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Abstract

Masonry structures are particularly vulnerable to seismic hazards. Nevertheless, architectural
strategies have been developed by local population in different areas to improve their seismic
resistance. One of these methods is the use of horizontal bands also called seismic bands. These
bands can be made of different materials such as wood, reinforced concrete or bricks. The
contribution of these bands is well known. For this reason, their use is prescribed in the building
codes for masonry in several Himalayan countries. However, the prescribed number of bands
and their placement in the walls vary from one regulation to another. In addition, the codes do
not take into account seismic hazards, but consider the use of bands inappropriate in the most
vulnerable areas.

A numerical model is needed to optimize the use of horizontal bands and to tailor designs to
the degree of seismic hazard. To achive this, it is necessary to identify the categories of masonry
structures and determine the failure modes that may occur in these structures. The focus is placed
on masonry structures with seismic bands, and the different elements that compose them are
identified: the masonry portions, the seismic bands, the reinforcements at the openings and the
roof. This allows the identification of an appropriate numerical model. Among the models from
the literature, only meso-models and macro-models are considered. The Rigid Macro Element
Model appeared to be the most interesting model for the modeling masonry buildings with bands,
but due to some limitations in correctly capturing the OOP bending of the walls, it was decided
to create a new meso-model: the Deformable Frame Model.

The development of the numerical model is presented in Chapters 4 to 6. The Deformable
Frame Model consists of a frame made with elastic beams. The kinematics of the frame is such
that the beams can be considered as struts for 2D modeling. Within the frame, there is one strut
per diagonal to reproduce the inelastic behavior of masonry under cyclic shear loading. The model
can capture three modes of failure of masonry under in-plane shear loading. Under out-of-plane
loading, the meso-element behaves elastically. The seismic bands are modeled with zero-thickness
interfaces to reproduce sliding at their interface with the masonry portions. The reinforcements
are modeled as elastic beams since they are not damaged during seismic excitation. The roof is
simply modeled as a mass at the top of the wall. The properties of all these elements are defined
with the properties of the materials, which can be measured without expensive experimental
tests.

Then, the proposed numerical model is tested. First, the modal analysis of several structures
is performed. These structures range from the size of a square wall to the size of a five-walled



structure. In this way, the elastic properties of the model can be validated and the limitations of
the model for dynamic analysis can be evaluated. Then, the numerical model is used to model
three different experimental campaigns. The first campaign consists of the horizontal cyclic test
of two walls of different sizes, the second one of the cyclic test of a wide wall with openings
and the last one of the cyclic test of adobe walls with and without seismic bands. This can
be used to show the efficiency of Deformable Frame Model in predicting the cyclic behavior of
masonry walls. Finally, the dynamic analysis of three houses is carried out at a reduced scale.
These houses had the same dimensions but were constructed differently. One house was without
straps, another with wooden straps and the last one with reinforced concrete straps. The results
obtained with the numerical model are compared with those obtained with the shake table tests
in order to evaluate the performance of the model.

The study presented in this paper is the first step towards the optimization of masonry struc-
tures with straps through the proposal of a reliable numerical model that allows the prediction
of the dynamic analysis of these structures. This model aims to allow the study of different
structures in a short time without the help of expensive experimental tests.
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Résumé en francais

Cette thése a pour but de proposer un modéle numérique simple et rapide pour 'analyse dy-
namique des structures en magonnerie avec bandes horizontales appelés aussi bandes sismiques.
Ces bandes sont utilisées en tant que dispositif parasismique et leurs apports sont bien connus:

e Elles réduisent la hauteur effective des murs. Cela permet de réduire les déplace-
ments hors-plan et limite les risques d’effondrement qui en résultent.

e Elles permettent le controle de la fissuration. Lorsqu’une fissure se propage dans le
mur, elle ne peut pas traverser une bande et se propage le long de celle-ci.

e Elles divisent le mur en magonnerie en plusieurs parties. Ainsi, une fissure ne peut
pas se propager que dans la partie dans laquelle elle se trouve ce qui permet de protéger
les zones saines du mur.

e Elles augmentent ’énergie dissipée. Lorsqu’une fissure se propage le long d’une bande,
un déplacement différentiel entre la bande et la magonnerie a lieu engendrant une dissipation
d’énergie par frottements.

Si leur utilité est bien connue, ils restent encore des incertitudes pour 'opmitisation de ce procédé
technique. La premiére incertitude concerne le nombre de bandes & utiliser. Suivant le code de
construction, ce nombre différe. En plus de cette inconnue, I’emplacement des bandes n’est pas
toujours le méme méme si certaines typologies reviennent. De plus, les codes de construction ne
prennent pas en compte le niveau de 1’aléa sismique pour 'emplacement des bandes. Le modéle
numérique proposé dans cette thése a pour but de proposer une réponse & ces incertitudes et
manques de connaissance.

Le Chapitre 1 donne les connaissances nécessaires sur les constructions en magonnerie afin
de bien appréhender le sujet. Dans la majorité des cas, ce type de structure est composé de
briques séparées par des joints. Les constructions en magonnerie peuvent étre classées en quatre
catégories: maconnerie non renforcée, maconnerie renforcée, maconnerie confinée et portiques
avec remplissage en maconnerie. L’identification du type de structure est essentielle car c’est
un facteur déterminant dans le choix du modéle numérique. Par exemple, I'Equivalent Strut
Model (ESM), modéle représenté sur la figure 2 , ne peut étre utilisé que pour les portiques avec
remplissage. En outre, la maconnerie n’est pas soumise aux mémes types de rupture suivant le
type de construction. Pour ce qui est des constructions non renforcées, on recense quatre modes
de ruptures:
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e La rupture diagonale: Elle est reconnaissable par une fissuration en escalier au sein du
mur. Elle est liée & la rupture en cisaillement des joints et & la flexion du mur. Elle dépend
du chargement vertical et de I’élancement du mur. La fissure peut traverser a la fois les
joints et les briques.

e La rupture en cisaillement des joints: Elle est reconnaissable par une rupture le long
d’un joint horizontal. Elle dépend du chargement vertical et des caractéristiques des joints.

e La rupture en compression: Elle est reconnaissable par des fissures verticales au bas
du mur. Elle est liée & la rupture en compression des joints et/ou des briques.

e La rupture par basculement: Elle est reconnaissable par une fissuration proche des
coins du mur. Elle est liée au chargement vertical et a ’élancement du mur.

Figure 1: L’Equivalent Strut Model pour modéliser les portiques avec remplissage en maconnerie

1

Lorsqu’elle est utilisée pour faire du remplissage, la magonnerie est soumise a de la compres-
sion le long de ses diagonales. Cela donne lieu & des ruptures qui ne sont pas rencontrées dans
les autres types de constructions: fissuration au centre du mur ou aux coins due & une compres-
sion trop importante dans la diagonale. Afin de reproduire correctement le comportement des
constructions en magonnerie, il est nécessaire que le modéle numérique utilisé puisse capturer
les différentes ruptures qui peuvent avoir lieu pour le type de construction considéré. Ceci est
d’autant plus important que les murs sollicités dans leur plan gouvernent le comportement global
de la structure. Les murs hors-plan, quant & eux, apportent une faible rigidité. Cependant, il
est fréquent qu’ils s’effondrent lors des séismes. Il est donc nécessaire de modéliser ses murs et
de pouvoir déterminer leur comportement limite.

Pour identifier les constructions qui sont dans les cadre de la thése, les constructions avec
bandes sismiques, le Chapitre 2 fait un état de I’art des constructions avec insertions horizontales.
Cette étude montre que ces constructions peuvent étre confondues avec les constructions pour
lesquelles la maconnerie est utilisée en remplissage. Les structures dans le cadre de la thése sont
identifiées grace a certaines spécificités:

e Les bandes horizontales ne sont pas les éléments porteurs de la structure.

e Les bandes horizontales sont placées & des endroits précis: au-dessus et en-dessous des
ouvertures, au niveau du toit...
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Les bandes peuvent étre réalisées en différents matériaux: bois, briques, béton armé ou
méme bambou. Des essais ont montré que, suivant le matériau utilisé, les apports de la bande
ne sont pas les mémes pour le comportement du mur. Ces essais ont aussi permis d’identifier
les différents éléments au sein des constructions avec bandes qu’il est nécessaire de modéliser
pour bien reproduire le comportement des constructions avec bandes sismiques. En plus de la
maconnerie, il est nécessaire de modéliser les bandes, les éventuels renforts et le toit. De plus,
il en résulte 'identification d’une échelle intermédiaire, 1’échelle méso, correspondant & 1’échelle
d’un bloc de magonnerie entre deux bandes.

Suite a l'identification des différents éléments, une étude bibliographique des différents mod-
éles numériques pour les constructions en magonnerie est proposée au Chapitre 3 afin de con-
naitre quel modéle est le plus pertinent pour I’étude. Les modéles peuvent étre classés en trois
catégories: micro-modéles, méso-modéles et macro-modéles. Cette classification correspond &
I’échelle considérée pour modéliser la magonnerie. Les micro-modéles modélisent tous les élé-
ments au sein du mur, les macro-modéles modélisent la macgonnerie a 1’échelle du mur ou a
I’échelle de grandes portions et les méso-modéles modélisent la macgonnerie & une échelle inter-
médiaire. Suite & l'identification des éléments effectuées au Chapitre 2, le choix se porte sur les
méso-modéles afin de limiter le nombre de degrés de liberté. Parmi les modéles rencontrés, I'un
d’entre eux permet de modéliser tous les éléments identifiés et de modéliser la maconnerie de
maniére simple. Le modéle en question est le Rigid Macro Element Model proposé par Calio et
al [2], représenté sur la figure ??. Il consiste en la modélisation de la macgonnerie par un cadre
rigide avec une articulation a chaque sommet. Au sein du cadre, en élément diagonal est utilisé
pour reproduire le comportement en cisaillement de la maconnerie. Le cadre est relié aux autres
éléments par deux types de ressorts:

1. Des ressorts transversaux pour le comportement en traction/compression de la magonnerie.

2. Des ressorts longitudinaux pour le comportement en cisaillement des joints.

.

vvvvvv

(a)
Figure 2: Le RMEM pour modéliser les structures en magonnerie [1]

Le comportement des trois types d’éléments sont liées aux caractéristiques géométriques et
mécaniques de la magonnerie modélisée. L’identification est simple et nécessite seulement 2



paramétres empiriques pour reproduire le comportement cyclique du matériau. Bien qu’il ait
de nombreux avantages, le modéle nécessite un maillage fin pour reproduire correctement la
flexion du mur hors-plan. Cela implique une quantité importante de degrés de liberté et, par
conséquent, un temps de calcul non négligeable. Afin de ne pas avoir ce probléme, un modéle
numérique inspiré du RMEM est créé pour les études dans le cadre de la thése: le Deformable
Frame Model (DFM), representé sur la figure 3.
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Figure 3: Le DFM pour: (a) étude dans le plan ; (b) étude 3D

Le DFM est présenté pour une modélisation dans le plan dans le Chapitre 4. Ce méso-
modéle est composé d’un cadre déformable réalisé avec des éléments barres. Au son sein du
cadre, une barre relie les sommets diagonalement opposés. Chaque élément est utilisé pour un
type de solicitation précis: les barres verticales (respectivement horizontales) sont utilisées pour
le comportement en traction/compression verticale (resp. horizontale) et les éléments diagonaux
sont, utilisés pour le cisaillement. L’identification des rigidités des éléments se fait simplement
avec l'aide du Principe des Puissances Virtuelles (PPV). Le but de ce modéle est de reproduite
le comportement de la magonnerie sous chargement sismique, c’est & dire sous cisaillement cy-
clique. C’est pour cela que seuls les éléments diagonaux ont un comportement inélastiques. La
courbe enveloppe de leur loi de comportement est bi-linéaire, semblable & un comportement
élasto-plastique parfait. Le plateau a pour ordonnée F, qui correspond & l’effort ultime de la
magconnerie. Celui-ci est déterminé & partir de formules issues de la littérature sont utilisés
capturer deux modes de ruptures: la rupture diagonale, formule de Turnsek et Cadovi¢ [3], et
la rupture des joints horizontaux, critére de Mohr-Coulomb. Pour la modélisation de murs en
maconnerie non renforcée, il est possible de capturer la rupture par basculement. Le comporte-
ment hystérétique est inspiré du modéle proposé par Panagiotakos et Fardis [4] pour 'ESM. Ce
modéle utilise seulement trois paramétres pour définir la forme de ’hystérése. Afin d’avoir un
comportement prédictif, des formules sont proposées pour ces trois parameétres.

En plus de la macgonnerie, les bandes et les renforts aux ouvertures doivent étre modélisés.
Lors des essais expérimentaux, les bandes servaient essentiellement d’interface glissante lorsque
l'interface magonnerie/bande fissurait. Pour cette raison, les bandes sont modélisées par des
éléments d’interface avec une épaisseur nulle, représenté sur la figure4. Ces éléments utilisent
les mémes noeuds que le DFM avec le méme nombre de degrés de liberté. Les joints ont un
comportement élastique en compression, élastique endommageable en traction et elasto-plastique
en cisaillement. L’endommagement di au comportement en traction de l'interface affecte la
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cohésion mais l'inverse n’est pas vrai. Une fois que l'interface a rompu en traction, elle n’a
plus de rigidité pour les sollicitations perpendiculaires & son plan et la cohésion est nulle. Le
comportement au cisaillement de l'interface est défini avec le critére de Mohr-Coulomb. Dans le
cas spécifique des constructions en magonnerie avec bandes, des fissures peuvent se propager de
la magonnerie aux bandes. Afin de modéliser cet endommagement de l'interface, les joints sont
couplés avec les DFM auxquels ils sont reliés. Lorsque les éléments diagonaux des DFM concernés
plastifient, ils endommagement aussi la cohésion de l'interface. La vitesse de ’endommagement
est controlée par un paramétre empirique, le seul utilisé pour le modéle. Lors des essais, les
renforts n’ont pas été endommagés. Ils sont donc modélisés par des poutres élastiques qui
partagent les mémes noeuds que le DFM. Seuls les linteaux sont un cas particulier suivant s’ils
sont réalisés par des bandes horizontales ou des renforts qui se limitent aux ouvertures.

