&)
8107
o
7
~ -20 |
-30
0 50 100
Time (min)
LVDT3
30 :
—_ Endogenous
g 207 Non-Endogenous| 1
E
-
Q
E 0
[4b]
Q
L -107
(o8
N
~ -20
-30 .
0 50 100
Time (min)

Figure 2.14: Evolution of displacements measured using LVDT1, LVDT2, LVDT3 and
LVDT4 during the cyclic displacement static tests performed on the Endogenous and
Non-Endogenous portal frames. LVD'T sensors were positioned as shown in Figure [2.11p:
LVDT1 measured the lateral drift of the second floor of the portal frames, whereas LVDT2
measured the lateral drift of the first floor and LVDT3 the horizontal displacement at
the bottom of the left column of the portal frames and LVDT4 measured out of plane

movements.
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Endogenous Non-Endogenous

Groupl (kN) 14.9 16.6
Group2 (kN) 13.8 15.6
Group3 (kN) 18.1 19.3

Table 2.3: Maximum capacity detemined by performing pushovers on the tested portal
frames: Group 1 corresponds to the portal frames that were tested using static loadings,
Group 2 corresponds to the first series of portal frames tested using PsD tests and Group
3 corresponds to the second series of portal frames tested using PsD tests

2.5 Dynamic response of the portal frames after early
age

A linear spectral analysis was performed in order to assess the linear dynamic response of
the portal frames [2] [15]. Then, their non-linear dynamic response was determined using
pseudo-dynamic tests. The structures were instrumented using load and displacement
sensors and 2D Digital image correlation was performed in order to follow their damage
during the pseudo-dynamic tests. Three masses My, My and M; (Table representing
the contribution of upper floors were numerically simulated on top of the portal frames
(Figure [2.15h). Each mass equals 1148 kg. Therefore, the total mass imposed to the
frame M,y (self weight is neglected) is equal to My, = My + My + M3 = 3444.4 kg.
A moderate intensity 0.3 g Time History (Figure was imposed on the structures
using the pseudo-dynamic technique. Such signal was already used to experimentally test

a three-pier viaduct made of prestressed concrete in the ELSA laboratory [62].

2.5.1 Spectral Analysis

The behavior of the portal frames is mainly dictated by their first mode. Indeed, concen-
trated masses on top are very important compared to the self-weight of the structures.
Thus, they can be assimilated to one degree of freedom systems of stiffness k& (Figure
2.15b). The initial stiffness of the two frames corresponds to the initial slope determined
previouslypinned 72 x 10*N/m versus 31 x 10°N/m). Frequency of a one degree of freedom
system can be determined using equation

L & 2.1)

F=5:\a1

Where f is the frequency, k the stiffness an M the mass. The first natural frequency of
the portal frames was calculated as shown in Table
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Simulated
concentrated mass

(b)

Pinned (a)
Connection

Figure 2.15: (a) Boundary conditions and simulated concentrated masses (b) Equivalent
Single Degree of freedom System

Endogenous Non-Endogenous % difference

k(N/m) 31x10° 72 x 107 77
f (Hz) 48 2.3 50
V (kN) 37 26 30

Table 2.4: Stiffness k, frequency f and maximum base shear V' at the end of the early age
period

There is a difference in frequency at the end of the early age period between the
two types of portal frames (50 %). Fundamental frequency values of the two structures
were used in order to perform a spectral analysis based on the time history of Figure
[2.16h. Its corresponding response spectrum is also given in Figure[2.16b. Spectral Analysis
conducted on the two types of portal frames showed (Figure 2.16f) that the maximum
base shear in the endogenous case is equal to 26 kN while it is equal to 37 kN in the
non-endogenous case (about 30% difference (Table [2.4)). Spectral Analysis curves were
also plotted in Figure [2.13
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Figure 2.16: Spectral Analysis (a) 0.3 g Accelerogram, (b) Pseudo-acceleration response
spectrum, (¢) Spectral analysis results
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Figure 2.17: Numerical and experimental interaction during the PsD tests. F is the force
value and d the displacement value.

2.5.2 Pseudo-dynamic tests

The PsD technique was applied on the reinforced concrete portal frames in order to

determine their dynamic behavior under a seismic loading.

2.5.2.1 PsD procedure and validation

Before using the pseudo-dynamic test technique on the portal frames under study, a first
step of the work of this thesis consisted in developing and validating such technique in
the GEOMAS Lab of INSA Lyon by applying it on a linear steel spring.

2.5.2.1.1 Procedure of resolution In order to perform the PsD tests, a Labview
program was developed during this thesis. This program allows to read the displacement
value given by the displacement sensor and the force value given by the load sensor as well.
It also allows to treat the data and perform the required corrections before calculating
(using a MATLAB Loop within the Labview program) the displacement to be imposed in
the following step and to monitor the jack so that it performs the required displacement
based on the Alpha Operator Splitting Algorithm [4].

The computer that contains the Labview program was connected to a National Instrument

Card itself connected to the displacement sensor, the load sensor and the jack via an MTS
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box (Figure ).

It should also be pointed out that the Labview program was developed in a way to also
control a camera so that it takes a photo of the studied structures at the end of each PsD
test in order to perform Digital Image Correlation or video tracking.

Before using the PsD tests on the portal frames several tests were performed on a steel

spring in order to validate the technique.

2.5.2.1.2 PsD application on a linear steel spring The PsD technique was vali-
dated using a linear steel spring that was subjected first to a sinusoidal loading and then
to an accelerogram. Results obtained using the sinusoidal signal were compared to an
analytical solution whereas the response of the linear steel spring under the accelerogram
was validated by comparing it to a purely numerical solution. The linear spring under
study is presented in Figure Such structure can be assimilated to a one degree of
freedom system. A laser displacement sensor was used as well as a load sensor to conduct
the PsD tests as shown in Figure In order to perform the pseudo-dynamic test, a

Figure 2.18: Psd test experimental set up used to test a linear steel spring

simulated mass M = 358.4kg was considered (numerically simulated), a damping ratio
¢ = 0.05 (typical damping ratio value for steel structures) was also numerically simulated.
The corresponding damping coefficient C' was calculated starting from the damping ratio
using following expression: C' = 26v/ MK whereas a stiffness K = 14431.2 % was used.
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Stiffness value was detemined experimentally by imposing small amplitude cycles (loading

and unloading) to the linear spring. Stiffness value was used in the analytical solution also.

The steel spring was first subjected to a sinusoidal signal: F,,; = 30sin(27t) in New-
tons. Results obtained using the pseudo-dynamic technique were compared to the ana-
lytical solution. Indeed, since such structure behaves linearly, its restoring force can be
written as: P(U) = KU where K the stiffness and U the displacement. Since the applied
load is sinusoidal, the equation of motion MU+ CU+ KU = F..i = 30sin(27t) becomes

a second order differential equation that can be solved analytically.

Figure 2.19: Linear steel spring under a sinusoidal signal

Results obtained using the PsD technique and the analytical solution are given in
Figure [2.19] A very good matching is observed.

Then, the spring was subjected to a Eurocode [2] (French annex) accelerogram (Fig-
ure [2.20al). Its corresponding response spectrum is given in Figure [2.20b| The acceler-

ation imposed to the steel spring induces an external force: F.,, = —Mw.

Where, AccSeismeECS is the acceleration time history (Figure [2.20a)). The acceleration
AccSeisme EC8 was devided by 3 in a way that the spring displacement doesn’t exceed 3
cm due to experimental limitations. Using the pseudo-dynamic method, the response of

the steel spring was obtained and then compared to a purely numerical solution. In fact,
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(a) Time History [2] (b) Response Spectrum

Figure 2.20: Eurocode input data for PsD tests on the linear steel spring

since the external force was not a sinusoidal, the equation of motion couldn’t be solved

analytically.

Figure 2.21: Linear Steel Spring under a Non-Linear Time History

There was a need to solve it numerically using a temporal integration scheme (in our
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1
2

acceleration as explained in Chapter 1.

case Newmark equations with o = 5 and § = %1) that relates displacement to velocity and

A good matching between the pseudo-dynamic solution and the purely numerical one
was obtained as shown in Figure [2.21]).

(a) (b)

Figure 2.22: Video Tracking (a) Followed black circles during the video tracking (b) Com-
parison between the displacement determined using PsD and the measured displacement
using video-tracking

In order to confirm results obtained using the displacement laser sensor, a video track-
ing was performed. Indeed, in civil Engineering it is usually important to use redundant
ways of measurements to confirm obtained results. Figure shows the black circles
that were followed using a Matlab routine when performing video tracking (photos used

for videotracking were taken at the end of each PsD loop with a camera as explained in

Figure [2.17)).

Results obtained using video tracking match well the ones obtained using the laser

sensor (Figure ).

2.5.2.2 RC portal frames results

Once the PsD technique was validated using the steel spring, it was used to determine

the non-linear dynamic response of the portal frames. The experimental set-up is shown
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Figure 2.23: Position of Velocimeters during PsD testings (a) Scheme (b) Experiment

in Figure [2.23b. A Rayleigh Damping ratio of 1% was taken into account in the PsD

algorithm (value determined using ambient vibration measurements).

Figure shows the mechanical response of the portal frames (Displacement-time
and force-displacement evolutions). Displacement was measured using LVDT1 sensor (po-
sitioned similarely as in Figure[2.11p). It can be noticed that the maximum displacement
(resp. force) in the Non-Endogenous case is 33 % (resp. 15 %) higher than in the Endoge-
nous case.

In order to confirm results obtained using LVDT1 sensor, a 2D Digital Image corre-
lation [63] [64] [65] [66] was performed to follow the displacements of the portal frames
during the PsD tests. A high resolution camera (Vieworks VN 29M) was used (the res-
olution of the camera is 29 MPx) as well as a lens aperture of 1_f1 to capture images of
the Region of Interest (ROI) at an interval of 7s. In order to have a diffuse lighting, a
white LED and two multicolor LEDS (red, green and blue) were used (figure [2.25¢). Im-
age correlation was performed using the UFreckles software [I3]. The area to be tracked
being the whole portal frame, a grey level speckle pattern was applied on it as shown in
Figure using a white lime undercoating over which black dots were applied (using
a painting). The original image was divided into four-noded quadrilateral finite elements
(QUA4) having a size of 20 pixels by 20 pixels in order to interpolate the displacement
field (Figure [2.25b). In order to obtain such meshing of the portal frames, a subroutine
was developed on Matlab. When running such subroutine, the initial image of the por-

tal frames captured during the PsD test is opened. Then, the user has to click on 16

71

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2020LY SEI113/these.pdf
© [C. Jaafari], [2020], INSA Lyon, tous droits réservés



Experimental tests under seismic inputs

(a) (b)

Figure 2.24: Pseudo-dynamic test results (a) Displacement-time Evolution and (b) Force-
Displacement Evolution

main points as seen in Figure From those entry points the Matlab subroutine calls a
CAST3M code [76] that allows to mesh the portal frames using QUA4 elements. The ob-
tained mesh is then uploaded on the UFreckles software [I3] itself developed on Matlab
in order to perform the 2D Digital image correlation. The initial correlation error before
loading was on average equal to 0.6%. It corresponds to the noise of the setup.

Figures 2.27h and 2.27p, give the evolutions of displacements on top of the two portal
frames obtained using Digital Image Correlation that confirm results measured using
LVDT1 sensor.

In addition to LVDT1 sensor, LVDT2, LVDT3 and LVDT4 sensors were used during
PsD tests (positioned as in Figure 2.11p). Measurement records are given in Figure

for the two types of portal frames. In addition to the out of plane movement of about 5

mm that the structures underwent (measured by LVDT4), displacement sensor LVDT3
measured a horizontal displacement at the bottom of the left column for the two types
of structures of about 2 mm, wich implies that the pinned boundary conditions were not

perfect.