4 TOP

3 —_——
LN hinte =0
BOTTOM _
2

[ Lint !

Figure 4: L’élément d’interface pour modéliser les bandes

Afin de permettre ’étude dynamique de structure en maconnerie complétes, le Chapitre 6
définit le DFM pour une modélisation 3D. Comparé au modeéle 2D, ce format a des éléments
poutres pour le cadre. Aux noeuds, il y a dorénavant cing degrés de liberté (seule la rotation
autour de l’axe hors-plan est omise). Ces poutres ont un comportement élastique et permettent
de reproduire la flexion hors-plan du mur et sa torsion. Cette formulation 3D du DFM n’affecte
pas la définition du méso-élément pour une étude 2D. Des spécificités apparaissent pour la mod-
élisation des structures aux intersections des murs. Dans ce cas précis, les éléments verticaux
appartiennent & la fois & des murs sollicités hors-plan et des murs sollicités dans le plan. Afin
d’éviter une multiplication des cas qui peuvent arriver, le choix a été fait de ne considérer que
le comportement en traction/compression et torsion de ces éléments. En plus de la définition du
comportement 3D du DFM, le Chapitre 6 propose la définition de la matrice de masse du modéle
complet (DFM + interface + renforts). La masse de la magonnerie est définie aux noeuds en
déterminant le volume qui leur est associé. Un point quelconque appartient au volume associé
au noeud le plus proche.

Les Chapitres 7 & 9 permettent de tester le DFM. Le Chapitre 7 consiste en une succession
d’études modales allant de ’analyse d’un mur simple & I’analyse d’une maison deux piéces. Ces
différentes études montrent que le DFM permet de déterminer avec une bonne précision les modes
propres d’une structure mis & part les modes verticaux pour lesquels le modéle sous-estime la
masse modale, mais donne une bonne appoximation de la fréquence associée. En termes de temps
de calculs, le modéle est bien plus rapide qu'un modéle 3D FE classique. Le Chapitre 8 consiste
en la modélisation de trois campagnes expérimentales afin de tester les capacités du modéle &
prédire le comportement cyclique de mur en maconnerie. La premiére campagne expérimentale
est celle d’Anthoine et al. [5] qui consiste en deux essais de cisaillement cycliques: un essai sur
un petit mur et un essai sur un grand mur. Ces deux murs, qui n’ont pas d’ouvertures, différent
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I'un de 'autre seulement par leur taille. Ce facteur a une influence sur leur mode de rupture. Le
petit mur a une fissuration diagonale alors que le grand mur a une fissuration liée & la flexion. Le
DFM arrive & prédire le comportement des deux murs de maniére trés précise. Le second essai
modélisé est l’essai cyclique d’'un mur en adobe de Reyes et al. [6]. Ce mur est représentatif des
constructions historiques en Colombie. Il a des dimensions supérieures aux deux murs d’Anthoine
et al. [5] et a deux ouvertures avec linteaux. La présence d’ouverture joue sur la taille des éléments
et, pour cet essai, les méso-éléments n’ont pas tous la méme dimension. Le modéle numérique
parvient & prédire la courbe enveloppe de l'essai avec une précision satisfaisante. Cependant,
il surestime ’énergie dissipée lors des cycles. La troisiéme campagne expérimentale est celle de
Yadav [7]. Elle consiste en deux essais quasi-statiques sur des murs en adobe qui ont les mémes
dimensions. L’un des deux murs & une bande horizontale en son centre alors que le second n’en a
pas. Contrairement aux modélisations précédentes de ce chapitre, ’essai sur le mur sans bande
est utilisé pour déterminer les caractéristiques des matériaux utilisés pour les essais dynamiques
modélisés au Chapitre 9. Afin d’avoir une meilleure approximation de la courbe enveloppe
des résultats expérimentaux, une loi tri-linéaire est utilisée pour le comportement des éléments
diagonaux. La branche additionnelle correspond au changement de rigidité aprés ’apparition
des premiéres fissures avant que la résistance maximale de la maconnerie soit atteinte. Seuls les
paramétres de ’hystérése ne sont pas déterminés sur la courbe expérimentale mais calculés avec
les formules proposées au Chapitre 4. Une fois les propriétés mécaniques de ’adobe déterminées,
les propriétés de l'interface sont déterminées avec le second essai en considérant que les propriétés
de la maconnerie restent les mémes. Pour cet essai, I'interface n’a pas fissuré. Il n’est donc pas
possible de déterminer le parameétre gérant le couplage entre les éléments d’interface et les méso-
éléments ainsi que le coefficient de frottement. De plus, ce mur a une résistance plus grande que
le mur précédent qui ne peut pas étre reproduite avec le modéle. Il en résulte une différence
notable entre les résultats obtenus avec le modéle numérique et expérimentalement. Une analyse
de l'influence des différents paramétres de 'interface est aussi effectuée pour identifier ceux qui
ont un role majeur et ceux qui ont une faible influence sur le comportement du mur.

Le Chapitre 9 présente I’analyse dynamique de trois maisons a I’échelle 1/2 ayant les mémes
dimensions testées sur table vibrante. L’une des maisons est une maison en adobe non renforcée,
une autre est en adobe avec des bandes sismiques en bois et la derniére est en adobe avec des des
bandes sismiques en béton armé. Les briques et le mortier utilisés pour ces maisons sont les mémes
que pour les essais quasi-statiques de Yadav [7]. Cependant, le temps de séchage et les conditions
extérieures sont différents. Ainsi, les propriétés mécaniques identifiées au chapitre précédent ne
peuvent étre utilisées et les valeurs sont ajustées avec l'aide de la littérature. Pour chaque
maison, cing signaux sismiques d’intensité croissante sont utilisés. Lors des essais, des capteurs
a fil sont utilisés pour mesurer les déplacements en des points précis des maisons. Deux capteurs
placés dans ’axe des murs sollicités dans leur plan et trois capteurs sont utilisés pour mesurer
les déplacements hors-plan d’un mur & des hauteurs différentes. Le modéle numérique arrive a
bien prédire les déplacements mesurés expérimentalement pour les murs sollicités dans leur plan.
Cependant, le modéle n’arrive pas a capturer le déplacement maximal pour les déplacements
positifs au second essai sismique. Il en résulte un endommagement moins important qui a un
impact sur les essais suivants. Ce phénoméne se cumule d’un essai a ’autre réduisant les chances
que le modéle capture correctement le déplacement maximal. Cela se vérifie pour les trois essais.
Pour ce qui est du déplacement hors-plan, le modéle n’arrive pas & bien le reproduire. Pour les
essais avec le signal le plus faible, la différence est de 'ordre de 20% mais pour les essais suivants,
le mur est endommagé alors que le modéle a un comportement élastique. Le développement d’un
critére limite pour déterminer le déplacement ultime pour I'effondrement hors-plan doit prendre
cela en compte.
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Introduction

Context

Masonry constructions represent a majority of existing structures. They can be very old
buildings, such as castles, churches or temples, or recent constructions. This longevity of the use
of masonry can be explained by several reasons. The principal ones are the low cost of masonry
construction and the ease to get the materials. Moreover, masonry has the advantage to be a
simple way of construction compared to other materials such as steel or concrete.

Figure 5: Masonry structure with seismic bands in Nepal
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Masonry has a weak tensile strength that leads to a crack propagation even under low so-
licitation. This proneness to cracking is responsible of the collapse of several masonry buildings
during earthquake events in both developing countries and developed countries [11, 12]. Subse-
quently to these dramatic events, in people’s belief, masonry structures cannot undergo seismic
solicitations. This belief is not totally justified since for centuries people living in regions with a
high seismic hazard found solutions to improve the anti-seismic capacities of masonry construc-
tions and to limit the risk of collapse. One of these solutions consists in adding horizontal bands,
generally made in wood or reinforced concrete, in the structure. These bands can be encountered
in the literature with different designations such as ring beams, seismic bands, bond or collar
beams [13]. An example of a construction made with horizontal bands is shown in Figure 5.

Motivations of the research

The aseismic capacities of horizontal bands are well known. Therefore, several design catalogs
and guidelines for masonry structures propose to use them (Nepal [14], India [15], UNESCO [16]).
The benefits of the bands are numerous:

e They confine the masonry.

e They improve the connection of two perpendicular walls and give a box behavior to the
structure.

e They divide masonry in independent parts. Thus, safe masonry parts are separated from
damaged parts.

e They limit the crack propagation. When a crack spreads in a wall, it cannot go further
than the band.

e They increase energy dissipation. Once the crack reaches a band, it spreads along it,
causing sliding at the band /masonry interface and energy dissipation.

After the earthquakes that occurred in Nepal in 1988, the Nepalese government decided to
add some specificity for aseismic constructions in the building codes [17]. These codes ! have been
released during the year 1994 [19] and are inspired by the ones in India [17]. These codes propose
the insertion of horizontal bands in masonry structures to improve their seismic resistance. Yet,
there is not any mention of the limits of this technique. There is not any consideration of the
level of the seismic hazard, of the importance of the buildings or about the soil characteristics.
Thus, the rules for the use of this architectural strategy are blur.

The last guidelines and designs catalogs proposing the use of horizontal bands were released
after the earthquakes that occurred in the region of Kathmandu on the 25" of April 2015 and
on the 12" of May 2015 [14, 20]. These catalogs contain several explanations to make useful
horizontal bands and where to place them in the structure. Compared to the previous Nepalese
building code [19], the new one proposes to use more horizontal bands. A limitation of these

! They are called code but they do not have any legal status making their use not compulsory [18]
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guidelines and codes is the lack of consideration of the level of seismic hazard and an expected
working life of the structure for the prescribed designs. That statement is not true for the
Pakistani building code [21] on which there are some additional recommendation for important
structures but it is limited to the use of vertical reinforcements at the corners.

Objectives of the thesis

A numerical model is proposed in this thesis for the validation and the optimization of the
design of masonry structures with horizontal bands regarding the last regulations and codes.
That double objective can be achieved if the numerical model meets some requirements:

e To make a differentiation of all the elements in the masonry structure. Every element
has to modeled separately from the others to correctly reproduce their localization in the
construction.

e To have a short computational time so that it is possible to study different designs in a
reasonable time.

e To be simple of use so that the model can be used by any person willing to model masonry
structures with bands.

e To predict the behavior of masonry structures.

The objective related to computation time can be fulfilled only with macro-elements and meso-
elements. In order to have a better control on the modeling and the creation of the numerical
model, a new meso-element to model masonry, the Deformable Frame Model (DFM), is proposed.
This meso-element is defined for finite elements (FE) resolution and can reproduce cyclic shear
behavior and OOP bending of unreinforced masonry portions. Since masonry is not the only
element modeled, the DFM is defined to allow a straightforward connection with additional
elements.

Outline of the thesis

The process to achieve the objectives of this research is divided into three parts. Part I deals
with the literature review. Chapter 1 defines the basic vocabulary related to masonry construc-
tion. The different types of masonry structures are identified and the typical modes of failures are
explained. Chapter 2 focuses on masonry structures with horizontal bands. Different typologies
of structures are described, as well as the different forms of horizontal bands. The aim is to learn
about the structures within the scope of this thesis and to know what has been experimentally
observed in masonry structures with bands. It allows the identification of the different elements
that have been modeled and the definition of a meso-scale specific to this type of structures.
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Chapter 3 introduces the categories of numerical models and explains why the meso-models are
the most pertinent modeling strategy to achieve the objectives of this thesis. The meso-model
considered the most relevant to the context of this thesis is examined in detail for modeling
masonry at the identified scale. The advantages and disadvantages of the model are highlighted
and an explanation is given as to why the decision was made to create a new numerical model.

Part II focuses on the development of the numerical model for masonry structures. A new
meso-model, the Deformable Frame Model (DFM), is presented in Chapter 4 for 2D modeling.
It is inspired by the model analyzed in the previous chapter. Since the DFM is only used to
model masonry, Chapter 5 deals with the modeling of the bands with an innovative interface
model and the modeling of reinforcements. Chapter 6 extends the application of the DFM to
3D modeling and dynamic analysis. It explains how the OOP behavior is reproduced by the
DFM and how the model’s mass matrix of is created.

Part III focuses on the validation of the proposed numerical model. The model is imple-
mented in ATL4S, a FE toolbox on Matlab designed by Grange [22] for all the numerical analysis
in this thesis. Chapter 7 shows the modal analysis of several structures using the DFM. A com-
parison is made between the results of the DFM and the results of FE models on the Castem
software [23]. That study is used to check the elastic properties of the model as well as the
definition of the mass matrix. The following step is to validate the inelastic constitutive laws.
That verification is done in Chapter 8 where the proposed model is used to model experimental
tests at the scale of the wall. Chapter 9 shows the results with the proposed model for the
modeling of shaking table tests on three reduced scale houses. Some of the samples where made
with horizontal bands.

A final part summarizes the work presented in this manuscript. It concludes about the
proposed numerical modeling in relation to the set objectives and discusses avenues of research
with the DFM.



Part 1

(General presentation



This first part of the thesis aims to set the context of the study of masonry constructions
with bands and the numerical models that can be used.