At the end of the PsD tests, a pushover was performed on both frames in order

to determine their ultimate capacity. As for the portal frames tested using static cyclic
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Figure 2.25: Correlation (a) Speckle (b) grid (¢) Experimental set-up
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Figure 2.26: Position of points to define by the user in order to generate the meshing of
the portal frames
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(a) (b)

Figure 2.27: Displacement as a function time results using LVDT1 sensor and digital
Image correlation (a) Non-Endogenous portal frame (b) Endogenous portal frame

loading, the two portal frames tested using the PsD technique were casted in place the
same day with a similar blend. Similar trends were obtained as for the first pushovers: the
non-endogenous structure has a more important capacity (15.6 kN) than the endogenous
one (13.8 kN) (Group 2 in Table 2.3). Thus, this difference in ultimate capacity could
not be explained only by a variability of material. This point would deserve to be further

investigated in future studies.

2.6 Damage evolution during earthquake

2.6.1 Crack pattern evolution over concrete surface

Based on digital image correlation error, crack apparition was followed during the pseudo-
dynamic tests. The correlation error threshold that was used in order to detect cracks is
equal to 20 %. Crack patterns were drawn at each displacement pick (numbered from 1
to 11 as shown in Figure 2.29). Cracks mainly developed in the middle beam and more
particularely near the nodes (Figure 2.29p) for both groups of portal frames (figures [2.30]
and due to the strain increase that occured towards the joints of the structures
(strain fields were also determined using Digital Image correlation) during their PsD tests
(Figure shows how cracks develop in places where strain is important). It should be
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Figure 2.28: Evolution of displacements measured using LVDT1, LVDT2, LVDT3 and
LVDT4 during the pseudo-dynamic test performed on the Endogenous and Non-
Endogenous portal frames. LVDT sensors were positioned as shown in Figure [2.11p:
LVDT1 measured the lateral drift of the second floor of the portal frames, whereas LVDT2
measured the lateral drift of the first floor and LVDT3 the horizontal displacement at the
bottom of the left column of the portal frames and LVDT4 measured out of plane move-
ments.
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Figure 2.29: (a) Crack pattern correlation points and (b) Zones of cracks apparition

pointed out that cracks opened and closed back during the loading process (depending on

whether the cross-sections were under compression or under traction) as shown in Figures

and 2.31]

2.6.2 Frequency content evolution

Ambient vibration measurements were performed during the pseudo-dynamic tests (Fig-
ure 2.23)) in order to follow the frequency evolution of the structures ((x,y) plane) under
their self weight. As indicated in Table [2.2] the two portal frames were pinned at their
three ends and attached on top with the jack system (Figures and ) during the
measurements. The modification of the boundary conditions of the portal frames explains
why frequency measured at the end of the early age period is around 23 Hz with the
first supporting system (Figure and around 53 Hz with the second supporting system
(Figure 2.23h). In order to apply the RDT method, windows having a length of 8T, were
used as during the early age period as well as a trigger value of 20. One frequency was
calculated each 7 seconds (period corresponding to one PsD iteration). During the PsD
test, a difference in the frequency content of the two portal frames was detected based on
the velocimeters recordings. In fact, it was noticed that the first natural frequency of the
portal frame kept at early age in non-endogenous conditions decreased due to the seismic
loading from 53 Hz to 46 Hz (Figure [2.33b) whereas in the endogenous case it remained
constant under the same seismic loading (Figure ) Therefore the non-endogenous
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Figure 2.30: Non-Endogenous Portal frame crack evolution using Ufreckles [13]

portal frame was more damaged than the endogenous one at the end of the seismic load-
ing.

It should also be pointed out that during the experiment, the frequency of the portal
frames decreased punctually when the displacement on top of the portal frames reached
its negative peaks and then the frequency increased back (Figures and [2.33p) and
more particularely in the non-endogenous case. It is due to the fact that during the ex-
periment, the portal frames underwent vertical displacements at the bottom of the three
columns when the displacement on top was negative because the boundary conditions

were not perfectly well realized (not perfect pinned conditions).

2.6.3 Discussion

Under the same accelerogram, the non-endogenous portal frame was more damaged than
the endogenous one. In fact, while digital image correlation showed that cracks appeared

at the surface (towards the nodes) of both the endogenous and the non-endogenous portal

77

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2020LY SEI113/these.pdf
© [C. Jaafari], [2020], INSA Lyon, tous droits réservés



Experimental tests under seismic inputs

1 2 3
4 5 6
7 8 9
10 11

Figure 2.31: Endogenous Portal frame crack evolution using Ufreckles [13]

frame, ambient vibration measurements proved that the drop of natural frequency was
more important in the NE portal frame during PsD tests. Furthermore, force versus

displacement curves of the two structures clearly underlined their different of stiffness.

2.7 Effect of boundary conditions

As commonly observed in the practice, it is difficult to build perfect boundary conditions
as wanted. The portal frames were initially designed to be pinned at their three ends.
During the experiment however, the portal frames underwent vertical displacements at
the bottom of the three columns. Such displacements were evaluated using digital image
correlation. Figure [2.34] shows the evolution of diplacements following the vertical direc-
tion at the three ends. The most important displacement occured at the right column. Its
value will be used in order to correct the numerical model developed. It should be pointed

out that the originally measured displacement through image correlation had some in-
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Deformation map (&,) Crack apparition

Figure 2.32: Strain increase and cracks apparition using Ufreckles [13]

herent noise, that was filtered in order to obtain a more smooth displacement curve.
Using displacement value, corresponding velocities and accelerations were then calculated
(Newmark equations) and plotted in Figure for the Non-Endogenous portal frame
and in Figure for the endogenous one. Those values will also be implemented in the

numerical model for correction.

A new series of portal frames was built in a way to improve boundary conditions (By
Minimizing the vertical displacements). Displacement as a function of time as well as force
versus displacement curves obtained using the pseudo-dynamic technique for the second
group of portal frames are given in Figure 2.37] It can be noted that the response is
different from the one of the first group of portal frames. Also, the difference between the
response of the endogenous portal frame and the non-endogenous portal frame is more
important in this second case (The maximum displacement on top of the non-endogenous
portal frame is 44 % more important than the endogenous portal frame). Which implies
that depending on their boundary conditions, the behavior of structures can be different
and the impact of early age damage can vary. Again, using image correlation, the real
displacement at the end conditions was determined. While being very small in compari-
son with the first group of portal frames, it is still not equal to zero and was quantified
(Figure . Vertical displacement at the right column given in Figure will be taken

into account in the numerical model. LVDT sensors measurements given in Figure [2.39
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Figure 2.33: Frequency and displacement evolutions during PsD tests: (a) Endogenous and
(b) Non-Endogenous. Red dotted lines indicate maximum local negative displacements
where a drop of frequency occured
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Figure 2.34: Vertical displacements (Y direction) at the bottom of the three columns of
the first group of portal fames (endogenous and non-endogenous) tested experimentally
with PsD tests
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Figure 2.35: Evolutions of vertical displacement (following the Y direction), velocity and
acceleration at the bottom of the right column of the NE-portal frame (of the first portal
group of portal frames tested with PsD tests)
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Figure 2.36: Evolutions of vertical displacement (following the Y direction), velocity and
acceleration at the bottom of the right column of the E-portal frame (of the first portal
group of portal frames tested with PsD tests)

Figure 2.37: Results obtained with the second group of portal frames tested using PsD
tests: Displacement as a function time results using LVDT1 sensor and digital image
correlation (a) Non-Endogenous portal frame (b) Endogenous portal frame
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Experimental tests under seismic inputs

Figure 2.38: Vertical displacements (Y direction) at the bottom of the three columns of
the second group of portal fames (endogenous and non-endogenous) tested experimentally
with PsD tests

confirm that boundary conditions are still not perfect since LVDT3 measures non null

displacements. LVDT 4 measured out of plane displacements of the portal frames.

At the end of the PsD tests performed on this series of portal frames, pushovers were
performed in order to determine the maximum capacity of the structures. Results are
presented in the third line of Table (Group 3). Again, it can be observed that the
maximum capacity of the non-endogenous portal frame (19.3 kN) is more important than

the maximum capacity of the endogenous portal frames (18.1 kN).

2.8 Conclusions

The experimental protocol that was conducted allowed showing the effects of early age
drying shrinkage on both the static and dynamic behavior of RC portal frames. Through
static and pseudo-dynamic tests performed, it was concluded that the fundamental fre-
quency of the structures under study is highly affected by early age damage (50 % loss).
Due to the induced frequency reduction, the linear dynamic response of the portal frames
obtained by performing a spectral analysis illustrated the effect of damage on base shear
reduction.

Non-linear dynamic response obtained using the PsD technique showed the effect of early
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Figure 2.39: Evolution of displacements measured using LVDT1, LVDT2, TLVDT3 and
LVDT4 during the pseudo-dynamic tests performed on a second group of Endogenous
and Non-Endogenous portal frames. LVD'T sensors were positioned as shown in Figure
2.11p: LVDT1 measured the lateral drift of the second floor of the portal frames, whereas
LVDT2 measured the lateral drift of the first floor and LVDT3 the horizontal displacement
at the bottom of the left column of the portal frames and LVDT4 measured out of plane

movements.
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Experimental tests under seismic inputs

age drying shrinkage on the seismic reponse of RC structures (more important drift). For
two groups of portal frames, having different boundary conditions, the increase of lateral
drift between the endogenous and the non-endogenous portal frame induced by early age
drying shrinkage was for the first group of portal frames equal to 33% and for the second
one equal to 44%.

Experimental tests performed and monitoring techniques used (ambient vibration, digi-
tal image correlation, optical fiber) showed that early age drying shrinkage can cause an
increase of the seismic vulnerability of RC structures. Thus, it can be important to take
into account such effects when designing a RC structure.

To help engineers account for early age damage on the static and dynamic behavior of
structures, a numerical enhanced multifiber model was developed as will be presented in
Chapter 3. By comparing numerical results with experimental ones emphasized in Chap-
ter 2, the objective will be to validate the numerical model that could be used in the
future by practioners to simulate the mechanical behavior of RC structures of different

dimensions and boundary conditions while accounting for early age effects.
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CHAPTER 3

Numerical simulation of the early age
damage evolution of two RC portal
frames and its effect on their static and

dynamic behavior under a seismic load

This Chapter presents the numerical model developed for the portal frames experimentally
tested in Chapter 2. It is based on the resolution of a Thermo-Hygro-Chemical (THC)
model combined with the use of an enhanced finite element multifiber approach and
allows to numerically follow their early age damage evolution and to determine their
static and dynamic behavior while accounting for their early age damage. Solving the
THC problem allows determining the evolutions of shrinkage and internal temperature
within the cross-sections of the portal frames during early age. Such values are then
taken as inputs of the enhanced multifiber model that calculates the damage evolution of
the portal frames before performing either a pushover, a spectral analysis or a transient
analysis. Results driven from numerical simulations were compared to experimental ones
presented in Chapter 2 to validate the numerical model. This Chapter is composed of
7 main sections. The first section presents briefly the methodology of resolution used in
the numerical model. Section 2 deals with the THC model resolution process whereas
Section 3 presents the resolution steps of the enhanced multifiber model. Section 4 is
on the description of the multifiber model of the portal frames (mesh choice, boundary
conditions, calibration coefficients of the constitutive laws, etc.) and Section 5 shows
results obtained from the numerical model (early age damage evolution, static non-linear
pushover analysis, modal and linear spectral analysis as well as dynamic analysis). Results
obtained using the numerical model were compared to experimental ones for validation.
Section 6 presents an attempt to extend the work conducted using the multifiber approach
to a 2D model where a 3D damage law in plane stresses is used. Results obtained with the
2D model were compared to the ones obtained experimentally and using the multifiber

approach. Last, conclusions of this Chapter are presented in Section 7.
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Numerical simulation of the seismic response of RC structures

3.1 Methodology of resolution

The general methodology followed in order to solve the problem is summarized in Figure
3.1} The resolution process is composed of 3 main steps: a first step was conducted using
COMSOL while the two following steps were performed on the ATLA4S finite element code
written in Matlab [51].