Chapter 1 gives knowledge about masonry. It tackles the basic vocabulary, the principal
type of structures and the modes of failure for in-plane (IP) and OOP loading.

Chapter 2 focuses on masonry structures with bands. It presents different typologies that
can be encountered around the world and the prescribed dispositions in building codes. It aims
to set the limits of the study.

Chapter 3 tackles numerical modeling of masonry structures. It gives an overview of the
different commonly used methods and enables to select a relevant model regarding the objectives
of the thesis. This modeled is analyzed in details to know how well it can perform for modeling
masonry structures with bands.



Chapter 1

Knowledge about masonry structures

1.1 Basic vocabulary

The word masonry covers a large sample group of building methods. It denotes constructions
made of bricks and joints, but it can also designates construction made of stones alone. Therefore,
the common name for the largest element is not brick but block or unit since it can be attributed
to any type of constituent. In addition to blocks, it is common to have joints. A masonry
structure made without joints is called dry masonry. The layout of the blocks in a wall, often
called brickwork, is very important not only for the visual aspect but for the mechanical aspect
as well (more details in Section 3.1.2.3). The common brickworks are shown in Figure 1.1.

Masonry can be made of concrete, terra cotta, adobe, stone, and so on... These constituents
have mechanical properties that can widely vary and exhibit a nonlinear behavior under low
solicitations. This results in a global behavior that can be difficult to predict. Zucchini and
Lourenco [24] and Casolo [25], among others, brought that the ratio of Young modulus of the
units and the joints plays a role in the global behavior of a wall to light. Therefore, in order
to correctly model masonry, it is necessary not only to determine the mechanical properties of
blocks and joints but also to study the differential deformations between them. As an example,
under vertical compression, for two units separated by a horizontal joint, tensile failure may
occur due to the difference of deformations of the two blocks and the joints [26].

Joints behave differently depending on their orientation because of the confinement to which
they are subjected and their role in the transmission of forces. Therefore, it is possible to find
the designation bed-joint for horizontal joints and head-joint for vertical joints. Some articles,
like the ones of Zucchini and Lourengo [24, 27, 26], make a deeper distinction by considering
cross-joints at the junction of the bed-joints and the head-joints.
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Figure 1.1: Common brickworks: (a) Stack bond ; (b) Running bond; (c) Running bond 1/3; (d)
Common bond (course headers); (e¢) Common bond (Flemish header); (f) Flemish bond (Dutch
corner); (g) Flemish bond (English corner); (h) English bond (Dutch corner); (i) English bond
(English corner); (j) English cross or Dutch bond (English corner); (k) English cross or Dutch
corner (Dutch bond); (1) Interlocking masonry

1.2 Categories of masonry constructions

As mentioned earlier, masonry constructions represent a large amount of constructions. The
most common type of construction is when masonry is the only used material. This kind of con-
struction is commonly called UnReinforced Masonry (URM) structure. Through the years,
the methods of construction have evolved and have been adapted to meet with environmental
and societal situations. That is why it is common in several countries to find masonry construc-
tions with some reinforcements. We talk then about Reinforced Masonry (RM) structures.
This reinforcement can affect the strength of the structure as well as their ductility, the energy
dissipation, etc... The use of horizontal band is a reinforcing method. An other strategy to
improve the performance of masonry is to confine it with frames, most commonly RC frames or
steel frames. We then talk about Confined Masonry (CM) structure. (See Chapter 2 for the
discussion related to the category of structure for constructions with bands)

The CM structures can be mistaken for Frames Infilled with Masonry (FIM) for which
masonry is not the load bearing material. The frames for FIM structures can be made of wood
[28], steel [29] or reinforced concrete (RC) [30]. Reinforced masonry building and frames infilled
with masonry can look alike when RC is used (see Figure 1.2). Yet, it is possible to distinct
them by knowing their specific features. First of all, RC elements for CM are smaller than RC
elements for FIM. Moreover, for CM structures, the RC frames do not follow a pattern in the
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structure unlike for FIM (see Figure 1.2). Another way to identify CM structures is the use of
beams and columns around the openings.

The way of construction is different as well. Masonry walls are built first and the frames are
built later on for CM structures. For FIM structures, the process is reversed. The frames are
built first and masonry infill afterwards.

(b)

Figure 1.2: Examples of: (a) RC FIM structure (from [31]; (b) RC CM structure (from taxon-
omy.openquake.org)

The consideration of the type of structure is very important for the use of a numerical model.
Indeed, some models are specially created for a given type a structure, the Equivalent Strut
Model (ESM) for FIM for example.

1.3 IP behavior of masonry

1.3.1 Modes of failure

Figure 1.3, taken from Panto6 et al. [32], shows the different modes of failure that can occur in
masonry under IP loading. These modes of failure are:

a ) The rocking failure is the consequence of the bending behavior of the wall. Bending
leads to the failure of joint in tension at the top and the bottom of the wall. It is more
likely to occur for slender walls.

b ) The toe crushing failure occurs when the vertical compression is too high in the
masonry wall and damage both the bricks and the joints. It can happen when the wall is
bending as well. Its occurrence depends on the boundary conditions of the wall since the
rocking failure can happen before. Depending on the characteristics of the material, bricks
can break in compression or tension.
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¢ ) The diagonal crack failure is the failure of joints under shear. The cracks propagate
not only along the bed joints but through the head joint as well.

d ) The shear/sliding failure is the failure of the bed joints under shear. In this case,
only the bed joint is affected. The occurrence of shear/sliding failure or of diagonal crack
failure depends on the vertical stress and the shape ratio of the wall.

Figure 1.3: Modes of failure for URM buildings: (a) Cracks due to rocking; (b) Cracks due to toe
crushing; (c) Diagonal cracks; (d) Crack due to shear-sliding failure

These four failure modes cannot occur in any type of masonry structure. Indeed, some
configurations are prone to certain failures and limit the occurrence of others. For example, in
FIM structures, the deformation of the frame leads to a compression strut in the diagonal of the
infill (see Figure 1.4, taken from Combescure [33]). That particular loading can cause cracks at
the corners or at the center of the masonry panel due to a too high compression (see Figure 1.5).
However, because of the geometry of the panel and the load applied on the masonry, it is unlikely
to have a rocking failure or a toe crushing failure for FIM structures.

Figure 1.4: Modeling of the deformation of a RC FIM [33]

In the case of structures with bands, the effective height of the wall is reduced. It decreases
the risk of rocking failure of the masonry since, if the structure is well designed, the connection
between the masonry and the band breaks before the masonry is damaged. For these structures,
another type of failure can occur: the failure of the interface between masonry and bands. That

10
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Figure 1.5: Modes of failure for masonry infill frames [34]

failure is complex. It can occur because the joint at this spot breaks because of the shear
solicitation but it can occur because of cracks propagation as well.

1.3.2 1P cyclic behavior

The behavior of the walls loaded in their plane during an earthquake defines the behavior of the
complete structure. Thus, the numerical model has to be able to reproduce their behavior. The
experimental tests by Anthoine et al. [5] are used to analyze how the cyclic behavior of masonry
looks like. These experimental tests consist in quasi-static cyclic tests on two different walls.
The "small" wall is 100x135%x25 cm? (LxHxT) big and the "high" wall is 100x200x25 c¢m?
big. The boundary conditions and the vertical loading are the same for both wall. More details
on the experimental tests are given in Section 8.1.1.

Figure 1.6 taken from the article by Anthoine et al. [5] shows the results of the experimental
campaign. It can be seen on the sketches of the walls that they have different patterns of failure.
The small wall has a diagonal shear failure while the high wall exhibits the start of a rocking
failure. The envelope curves are quite different as well. The small wall has a brittle behavior
with a cyclic damage while the high wall has a softening behavior. It can be concluded that
the pre-peak behavior depends on the geometrical characteristics of the wall and on the vertical
loading. As for the post-peak behavior, it seems to depend on the failure mode.

In order to lead the high wall to failure, a higher vertical stress is applied on the wall and
another cyclic test is performed. The results of this second test are shown in Figure 1.7. The
increase of the vertical stress leads to a different type of failure. While the first test resulted
in a rocking failure, the second one ended with a diagonal shear failure. This test shows that
a higher wall needs a higher compression stress to have a diagonal failure and that the vertical
stress limits the effect of rocking. Like for the small wall, the high wall has a brittle post-peak
behavior. It can be considered that this pattern for the cyclic curve of the wall is related to the

11
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Figure 1.6: Shear cyclic behavior: (a) Small wall; (b) High wall

diagonal failure.

Figure 1.7: Cyclic behavior of the high wall under a higher vertical stress

The high wall exhibits an unloading/reloading behavior in three steps. The unloading starts
with a quick loss of strength. Afterwards, the wall has low rigidity on a range of displacements
that depends on the historic of loading. When one approaches the maximal displacement reached
historically in the other direction of solicitation, the wall regains rigidity. This behavior can be
explained by what is happening in the wall during this unloading/reloading. When the unloading
of the wall starts, the change of direction leads to a fast rearrangement of the elements and the
opened cracks close. Once the wall starts being loaded in the other direction, cracks that opened
because of a solicitation in this direction before get reopen. Since it is already existing cracks, the
wall does not exhibit a high resistance. At some point, the imposed displacement is high enough
to have in the same time the reopening of the existing cracks and the solicitation of the still
undamaged parts. These parts can get damaged before that the maximal reached displacement
is reached again. That is why the experimental curves exhibits a stair shape: additional cracks
have been created for the same imposed displacement.

12
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1.4 OOP behavior of masonry

For a uni-axial loading, it is usually considered that the contribution of the OOP loaded walls
to the global strength of structures is negligible and that the global building response is mainly
governed by IP damage. Therefore, these walls do not have an important impact on the seismic
behavior of the structures aside from inertial forces related to their mass. Yet, these walls collapse
because of bending (Figures 1.8.(a-b)) for URM constructions. That bending is directly related
to the geometry of the wall. Higher the wall is, higher the chance of toppling.

The length of the wall influences the cracking pattern and the resulting failure. For long walls,
a horizontal crack appears at a certain height in the wall coupled with vertical cracks. These
cracks result in the collapse of the upper part of the wall but they seldom result to the collapse of
the entire wall (Figure 1.8.(a)). For small walls, diagonal cracks appear and the connection with
the perpendicular walls are damaged. If the connection of perpendicular walls is not correctly
made or too damaged, the walls untie and the OOP solicited wall collapses (Figure 1.8.(b)). The
failure of small wall is more critical for the sake of the construction compared to the failure of
long walls. However, under a same OOP solicitation, the bending is less important for a small
wall than for a long wall. Thus, the small wall is more likely to remains safe.

It is possible, as well, that the OOP failure occurs at the corner of the wall (Figure 1.8.(c)).
This type of failure is less common than the one related to bending. They are more likely to
occur when the house is affected by torsion and for multi-story constructions.

D
vertical and
dragonal cracking’ . @
-
/ ,
\ horizontal cracking

(a) (b) (c)

Figure 1.8: The OOP failures of URM structures: (a) for long walls; (b) for short walls; (c) at the
corners (taken from Ortega et al. [13])

The risk of failure under OOP loading can be reduced by paying attention to the geometry
of the wall and the connection between the walls. The use of bands has an influence on both
aspects. It divides the walls in several parts and, therefore, it reduces their effective heights and
the OOP deformation accordingly. Moreover, the bands can improve the connection between
two perpendicular walls. These aspects will be shown in the following chapter.
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1.5 Conclusion

This chapter gave some elementary knowledge about masonry. It is generally made of two
constituents: bricks and joints. Both constituents have a weak tensile strength and can have
elastic properties quite different. This leads to a non-linear behavior that is difficult to predict.

For IP loading, four different modes of failure have been identified: diagonal cracking, shear-
sliding failure, rocking failure and crushing toe failure. Usually, cracks first occur in joints and
propagate along them. Since there are several possible layouts, the crack pattern can differ from a
construction to another. The failure of the wall is governed by the vertical loading, the geometry
of the wall and the mechanical properties of masonry. Under cyclic IP loading, masonry has
a hysteretic behavior. The shape of the hysteresis depends on the failure that occurs. These
features related IP loading have to be reproduced as best as possible by the numerical model
since they affect the global behavior of the structure for seismic solicitations.

OOP loaded walls are not of first importance for the behavior of the complete structure during
an earthquake. Their contribution to the global strength of the structure is negligible. So is their
contribution to the energy dissipation. However, theses walls can collapse and this can affect the
viability of the structure. Thus, if the taking into consideration of the cyclic behavior of masonry
under OOP loading does not appear as essential, the numerical model has to reproduce, at least,
the bending behavior of the wall in that direction.

In conclusion, the characteristics of masonry that the model has to take into account have
been identified. Next chapter focuses on masonry constructions made with horizontal bands.
It tackles the different typologies that can be encountered and experimental studies made for
masonry with bands. That chapter sets the limits regarding the type of structures in the scope of
the thesis and aims to give information for the modeling of a complete structures by identifying
all the elements and their behavior.

14



Chapter 2

Masonry structures with bands

2.1 Introduction

The use of horizontal bands in masonry structures is an ancient aseismic method. The oldest
known structures using this type of architectural strategy are from the region of Turkey and
Anatolia. They were built about 9000 years ago [35]. The use of wooden horizontal bands was
noted in the Palace of Knossos (1450 BC), in the Small Temple of Aton in Egypt (1350 BC)
and also in Mohenro Daro in Pakistan [36]. Since then, the use of wood in masonry construction
spread to surrounding areas and was developed in Mediterranean and Himalayan countries. The
aim of this chapter is to list the different typologies and to highlight their architectural principles,
especially in relation to the localization of the bands and the way they are made. The aim is to
clearly identify the type of structures that fall within the scope of the thesis and the ones that
do not.