ATL4S CODE ON MATLAB

COMSOL SOFTWARE
THC MODEL
Tint Endo (1) Pushover
MEASURED EXTERNAL P NL-Analysis
Shrinkage Endo
CONDITIONS ENDOGENOUS
F—
CONDITIONS —» (2) Modal
OFinal Analysis
ENDO EFinal
Text Prinar 1= (3) Spectral
hygroex: T > A - drinal Analysis
int N-Endo i - -
€Shrinkage N—Endo - - .
NON-ENDOGENOUS PR T —» (4) Dynamic
CONDITIONS - - - Analysis
NON-ENDO
M.ulti.fiber model Multifiber model
RESOLUTION STEP 1 with internal degrees
of freedom

RESOLUTION STEP 3:
4 types of simulations

Figure 3.1: Resolution steps and softwares used. Step 1 : Resolution of the THC problem
on COMSOL to get the internal temperature and strain shrinkage fields. Step 2: Simu-
lation (ALT4S) of the EA damage by integrating COMSOL outputs (temperature and
strain shrinkage fields). Step 3: Simulation of the mechanical response of the structures
to an external excitation (pushover or earthquake). T, and hygroe,; are the external
temperature and humidity measured during the early age period using sensors. T},; and
€shrinkage ar€ the temperature and shrinkage evolutions within the cross-sections of the por-
tal frames calculated using COMSOL. 0rinal, €Finais Prinag and dpi,q are stress, strain,
internal force and displacement values of the different fibers of the model at the end of
resolution step 2

3.1.1 Step 1 : Shrinkage and temperature time evolutions (THC
3D model)

The first step consisted in using COMSOL in order to simulate the THC reponse of

the portal frames. The THC model used is based on 21 equations and unkowns and al-
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Numerical simulation of the seismic response of RC structure

lows calculating shrinkage and internal temperature evolutions of the two types of portal
frames during their early age period. Before simulating the response of the portal frames
on COMSOL, a sub-step consisted in choosing the calibration coefficients of the model.
Some of the coefficients were taken from literature references, while others were deter-
mined using calibration tests. Once calibration was done, the second sub-step consisted
in modeling the portal frames on COMSOL, in order to determine shrinkage and temper-
taure evolutions within their cross sections during the early age period knowing as inputs

external temperature and humidity evolutions that were measured experimentally using
sensors as shown in Chapter 2 (Figure [2.10)).

3.1.2 Step 2: Early age damage evolution (multifiber beam model
coupling creep and damage constitutive laws)

The outputs of the THC model (which are shrinkage and internal temperature evolutions)

were then implemented as inputs of the multifiber numerical model.

Through interpolation, shrinkage and temperature evolutions were determined at the

Gauss points of the multifiber model cross-sections.
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Figure 3.2: (a) Multifiber cross-section and (b) Finite element mesh and concentrated
masses
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Figure 3.3: Enhanced multifiber beam element with internal degrees of freedom. wy, are
deformations, vy, are derivatives of deformations and a;, are second derivatives of defor-
mations and py, are stresses.

In this second step of resolution, the portal frames were modeled using the multifiber
approach, which means that the structures were divided into 3D Timoshenko multifiber
beam elements (Figure ) Only in plane displacements were considered which means
that the displacement U, following the z direction and the rotations 6, and 60, were
considered equal to zero at all the nodes of the portal frames. In order to simulate their
early age behavior, the multifiber model was enhanced using a constitutive law with
internal degrees of freedom to account for shrinkage, creep, thermal deformations and
mechanical deformations (Figure . In total 3 internal nodes were added Ay, Aio
and Ags. In the multifiber approach each fiber returns a stress contribution (used in
order to calculate the section restoring force vector) and a stiffness contribution (used
in order to calculate the section stiffness matrix). From those values it is possible to
determine the element stiffness matrix and nodal forces that are used to solve the global
finite element problem. Practically speaking, if we compare the resolution methodology
followed to the one presented in Chapter 1, the difference when considering a multifiber
model with enhanced constitutive law is in the way stiffness and stress values of each fiber
are calculated.

Using such enhanced model, damage evolution was followed for the two types of portal
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Numerical simulation of the seismic response of RC structure

frames during their early age period.

3.1.3 Step 3: Static and dynamic response

At the end of the second step, strains, stresses, displacements, nodal forces and internal
variables of the different fibers were kept in memory as initial values of the following
resolution step (Figure . During this third step, different simulations were performed.
First of all, a pushover analysis was launched for the endogenous portal frame. Capac-
ity curve obtained as a result was compared to the envelope of the static cyclic test
conducted experimentally (Chapter 2) in a way to calibrate material properties of the
model. The same parameters were used when performing a pushover calculation on the
non-endogenous portal frame at the end of its early age period. The purpose of such sim-
ulations is to show the difference in static response between the two structures.

A modal analysis of both groups was performed at the end of the second resolution step in
order to evaluate their difference in frequency content. Based on the results of the modal
analysis, a spectral analysis was conducted.

Last, a non-linear dynamic analysis simulation was launched for both portal frames. To
achieve that, the same accelerometer as the one used in the PsD tests was taken as an
input.

Furthermore, since image correlation revealed in Chapter 2 that the portal frames were
not perfectly pinned, real boundary conditions determined using image correlation were
accounted for in the numerical model. All simulations performed during resolution Step
3 were done using a multifiber beam approach (Figure .

3.2 THC Model

This section describes how the THC problem was solved on COMSOL. Tests performed in
order to calibrate the THC model are also presented. Pr. Jean Francois Georgin calibrated
the model developed on COMSOLI in [5] to determine the evolutions of shrinkage and
temperature of the portal frames under consideration that were used as inputs of the

multifiber model.

3.2.1 Resolution process on COMSOL

Equations involved in the THC model were given in Chapter 1. In order to solve the

problem using COMSOL, the different equations were combined and divided into 5 groups.
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For each group, dependent variables (which are the main unknowns) were defined in the
software, as well as the source terms which are the differential equations to be solved, the
boundary conditions (in terms of fluxes) and the initial conditions. The other variables of
the problem were then deduced once the main variables were determined. On COMSOL,
the portal frames were modeled using 3D tetraedral elements through a discretization
of degree two (Lagrange quadratic discretization) and a BDF (backward differentiation

formulas) integration scheme of second order was used.

3.2.1.1 Hydration

The first group of differential equation defined in the software is related to the hydra-
tion reaction. In such reaction, the main variable (unknown) is @ which is the degree of

hydration, whereas the source equation (differential equation to be solved) is given by:

—Eq

& =krAe T (3.1)

Where: A is the coefficient of Chemical activity, T the temperature, F, is the activation
energy (E, = 44665 -L) and R is the universal gas constant (R = 8.3144621 2—). &
is the coefficient of accessibility to water (calculated knowing calibration constants: B, n
and 7y as explained in Chapter 1) and k is a calibration constant. Such constants were
determined using calorimetric test results.

When defining the hydration reaction equation on COMSOL, no fluxes were imposed
and in order to initiate calculations an initial value «q of the degree of hydration was used
ag = 0.01.

3.2.1.2 Porosity

The second group of differential equation defined in the software governs the evolution of
porosity.

In this equation, the main variable (unknown) is ¢ which is the porosity, whereas the
source term is given in equation [3.2

de.,me

¢ = all — Benar(1+ Vd—)]d— (3.2)

Where ¢ is the porosity of the paste, o the degree of hydration, d. the density of cement
(d. = 3140 %) and d, the density of water, (. the parameter accounting for the
contraction of le Chatelier (Suq¢ = 0.9007), v the stoichiometric ratio of the hydration

reaction of cement (y = 0.37) and m, the initial mass of anhydrous cement. Again, no
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fluxes were imposed when defining this second differential equation. The initial value of
porosity (¢o = 0.4) needed to initiate calculations was automatically calculted by the

software knowing the initial mix proportions (water, cement, sand, etc.)

3.2.1.3 Mass transfer of liquid water and water vapor

The third group of differential equations defined governs the mass transfer of liquid water
and water vapor. Two main variables (unknowns) are involved: S which is the degree
of saturation and h which is the humidity as well as two source equations. The first
differential equation (equation controls liquid water transfer whereas the second one

(equation [3.8)) governs vapor water transfer.

oS . Omy—,  Omy—s¢ 0¢
— + div( K, Vhe K,V KirVT) = — — — — 3.3
Where:
K.+ RT
Ky = —pp—11 3.4
lh Pi m hM, ( )
K.
Ky =—p—H (3.5)
m
K R
Kir = —pp =L —in(h. 3.6
I s (Peg) (3.6)
2y M
Sla, T, h) = (1— — £ 4 3.7
(@T) = (1= eapf-m 2 (3.7)
6(1—5) ”Rﬁ% - po%—? 4 div(KoyVh + Koy Vpy + K VT) = 8"5’:“ - S)% — (1 — 5)(%% - %) (3.8)
Where:
D,
Koy = —pp—LL (3.9)
h
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Keys

Ky = —py (3.10)
I Mg
1 Opus 1
Ky = —pyDogr(— R 3.11
r = —p D) = ) (3.11)

In the previous equations, p; is the density of liquid water, ¢ is the porosity of the
paste, S is the degree of saturation of the cement based material, K s is the is the ef-
fective permeability relative of the air in the porous medium, 7; is the viscosity of liquid
(m =1 x1073 Pa.s at 20 °C'), R is the universal gas constant (R = 8.3144621 =2-), T
the internal temperature, h the internal humidity, M, is the molar mass of water (M, = 18
), heg is the equivalent humidity, p, is the gas pressure, m;—, is the mass of liquid
water that evaporates during hydration, m;— is the mass of liquid water consumed dur-
ing hydration, « is the degree of hydration, while m, n and p are calibration constants
involved in the desorption isotherm. p,s is the saturation vapor pressure, p, is the density
of vapor water, D.ss is the coefficient of the effective diffusion of water vapor in wet air.
It depends as explained in Chapter 1 on D the coefficient of diffusion of water vapor in
wet air (D= 2.17 x 107° mTQatQO °C' and 1 atm ) and n, is the viscosity of gas (1, = 1.8
x107° Pa.s at 20 °C).

In addition, two fluxes: flux, and flux, were imposed:

fZ'LL.I'l = _¢(1 - S>Ehv(hpvs - hexthsext) (312)

flUZI}Q = —¢(1 — S)Ehl(pvs - hextpvseavt) (313)

Where ¢ is the porosity of the paste, S is the degree of saturation of the cement based
material, h the internal humidity, p,, is the saturation vapor pressure, h.,; is the external
humidity, pysest is the external vapor pressure, Fh; is the emissivity for liquid (Fh; =2.65

e—9 % determined through calibration using the loss of mass curve of the 4X4X16

samples and Fho is the emissivity for vapor (Eh, = 3.975e¢ — 8 m2].?. ) determined also

Pa
through calibration using the loss of mass curve of the 4X4X16 samples.

To solve the differential equations, the initial saturation was determined using the
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initial mortar proportions whereas the initial humidity was calculated starting from the

initial saturation value using the inverse of the desorption isotherm.

3.2.1.4 Dry air equilibrium

Dry air equilibrium depends on 5 variables: the density of air p,, the porosity ¢, the inter-
nal Temperature T, the humidity h and the saturated vapor pressure p,s. Such equilibrium

is governed by one differential equation:

—¢(1-9) \;‘; % +o(l— 5)%% - pao% F div(KapVh + KogVpy + KarVT) = —pa(1 — 9)%‘: +o(1— S)[%h% +(py - hpm)%]%(?).lzl)
Where:
D

Ku, = _paipvs (3'15)

(pg - hppv)

K D
Kag = —pal =L + ezf ] (3.16)

Mg (pg - pvs)
h 0 1

Dos | ) (3.17)

Ka - - aDe —_
4 P ff[(pg - hpvs) 8T - T

Where M, is the molar mass for wet air (M, = 28.96 ;).

To solve the govering differential equation a Dirichlet boundary condition type was
used. In fact, the pressure at the outer part of the modeled structure was considered to

be equal to the atmospheric pressure (known value).

3.2.1.5 Heat transfer

Heat transfer is dependent on a single variable: the internal temperature 7. Heat transfer

is based on the following equation:

or , _0Qr | 0Q
pCp—— + div(=Apgrad(T)) = o + v

- (3.18)

Where p is the density of the porous material, C,, is the specific heat capacity (C, = 900

I
kgK
W

=) % the rate of the heat of hydration and % the rate of the heat of vaporization.

), T is the internal temperature, Ay is the coefficient of thermal conductivity (Ar=1.8
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In order to solve such equation, there is a need to define appropriate boundary con-
ditions. Since the modeled structures evolved in non adiabatic conditions, a Newmann
Boundary condition given by equation was used:

fluxheat = HT(Text - T) (319)

Where Hrp is the heat transfer coefficient, T,,; the external temperature and 7T the
internal temperature. The heat transfer coefficient was determined using the expression
Hr = ——— provided in [6].

Hyqd+Hair

The Newmann boundary condition implies that a heat flux is possible between the
structures and the external environment. If the structures were kept in adiabatic condi-
tions, then flux fluxye,; would have been taken equal to zero.

To initiate calculations, the initial internal temperature was defined (considered to be

equal to the external temperature).

3.2.2 Calibration of the THC model

Calibration coefficients k, n, B and 7 involved in the hydration reaction were determined
through calibration using quasi-adiabatic calorimetric tests on 4 cm by 4 cm by 16 cm
specimens. Their value is given in Table [3.1]

In Figure temperature evolution of the specimens obtained experimentally using the
quasi adiabatic calorimetric test and numerically using the THC model is given. It should
be pointed out that in adiabatic conditions, in the heat tranfer part of the THC model, no
heat flow occurs and thus a Dirichlet flux type of condition is used. Temperature evolution

obtained using the THC model seems to match the one found experimentally.

The initial permeability Ky, the emissivity of liquid E'h; and the emissivity for vapor
Eh, were determined through calibration using mass loss measurements on 4 cm by 4 cm
by 16 cm prismatic specimens that have the same composition as the mortar used in the
portal frames (coefficients are given in Table [3.1)).

Two groups of prismatic samples were used in order to determine such coefficients. Their
manufacturing process is shown in Figure [3.5p. After casting, both groups were kept dur-
ing 24 hours in endogenous conditions (coverage using a plastic sheet) in a way to limit
plastic shrinkage from occuring as shown in Figure [3.5b. Then, one group was kept in
endogenous conditions during the remaining days of the early age period (kept covered

as shown in Figure ) whereas the second group was uncovered thus allowing water
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Figure 3.4: Calibration of the THC Model by fitting temperature evolution curve

exchange with the surrounding environment. Both groups were kept in the same room at
a temperature of 20 °C and at a relative humidity of 50 %.

The evolution of mass loss and free shrinkage of the specimens kept in endogenous and
non-endogenous conditions were measured during the early age period (Figures and
3.6b). Coefficients Ky, Fh; and Eh, of the THC model were chosen in a way that mass
loss curve obtained numerically (using the THC model) match results found experimen-
tally. Experimental free shrinkage curves were compared to numerical shrinkage evolution
curves as an additional validation.

On a side note, it can be seen that mass loss of the endogenous specimen is almost equal
to zero (result obtained both numerically and experimentally) during the early age pe-
riod. Such result is logical since no water is supposed to go from the specimens to the
surrounding environment in endogenous conditions due to the plastic sheet used to conver
them. In practice, a negligeable portion of water is still lost during the hydration process

of the specimens due to the fact that the covering sheets used are not waterproof at 100
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(b)

(c)
(a)

Figure 3.5: Prismatic beam elements used for the calibration of the THC model (a) Manu-
facturing process (b) 24 hours coverage using a plastic sheet after casting (c) Endogenous
goup conservation conditions

%. Coeflicients n, m and p of the desorption isotherm were taken from literature [77]. The
W /C (Water to cement ratio) of the reference is indeed equal to 0.5 which corresponds

to our mortar. Thus, coefficients m = 4.87¢7, n = 2.45 and p = 0.78 were chosen (Table

51).

The remaining coefficients used in the THC model were estimated. Values of calibration
parameters used in the THC model are given in Table [3.1]

~

A

3.2.3 Inputs and outputs of the THC model

The calibrated THC model was used to determine the evolutions of shrinkage and tem-
perature within the cross-sections of the portal frames during early age.

The inputs of the THC model are the external temperature (20 °C) evolution and
humidity (50 %) that were measured experimentally as shown in Chapter 2.
Temperature and shrinkage values were determined at the the different fibers of the mul-
tifiber model of the portal frames through interpolation (Figure [3.7)).
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(a) (b)

Figure 3.6: Calibration of the THC Model (a) Percentage of Mass Loss as a function of
time (b) Shrinkage as a function of time

Coefficient symbol Coefficient name Value Determination method
k Hydration reaction coefficient k=03x10"7s7T Calibration using calorimetric test results
n Hydration reaction coefficient 0.78 Calibration using calorimetric test results
B Hydration reaction coefficient 1.28 Calibration using calorimetric test results
Tk Hydration reaction coefficient 2.5 Calibration using calorimetric test results
E, Activation energy 44665 ﬁ Estimation
Bchat Contraction of le Chatelier coefficient 0.9007 Estimation
m Cocfficient of desorption isotherm 4.87 x 107 Value taken from literature[77]
n Coefficient of desorption isotherm 2.45 Value taken from literature [77]
P Cocfficient of desorption isotherm 0.78 Value taken from literature [77]
Ky Initial permeability 5.7 %1072 m? Calibration using the loss of mass curve of the 4X4X16 samples
Enhy Emissivity for liquid 2.65 ¢ mzkﬁ Calibration using the loss of mass curve of the 4X4X16 samples
Eh, Emissivity for vapor 3.975 ¢ % Calibration using the loss of mass curve of the 4X4X16 samples
ki (heqg — h) Coefficient to calculate the rate of evaporation of water 0.27778 f} Estimation
Hyp Heat transfer coefficient Hp= —+— Buffo-Lacarriere thesis [6]

Table 3.1: THC model coefficients and determination method

Next section will explain how the multifiber beam model presented in Chapter 1 was
enhanced in a way to take into account shrinkage and temperature evolutions calculated
in COMSOL as well as in order to take into account creep and mechanical deformations.

Resolution steps of such enhanced multifiber beam model will be given.
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(a) Endogenous case Shrinkage (b) Endogenous case Temperature

(c) Non-Endogenous case Shrinkage (d) Non-Endogenous case Temperature

Figure 3.7: Shrinkage and temperature evolutions (at the concrete fibers of all the elements
of the portal frames) calculated through an interpolation of the data provided by the THC
model on COMSOL. The evolutions of temperature of the different fibers are almost
similar. The portal frames have a small cross-section, thus the gradient of temperature is
negligible.

3.3 Multifiber beam model with an enhanced constitu-

tive law

3.3.1 Multifiber approach

The portal frames were modeled using the multifiber beam approach ([78] [79]). They
were divided into 3D Timoshenko beam elements, where each beam element is composed
of two nodes (Figure [3.8). At each node there are 6 degrees of freedom: 3 rotations

and 3 displacements. Each beam element is composed of 2 Gauss integration points and
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each integration point represents a cross section made of concrete and steel fibers (for
the reinforcements). Concrete fibers are located at the section Gauss points. Using shape
functions, displacement value can be calculated at any point of the beam element knowing
displacement values at the nodes. Timoshenko kinematic then allows determining strain
values at the different fibers knowing displacement values. Then, using a non-linear strain
to stress relation stress is determined at the different fibers. Through integration over the
cross section, force values at the Gauss points are determined. Figure summarizes the

principle of the multifiber beam approach used for the portal frames ([79] and [78]).

Figure 3.8: Principle of the multifiber beam model (78] [[9]) K= Stiffness Matrix; a,=
Section compatibility Matrix; B= Gradient Metric; L= Length of the beam element; U=
Nodal displacement; o = Stress Matrix; P=Load Vector, e= Strain Matrix, H is the
damaged Young moduls

In order to account for early age effects, the constitutive laws of concrete and steel

fibers were enhanced.

3.3.2 Concrete fibers enhanced constitutive law

Deformation at each concrete fiber was calculated in a way to take into account the
influence of shrinkage, creep, thermal deformation, and mechanical deformation [80]. The
total deformation at a fiber element was considered to be equal to the sum of all 4
contributions (Figure [3.9). Hence:

€tot = Eshrinkage + €thermal + €creep + €mechanical (320)
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Etot = Esnrinkage T €Thermic T Ecreep T EMechanical

Figure 3.9: Strain calculation within a concrete fiber element [14] [10]

Shrinkage and temperature evolutions were calculated independently using the THC
model with COMSOL. In order to account for these values in the multifiber model, at each
time step 7, an internal equilibrium was solved at the concrete fiber level. The constitutive
law of each concrete fiber is governed by three viscoelastic elements for creep in series with
a Mazars law (Figure. Each rheological model returns a restoring stress and a stiffness.
In order to solve the internal equilibrium, a Newton Raphson algorithm was used. Then,
once the internal equilibrium of the fibers was reached, static condensation returned to
the global algorithm of resolution stiffness and stress values of each fiber. Such values

were then used in order to solve the global Newton Raphson equilibrium.

3.3.2.1 Internal elements constitutive laws

The restoring stress pb., and stiffness kb, of each internal element (Figure 3.3) is a
function of its deformation, derivative of deformation and second derivative of deformation

and depends on the law that follows the element.

3.3.2.1.1 Viscoelastic constitutive law Elements 1, 2 and 3 are 1D viscoelastic
elements (Figure . Knowing as inputs their normal deformation u.;, and derivative of
normal deformation vb.,, their restoring stress pb.;, and stiffness kb, are determined as

follow:

Pbern = kb, X Uepn + by, X Vbepy, (3.21)
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v

kbey, = kb, + cby, X Bx At

(3.22)

n going from 1 to 3 since there are 3 viscoleastic elements: to model creep 1, creep 2 and

creep 3. v and [ parameters are Newmark parameters used in the temportal integration

scheme of the concrete fiber (y = 1 and 8 = ). kb, is a function of the hydration

coefficient & :

047300

leby = ki
P19 081 — 1.608¢

(3.23)

In the previous equation, the final stiffness k00 is a constant determined through cali-
bration, while £ is the hydration coefficient. Its ultimate value at the end of hydration is
equal to 0.84. In order to determine the hydration coefficient evolution during early age,

an Arrehnius differential equation [14] was solved on Matlab:

_ECL

£ = A(f)e (3.24)

Where E, is the activation energy, R is the ideal gas constant and A(£) the chemical

affinity. The damping values cb,, of the viscoelastic elements were determined as follow:

cb, = kon X Ty, (3.25)

n going from 1 to 3 while kg, and 7,, of each viscoelastic element are constants deter-

mined through calibration.

3.3.2.1.2 Mazars Concrete law Element 4 follows a 1.5 D non-linear Mazars con-
crete law. In the 1.5 D version of the pu Mazars law, permanent strains are taken into
account [11]. Such model also includes a hysteretic loop [81].

The inputs of the law are the strains €,,, €, and €., and the outputs are the stresses o,
04y and o, as well as the tangent stiffness (damaged Young Modulus). Knowing values
of e and €y, (constants that depend on the concrete used), it is possible to determine the
value of the initial damage thresholds for traction and compression respectively Yo and
Yoo

Y;g() = —€0+ —= (326)
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Y;O = —¢€ + % (327)

Where f; is the law parameter accounting for tensile strength and f. the law parameter
accounting for compression strength. Their ultimate value at 28 days is known as it
depends on the mechanical properties of the concrete used.