In Chapter 1, it was announced that confusion is possible between CM structures with RC
beams and columns and RC FIM structures. In fact, this is not the only possible confusion. In-
deed, confusion can be made between masonry structures with horizontal bands and wood FIM
structures. In the second category, the wood frame is the load bearing element of the structure.
Therefore, in this case, the attention is more on the modeling of the frame than on the masonry
itself [28]. A way to identify wooden FIM is the use of timber elements to enhance the shear
strength of walls (braces, St Andrew’s cross, ...). Moreover, timber frame in FIM can be self-
sufficient. Figure 2.1.(e) shows an example of house where the first story is a RM construction
while the second story is a wooden FIM structure.

2.2 Typologies

15
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(a) (b)

Figure 2.2: Possible designs for wooden bands

There are several options for positioning the bands, as shown in Figure 2.1. Typologies may
vary from country to country but some similarities can be identified. The main factors affecting
the choice of a typology are the materials available in the region and the environmental hazards
to which the region is affected. However, it is possible to find architectures in some places where
bands only have an aesthetic function.

Wooden bands can be made in a number of ways. The most common wood band in masonry
structures consists in two wooden brackets placed along the wall. They are connected together by
small wood ties. These ties are used to reinforce the bands and improve the connection between
two perpendicular walls (see Figure 2.2). This type of bands can be encountered in Pakistan,
Turkey, Greece, India, Macedonia and Nepal. This type of bands can be used in a limited part
of the house (see Fig. 2.1.(e)), commonly for the foundations and the ground level, or for the
totality of the structure (see Fig. 2.1.(b)). Generally, these bands are separated by a distance
of 50 cm to 90 cm in the height of the wall (see Fig. 2.1.(c-e)). This type of bands can be
encountered in masonry structures made of any type of material.

It is possible to find structures where the bands are wooden planks. The thickness of these
planks can vary from 2 mm (Fig. 2.1.(g)) to 5 cm (Fig. 2.1.(i)). These bands have the advantage
to make a complete separation of two masonry portions, while the bands presented earlier may
have units between the two brackets. It ensures that cracks do not spread from one part to
another. The role and the localization in the structure of the planks are related to their thickness.
Compared to the typology seen earlier for the bands, the positioning of the plank bands can
be more random. For example, wooden planks can be used at the junctions of walls as local
reinforcement or at specific locations. There can be only one plank or several planks closely
spaced as shown in Figure 2.1.(d)). In Algeria and Syria, wooden bands may be found made
with logs (see Fig. 2.1.(f)) [42]. Their positioning in the structure is similar to that of plank
bands.
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As shown in Figure 2.1.(b), in some countries of the Himalayan Belt, wood bands can be set
alternatively with stones in a structure. In this type of structure, the bands of two perpendicular
walls are superposed. A layer of stone is added above the upper band before a new band is
added. This typology can be found in kath-khuni/koti-banal construction type [36].

In addition to the bands, it is possible to have vertical reinforcements at the corners like
shown in Figure 2.1.(a). The Cator and cribbage constructions in Pakistan are the most known
examples for this kind of structure. In Figure 2.1.(a), some wood bands are all along the walls and
are separated by approximately the same distance. At the corners, wood vertical reinforcements
with small wood horizontal inclusions to make the corner even stiffer are used. These small
wooden inclusions are placed on top of each other. This type of structure is a mix of wood
frames structures and masonry structures. Similar constructions can be found in Nepal, Tibet
and Syria.

Wood is not the only possible material for the bands. Bands can be made of brick as shown
in Figure 2.1.(h). These bands are inserted into masonry at regular intervals and can play the
role of lintels and chaining. The spacing between two bands is the same for a given construction
but it may vary from one building to another, as in the case of wood bands. In recent masonry
constructions, RC is used for the bands. The typology of constructions with these bands is
described further.

Table 2.1 indicates what type of constructions the cases in Figure 2.1 are with some expla-
nations. This helps to understand better these categories. The cases d, f and h in Figure 2.1
can be actually in two categories. In this figure, there are not visible vertical reinforcements
and the type of structures indicated in Table 2.1 consequently. If there are actually vertical
reinforcements, all these cases can be considered as CM structures.
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Table 2.1: Determination of the type of masonry construction for the cases in Figure 2.1

Case Elements other than masonry Category

(a) Vertical reinforcements at the corners, horizontal CM
bands spaced by tens of centimeters, reinforcements
at the openings

(b) Horizontal bands spaced by some centimeters, rein- CM
forcements at the openings

(c-d) Horizontal bands spaced by tens of centimeters RM
Bottom of (e) Horizontal bands spaced by tens of centimeters RM
Top of (e) Wood frame with masonry infill FIM
(f) Horizontal bands spaced by tens of centimeters RM
(2) Local reinforcements at the corners RM
(h) Horizontal bands spaced by tens of centimeters RM
(i) Small reinforcements RM

2.3 Prescribed positions for the bands

The last recommendations and guidelines masonry structures with bands were released in Nepal
after the earthquakes of 2015 [14]. They are an improvement of the former guidelines and are
inspired of guidelines in India [15]. These guidelines were accompanied by a design catalog
followed two years later by a second volume [43, 44]. All the designs in the first catalog are
masonry constructions with horizontal bands. These bands are whether wooden bands or RC
bands. Masonry in this first design catalog are stone masonry with cement mortar, brick masonry
with cement mortar, stone masonry with mud mortar and brick masonry with mud mortar. For
each type of masonry, the catalog gives basic designs for one-story and two-story constructions
with wooden bands or RC bands. The designs for masonry construction in the second catalog
have RC bands only. The bamboo bands that are proposed in the building code 203 [20] are not
proposed in any design of the catalogs.

Two designs of the first catalog [43] are used to show suggested arrangements of bands for
one-story stone masonry houses in Figure 2.3. Similar arrangement is proposed for brick ma-
sonry. In the catalog, the choice of the material for the bands depends on the mortar. The RC
bands are for cement mortar and the wooden bands are for mud mortar.

The two designs in Figure 2.3 have some similarities:
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1. A band along the walls at the level of the floor
2. A band along the walls below the windows

3. A band along the walls above the windows and the doors

Figure 2.3: Proposed designs of masonry houses with bands: (a) front side of a house with RC
bands; (b) right side of a house with RC bands; (c) front side of a house with wood bands; (d) right
side of a house with wood bands

Despite these similarities, the two designs have some differences besides the mortar used for
the construction:

1. The RC band does not run all along the walls when it is at the middle level of the opening,
unlike the wooden bands. It is outside the scope of the study, but two-story structures
with RC bands do not have this feature.

2. The thickness of RC bands depends on its position in the wall, unlike the wooden bands.

3. The design with RC bands has a roof band while the design with wooden bands does not
have one.

It can be concluded with these two designs that the dimensions of the bands and their position
depend on the material they are made of. Moreover, some spots for the bands are always the
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same but some locations are related to the material of the bands. There is not any explanation
of these differences of dispositions in the design catalog.

In the recommendations of UNESCO [16], it is recommended to use RC bands as plinth band,
lintel band, roof band and gable band for masonry structures made of fired bricks, solid concrete
blocks, hollow concrete or mortar blocks. It is also recommended to have RC vertical reinforce-
ments at the corners. For masonry structures made of stone, it is possible to use wooden bands
instead of RC bands but this solution remains the most recommended. For earthen structures,
it is recommended to use a wooden band as lintel and at the level of the roof. Depending on
the seismic risk of the area, UNESCO [16] recommends to add vertical reinforcements made of
bamboo or cane.

In the building code of Pakistan [21], RC bands are recommended as lintel bands and roof
bands. It is also recommended to have vertical reinforcements at the corners and reinforcements
at the openings. The code allows the use of brick bands as well but it is not what is the most
recommended.

2.4 The limitation of the study

The structures in the scope of the thesis are similar to the ones shown in Figures 2.3.(c)
and 2.3.(d). They are either CM or RM structures. These structures have horizontal bands
at specific locations in the wall. These bands are all along the walls. Thus, constructions such as
the houses from the Nuristan region in Figure 2.1.(b) are out of the scope of the study. Structures
such as the model with RC bands in Figures 2.3.(a) and 2.3.(b) that have bands that not extend
along the entire length of the wall, are also outside the scope of this study.

Figure 2.4 taken from the first Nepalese design catalog [43] is an example of structure in
the scope of the thesis. It represents all the elements that the numerical model has to take
into account. These elements are the masonry, the bands, the wood frames at the openings and
vertical reinforcement at the corners. The foundations are shown in Figure 2.4 but they will not
be modeled. Walls are considered perfectly embedded into foundations. In the technical details
of the Nepalese catalog [43], it is suggested that the roof is tied to the roof band. It enables
the complete construction to act as one unit and to maintain the vertical load due to the roof
uniformly distributed during a seismic solicitation. Moreover, roofs like the one in Figure 2.4 are
very rigid. Thus, it is unlikely that the roofs undergo any damage during earthquakes and that
they have a differential displacement compared to the masonry structure.

The masonry structure shown in Figure 2.4 is CM structure. The same house without vertical
reinforcements at the corners, which is a RM structure, is also in the scope of the thesis. It allows
to analyze the importance of the reinforcements and to know to what extent their properties play
a role in the behavior of the structure.
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Figure 2.4: Example of structure in the scope of this study

2.5 Experimental studies on masonry with bands

The observations made during experimental tests are used to guide the modeling of the elements
identified in Figure 2.4. Two different scales are identified for the study of masonry structures
with bands: scale of the element and scale of the structure. The scale of the element ranges from
the size of a few courses to the size of a complete wall. The discussion about the scale is the
conclusion section of this chapter and in the following chapter.

2.5.1 Scale of the wall

Aranguren et al. [45] conducted an experimental study on two masonry walls: one URM wall
(UW) and one wall with horizontal band (RW)(see Fig. 2.5.(a) and Fig. 2.5.(b)). Both walls have
the same dimensions and are made with earth bricks and mud mortar. The aim of the campaign
was to show the benefits of timber bands for the cyclic IP behavior of the wall. To achieve this,
both walls were loaded with the same quasi-static cyclic displacement at their head. A vertical
stress 0, = 0.2M Pa was applied to the walls during all the experiment using hydraulic cylinders.
The URM wall exhibited diagonal shear failure during the test (see Fig. 2.5.(c)). The wall with
wooden band had the same failure initiation in the lower part of the wall. However, once the
crack reached the timber band, it propagated along the timber band, instead of spreading to
the upper part of the wall, which allowed sliding at the masonry/band interface. Therefore, the
upper part of the wall remained undamaged in the second specimen, unlike for the URM which
was completely damaged. The band does not undergo any damage during the cyclic test.
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Figure 2.5: The two specimens for the cyclic tests [45]: (a) design of the URM wall; (b) design of
the wall with wooden band; (c) failure pattern of the UW; (d) failure pattern of the RW

The benefits of the wood band for the strength of masonry are not obvious at the view of
the envelope curve (see Fig. 2.6). In fact, the ultimate strength of the RW is approximately
equal to that of the UW and it is difficult to say whether the difference in the values comes
from the wood band or from the variability associated with the experimental process like the
mechanical properties of the material. The initial stiffness of the walls is also the same. The
post-peak behavior of the walls is the same in the pulling direction (negative displacement) but
the UW specimen has a more brittle behavior than the RW specimen where the envelope curve
has a plateau. The differences between the two samples is more significant for their hysteretic
behavior. The loops of the RW specimen are wider than those of the UW specimen meaning
that this wall dissipates more energy. This is confirmed by comparing the dissipated energy per
cycle between the two walls (see Fig. 2.7). The dissipated energy Eg;s is the area of the loops
for each cycle and Ejy,), is the energy transferred to the wall to reach the imposed displacement.
The rate of energy dissipation is more significant at the initial state for the RW wall and remains
constant throughout the experiment. This shows the aseismic benefits of the band.
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First conclusions can be deduced from these tests: (i) the band limits the propagation of
cracks into masonry parts and (ii) the dissipated energy under alternate loading is higher with a
band due to friction between the band and the masonry.
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To determine the benefits of bands for the OOP behavior, Spence and Coburn [46] tested four
different walls with the apparatus shown in Figure 2.8. The four tested walls have the following
configurations:

e Wall 1: Standard random-rubble stone wall with mud mortar. It is representative of
constructions in villages in eastearn Turkey.

e Wall 2: Standard random-rubble stone wall with mud mortar and a horizontal timber band.

e Wall 3: Random-rubble stone wall with cement mortar and RC band. This wall respects the
Turkish Standards and are representative of schools and government institutions buildings.

e Wall 4: Cut and dressed stonework with cement mortar. It is representative of mosques
and community buildings.

A ELEVATION

Figure 2.8: Apparatus used for the OOP test

Figure 2.9 shows that the use of bands gives important strength to the wall for an OOP
loading. For Wall 1 and Wall 2, the ultimate displacement of the hydraulic cylinder was the
limit of the test. For Wall 3, the hydraulic jack reached its maximum force in terms of effort
(100 kN) without damaging the wall. It can be seen that the RC band gives a higher stiffness to
the wall in the OOP direction than the wooden band. This increase in the stiffness of the wall
was not measured during the IP test by Araguren et al. [45] leading to the assumption that this
additional stiffness is related to the direction of the loading of the wall. The maximal strength of
the wall is also greatly increased. It is five times higher with the wooden band and even higher
with the RC band.

It can be concluded from these tests that the bands improve, as expected, the strength of
masonry walls in the OOP direction. The stiffness of the wall is also enhanced. The benefits
related to the band depends on the material it is made of.

2.5.2 Scale of the structure

Ali et al. [47] conducted an experimental campaign consisting of shake table tests of three reduced-
scale rumbled stones houses named SM1, SM2 and SM3 (see Fig. 2.10). The first model, SM1, is
representative of the typical public buildings in the northern areas of Pakistan. This house has
only one roof band and no vertical reinforcement. The roof was made of RC and the walls are
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150 mm thick. Model SM2 is representative of residential buildings of the same region. It has
RC reinforcement at the corners and a wooden lintel band. Unlike the SM1 model, the roof is
made of wood and the walls are 125 mm thick. The third model is an improvement of the SM2
model. This model has a RC band above and below the openings and at the roof level. There is
also a RC frame at the door and wooden frames at the windows.

(b)

Figure 2.10: The three reduced scale houses [47]: (a) SM1; (b) SM2; (c) SM3

The three houses were tested with signals of increasing amplitudes of the Kobe and El-Centro
earthquakes. Model SM1 is tested along its longitudinal axis while models SM2 and SM3 are
tested along their diagonal. During the tests, the SM1 model collapsed completely due to the
OOP bending combined with the weight of the roof, which was too large for the deformed
walls. For the SM2 model, the walls without bands (W2 and W4) collapsed because of the OOP
loading. Moreover, cracks spread in the masonry from the corners of the openings. These cracks
lead to the collapse of the window wall W3. These various failures lead to complete failure of the
structure. In the SM3 model, for the wall with the door (wall W1), the masonry part between
the wooden band and the roof band collapsed. However, the walls that exhibited OOP failure for
the SM2 specimen did not collapse. On the opposite side of the door wall, a crack developed in
the masonry part above the window. This crack propagated along the bands and causes sliding.
The crack patterns for the specimen are shown in Figure 2.11.
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That study leads to the following conclusions:

e Vertical reinforcements are not enough to prevent the collapse of the structure.

e The use of horizontal bands limit the collapse of the walls subjected to OOP solicitations.
It is consistent with the conclusions of the test by Spence and Coburn [46].

e The use of frames at the openings limits the propagation of cracks at the corners of the
openings. It preserves the integrity of the walls.

e Bands preserve safe masonry parts from those which are damaged. Cracks propagate along
the masonry/band interface and sliding occurs.

27



Conclusion

Figure 2.11: Damage of the three samples [47]: (a) crack pattern for SM1 specimen; (b) collapse
of SM1 specimen; (c) diagonal cracks of Wall W1 and collapse of the upper part of the W2 wall of
SM2; (d) cracks in the Walls W3 and W4 of SM2 specimen that spread and lead to the collapse of
the house; (e) walls W1 and W2 of SM3 at the end of the test; (f) walls W3 and W4 of SM3 at the
end of the test. The masonry/RC band interface for the upper band failed.

2.6 Conclusion

This chapter imparted some knowledge about masonry construction with bands. The aim was
first to identify the type of architecture within the scope of the thesis. These are structures with
bands placed at specific locations in the wall (roof band, lintel band and so on). These bands
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are along the whole perimeter of the structure. Different materials can be used for the bands:
wood, reinforced concrete, bricks or even bamboo.

(b)

Figure 2.12: (a) Typical masonry wall that will be studied in this thesis and (b) its constitutive
elements for the modeling [Masonry in yellow, opening in white, frames in red, bands in gray, roof
in green]

Figure 2.12 shows the part of a house that will be studied in this thesis. The different elements
to be modeled are marked with different colors. Masonry portions are colored yellow. These
yellow parts are delimited by the sides of the walls, the openings (colored white in Figure 2.12.(b))
and the bands (colored gray). The red elements are the frames at the openings and the green
element is the roof.

Thanks to the observations made during experimental test and to the guidelines, it is possible
to choose how to model the different elements:

e Masonry (= yellow elements) modeled with an inelastic behavior for IP solicitations and
elastic behavior of for OOP solicitations.

e Bands (= gray elements) modeled by interface elements reproducing sliding since that
phenomenon was observed during experimental tests and because the bands have not been
damaged.

e Frames (= red elements) at the opening, and potential vertical reinforcements at the cor-
ners, modeled by beams with an elastic behavior because the frames have not been damaged
during the tests conducted by Ali et al. [47].

e Roof (= green element) modeled either by dead load at the head of the wall or by elastic
beams.

Then, the most difficult element to model will be the masonry. Frames and roof will have a
simple modeling. The interface models will depend on how the masonry is modeled. Therefore,
the next chapter focuses on the possibilities for modeling the masonry.
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Chapter 3

Modeling of masonry

The numerical model must allow the determination of the seismic behavior of masonry struc-
tures with or without horizontal bands. For this purpose, it has to allow the modeling of all
the components of these structures. These different elements must interact with each other
and be connected in a simple way. Therefore, the aim is to avoid as much as possible the use
of different modeling strategies. The model should also have a relatively short compu-
tation time. For example, the target computation time for the dynamic analysis of a two-room
house is a few hours (at most half a day) for a regular computer without any parallel computation.

In the context of the thesis, the models are classified in three categories: micro-models,
meso-models and macro-models. This classification is related to the scale of the masonry
block identified in the previous section (scale of the yellow parts in Figure 2.12). Micro-models
aim to model the units and the joints composing the masonry. Meso-models aim to model
masonry at the scale of a Representative Volume Equivalent (RVE) or even a bigger part of the
masonry wall. For example, one can imagine a rectangular element the size of the yellow block
to model the masonry. Macro-models aim to model the masonry at a higher scale like the size
of a whole wall. These latter are inappropriate in the context of the thesis because they do not
allow the modeling of other elements.

The first section of this chapter briefly introduces the different categories of models. It allows
to present the most common models in each category in the literature and to explain why the
Rigid Macro-Element Model is the most interesting model from the literature for modeling ma-
sonry structures with bands. The last section of the chapter describes the Rigid Macro-Element
Model and aims to highlight the advantages and disadvantages of the model in the context of
the thesis.
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3.1 Models in the literature

3.1.1 Micro-models

Micro-models involve modeling at the scale of the bricks and the joints. There are two principal
methods: modeling all constituents (see Fig. 3.1.(a-b)) or modeling of expanded bricks separated
by zero-thickness interfaces (see Fig. 3.1.(c)). The second category of models is usually referred
to as simplified micro-models.

(a) (b)

Unit-mortar Unit-mortar

i Mortar i
Unit Expanded unit interface

interface
o -
(c)

Figure 3.1: Micro-models for masonry: (a) Costa et al.’s [48]; (b) Gambarotta and Lago-
marsino’s [49]; (c) Simplified micro-model [50]

3.1.1.1 Modeling of all the constituents

Two different approaches can be cited for this kind of model. The first is to try to reproduce the
geometry of the masonry specimen as realistically as possible and to use simple constitutive laws
to reproduce its behavior. This is the strategy followed by Costa et al. [48]. The first step is to
create a computer assisted drawing of the masonry block under study (see Figure 3.1.(a)). This
drawing is then exported to Castem software [23] for numerical modeling. Costa et al. [48] use
this method to reproduce numerically the cyclic shear test and modal analysis of stone masonry
block.
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The second approach was followed by Gambarotta and Lagomarsino [49] (see Figure 3.1.(b)).
A wall is modeled with 2D four-node elements. If the edge of an element is the interface between
two bricks, it is considered as a brick-mortar interface. If the edge is inside a brick element but
is vertically aligned with a brick-mortar interface, it is considered a brick interface. If the edge
is not one of these cases, it is considered an ordinary part of the brick. The joint elements have
a constitutive law that takes into account the damage of the bricks and the decohesion of the
brick-mortar interface. The bricks have an inelastic behavior that takes into account the tensile
failure and the failure under compression.

3.1.1.2 The simplified micro-model

The simplified micro-model is the most common modeling method for masonry among all models.
It is possible to find this method using different modeling strategies: extended finite elements
(XFEM) [50], discrete elements (DEM) [51], FE [52]. By and large, it is always the same method:
extended bricks with a simple mechanical behavior, often elastic, separated by zero-thickness in-
terface elements aims to reproduce the overall inelasticity in the masonry (see Fig. 3.1.(c)).

3.1.2 The meso-models

The most common meso-models in the literature are shown in Figure 3.2. The Rigid Macro-
Element Model (RMEM), the Rigid Body Spring Model (RBSM) and the Rigid Element Model
(REM) can be found in the literature with the designation macro-model. Such a designation is
valid with a definition of macro-models different from that of this thesis

3.1.2.1 The Rigid Macro-Element Model

An example of modeling of a wall with the RMEM is shown in Figure 3.5.(a). This model
was first described by Calié et al. [2] for the study of URM walls under IP loading. It is
used only for modeling masonry parts. It consists in a rigid quadrilateral with articulated
corners that has 4 degrees of freedom for IP modeling: two translations, one rotation, and
the shear deformation. The diagonally opposite hinges are connected by a spring, which is
used to model the diagonal shear failure of the masonry. The quadrilaterals, also referred to
as “panels” in the literature, interact with each other through zero-thickness springs at their
edges. There are two different types of interface springs: normal springs and longitudinal springs
(also called shear-sliding springs). The normal springs are used to capture the flexural failure of
masonry due to different deformations. The longitudinal springs allow the model to capture the
sliding failure of masonry. Ultimately, the model can capture through its various springs: the
tension/compression in the vertical and horizontal directions, the sliding between two elements,
and the diagonal failure. Since its first appearance, the model has been improved to allow the
modeling of reinforced masonry walls, the modeling of 3D structures and the modal analysis of
structures. An inconvenient with this method is that there is not any element related to bending.
Therefore, the bending of a wall can be correctly reproduced only with a fine mesh.
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Figure 3.2: Examples of meso-model: (a) Rigid Macro-Element Model [2]; (b) Homogenization
method [53]; (c)Rigid Body Spring Model [54] and Rigid Element Model [55]

3.1.2.2 The Rigid Body Spring Model and the Rigid Element Model

The REM was first proposed by Casolo to reproduce the OOP behavior of masonry [55]. It
is the example on the right in Figure 3.5.(c). A few years later, the version of the model for
IP solicitation, named RBSM, was proposed by Casolo and Pena [56] (example on the left in
Figure 3.5.(c)). In both variants, the masonry is modeled by connected rigid blocks. For OOP
modeling, the connections are moment/curvature hinges, and for IP modeling, the connections
are force/displacement springs. The springs/hinges are calibrated by establishing an energy
equivalence between the microscale and the scale of the rigid body. In general, a RVE is consid-
ered as a reference for the behavior of the masonry and the springs are adjusted to reproduce
the behavior of the RVE.

Another version of the RBSM, the Homogenized Rigid Body Spring Model (HRBSM) pro-
posed by Bertolesi et al. [57], captures the OOP behavior strain /stress springs. The determination
of the characteristics of the springs in the model is made by an energy equivalence between an
homogenized medium and the macro-element. The methods of homogenization of next section
can be used.
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3.1.2.3 Homogenization methods

The first articles that proposed the homogenization method considered masonry as a sequence
of layers. Since the structure of masonry is complex, vertical and horizontal layers must be con-
sidered simultaneously. Therefore, to obtain a homogenized medium, it is necessary to perform
two successive homogenizations. Pande et al. [58] considered vertical layers for the first homoge-
nization and then horizontal layers. Later, Papa [59] considered vertical layers first and then the
horizontal ones. Figure 3.3 illustrates these two methods. If it seems that both methods would
lead to the same result, this is actually not the case. More details on the methods of layer homog-
enization and the results obtained can be found in Lourengo [60]. A continuum whose properties
are based on considering the masonry as different layers is also proposed by Gambarotta and
Lagomarsino [49]. This continuum is defined in both elastic and inelastic domains.

— (a) )

(b)

Figure 3.3: The first methods of homogenization: (a) Pande et al. [58] method; (b) Papa [59]
method

More recent articles on the homogenization method consider a RVE. It is a more accurate
method because it takes better into account the brickwork and can distinguish the different types
of joints. Another difference with the first homogenization methods is that it is suggested that
the RVE is periodically reproduced throughout the masonry portion. Therefore, the proposed
model is limited to a specific brickwork. Interestingly, the representative shell considered may
be different from one article to another for the same brickwork. As an example, three different
RVEs for the running bond pattern are shown in Figure 3.4.
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Figure 3.4: Different RVEs for the running bond pattern: (a) RVE used by Bacigalupo and Gam-
barota [53]; (b) RVE used by Addessi and Sacco [61]; (c) RVE used by Zucchini and Lourenco [27]

Once the RVE is selected, there are several ways to define the behavior of the shell. Some of
the methods are listed below with some of the articles that use them. This list represents the
methods the author has come across and does not claim to be exhaustive.

e Two-scale analysis: Cosserat ! for macro-scale and Cauchy for micro-scale
This method can be encountered in the articles by Forest and Sab [62] and later by Addessi
et al. [61, 63] and De Bellis with Addessi [64]. The wall is considered as a homogenized
Cosserat medium and is coarsely meshed. At the beginning of the time step, the displace-
ments at the nodes are determined. Knowing the displacements at the nodes, it is possible
to determine the displacements on a finer scale, the scale of the RVE. At this scale, all
the elements are defined like for a micro-model with their specific constitutive law. This
is possible because the RVE is defined as a Cauchy medium. With the constitutive laws,
it is possible to determine the stress at the scale of the RVE, and knowing it, it is possible
to go back to the stress for the Cosserat medium. This process is possible by determining
the path to transition from one scale to another. That is the purpose of the articles cited
above.

e Second gradient of the displacement
This method is proposed by Bacigalupo and Gambarotta [65, 66]. It consists in enrich-
ing the kinematics by considering the second order of displacement. The displacement is
divided into two parts: one considers the heterogeneity of the material and the other is
a continuous displacement defined periodically. The second order of displacement is used
because the first order is not rich enough in information to represent well the complex
kinematics of the masonry.

e Analysis of a RVE by consideration of specific deformations
This method is proposed by Zucchini and Lourengo [24, 27, 26]. It consists in studying the
equilibrium of the RVE shown in Figure 3.4.(c) in terms of strain and stress. To make it
more efficient, specific deformations are considered, such as the dilation of the joint under
compression. The authors have also proposed a way to account for damage in the model so
that it can be used in both the elastic and inelastic domains. If there are definitions that

IThis is a medium whose kinematics are defined differently from the kinematics of a Cauchy medium. In a
Cosserat medium, internal rotations are added compared to a Cauchy medium.
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link the behavior of the RVE to the properties of the elements, a study of the RVE under
simple solicitations must be performed numerically to determine all the properties of the
medium.

e Study of a RVE with minimal kinematic and static parameters

This method can be found in Mistler et al. [67], Mercatoris and Massart [68]. The aim is to
define the kinematics of the RVE with only a few parameters. For this purpose, the method
links the kinematics of the RVE with the applied force. By applying the equivalence of
energy with force/displacement and stress/strain, it is possible to determine equivalent
Young’s moduli for the RVE with the displacements and geometry of the element. It
has the advantage of minimizing the degrees of freedom of the model, thus reducing the
computation time. The main disadvantage of this method is that it can only be applied in
the elastic domain if used alone. Uva and Salerno [69] proposed to couple the method with
the Eshelby method to account for the cracks and their orientation as well as the shape of
the considered element and its orientation.