Using equation [3.28] it is possible to determine the value of ¢, which is the strain threshold.
Initially D, and D; that are the damage parameters for concrete cracking and crushing
are equal to zero. Then, depending on the state of the material their value evolves. Which
allows determinig the value of the strain threshold ¢, as follow:

€10 €fe-D

= - ¢ 2
1-D, 1-D, (3:28)

€t

Then, the parameter ¢; that accounts for the damage state of the concrete material can
be calculated using equation [3.29] Its value depends on the strain state € and on the strain
threshold ¢;.

€1 =€— € (3.29)

In 1.5 D, a concrete fiber will be either under traction or under compression. Its behavior
can not be mixed. If the fiber is under traction, the loading surface f; in traction can be

determined as well as the damaged stress o4 as follow [82]:

fe=€e—Y, (3.30)

Oq — (1 - Dt).E.Gd (331)
and Y; and D, for next steps are updated as follow:

Y; = €q (332)

Dﬁ:1_3ﬁ9%lél—AM&BM“4%” (3.33)
t

If the fiber in under compression, f. which is the loading surface in compression can be

calculated as follow:

fe=¢€a—Ye (3.34)
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and oy is updated using D. :
Ogq = (1 — DC).E.Ed (335)
Then, Y, and D, are updated as follow:

Y, = e (3.36)

Yoo (1 — Ap)

D,=1-
Y.

— A,.el7Be(Yeo=Ye)) (3.37)
Using previous equations, it is possible to deduce the value of the normal stress o,,.
Indeed, such value is equal to the sum of o4 and the hysteretic stress (known as the
dampping stress [82]). The damping stress is in our case is equal to zero since [; and
B2 which are the damping parameters are taken equal to zero. As for stresses o, and
0., they are determined using shear modulus G value. Its value depends on the Young

modulus E and the poisson ratio v = 0.2 as follow:

E
Ouy = Gl€yy (3.39)
Opy = G.€4, (3.40)

Strains €, and e, do not need to be corrected by thermal and shrinkage deformations
that only act following the zz (normal) direction.

On a side note, it should be pointed out that during the early age period simulated,
the tensile and compressive strength (R; and R.) as well as the Young modulus E of
the portal frames increase to become equal at the end of the hydration process to their
value at 28 days. In the p damage model used to simulate concrete behavior, f; is the
parameter accounting for concrete tensile strength, whereas f,. is the parameter accounting
for concrete compressive strength. Such material parameters were updated at each time

step as follow [14]:

Ji = ftfm,,,l(L)Ms (3.41)

gasympt
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fc = fomal(%)o'% (342)
E = Efina( : ¢ t)°'45 (3.43)

Where &oympt = 0.84 is the degree of hydration at the maturation of concrete. f; Final and
Jeina @re the values of the parameters of the y damage law accounting for concrete tensile
and compressive strengh at the end of 28 days, whereas Ef;nq is the Young modulus of

concrete at the end of the early age period.

3.3.2.2 Internal equilibrium

Solving the internal equilibrium of a concrete fiber allows getting deformation, derivative
of deformation and second derivative of deformation values at the internal nodes Ay, Ao
and Az knowing deformation values at the external nodes A; and A, that are provided
by the global algorithm of resolution (Figure .
The unknown deformations were determined using a Newton Raphson loop. The main
steps of resolution are the following:

(1) First, from the global algorithm of resolution, nodal strain vector e, nodal strain
velocity vector v, and nodal strain acceleration vector a..; of the fiber (Figure are

extracted.

Uegt = [U1; Ug] (3.44)
Vegt = [Ul, u2] (345)
Qerpt — [ul, UQ] (346)

(2) In order to take into account shrinkage and thermal deformation values within a
fiber, the external nodal normal deformation uy given by the global problem as equal to

€z (normal strain) is corrected as follow:

Ug = €gg — aT(T - TO) — €shrinkage (347)
The previous equation shows that thermal deformation ar(T — Tp) is calculated within
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concrete fibers using the thermal expansion coefficient of concrete ar and knowing the
evolution of temperature of the fiber 7" determined using COMSOL. T being the initial
temperature (constant), whereas €sp inkage 1S the shrinkage value calculated using COM-
SOL.

(3) Then, there is a need to extract the internal kinematic of the internal elements wy,
v, and ag. To start the Newton loop, the internal nodal unknown deformations gy, ugo
and wu3, derivative of deformations vy, vgo and vz and second derivative of deformations
ar1, are and ags are first assumed to be equal to the ones determined at the previous time

step of resolution. k is set equal to 1 for this first Newton iteration.

U = [ukl; Uk2; Uk3]
Vi = [Ukls Vk2; Uka] (3-48)

ap = [akl; A2, ak;3]

(4) From those internal deformation values, derivative of deformations and second

derivative of deformations are calculated using Newmark equations:

vk = v+ (1 — 7)Ata; + #[uk i — Aty — (% — B)(A1)2a) (3.49)
_ ! At L At? 3.50

(5) Once the internal deformations are determined, for each element we affect a de-
formation, a derivative of deformation and second derivative of deformation vector (using
(ab)t = [—1; 1]) as follow:

For element 1:

Uerr = (ab)"[tezt(1); up(1)]
Verr = (ab) ezt (1); vr(1)] (3.51)
acr = (ab)'[acat(1); ax(1)]

For element 2:
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Verz = (ab)'[or(1); vk (2)] (3.52)

For element 3:

vus = (ab) [or(2); vi(3)] (3.53)

For element 4:

Vera = (ab) [0k (3); Vewt(2)] (3.54)

(6) Next, there is a need to calculate the restoring stress pb, and stiffness kb, of
each internal element: The restoring stress of each element is a function of its deformation,
derivative of deformation and second derivative of deformation and depends on the law
that follows the element. n goes from 1 to 4. Elements 1, 2 and 3 are 1D viscoelastic

elements whereas Element 4 follows a Non-linear 1.5D p Mazars law.

(7) It is then possible to construct the vectors p.s and k.s giving the enhanced fiber
nodal restoring stresses and stiffnesses. p.; is a vector made of 5 terms deduced by as-
sembling vectors pbeji, pbeiz, Pbes and pbers, whereas k¢ is a 5 by 5 matrix determined by
assembling kb1, kbeja, kbes. and kbepy.

Per = [p1; Pb1; pbra; pbis; po] (3.55)

(8) Calculation of the nodal stress vector p, and stiffness matrix k. of the internal nodes
of the concrete fiber knowing p.; and k.. Terms 1 and 5 of the p.; vector give stresses at
the external nodes of the fiber element (such values are known external imposed boundary
conditions) whereas terms 2, 3 and 4 give stress values of the internal nodes of the fiber
(unknown degrees of freedom of the system). Similarely, in k.; columns and lines 1 and
5 are for external nodes whiles columns and lines 2, 3 and 4 are for internal nodes. By

using index b for the external nodes and r for the internal nodes: k.f(2 : 4,2 : 4) = k,.,

and pes(2:4) = p,.
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Thus:

ke = Ky (3.56)

Pe = Pr (357)

The internal equilibrium of a concrete fiber is reached once the nodal stress of the internal

nodes p, is equal to zero. Newton loop allows reaching such equilibrium.

(9) Newton loop:
(9.1) Calculation of the residual parameter R that needs to be minimized in the Newton
loop, which is R = —p,. If its value is bigger than a given chosen threshold value, the
Newton loop continues and k is set equal to k + 1. If else, the Newton loop stops here.
(9.2) An incremental deformation Awuy is added to the deformations of the internal nodes

in order to achieve an equilibrium state. It is calculated as follow:

dR
el A :
==k, (3.58)
Then:
dR
Aup = —— .
Uy, i (3.59)

(9.3) From the new deformation vector, using Newton equations velocity and acceleration
vectors are determined (same equations as step 4).

(9.4) Deformation, derivative of deformation and second derivative of deformation vectors
are calculated (same equations as step 5).

(9.5) The constitutive law of the internal elements is called and their restoring stress and
stiffness are calculated (same as step 6).

(9.6) ps and ky are calculated (same as step 7).

(9.7) pe and k. are calculated (same as step 8).

At the end of the Newton loop the internal deformations that best satisfy the internal
equilibrium of concrete fibers are obtained. From these deformations and knowing the
constitutive law of the internal elements, their corresponding stiffness and nodal stresses
are also calculated. Those values can then be used to determine the external stresses and

stiffnesses that the fiber will return to the global problem.
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3.3.2.3 Static condensation

When the internal equilibrium of a fiber is reached, stresses at nodes A; and A, of the

fiber are determined.

Peat = [P1; D2] (3.60)

Then, stiffness values at nodes A; and A, that compose the k.,; matrix of the fiber are
calculated using static condensation ([14] [51]): By using index b for the external nodes and
r for the internal nodes, the stiffness terms that allow determining the external stiffness
matrix ke, of the fiber can be written as: kef([1,5],[1,5]) = kw, kef(2 : 4,[1,5]) = ks,
kef([1,5],2 : 4) = ky and kef(2 : 4,2 : 4) = k,,. Which allows writing a simplified
expression of the external stiffness matrix k.,; which is actually equal to the tangent

operator.

kext = kbb — kbr X k‘r_rl X krb (361)

3.3.2.4 Global Newton-Raphson Algorithm

Each concrete fiber returns its restoring stress and stiffness that are used for the deter-
mination of the sectional stiffness and sectional internal force (from which the stiffness
and force of the beam elements are determined). Which allows by combining the different
contributions to solve the global Newton Raphson algorithm on the global coordinate
system presented in Chapter 1 (subsection 1.2.1). At each resolution step of the global
Newton-Raphson loop there is a need to repeat the internal resolution steps that allow

reaching the equilibrium of the fibers.

The resolution numerical time step used is 3600 seconds which means 1 hour. This
time step allowed having a good convergence of results and enabled us to accuratey follow

the evolution of damage of the portal frames.

3.3.3 Steel fibers enhanced constitutive law

For steel reinforcements, a non-linear 1D Menegotto cyclic model with strain hardening
[39] was used. During the early age period, the steel model was enhanced to take into
account the thermal deformation of steel rebars (steel reinforcements are not subjected
to shrinkage or creep as concrete fibers). Thus, to the normal strain €., at the steel fibers

determined using the Timoshenko kinematic as presented in Chapter 1, was substracted
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the thermal deformation as follow:
€re = €z — ap(T — 1) (3.62)

Where a7 is the thermal expansion coefficient. ap = 12e75, T' the temperature of the
steel fiber and Tj the initial temperature of the steel fiber. Knowing €,,, the Menegotto
law then allowed to determine the normal stress ., along the steel fiber axis. During the
third step of simulations (Figure [3.1)), the Menegotto Pinto law with strain hardening was

used without taking into account the thermal deformation of the steel rebars (negligible).

3.4 Description of the numerical model of the portal

frames

This section describes the meshing chosen and the coefficients that were used in the

constitutive laws of the numerical model.

3.4.1 Mesh and boundary conditions

Figure gives the node numbers that were used in the numerical model of the por-
tal frames. In order to show that such meshing is appropriate to use when conducting a
dynamic analyis of the structures, a mesh sensitivity analysis was perfomed. It will be
presented in subsection 3.5.2.

The cross section of the portal frames was devided into 4 concrete fibers in the z direction
and 8 fibers in the y direction in addition to 4 steel fibers to model longitudinal reinforce-
ments (Figure [3.2h). The minimum number of concrete fibers that allows to interpolate
well temperature and shrinkage fields over the cross section determined using COMSOL
was chosen. Figure shows the shrinkage field (non-Endogenous Portal frame) at 28
days interpolated by a multifiber cross section composed of 8 fibers in the y direction and
4 fibers in the z direction. It was assumed that at each time step all cross-sections of the
portal frames have the same shrinkage field.

In the numerical model, 3 concentrated masses (M, My and Mj) (orange circles) rep-
resenting the contribution of upper floors were defined on top of the structures (Figure
). My = My = M3 = 1148 kg. Therefore, M;,; = My + My + M3 = 3444.4 kg. Where
M,y is the total mass of the frame (self weight is neglected). The same concentrated

masses were simulated numerically when conducting the PsD tests (Chapter 2).
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Figure 3.10: Shrinkage evolution at an intermediate cross section of the portal frames
interpolated at the Gauss points of a multifiber cross-section at 28 days (Non-Endogenous
Case). Since all cross sections of the portal frames except for the sections located at the
joints are subjected to similar temperature and humidiy outside conditions, their shrinkage
and temperature evolutions are similar. The additional shrinkage occuring at the corners
of the joints was not accounted for in the multifiber model.

Structures were initially designed to be perfectly pinned at their three ends as shown
in Figure [3.2b. In the practice, during PsD tests, the right column of the structures
underwent a vertical displacement that was measured using Digital Image Correlation
(Chapter 2). Such displacement was implemented in the numerical model when running
the non-linear dynamic analysis (Figure [3.11)).

Furthermore, pins were not in the reality poisitioned at the bottom of the portal frames
as depicted in Figure [3.2b, there was rather an excentricity between the bottom of the
portal frames and the pins. Indeed, here is how pinned connection were realized: Plates

(including a pin) were welded to the end of the longitudinal rebars of the portal frames.
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After casting, the welded plates were themselves welded to a supporting beam itself fixed
to the testing slab using anchors. Thus, between the pins and the bottom of the RC
columns there was an excentricity due to the plates containing the pins (Figure )
To account for such excentricity in the multifiber model, 3 rigid elements having a length
of 13 cm were added at the bottom of the three columns of the model (Figure 3.11p).

3.4.2 Material parameters

In Chapter 2, it was explained that concrete cylindrical samples made of the same material
as the portal frames have a compressive strength of 56 MPa and a tensile strength of 3
MPa, whereas their Young modulus is equal on average to 27 GPa. Due to scale effects,
compressive strength, tensile strength and Young Modulus values of concrete used in
the portal frames are different from the ones of the cylindrical samples tested. In fact,
according to the Weibull law [14] [36]:

VRG
4@

Ri(portal frame) = Ry(cylinder)( yi/m (3.63)

and

VRG
Ve

R (portal frame) = R.(cylinder)( yH/m (3.64)

Where: R;(portal frame) and R.(portal frame) are the tensile strength and compressive
strength of the portal frames, V RG is the volume in compression or in traction of the
structures. The portal frames being almost under pure flexion, their volume under com-
pression equals their volume under tension. V' C' is the volume of cylinder under traction

(in the Splitting test) or under compression (in the compression test).

VRG = (1.355 x 3 x 11 x 11 x 1072 x 1072) + (0.54 x 11 x 11 x 1072 x 1072) x 4)/2 = 0.037m* (3.65)

VO =7 x (11 x 1072))¥% x 22 x 1072 = 0.002m> (3.66)

The m parameter to use in the Weibull law is taken equal to 10 (|14] [36]).
Thus, R.(portal frame) = 42M Pa and Ry (portal frame) = 2.3M Pa
In order to determine material properties of concrete used in the portal frames, the

i Mazars concrete numerical model was calibrated in a way to fit the static behavior
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Beam fixed to the testing slab .
Plate the pin

goes through

Testing Slab
Pin

p-=——==——==- e= excentricity

(b)

Figure 3.11: (a) Pinned connection realization process and (b) Corrections applied to the
numerical model based on experimental observations: (1) Excentricity of the pinned con-
nections accounted for by adding rigid elements at the bottom of the portal frames and
(2) Vertical displacement, velocity and acceleration determined using Digital Image cor-
relation at the bottom of the right column implemented into the model when conducting
the dynamic analysis.

found experimentally (Chapter 2). Concrete strength values that best approximated the
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static behavior of the portal frames correspond to a compressive strength of 35 MPa, a
tensile strength of 2.5 MPa and a Young modulus of 24.1 GPa. Steel reinforcements yield
stress used in the numerical model was taken equal to 500 MPa since such value is not
dependent on scale effects. This calibration step was performed on the endogenous portal
frame and the same material parameters determined for that portal frame were used when

simulating the behavior of the non-endogenous portal frame.

Variability of young modulus, tensile and compressive strength was taken into account
in the multifiber model. A variability of 5% was used for Young modulus values affected to
the different concrete fibers (random normal distribution with a mean value of Ey = 24.1
GPa and a standard deviation of Ey725).

Initial concrete parameters (u model [14]) f;, and f., of the different fibers were
then determined starting from their respective Young modulus value E;. f;, = Etog—é and
fe, = ecog—é. €0 being the mean of f;, values and €, the mean of f., values. In our case,
€0 = —4M Pa and €, = 2.5M Pa (p model [14]).

Furthermore, it was observed experimentally that the longitudinal rebars were not in
the reality positioned at their designed position. An excentricity of the rebars of 27% was
thus imposed in the numerical model of the first group of portal frames tested using PsD
tests whereas no excentricity was accounted for in the numerical model of the second

group since rebars were better produced.

3.4.3 Constitutive laws parameters

Table gives concrete and steel parameters used in the numerical model of the portal
frames.

Strain to stress relationship of concrete fibers was determined using a non-linear
Mazars p model [11] (1.5D model). The cyclic strain to stress relation used at each con-
crete fiber is shown in Figure where o0,, stands for normal stress along the concrete
fiber axis. For steel reinforcements, a non-linear 1D Menegotto cyclic model with strain
hardening [39] was used as presented in Figure om stands for normal stress along

the steel fiber axis.

Creep was modeled using three Kelvin Voigt models in series (Figure as explained
in Chapter 1. The calibration parameters for the creep model were taken from [I4]. 7 =
0.1 day ; 2 = 1 day; 75 = 10 days and kjo = 3 X10'"(E2); kyo = 9 x 10'0(L2);

k3o = 2.5 x 10'°(&2). Those values were determined through calibration tests [14].
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Concrete parameters  Steel parameters

E =241 GPa E =210 GPa
v=20.2 F, =500 MPa
A =038
6 6
Ac=12 b= Giisommite
B, = 8000 a; =0
B. =320 az = 95
fi =25 MPa as =
f, = —4 MPa Ro = 18.5
51:0MP(I 031:0.925
BQZOMPG CR2:0.15

Table 3.2: Concrete and steel reinforcements model parameters. E= Elastic modulus;
v—= Poisson ratio; f; is the law parameter accounting for tensile strength; f. is the law
parameter accounting for compressive strength; A;— 1st parameter govering the evolution
of damage (traction); A. = 1st parameter govering the evolution of damage (compression);
B;= 2nd parameter governing the evolution of damge (traction); B.= 2nd parameter
governing the evolution of damage (compression); ; and [y are related to damping,
respectively with and without damage and F, = Steel yield stress.

(a) Concrete Cyclic x4 model [11] (b) Steel Cyclic model [39)]

Figure 3.12: Material constitutive laws

3.4.4 Inputs data from THC model

Shrinkage and temperature evolutions calculated using COMSOL were implemented into
the multifiber model by interpolation. Figure gives shrinkage and temperature evolu-

tions used as input data of the numerical model (values at the concrete fibers).
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(a) Position of the imposed incremental displace-
ment during the Pushover analysis

(b) Displacement Time History (c) Pushover, Spectral and PsD curves

Figure 3.13: Numerical pushover analysis using the multifiber beam model: Position of
the imposed displacement , displacement time history (Figure and multi-
fiber beam model pushover results and comparison with experimental pushovers (positive
envelope of cylic test results) and spectral analysis (Figure for Endogenous (E) and
Non-Endogenous (NE) portal frames

3.5 Results

With the enhanced multifiber beam model, concrete damage was followed during the 28

first days of the life time of the two portal frame groups. A modal analysis and spectral
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Figure 3.14: Pushover curves obtained for different discretizations to study mesh sensibil-
ity. "Initial" corresponds to the initial meshing given in Figure while "Initial+pl" is
the refined mesh presented in Figure [3.16] ,"Initial4+p2" corresponds to the discretization
of Figure and "Initial+p3" to the discretization of Figure 3.18]

analysis were performed in order to quantify the difference in response of both structures
after their early age period. A static pushover and a non-linear dynamic analysis were
also numerically conducted. Results of those simulations are presented in this section as

well as their comparison with experimental results.

3.5.1 Early Age Damage Evolution

Damage evolution due to shrinkage, creep and thermal deformations of the endogenous
and non-endogenous portal frames was followed during their early age period (0-28 days).
Time needed to run step 2 is equal to 1h13 min (with a time step of 1 hour).
Damage at the different concrete fibers remained equal to 0 in the portal frame kept in

endogenous conditions as shown in Figure [3.19af since stress values remained below the
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(a) (b)

Figure 3.15: Initial Mesh "Initial" (a) Elements numbers (b) Node numbers

(a) (b)

Figure 3.16: First refinement of the initial mesh by adding elements around the joints of
the beam of the first floor "Initial+pl" (a) Elements numbers (b) Node numbers
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(a) (b)

Figure 3.17: Second refinement of the initial mesh by adding elements around the joints
of the beams of the first and second floor "Initial4+-p2" (a) Elements numbers (b) Node
numbers

maximum allowable concrete tensile stress (Figure [3.19D)). In the portal frame kept in
non-endogenous conditions, damage increased during the early age period at the different
concrete fibers (Figure since stress reached its maximum allowable value R; (Figure
. Concrete damage during the early age period is thus more important in the non-
endogenous case than in the endogenous case because of drying shrinkage. Figure |3.20
shows damage maps of the different layers of the multifiber Non-Endogenous portal frame
(4 layers since there are 4 fibers following the z direction) at the end of the early age
period. Damage is important at the external layers (1 and 4) of the portal frame. Such
result is compatible with what was observed experimentally (cracks on the surface of the
non-endogenous portal frames at the end of the early age period).

It should be pointed out that during the early age period, the tensile strength increases
with the increase of the hydration coefficient ¢ (Figure 3.21h) and reaches its maximum
value Ry, ., (Figure3.21p) at the end of the early age period (when & = 0.85 as shown in
Figure m) This is why some concrete fibers get cracked during the early age period
even if their tensile stress is below the final value of R, , as long as it is below R, at a
given time of the early age period.

Figure shows the evolution of the mean tensile strength of concrete fibers R,,, , =
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(a) (b)

Figure 3.18: Third refinement consisting in dividing the initial mesh by 3 "Initial+p3" (a)
Elements numbers (b) Node numbers

2.5M Pa. Since the model takes into account Young modulus, tensile and compressive
strength variability as stated earlier, the final tensile strenght Rtifmaz of the different
fibers is not the same and varies from 2.07 to 2.88 MPa. The evolution of R over time
of the different fibers is shown in Figure whereas the evolution of Ry; as a function
of the hydration coefficient £ is given in Figure [3.22p.

3.5.2 Static Pushover

Several pushover analysis were performed on an undamaged portal frame (modeled using
a classical multifiber beam model without early age damage) for a mesh sensitivity study
before performing a pushover analysis on the Endogenous and Non-Endogenous portal

frames (using the enhanced multifiber model) to compare their response.

3.5.2.1 Mesh sensitivity analysis

In order to perform a numerical puhover analysis of the undamaged portal frame, an
incremental horizontal displacement (Figure was imposed at node 1 (Figure3.13al)
until reaching the maximum capacity of the structure. The initial mesh discretization
(shown in Figure was gradually refined (Figures where additional nodes were
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Rt

Rt=Concrete Tensile Strength=2.9 MPa
(a) Endogenous portal frame Damage (b) Endogenous portal frame Stress

Rt

Rt=Concrete Tensile Strength=2.9 MPa

(¢) Non-Endogenous portal frame Damage (d) Non-Endogenous portal frame Stress

Figure 3.19: Damage and normal stress (o,,) evolutions at early age in all portal frame
concrete fibers (many fibers get damaged at early age in the non-endogenous portal frame)

added towards the joints of the beam of the first floor, Figure where additional nodes
were added towards the joints of the beam of the first and second floor and Figure |3.18
where the initial mesh was devided by 3). For each mesh the same pushover analysis was
performed. Time required to perform the different pushovers is given in Table (3.3

Results of the different pushovers are given in Figure [3.14] Adding additional elements
towards the joints of the first floor reduced the maximum capacity of the portal frame
obtained numerically. Joints of the first floor play an important role in the response of
the structure. In fact, as observed even experimentally most of the damage during me-
chanical testing occurs towards the joints of this beam. Meshings "Initial+pl" (Figure
and "Initial+p2" (Figure gave very close pushover results and meshing "Ini-
tial+p3" (Figure pushover curve is similar to meshing "Initial+p2" (Figure
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Layer 1 Layer 2

Layer 3 Layer 4

Figure 3.20: Non-Endogenous Portal frame: Damage layers at the end of the early age
period

(convergence of results).