3.1.3 Macro-models

The most common macro-models in the literature are shown in Figure 3.2. These models aim to
model masonry at the scale of elements bigger than meso-model like the size of a wall.
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Figure 3.5: Examples of macro-model: (a) Diagonal Strut Model [70]; (b) Equivalent Frame
Model [10]; (c) Xu et al.’s model [71]

3.1.3.1 The Equivalent Strut Model

An example of modeling of a wall with the Equivalent Strut Model (ESM) is shown in Fig-
ure 3.5.(a). This modeling strategy consists in representing masonry with diagonal struts only,
as proposed by Polyakov [72]. This idea is based on the occurrence of diagonal compression struts
in masonry infill as seen in Section 1.3.1. Therefore, this model is only valid for FIM structures.
The most common version of the model uses only one strut in its diagonal. However, there are
version with two struts [73], three struts [74], five struts [75] or even nine struts [76].
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The cyclic behavior of the masonry is reproduced by the diagonal struts. There are several
proposals for the hysteresis law. Some aim to be as accurate as possible, while others accept
more deviation from experimental results but require a simpler calibration. If the calibration
of the hysteresis law can be difficult, the definition of the elastic properties of the element can
also be hazardous since the model takes into account the presence of openings directly in the
definition of the struts (see Figure 3.5.(a)).

3.1.3.2 The Equivalent Frame model (and assimilated)

It is the most commonly used macro model [77]. Its use is proposed in some international
standards such as Eurocode 8 [78] or FEMA 356 [79]. This type of model is used in both
research and engineering, especially with the Tremuri software [10] (3Muri for the commercial
version).

These models consist in the modeling of the wall by identifying the piers, the spandrels and
the rigid parts. Piers are the parts with vertical lines in Figure 3.5.(b) while the spandrels are
the elements with horizontal lines and the rigid parts are filled with dots. There are different
ways to model the behavior of the elements:

e Beam with elastic-plastic behavior. It is the modeling used for the (Simplified Analysis of
Masonry) SAM method. This kind of modeling is found in the articles by Magenes and
Della Fontana [80] or Magenes [81] for example. Once the elastic limit is reached at a node,
a plastic hinge forms there.

e Elastic beam with plastic hinges. This method can be found in the articles by Pasticier et
al. [82] and Salonikios et al. [83]. For these models, the plastic hinges are pre-located and
plasticity can only happen at these spots.

e Rectangular elements defined with 8 nodes. It is the modeling used in the Macro Frame
Element (MFE) method. It can be encountered in the articles proposed by Gambarotta
and Lagomarsino [84, 85] and by Brencich et al. [86].

e Changing shape panel. This method is proposed by D’Asdia and Viskovic [87]. The piers
and the spandrels are modeled by specific panels that change of shape depending on the
applied stress and the damage.

e Rigid struts and plastic hinges. This method is proposed by Mobarake et al. [88]. The
piers and the spandrels are represented by four plastic hinges (one at each corner of the
panel) connected by rigid struts. The rigid pannels are modeled with rigid struts only.

3.1.3.3 Xu et al.’s model

This model was found only in the article by Xu et al. [71]. It consists in modeling a URM wall
or a CM wall by a frame with a horizontal spring (see Fig. 3.5.(c)). The frame has an elastic
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behavior under vertical loading, but is not deformable under horizontal tension/compression.
The horizontal spring in the frame is used to capture the shear behavior of the masonry. Since
this element models a complete URM or CM wall, its properties must account for the presence
of openings and the presence of frames as in the ESM.

3.2 Discussion for the context of the thesis

In the previous section, an overview of the main masonry models in the literature was proposed.
In order to know which model can be interesting for modeling structures with bands, their
performances are evaluated in relation to the objectives of the thesis (see Table 3.1). These per-
formances are assumed after intensive bibliographic studies. The evaluation of the performances
ranges from “+-+" for very good to “~” for not suitable.

The models that do not meet the requirements for computation time and modeling of struc-
tures with bands are disregarded, since these are the two main goals for the model. Some models
could be modified to allow modeling of masonry structures with bands, but it is not conceivable
to claim that the model’s performance can be improved to get rid of the important computation
time. Among all the models, the RMEM exhibits all the desired properties. Therefore, the next
section explains how it is defined and identifies its advantages and disadvantages. The ultimate
objective with this in-depth study is to determine what is the best conceivable method for mod-
eling masonry structures with bands in the framework of this thesis and if the RMEM is that
method.
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¢ RBSM-REM-HRBSM: the first versions of the model do not allow the simultaneous study
of the IP and OOP behavior of a structure. The HBRSM does not have this problem.
However, its properties are determined by the study of a RVE and its use is therefore
limited to running bond brickwork. For modeling structures with bands, the REM is not
suitable for a connection with additional elements. For the RBSM and the HBRSM, the
connection with other elements does not seem to be straightforward as well.

e EFM: the method with identification of piers, spandrels and rigid parts is not suitable for
RM and CM structures. One possibility is to assume that all elements are piers, but this
assumption may not be appropriate. Also, modeling reinforcement at the opening is not
possible with any version of the model.

e Strut: the ESM theory lies on the occurrence of diagonal compression struts. If it is possible
to model masonry parts between two bands and vertical reinforcements with such a model,
it is impossible if the masonry is not surrounded by frames or confined. There are versions
of the model for IP and OOP loading, but there are not many for OOP behavior.

e Xu et al’s: the model is designed to reproduce the behavior of a complete wall. It is
reasonable to think that the model can be adapted to model masonry at the meso-scale.
However, it is difficult to know to what extent the properties of the model are suitable for
such modifications.

e Homogenization: it includes several models. Therefore, the data in Table 3.1 may not be
appropriate in some specific cases. Homogenization methods are rarely defined for OOP
loading. The mesh is coarsed compared to other meso-models.

3.3 The Rigid Macro-Element Model (RMEM)

The model, in its usual definition, is defined for Discrete Elements oriented software. The 2D
version of the model is shown in Figure 3.6.(a). It is defined by four degrees of freedom (two IP
translations, one rotation and shear deformability). While the number of springs in the diagonal
is fixed at one, the number of normal springs is chosen by the user, knowing that two normal
springs per edge are sufficient to capture the normal and flexural behaviour of the masonry. For
shear-sliding springs, it is common to take only one per side. The springs are evenly distributed
on the side of the rigid body to have a discrete determination of the behaviour of the interfaces.
The deformations of the springs at the interfaces are defined with the degrees of freedom of the
panels. The number of springs affects the accuracy of the model and allow to better capture
some phenomena like bending.

The model has been improved over the years so that it can be used for both IP and OOP
solicitations. The first proposal for 3D modeling is shown in Figure 3.6.(b). This element has
additional lines for normal springs and new longitudinal springs normal to the plane of the macro-
element. The number of lines for the normal springs is chosen by the user. It would affect to
accuracy to capture the OOP bending and the arching. The new shear-sliding springs are used
to capture the sliding and shear failure of the masonry in the OOP direction and to determine
the OOP bending behavior in the same manner as the normal springs for IP bending. To capture
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Figure 3.6: Different versions of the RMEM: (a) 2D model; (b) 3D model

torsion with the OOP shear-sliding springs, at least two of them are required on each side of
the rigid quadrilateral. For the IP longitudinal springs, one per edge is still sufficient. The rigid
3D element has seven degrees of freedom (Displacement in the three directions, rotation around
each space axis and the IP shear deformability).

There are other forms for the RMEM, but their use is beyond the scope of this thesis since
they concern constructions with arches and domes.

3.3.1 Area of influence the springs

The area of influence is used to link the properties of the springs to the properties of the masonry.
For the springs on the sides of the rigid frame, it is determined as for a fibre discretization (see
Figure 3.7).

(@) (b) ©

Figure 3.7: Area of influence of the springs of the RMEM: (a) Transversal springs; (b) IP
shear/sliding springs; (c) OOP shear /sliding springs [89]

The area of influence of the diagonal spring is determined in a different way. Since this
element is used to capture the shear behavior of the masonry, the cross-section of the wall A; is
taken as the value for its area of influence.
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3.3.2 Calibration of the normal spring

The nonlinear behavior of the transverse springs is determined using a fracture energy-based
approach. The tensile behavior is modeled with a parabolic curve and the compressive behavior
with an exponential curve, as shown in Figure 3.8. The yield forces Fy, and F., are deter-
mined using the properties of the homogenized masonry represented by the macro-element. The
final displacement is estimated using the fracture energies Gy, and Gy, considering the crack
bandwidth as a discretization of the macro-element mesh size. When a normal spring fails in
compression, it is removed. However, if a normal spring fails in tension, it can still work in
compression.

For the hysteretic behavior, the model proposed by Takeda et al. [90] for RC is used. This
model has an unloading curve controlled by a fixed parameter 3, which can be different in
compression (. and in tension 5;. The hysteresis behavior is shown in Figure 3.8 for different
values of .
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Figure 3.8: Behavior of the transversal springs of the RMEM [91]

The parameters defining the envelope curve of the constitutive laws are given in Table 3.2. In
this table, F,, is the masonry Young’s modulus in the direction of the considered normal spring
determined, for example, by homogenization, wus, and u, are the limit displacement in tension
and in compression, f; and f. are the strength in tension and in compression, g; and g. are the
fracture energies in tension and in compression. The different parameters A are related to the
area of the member (see Figure 3.7). H is the height of the macro-element.

Table 3.2: Properties of the normal springs of the RMEM [89]
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3.3.3 Calibration of the shear-sliding springs

Whether for IP or OOP sliding, the constitutive law of the shear/sliding spring is the same: an
elastic perfectly plastic behavior. The yield force is determined with the Mohr-Coulomb criterion
(see Equation (3.1)). The parameter ¢ in the criterion is the cohesion of the mortar, y is the
coefficient of friction at the mortar/unit interface, o, is the mean compressive stress acting on
the edge of the rigid body, and Ag is the effective contact area of the spring. Figure 3.9 shows
the behavior of the spring for a fixed value of N. If N varies, the yield force changes.

F, = (c+ pom)Ao (3.1)
F
|
Fy
L2 S 8
ALl ! s S
’ 9
c, / K ! '/
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Figure 3.9: Constitutive law of the shear/sliding spring of the RMEM [91]

If the constitutive law of the shear-sliding spring is the same for the OOP and the IP direc-
tions, the parameters for the two directions may still be different. The values of the mechanical
properties of the longitudinal springs are given in Table 3.3, where gy is the fracture sliding
energy and Gy, is the shear modulus of the masonry.

Table 3.3: Properties of the shear/sliding springs [89]
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3.3.4 Calibration of the diagonal springs

Figure 3.10 shows a masonry portion under shear solicitation. The meso-element under the same
solicitation is sketched on the right. All the data required to define the area of influence are
given in this figure.

1)

6 COS Agiqg

Figure 3.10: RMEM element under shear solicitation [92]

Since the assumption of a homogenized medium is made, it is possible to write the transverse
displacement § under the shear force V as:

Determining the equilibrium at one corner of the meso-element leads to the relation:

Vv

Fling = —————
*9 7 9 cos Qdiag

= Kdiag X Cos(adiag)(s (33)

By rearranging Equation (3.3) and substituting § by means of Equation (3.2) it is possible to
know the value of the stiffness of the diagonal springs given by Equation (3.4), where D is the
width of the rigid quadrilateral.

GA; GDt

Koo = —
diag = o cos2a  2H cos? a

(3.4)

For these springs, there are two possible yielding criteria. The first is the Mohr-Coulomb
criterion and is expressed by Equation (3.5). The second criterion is the one of Turnsek and
Cacovi¢ [3] (see Equation (3.6)). Here F, is the yielding force and Fj is the yielding force with
no confinement.
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F,=Fy+ pN (3.5)
N

F,=F 1 3.6

v =0\ e T (36)

As in the case of shear/sliding springs, the normal force N varies and is equal to the value of
the vertical force acting on the rigid body. The hysteretic behavior of the diagonal spring is like
that of the transversal spring, but unlike these springs, there are not two different coefficients
depending on the type of solicitation. Thus, there is another empirical parameter 5; in the
model. Figure 3.11 represents the behavior curve for the diagonal springs.
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- Intermediate unloading stif fness (0 <f < 1)
=== Unloading with initial stifness (B = 0)

Figure 3.11: Constitutive law of the diagonal springs of the RMEM [91]

3.3.5 The OOP behavior

For OOP springs, the determination of their properties has already been explained. However, one
detail is still missing. Indeed, Caddemi et al. [93] proposes a distance d between the two springs
(see Equation (3.7)). This distance d allows a better capture of the OOP bending behavior and
depends on the thickness t,, and the length B of the considered side of the rigid body. The same
type of formula can be applied to the normal IP springs if one chooses to take only two springs.
Note that for the OOP behavior of a wall, if the mesh size is not small enough, the meso-model
will not be able to reproduce the mechanism of the wall accurately.

1 tm th
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3.3.6 Connection between elements
3.3.6.1 Interface between RMEM element and frame

If this chapter has already dealt with the modeling of the masonry for this type of model, the
modeling of the frames has not yet been presented. The frames, or any additional reinforcement,
are modeled by beam elements. These elements have common constitutive laws used in FE
models.
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Figure 3.12: Interface between a RMEM element and a rigid element (in plane-view): (a) normal
springs; (b) shear/sliding springs

Figure 3.12 taken from Pant6 et al. [94] shows the interface between a meso-element and a
beam. Figure 3.7 also shows this type of interface, but with a perspective view in 3D modeling.
The springs of the meso-element are connected to internal nodes of the beam. The peculiarity
in this type of interface comes from the distance A, which is shown in Figure 3.12. Assuming
that the beam element is the neutral axis of the frame, A is the distance between the neutral
axis and the edge of the frame. Usually, its value is half the width of the frame in the direction
under consideration.

3.3.6.2 Interface between two RMEM elements
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Figure 3.13: Interface between two macro/elements [2]
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Figure 3.13 shows the interface between two meso-elements. As it is explicitly stated, it is a
zero thickness interface. This interface is formed by springs consisting of two springs connected
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in series: Spring 1 and Spring 2. This means that two meso-elements facing each other have
the same number of springs on their side. Springs 1 and 2 do not necessarily have the same
properties. Therefore, two aligned meso-elements do not necessarily have the same size.

3.3.7 Mass matrix of the RMEM

In order to perform a modal analysis of the structure, it is necessary to determine the mass
matrix of the meso-element. Its determination is described by Chacara et al. [95]. In that paper,
the determination of the mass matrix for an element with a random shape is explained. Since
only rectangular shapes will be used to model structures in the context of the thesis, only the
details for the rectangular shapes are given in this section.

(x,y)
L)

=

Figure 3.14: Shape of the meso-element for the determination of the mass matrix

One considers a meso-element as sketched in Figure 3.14. Its height is noted H, its width
D and its thickness t,,. The density of the masonry is denoted by p,,. For a 3D modeling, the
element has seven degrees of freedom. Degrees of freedom 1 to 3 are for the translation owing
to the space axis (1 for x axis, 2 for y axis and 3 for z axis). Degrees of freedom 4 to 6 are for
the rotation around these axis (4 for rotation around x axis, 5 for y axis and 6 for z axis). The
degree of freedom 7 is the shear deformability. To each of them, one attributes a matrix operator
Wi, where k is the degree of freedom and ¢ is the node under consideration. The centroid of
the meso-element is denoted by G. Its coordinates are (x¢g, ya, 2¢). The matrix operators for
rectangular meso-elements are given by Equations (3.8a), (3.8b) and (3.8c).

1 0 0
=t =30 5wt =0 1 5 et =00 (3.8a)
0 0 1
4 0 1 Zn — RG 14 Yc — Yn
W)" =X zg—z, p,Pr = 0 SO =S Yy —ya (3.8b)
Yn —Ya TG — Tn 0
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0 ~H
=00 5, e =0 0 (3.8¢)
0 0

Using these matrix operators, it is possible to determine the mass matrix at each node, taking
into account all degrees of freedom of the meso-element. The component for the mass matrix at
node n is simply defined by Equation (3.9), where ¢ and j denote the directions.

mi; = | pm®(z,y,2) ¥} (2,y,2)dV (3.9)
1%

3.3.8 FE version of the model

The RMEM is defined for discrete element oriented software. One of the problems with this
kind of numerical method, as announced by Pant6 and Rossi [96], is the connection with other
elements such as beams to model the frames. This indeed leads to a computation burden and
requires specific strategies, since these additional elements are defined for the finite element
strategy. To solve this problem, Pant6 and Rossi [96] have recently proposed a modification of
RMEM that allows the use of finite element oriented software (see Figure 3.15).

rigid

zero-length 2D link  offset

normal spring

friction surface

——————
! ;EEE; tangential spring

rigid panel edge
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Figure 3.15: Finite Element version of the RMEM: (a) The macro-element; (b) Details on the 2D
zero-length link

The proposed meso-element can be considered as a combination of the RMEM and the RBSM
proposed by Casolo [55]. The base of the RMEM is kept as it can be seen in Figure 3.15. The
modifications concern the elements modeling the interfaces and the use of only one diagonal
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spring. The discretization of the bonds between the rigid quadrilaterals had to be changed to
adapt the model to finite element oriented software. The new meso-element has two 2D zero-
length links on each side, separated by a distance equal to half the length of the edge to which
they are attached. Each link is composed of a tangential spring, a friction spring, and a normal
spring. In addition to the 2D zero length links, there is a rigid offset that is used when the macro
element is connected to the frames. This offset corresponds to half the thickness of the frame.

The calibration of the springs is similar to that described above. The differences in the me-
chanical parameters of the links between the model of Pant6 and Rossi [96] and the values given
in Section 3.3.2 result from the use of constitutive laws already implemented in the software
Opensees [97].

3.4 Conclusion

In the first part of the chapter, a brief overview of numerical models for masonry was given.
The aim was to present the most common models and to determine which model seems to be
the most suitable for modeling masonry structures with bands. The model under consideration
is the RMEM, since it satisfies several objectives. It allows an easy modeling of masonry at
the meso-scale and has a small computation time (Chacara et al. [91] got a computation time
for a push-over analysis 96 % smaller than with a FE micro-model). Moreover, the RMEM
is defined for both IP and OOP behaviors. Yet, defining the behavior of the elements is not
straightforward due to the use of zero-thickness elements. Apart from this drawback, most
of the input parameters are the material properties of the masonry, only four parameters are
empirical parameters.

The RMEM in its original definition does not allow a simple modeling of masonry structure
with bands since it would mix discrete elements and finite elements. This problem is overcome
with the last form of the model proposed by Pant6 and Rossi [96], which is defined for finite
element-oriented software. Even though Panté and Rossi [96] only propose a definition of the
model for IP solicitations, it does not seem very complex to extend the use of the model to 3D
modeling, thanks to the work already done on the classical RMEM for 3D modeling. However,
there is a drawback regarding this hypothetical 3D modeling with the FE version of RMEM.
Indeed, the OOP bending behavior of the wall requires at least two lines of normal springs to
be captured. This implies a significant increase in the degrees of freedom for the model, which
are already 28 in 2D FE modeling. Therefore, the computation time for a complete structure
can be significant particularly if the mesh must be fine enough to well capture the OOP bending
behavior.

Due to the advantages and the few drawbacks of the RMEM, it was decided to use it as the
basis for a new meso-model: the Deformable Frame Model (DFM). This model aims at exploiting
the advantages of the RMEM and eliminating its disadvantages. The DFM is defined for a FE
oriented software to allow a simple modeling of a complete masonry structure with horizontal
bands. Its features are described in detail in Chapter 4 for IP loading and in Chapter 6 for 3D
modeling.
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Part 11

Modeling at the scale of the
elements
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The numerical study of masonry structures with horizontal bands requires the modeling of
multiple elements: masonry, frames and bands. The connection between every element has to
be as simple as possible to allow a straightforward modeling. Therefore, every element of the
model is defined for FE oriented software.

Chapter 4 presents a new meso-element for the modeling of URM: the Deformable Frame
Model (DFM). In this chapter, all the features for the modeling of URM for IP loading are
presented.

Chapter 5 presents the modeling of horizontal bands and reinforcements at the openings.
The set hypothesis for the modeling are based on the experimental results seen in Chapter 2.

Chapter 6 presents the modification of the DFM to enable a 3D modeling. In addition to
the enriched kinematics, the chapter gives additional details for the determination of the mass
matrix in order to make a dynamic analysis.
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Chapter 4

Deformable Frame Model for IP
loading

In the last chapter, it was found that the meso-models and macro-models from the literature
do not fully satisfy the desired requirements for modeling masonry structures with horizontal
bands. The model that seemed most appropriate has drawbacks that make it unattractive for
the context of this thesis. Nevertheless, it has very interesting aspects that can serve as a basis
for a new meso-model. This new meso-model is the Deformable Frame Model (DFM).

4.1 Hypothesis for the modeling

The DFM models the masonry at the meso-scale (see Figure 4.1). Although the brickwork plays
a role in the behavior of a masonry wall, as shown in Section 3.1.2.3, the study of its influence
on the behavior of masonry portions is beyond the scope of the thesis. Therefore, the brickwork
is not taken as input data to the model and no importance is given to it in the overall numerical
modeling. As it is possible to link the properties of the brickwork to the properties of an equiva-
lent homogenized medium, it may be possible to link the properties of the DFM to the brickwork.

It is assumed that all damage in masonry under seismic loading is a consequence of
its shear behavior. Therefore, only the elements that reflect the shear behavior of masonry in
the model have inelastic behavior, as in the model of Xu et al. [71]. All other elements of the
meso-model have an elastic behavior.

Masonry is an anisotropic material. Therefore, the Young’s modulus is different in each
direction. However, for the definition of the DFM, it is assumed that the Young’s modulus is
the same in all the directions.
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Kinematics of the DFM
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Figure 4.1: The DFM for 2D modeling

4.2 Kinematics of the DFM

The DFM for an IP solicitation is shown in Figure 4.1. The form of the DFM is clearly
inspired by that of the RMEM. The intent is to keep the same philosophy as the RMEM, where
each link is used for a specific solicitation. The problem of the RMEM was the use of zero-length
springs at the interfaces, which were a constraint to capture the OOP bending with a reasonable
number of degrees of freedom . To get rid of this, the choice is made to transform the rigid
frame into a deformable frame (hence the name of the model), as in the model proposed by Xu
et al. [71]. However, unlike the macro-model, the DFM does not have any rigid element in order
to reproduce the behavior of masonry under any type of loading.

In Figure 4.1 it can be seen that the diagonal strut inside the rectangular body is adopted
from the RMEM. These elements allow the DFM to rock under horizontal loading. Horizontal
struts like in the model of Xu et al. [71] do not enable this. The DFM is defined with four
nodes, there is no node at the intersection of the diagonals. The representation of the macro
element in Figure 4.1 is chosen for the sake of clarity. Similarly, there is only one diagonal strut
in each diagonal and not two. Each node is connected to three struts: one horizontal strut, one
vertical strut, and one diagonal strut respectively in red, in blue, and in grey in Figure 4.1. Since
they are strut elements, they only act on tension-compression with respect to their axis, which
facilitates the definition of their properties. The kinematics of the meso-element for TP analysis
is thus defined with only eight degrees of freedom.

IWith the considered change in the FE definition of the model inspired by the 3D shape of the model for 3D
modeling
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Definition of the stiffness of the elements

4.3 Definition of the stiffness of the elements

4.3.1 Modeling with one macro-element

The stiffness of each strut can be identified from the virtual work value by establishing an
equivalence between an isotropic 2D medium and the macro-element. An example is shown in
Figure 4.2 for a vertical strut. The masonry element of height h,,, width [,, and thickness ¢,, is
under a uniformly distributed vertical force F,,. The 2D isotropic medium has a Young’s modulus
E,, and a shear modulus G,,. It is initially modeled with only one meso-element whose vertical
struts have stiffness K, horizontal struts have stiffness K}, and diagonal struts have stiffness
K. For the example of Figure 4.2, the virtual work leads to:

Cohesive media (Fig. 4.2.(a)):

U2
&-@:///g:ng:E'lmimh—” (4.1)

Meso-element (Fig. 4.2.(b)):

Fyuy = 2. (Kpay -y + Kgag - wy) = 2 (Kyu? + Kqcos?(0).u2) (4.2)

The equality between the two cases, leads to Equation (4.3) which defines the rigidity of
vertical struts.

Ky = Ep, - l;"% — Ky.cos%(0) (4.3)

% 7
(a) (b)

Figure 4.2: Masonry element under vertical loading modeled with: (a) an isotropic medium; (b)
the DFM (the deformed configuration is dashed)
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Inelastic behavior of the DFM

Equation (4.4), which defines the stiffness of horizontal struts, and Equation (4.5), which
defines the stiffness of diagonal struts, can be obtained by the same reasoning.

K, =B, - hﬂt” ~ Kg.sin?(0) (4.4)
Lot
Ky=G,, - —mtm (4.5)

2. hm. sin?()

In the DFM, the stiffness of the vertical struts and the stiffness of the horizontal struts are
linked to the stiffness of the diagonal struts (see Equations (4.4) and (4.3)). This can lead
to negative values if the properties of the meso-element do not satisfy some conditions. These
conditions are deduced by imposing a positive value for both K, and Kj. Using the relationship
between the shear modulus and the elastic modulus G,,, = E,,,/(2(14vy,)), with vy, the Poisson’s
ratio of the masonry, the conditions for the slenderness of the meso-element are:

L hfln< V2T ) (4.6)

2(1 4+ vi)

4.4 Inelastic behavior of the DFM

The diagonal struts are the elements used to model the inelastic behavior under a cyclic shear
solicitation. A force-displacement constitutive law is determined by two components: the enve-
lope curve defining the push-over behavior, and the hysteresis loop. Each of these components
will be described in specific sections below. The first part will deal with the hysteretic behavior
of the diagonal element. The second part will deal with the envelope curve.