Meshing "Initial+pl1" (Figure was used to perform numerical pushovers of the en-
dogenous and non-endogenous portal frames. A more precise calculation of the mesh size
to use would have been required to study the post-peak behavior of the structures.

For the non-linear dynamic analysis, discretization "Initial" (Figure was used. In-
deed, as seen in Chapter 2, the maximum loading to which structures where subjected to
during PsD tests is equal to 10 kN and for such loading, results provided by the numerical
model using mesh discretizations "Initial", "Initial+pl", "Initial+p2" and "Initial+p3"
are similar (Figure [3.14).

3.5.3 Pushover results

After their early age period, a pushover analysis was performed on the Endogenous and
Non-Endogenous portal frames. Pushover curves obtained using the numerical model were
plotted in Figure

123

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2020LY SEI113/these.pdf
© [C. Jaafari], [2020], INSA Lyon, tous droits réservés



Numerical simulation of the seismic response of RC structures

(a)

Tensile Strength as a function of time

0.5

0 5 10 15 20 25 30
Time (Days)

(b) (c)

Figure 3.21: Non-Endogenous portal frame evolving parameters during early age: (a)
Evolution of the hydration coefficient £ (b) Evolution tensile Strength R; and (¢) Evolution
of tensile strength as a function of £

It can be seen that the numerical pushover curves match well with the experimen-
tal envelope curves. Numerical pushover results also confirm the difference in behavior

observed experimentally between the two portal frames (difference in initial slope).

3.5.4 Modal Analysis

At the end of resolution step 2 (Figure (end of the early age period), a modal analysis
was performed for both groups in order to determine the natural frequencies of the portal

frames as well as their mode shapes while taking into account their early age damage.
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(a) (b)

Figure 3.22: Variability of tensile strength in the numerical model: (a) Evolution tensile
Strength R;, of the different fibers and (c¢) Evolution of tensile strength R;, as a function
of ¢ (degree of hydration)

The Young modulus of each fiber was multiplied by the damage parameter in traction D,

(of the u model [I1]) of the last iteration of resolution step 2.

Where E; is the fiber young modulus to use when performing the modal analysis, E;y the
Young modulus of that fiber if no damage happened and D,, the damage scalar parameter
of the fiber at the end of resolution step 2. The young modulus value E; of each fiber allows
as explained in the state of the art of this thesis to determine the sectional stiffness of the
multifiber beam elements, from which the stiffness of each beam element is determined.
By assembling the contribution of the different elements the stiffness of the whole portal
frame can be determined (FEM approach). Knowing the stiffness matrix of the portal
frames, it is possible to perform a modal analysis by solving the eigen value problem. The
3 mode shapes of the portal frames obtained after performing modal analysis calculations
are presented in Table Natural frequencies were calculated after early age for both
groups as shown in Table Where f;= First Natural frequency; fo= Second Natural
frequency and f3= Third Natural frequency. The modal analysis performed showed that
the first natural frequency f; of the endogenous portal frame is 50 % higher than the
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Mesh Time (minutes)

Initial 11.45
Initial4-pl 22.6
Initial+p2 27
Initial+p3 40.5

Table 3.3: Time required to conduct a pushover analysis of the not initially damaged
portal frame using different meshes

natural frequency of the non-endogenous portal frame (4.8 Hz versus 2.3 Hz as shown in
Table . Such result can be explained by the fact that in the endogenous portal frame,
almost no damage happened during early age whereas an important damage occured
during the early age period in the non-endogenous portal frame due to drying shrinkage
and as a consequence many concrete fibers reached their maximum allowable tensile stress.

Similar observation was made experimentally.

Mode 1 Mode 2 Mode 3

J1 J2 /3

Table 3.4: Portal frame mode shapes

Endogenous Non-Endogenous

f1 (Hz) 4.8 2.3
f2 (Hz) 107 69.5
f3 (Hz) 184.7 120

Table 3.5: Natural frequency values at the end of 28 days

It should be noted that the behaviour of the portal frames is mainly dictated by
mode 1. Indeed, concentrated masses on top are very important compared to the self
weight of the portal frames. In order to prove that, effective modal mass participation
was calculated, which showed that the total mass M;, of the structures is almost equal

to the effective modal mass participation of mode 1. Effective modal mass participation
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Mery, of mode ¢ is calculated as follows:

(67 M)

Where: ¢; is the mode shape value at mode i; M is the structure mass matrix and o
is the projection vector. For instance the endogenous case gives the following results:
Mot = Mepf, +Mepp, + Meppy = Mepp, = 3444.4 kg. Thus, the structure behaves as a one

degree of freedom system of mass M,,;.

The natural frequencies determined using the numerical model correspond to the
ones found experimentally (starting from stiffness values experimentally determined using
cyclic tests and by considering a virtual mass equal to M, )(Chapter2).

However, as observed even experimentally, such values are different from the ones found
using ambient vibration measurements. This difference is due to the fact that ambient
vibration measurements do not take into account the simulated masses in the PsD tests
and numerically. Only the weight of the structures is accounted for. During early age, the
natural frequency of the structures measured using ambient vibrations was around 24 Hz.
By performing a numerical modal analysis using the multifiber beam model of the portal
frames while considering only their weight without additional masses and using boundary
conditions of the portal frames during early age (simply supported), a natural frequency
of 25 Hz was found. During PsD tests, ambient vibrations showed that the natural fre-
quency of the portal frames was around 53.5 Hz, because their boundary conditions were
different from the ones at early age (pinned and attached on top with the jack system).
Numerically, the portal frames were modeled while accounting only for their self weight.
They were pinned and in order to account for the jack system, a spring having a stiffness
of 1.56 x 107% was used. A modal analysis performed on such structure allowed getting

a natural frequency of 53.5 Hz.

3.5.5 Spectral Analysis

Modal analysis showed that there is a difference in behaviour between the portal frame
that was kept in endogenous conditions and the one that was kept in non-endogenous
conditions (change in frequency content as observed experimentally). This difference can
be further illustrated if we perform a spectral analysis on the portal frames using the
same moderate intensity non-linear Time History as the one presented in Chapter 2 of
this thesis (Figure ) Its corresponding response spectrum is also given in Figure
2.16p. Spectral Analysis conducted on the two types of portal frames showed (Figure
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2.16f) that the maximum base shear in the endogenous case is equal to 26 kN while it is
equal to 37 kN in the non-endogenous case (about 30% difference (Table [2.4))). Spectral
Analysis curves were also plotted in Figure [3.13¢. Maximum Base shear is calculated by

summing up base shear values F;"*" at each mode 1.

Spa X 9T M

Fimax —
&F M

Mo; (3.69)
Where: S, is the spectral acceleration of mode ¢; ¢; is the mode shape value at mode i;

M is the structure mass Matrix and § is the projection vector.

3.5.6 Dynamic Analysis

The same moderate intensity 0.3 g synthetic accelerogram used in the PsD tests was
applied numerically on the portal frames (Figure ) Because the portal frames were
not perfectly pinned and their three ends during the tests, real boundary conditions were
measured using 2D Digital Image correlation. The most important vertical displacement
was observed at the bottom of the right column of the portal frames and was measured
using 2D Digital image correlation then filtred for noise removal. Its value was imple-
mented as an input into the numerical model as well as its corresponding velocity and
acceleration (Figure . Time needed to run a dynamic analysis of the portal frames
using the multifiber model is 41 minutes.

Results are given in Figures and for the first group of portal frames and in
Figures and [3.26] for the second group tested using PsD tests. Numerical results show
that there is a significant difference in the dynamic behavior of the endogenous and non-
endogenous portal frames. The same observations were made experimentally. Numerical
results match very well with the ones obtained using the PsD tests, which allows validating

the numerical model.

3.6 Comparison between multifiber model and 2D model

results

In addition to the multifiber model presented, a 2D finite element model was developed
for the portal frames using ATL4S [51]. On a similar way as for the multifiber model,
two main steps of resolution were conducted: a first step consisted in following the early
age damage evolution of the portal frames and a second step consisted in modeling the

behavior of the portal frames under a pushover or a seismic loading. Shrinkage and thermal
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(a) (b)

Figure 3.23: Displacements as a function of time comparison between PsD results and
multifiber model in the first group (a) Non-Endogenous (b) Endogenous

deformations determined using COMSOL were implemented into the 2D finite element
model as for the multifiber model. The objective of building a 2D model was to determine
the damage pattern of the portal frames numerically during their early age period and to
show that it reproduces well the pattern observed experimentally. The 2D model presents
the advantage of taking into account the kinematic of the joints that can not be reproduced
using the multifiber approach. By comparing results obtained using this 2D model with the
ones of the multifiber model, the objective is also to prove that the proposed enhanced
constitutive law can be easily implemented in different types of finite element models
(2D, 3D, etc.) in order to simulate the early age behavior of RC concrete structures. Such
comparison also allows showing that the multifiber approach is accurate while being less

time costly than 2D or 3D finite element models.

3.6.1 Mesh discretization

The portal frames were modeled using QUAA4 finite elements (with 1 integration Gauss
point) for concrete [83] and 1D Navier Bernoulli beam elements for the reinforcements.

Both transverse and longitudinal reinforcements were taken into account. The mesh (made
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(a) (b)

Figure 3.24: Force as a function of displacement comparison between PsD results and
multifiber model in the first group (a) Non-Endogenous (b) Endogenous

of concrete elements and longitudinal rebars) was first defined on the finite element soft-
ware CAST3M (Figure [3.27), then it was exported to the ATL4S code on Matlab where
transverse reinforcements were added (Figure gives the mesh discretization used in

order to simulate the portal frames).

Transverse rebars were implemented in the numerical model between concrete nodes.
Due to the simplified meshing used for transverse rebars, their cross-sectional area was
chosen in a way to make sure to have the same density of rebars in the numerical model
and in the real structures. The sectional area of transverse rebars was calculated as follow
[53]:

real
Anumem’cal — Atransverse X lelement (370)

transverse
Nsection X S

Where: Apumerical g the sectional area of transverse rebars in the 2D numerical model,

real : N : : :
Ajee erse 18 the area of transverse rebars in built structures, lgement is the length of a
beam element in the numerical model, ng.c1i0n is the number of transvere rebars in the
numerical element of lengh . ement and s is the spacing between transverse rebars in the

designed portal frames. Therefore, a section of 4.52 mm was used in the 2D numerical
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(a) (b)

Figure 3.25: Displacements as a function of time comparison between PsD results and
multifiber model in the second group (a) Non-Endogenous (b) Endogenous

model for transverse rebars.
Excentricity of pinned boundary conditions was taken into account by imposing kinematic

relations instead of adding rigid elements as in the multifiber model.

3.6.2 Constitutive laws

The p damage model was used in its 3D formulation [11] (with a plane stress configura-
tion). Thus, in comparison with the multifiber model, o,, was taken into account.

Figure [3.29 shows normal stress versus normal strain curve of concrete used in the 2D
model and Table gives © model parameters used (determined by calibration in order
to best feet experimental pushover curves). Tensile and compressive strength of concrete
used in the 2D model are slightly heigher than the ones used in the multifiber model
(4 MPa versus 2.5 MPa for tensile strength and 38 MPa versus 35 MPa for compressive
strength). Such parameters were obtained by calibrating the numerical 2D pushover with
experimental curves. The difference between concrete parameters in the 2D model and in
the multifiber model could be due to the fact damage is not calculated on a similar way at

the joints. The same variability of materials law used in the multifiber model was used in
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(a) (b)

Figure 3.26: Force as a function of displacement comparison between PsD results and
multifiber model in the second group (a) Non-Endogenous (b) Endogenous

4 rows of

QUA 4 elements
Between steel
longitudinal rebars

e=8cm I

Pushover zone

2 rows of

QUA 4 elements
Within concrete
Cover.

Figure 3.27: 2D Mesh on CAST3M
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Figure 3.28: 2D Mesh discretization

the 2D one (5 % variability on Young modulus value of the different concrete elements).
The constitutive law used for steel is the same Menegetto law with strain hardening used

in the multifiber model.

3.6.3 Early age damage

Damage evolution of the portal frames was followed during their early age period using
the 2D model by imposing as inputs shrinkage and temperature evolutions obtained with
COMSOL. Time required to run the early age period of the portal frames using the 2D
model is of about 5 hours (with a time step of 2 hours). Due to the geometry of the
structures, restrained shrinkage occured in the non-endogenous portal frame towards the
joints (which explains cracks observed experimentally at the end of the early age period).
In order to account for that in the 2D numerical model, displacements were restrained

towards the joints of the non-endogenous portal frame.
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Figure 3.29: Concrete laws used in the 2D model and in the multifiber model. Tensile and
compressive strength of concrete used in the 2D model are slightly heigher than the ones
used in the multifiber model (4 MPa versus 2.5 MPa for tensile strength and 38 MPa
versus 35 MPa for compressive strength)

Damage patterns of the structures at the end of the early age period determined
using the 2D model are shown in Figure It can be seen that the non-endogenous
portal frame got damaged whereas almost no damage was detected numerically in the

endogenous portal frame. In the NE portal frame, damage mainly occured at the surface
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Concrete parameters

E =241 GPa
v =02
Ay =108
A. =12
B; = 8000
B. =320
fi=4 MPa
fe=—16 MPa

Table 3.6: Concrete parameters used in the 2D model. E= FElastic modulus; v= Poisson
ratio; f; is the law parameter accounting for tensile strength; f. is the law parameter
accounting for compressive strength; A,— 1st parameter govering the evolution of damage
(traction); A, = 1st parameter govering the evolution of damage (compression); B;= 2nd
parameter governing the evolution of damge (traction); B.= 2nd parameter governing the
evolution of damage (compression)

of the structure and towards the retrained joints. Similarely, the multifiber model also

showed damage at the external layers of the NE portal frame.

3.6.4 Modal Analysis

A modal analysis was performed using the 2D model. The 3 mode shapes that were ob-
tained are given in Figure They are similar to the ones obtained using the multifiber
model.

The first natural frequency of the endogenous portal frame at the end of the early age
period calculated with the 2D model is equal to 5.24 Hz which is higher than the value
obtained experimentally and using the multifiber model (4.8 Hz). The 2D model is globally
stiffer than the multifiber beam model (Table . It is partially due to the meshing used
in the 2D model. In order to obtain better results, it would have been necessary to refine
the meshing used. For instance with the meshing presented in Figure the first natural
frequency of the endogenous portal frame equals 5.1 Hz. However, due to time and memory
issues when performing calculations with a refined mesh, the discretization that was used
to launch simulations is the one presented in Figure [3.28| even if it gives a more stiff portal
frame. At the end of the early age period, the non-endogenous portal frame first natural
frequency obtained using the 2D model was about 2.54 Hz. Again, such frequency is more
important than the one obtained both experimentally and using the multifiber approach.

However, the difference in frequency between the endogenous and the non-endogenous
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portal frame in 2D is equal to 51 % which is similar to the difference obtained both
experimentally and numerically using the multifiber beam approach (Table [3.7)). Stiffness
and first natural frequency values of the Non-Endogenous and Endogenous portal frames
obtained experimentally and using the numerical models (2D and the multifiber) can be
found in Table B.7

2D EXPE/Multifiber

Stiffness Endo (N/m) 37.3 x 10° 31 x 10°
Stiffness Non-Endo (N/m) 88 x 10% 72 x 10*
% Difference Stiffness 76.4 76.8
Frequency Endo (Hz) 5.24 4.8
Frequency Non-Endo (Hz) 2.55 2.3
% Difference Frequency 51.4 52.1

Table 3.7: Comparison of stiffness and natural frequency values at the end of 28 days
between the Endogenous and Non-Endogenous Portal frames (results obtained experi-
mentally and numerically using 2D and multifiber beam simulations)

3.6.5 Pushover Analysis

A pushover analysis was performed numerically using the 2D model of the portal frames at
the end of the early age period. In order to achieve that, the same incremental displacement
time history used in the multifiber model was imposed at the nodes located at the upper
zone of the portal frames delimited by the red rectangular shape in Figure [3.28) (their
position was first detected numerically). Time needed to run such simulation is of 1 hour
10 minutes.

Results obtained can be found in Figure It can be seen, that the pushovers obtained
using the multifiber beam model are closer to experimental values than the ones obtained
using the 2D model. Stiffness decrease during the loading obtained with the 2D model
is less important than the decrease observed experimentally. Also, the ultimate capacity
of the 2D portal frames is less important than the capacity of the experimentally tested

structures.

3.6.6 Dynamic Analysis

A non-linear dynamic analysis was performed using the 2D model (with the same ac-
celerometer used for PsD tests [2.16). Real boundary conditions obtained with digital

image correlation were implemented in the model. Time needed to run such analysis is
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around 3 hours.

Results obtained using the 2D model were compared to the ones driven from the multifiber
simulations and the PsD tests (Figures and [3.35). It can be observed that multifiber
model gives results (displacement evolutions and force versus displacement curves) that
are closer than the 2D model to experimental ones. This difference can be due to the
fact that the 2D model is stiffer than the multifiber model. Also, the two types of models
are not based on the same kinematic approach. A beam kinematic approach seems to
reproduce better the behavior of the portal frames under study. Further studies might
need to be conducted on the 2D model.

3.7 Conclusions

In this Chapter the numerical model developed for the portal frames was explained. First,
the resolution process of the THC problem was shown. Then, a detailed explanation was
given of the resolution steps involved when running a multifiber numerical model with
enhanced constitutive law. Such model allowed characterizing damage evolution of RC
structures during early age and determining their mechanical response when subjected to
static or dynamic excitations. It also accounted for experimental boundary conditions (dis-
placement measured using Digital Image Correlation), took into account the variability of
materials (Young modulus, compressive and tensile strength), as well as the excentricity
of rebars observed experimentally. The model was successfully validated by comparing
its results to experimental ones. Indeed, modal, spectral, pushover and dynamic analy-
sis results obtained with the model matched very well experimental results. Then, a 2D
model of the portal frames was proposed. The idea was to extend the work done using the
multifiber approach to 3D by using a 3D constitutive law in plane stress to account for
damage at the joints. The 2D model also accounted for real boundary conditions deter-
mined using digital image correlation. It allowed reproducing the difference of frequency
content between the endogenous and the non-endogenous portal frames (50 %) observed
experimentally at the end of the early age period. The response of the portal frames when
subjected to a static and dynamic loading was roughly reproduced by the 2D model. The
multifiber model reproduced better experimental results than the 2D model. That later

deserves further studies.
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Figure 3.30: 2D damage pattern at the end of the early age period (a) Endogenous (b)
Non-Endogenous 138
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Figure 3.31: 2D mode shapes determined using a modal analysis
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Figure 3.32: 2D more refined mesh
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Figure 3.33: Pushover results obtained: experimentally and numerically (using 2D and
multifiber models). Spectral analysis curves obtained experimentally are also plotted.
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(a) (b)

Figure 3.34: Comparison of the diplacement as a function of time curve obtained using
PsD tests, multifiber and 2D simulations (a) Non-Endogenous (b) Endogenous

(a) (b)

Figure 3.35: Comparison of the load as a function of diplacement curve obtained using
PsD tests, multifiber and 2D simulations (a) Non-Endogenous (b) Endogenous
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CHAPTER 4

(zeneral conclusions

Two types of portal frames that evolved in different conditions during their early age
period were constructed in order to evaluate their difference in behavior under seismic
loadings. One group was kept at early age in endogenous conditions (to limit drying
shrinkage) whereas the second group was kept in non-endogenous conditions. Damage
evolution at early age was monitored using optical fiber measurements. Crack openings
were more important in the non-endogenous portal frame than in the endogenous one.
Then, cyclic and pseudodynamic tests were successfully conducted on the two types of
structures at the end of the early age period. Experimentally, a difference in behavior was
observed between the two groups for their particular geometry and boundary conditions.
Indeed, cyclic test results showed that the force versus displacement curve initial slope of
the two portal frames is different (which implies a difference in stiffness and in frequency
content). The difference between the curves of the two portal frames also suggested that if
they are subjected to a moderate intensity earthquake their behavior will be different. In
France, moderate intensity earthquakes are the most commonly occuring type of earth-
quakes. Therefore, it is important to quantify early age effects when designing structures.
Pseudodynamic tests were performed on the two portal frames using a moderate intensity
earthquake. A difference in behavior was observed between the two portal frames when
drawing their displacement versus time and force versus displacement curves. As a matter
of fact, the maximum displacement in the non-endogenous portal frame was 33 % higher
than in the endogenous case. Image correlation allowed monitoring crack openings (that
occured mainly towards the nodes) during the pseudo-dynamic tests. Then, the enhanced
multifiber model that was developped for the portal frames and that allows following
their damage during the early age period as well as predicting their dynamic behavior
was explained. A comparison between experimental and numerical results were presented
and allowed validating the numerical model. The model presented and validated in this
thesis can be used in the practice in order to evaluate the impact of early age damage on
the seismic behavior of reinforced concrete structures of different geometries, boundary
conditions and composition (there is only a need to re-calibrate the THC equations to

account for the new concrete composition).
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Studied portal frames are of small scale. Due to their small cross-section, creep and
thermal deformations are not important (the gradient of temperature is negligible ). An
extension to this work could be studying structures of real size (beams subjected to re-
strained shrinkage, portal frame joints, etc.) By considering real size structures, it would
be possible to experimentally study the effects of creep and thermal deformations at early
age on the seismic response of reinforced concrete massive structures where such dam-
age sources are more important. Furthermore, the numerical model that was developed
already allows taking into account creep and thermal deformations. Testing structures of

real size, will allow to validate or improve the actual model.

In addition, it is possible to further enhance the actual model by taking into account
other sources of damage like the effects of corrosion or alkali-granulat reaction. Such
sources of damage take place during the aging process of RC structures and can affect

considerably their seismic response.

Hydraulic structures such as dams are particularely subjected to alkali granulat and
corrosion reactions [84] (example of the hydroelectric complex of Quebec). In fact, as
explaned Charlwood [85] in structures where humidity is above 75% the alkali-granulat
reaction is accelerated. Corrosion is also accelerated in environments subjected to agres-
sive agents such as acid or salt [86]. Corrosion and alkali-granulat reactions are the cause

of an important decrease of the mechanical strength of RC structures.

By incorporating damage sources such as corrosion or the alkali-granulat reaction in
the model, it will be possible to study damage evolution of aging structures and to eval-
uate their vulnerability when being subjected to hazards such as impacts or earthquakes.

Such model will certainly be of great use by ingineers in the context of aging structures.

In order to validate such model it could be possible to compare its results with data

provided by site measurements in existing structures.

On a side note, it should be pointed out that so far, the THC model of the portal frames
used in order to determine early age shrinkage and temperature evolution was solved using
the COMSOL software and then results were incorporated onto a finite element (either
multifier or 2D) model in Matlab. It will be interesting to incorporate the THC model

directly onto the Matlab plateform to have a more user friendly application.
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