4.4.1 Shear strength of the DFM

There are four main modes of failure in masonry walls: rocking, diagonal cracking, shear-
sliding and toe crushing (see Chapter 1). These modes of failures depend on the mechanical
properties of the masonry as well as the boundary conditions. It is possible to find a definition
of ultimate strength for each of them in the literature.

Toe crushing occurs due to excessive vertical stress and is not directly related to shear be-
havior. Therefore, it is not considered in this section.
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Inelastic behavior of the DFM

4.4.1.1 Diagonal shear failure

There are two formulae for defining the diagonal shear failure of a masonry pier. The first was
proposed by Turnsek and Cacovi¢ [3] (see Equation (4.7)) and takes into account the aspect
ratio of the pier, the vertical stress o,, and the tensile strength of the masonry f;. The second
definition for diagonal shear failure is a modification of the definition of Turnsek and Cacovi¢ by
Turnsek and Sheppard [9] (see Equation (4.8)).

_Je [ou
=7 ! (4.7)

- 15ft Oy
Jo2 = 5 ’/1.5ft +1 (4.8)

In these equations, b is the shear stress distribution factor [98]. It is used to account for
the dependency of the stress distribution on the slenderness of the wall. It is defined by Equa-
tion (4.9)).

fv,l

b=1< hp/lm < L5 (4.9)

4.4.1.2 Rocking failure

Usually, rocking is defined by a maximum bending moment. However, since the diagonal strut
element is defined by a force-displacement constitutive law, it is not possible to use this type of
criterion. Yet, Petrovéi¢ and Kilar [99] propose a definition for the maximum stress associated
with the rocking failure (see Equation (4.10)).

Oy Oy
3= 1— 4.10
Fos = 500 ( O.85fc> (4.10)

The value 0.85 in this equation is used to account for the nonlinear distribution of axial
strain in the masonry pier. The coefficient «y is the pier shear ratio (4.12). It depends on the
zero moment coefficient oy whose value varies with the location of the zero moment axis in the
masonry and naturally depends on the boundary condition of the wall. The definition of «y is
obtained from Equation (4.11), where all parameters are defined in Figure 4.3 from the article
by Petrovéi¢ and Kilar [99]. The moment M in Equation (4.11) is the moment with the highest
absolute value applied to the pier.
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Inelastic behavior of the DFM

H
?f if Hy > H/2

ap = sign(M) x (4.11)

H
1-— FO otherwise

ay = |CYO|H/D (4.12)

(a) Positive o (b) Negative a

H02H/2 and Mbotz Mtop H0<H/2 and Mbol<M

top

Figure 4.3: Moment distribution in a wall

4.4.1.3 Shear-sliding failure

There are two definitions in the literature for the shear-sliding failure of a masonry pier. The most
common definition is the Mohr-Coulomb criterion (see Equation (4.13)). The other definition of
shear-sliding failure considers the bending of the masonry in the pier and can predict the ultimate
strength if the crack induced by sliding along the bed joint propagates along the head joints.
To make it possible, this definition relies on the pier shear ratio as the definition of rocking (see
Equation (4.14)).

fva =C+Hoy, (4.13)
1.5¢ + o

ﬂﬁz‘gggﬁﬁ% (4.14)
1+30év.f

v

Terms ¢ and ¢ in Equation (5.11) and Equation (4.14) are adjustments of the value of the
cohesion more accurate proposed by Mann and Muller [8] to make the results closer to the values
determined experimentally. They consider the effects of vertical joints on these two parameters.
Their definitions for cohesion and friction coefficient are:
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Inelastic behavior of the DFM

c= 71 = 7, (4.15)
o

—_ H

= 71+2 i (4.16)
T

4.4.1.4 Shear strength of the DFM

Equations (4.10) and (4.14) depend on the pier shear ratio oy, which depends on the boundary
conditions of the wall. Thus, the determination of such a parameter depends on the whole
structure and does not make sense at the scale of the meso-element. For this reason, these two
equations are not considered in the definition of the shear strength of the DFM.

Regarding the diagonal shear failure, among the above two definitions, the one proposed
by Turnsek and Cadovi¢ [3] is used, since it gives a better approximation to the ultimate force
measured in experimental tests?. Therefore, only Equations (4.7) and (5.11) are used to define
the shear strength of the DFM Fu with the mechanical properties of the masonry(see Equa-
tion (4.17)).

F, =l tymin(fy 1, fu,4) cos(0m,) (4.17)

4.4.2 Hysteresis models

The non-linear behavior of the diagonal elements allows to capture the hysteric behavior of the
masonry under lateral cyclic IP solicitation. The ESM, which models masonry only by diagonal
struts has the same feature. Therefore, it was decided to investigate in more detail the definition
of the proposed hysteresis model in the literature and not to only consider those proposed for
the RMEM. Four of the models studied are selected and are briefly presented below. They are
chosen because they have some specificities compared to other models. The hysteresis behavior
of these four models is shown in Figure 4.4.

4.4.2.1 Panagiotakos and Fardis’s model

The model was proposed by Panagiotakos and Fardis [4]. It is inspired by the hysteretic model
proposed by Tassios [102]. It is shown in Figure 4.4.(a). The hysteretic behavior is controlled

2Result of comparisons of the values with the two definitions of the diagonal failure for several experimental
tests
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Figure 4.4: Four constitutive laws for ESM: (a) Panagiotakos and Fardis [4]; (b) Pivot Model [100];
(c) Combescure [33]; (d) Crisafulli [101]

by three empirical parameters: «, which accounts for a decrease in strength after a complete
cycle, B, which defines the threshold for the change in stiffness during unloading-reloading when
cracks close and reopen, and v, which controls the width of the hysteresis loop. With only this
limited set of empirical parameters, it is possible to obtain a reasonable approximation of the
cyclic behavior of masonry described in Section 1.3.2. This model has a specific definition of the
envelope curve which is composed of four different branches: Initial behavior, behavior after the
first crack, softening behavior and the residual behavior. Different elastic definitions for these
branches can be found in the literature.
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Inelastic behavior of the DFM

4.4.2.2 Pivot model

It was presented and well detailed by Dowell et al. [103]. The envelope curve and hysteresis
behavior of this model are shown in Figure 4.4.(b). Historically, it was not a model for masonry
structures, but some researchers have used it because it is a very simple model. The unloading-
reloading behavior is defined with only two parameters: « and 5. These parameters can be
different in tension and in compression, so the total number of empirical parameters is four.
Unlike the first model, there is no cyclic damage in this model and the options for the shape of
the hysteresis are limited. Ultimately, the small number of parameters makes the model easy to
calibrate, but at the same time leads to lower accuracy compared to more sophisticated models,
especially for the shape of the hysteresis.

4.4.2.3 Combescure’s model

The unloading-reloading behavior proposed by Combescure is well described in his doctoral
thesis [33]. The envelope curve and hysteresis behavior of this model are shown in Figure 4.4.(c).
This model is not common in the literature, but it has some interesting aspects. Namely, it
considers a degradation of the envelope as a function of the number of cycles, which causes
the unloading stiffness to decrease. The damage parameter, Dpqrqm, is different in tension and
compression. The model has fewer parameters than the model proposed by Crisafulli [101] (see
below) and can provide a good approximation to the experimental results. Nevertheless, it needs
a longer calibration than the above two models because there are more parameters.

The model has a specific envelope curve. Unlike the model proposed by Panagiotakos and
Fardis, there are five branches and not four. The additional branch is located before the softening
branch. The model considers that the masonry has a plateau at the maximum strength of the
masonry.

4.4.2.4 Crisafulli’s model

The unloading-reloading behavior is well described in the thesis of Crisafulli [101]. It takes
into account several events: the complete unloading-reloading process, but also the cycles not
completed, either for reloading or unloading; the influence of cracking; and the influence of the
number of cycles in the damage process. This model tends to be as close as possible to reality
and can therefore reproduce experimental curves with very good accuracy. This is at the same
time the main strength of the model, but also its drawback. Indeed, in order to calibrate the
model, several empirical parameters are used. Crisafulli [101] gives a set of values for each of
them, but the calibration is still burdensome. This model has a specific envelope curve and,
unlike all other models, it is defined in the stress-strain domain.
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4.4.2.5 Choice of hysteresis model

The diagonal struts have to reproduce the cyclic behavior of masonry seen in Section 1.3.2. In
this section, the following conclusions were drawn regarding the cyclic shear behavior of masonry:

e There is cyclic damage. After a complete cycle, the wall exhibits lower resistance at the
maximum displacement reached.

e Masonry has different phases during an unloading-reloading process. This means that the
secant stiffness of the masonry changes during a cycle. This change in secant stiffness can
occur during both unloading and reloading processes.

Table 4.1 shows the peculiarities of the models presented earlier. In some models, cyclic
damage is not taken into account. This is not a real problem, but it means that the model has to
be modified. Some models offer the possibility to define a tripartite unloading-reloading process,
but they are too strict in defining the unloading branch in the sense that it is always defined
until the force changes sign. Panagiotakos and Fardis [4] and Crisafulli [101] are the only two
models among those proposed that have a two-step unloading process.

The choice of the hysteresis behavior of the diagonal strut lies on the desire to have a model
that is easy to calibrate. This implies that the hysteresis behavior has a limited number of
parameters. This may affect the accuracy of the model in reproducing cyclic test curves, but this
aspect is beyond the objectives of the model. In fact, the goal is to obtain a prediction of the
behavior of the masonry structure. This prediction involves a global behavior of several masonry
portions and since the behavior is not 100 % reproducible, the author believes that it is better
to have a model that is easy to calibrate to approximate the experimental curve than a model
that requires a long time of calibration to be accurate for an experimental curve that would be
different if the test is reproduced several times.

For these reasons, the model proposed by Panagiotakos and Fardis [4] was chosen for the
unloading-reloading behavior of the diagonal struts.

Table 4.1: Characteristics of the hysteresis models

3
6
1

—_

N W =

Unloading part | Reloading part | Cyclic damage | Empirical parameters
Xu et al. [71] 1 branch 2 branches X
Combescure [33] 1 branch 2 branches X
Crisafulli [101] 2 branches 2 branches X
RMEM [2] 1 branch 1 branch
Panagiotakos and Fardis [4] 2 parts 2 parts X
Pivot [103] 1 branch 2 branches
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Figure 4.5: Force-Displacement constitutive law of the diagonal struts of the DFM

4.4.2.6 Envelope curve

The objective is to define the envelope curve only with parameters that have a fixed definition.
As shown above, there are almost as many definitions for the envelope as there are hysteresis
models. One parameter almost always has the same definition: the maximum strength. The
other parameters (strength for the occurrence of the first crack F,, stiffness for the softening
part, residual strength, etc.) do not have fixed definitions and vary from one article to another.
Therefore, the envelope curve of the DFM is bilinear and is defined by only two parameters: the
maximum strength and the initial stiffness of the diagonal strut. However, the envelope curve
can be adjusted (trilinear curve) to model experimental tests if information on the ignition force
of cracks is available (see Section 8.2).

4.4.2.7 Cyclic behavior of the DFM

The behavior of the DFM under cyclic shear loading with important displacements is shown in
Figure 4.5. Since the unloading-loading path is the one proposed by Panagiotakos and Fardis [4],
the only empirical parameters are «, 3,v. They are all initially defined with positive values.
The black bold line represents the envelope curve, dashed lines represent parts of the curve that
exist but that are not taken in the path of the considered loading. The first complete unloading-
reloading is represented by the path BC-CD and the second complete unloading-reloading by
the path FG-GH-HI (FG-GH-HT’ with cyclic damage). The latter consists of a complete cycle
when the wall has been damaged in both direction of solicitation. The difference between the
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grey bold line and black bold line is the type of failure that occurs. The arrows in Figure 4.5
help to understand the different steps in the unloading-reloading behavior and do not represent
the possible reversibilities on the different branches. In order to better understand the loading-
reloading behavior, the two different paths are explained.

Wall damaged in one direction:

In the path represented by branches BC-CD (Figure 4.5) the ultimate force (resp. ulti-
mate displacement) of the wall F,, (resp. d,,) has been reached in only one direction. That does
not necessarily means that the wall has been loaded in only one direction. The unloading path
in this case is as follow:

1. From point B, the unloading occurs with initial stiffness K;. This behavior occurs until
the force p.F, is reached. This branch represents the beginning of the unloading of the
wall when the cracks are closed. The change in the behavior of the wall occurs once the
force 8.F, is reached. It is the point C in Figure 4.5.

2. Arriving at point C, the stiffness decreases. It allows to reproduce the opening of the
cracks produced by the solicitation in this direction. Since the wall has not been damaged
in the other excitation direction, the point targeted by the constitutive law is the point of
ordinate §.F, on the envelope on the opposite side, point D in Figure 4.5. After this point
the DFM follows the behavior of the envelope curve.

Wall damaged in both direction:

It is represented by the path FG -GH- HI (or FG -GH- HI’). In this case, the maximal
force of the wall F, is reached in both directions. The maximum displacement reached in the
opposite direction is denoted as d,,q,. For the path described in Figure 4.5, dyq.=dp. The
unloading path in this case is as follows:

1. From point F, the unloading takes place with the initial stiffness K as from point B. The
branch FG is described exactly as the branch BC.

2. After reaching the point G, the following branch is not defined like the branch CD. Since
the wall has already been damaged in the opposite direction, some cracks remain open due
to the reloading. Thus, two phenomena occur on the branch GH: closing of cracks in one
direction and reopening of cracks in the other direction. To describe the path, one notes
dgry = 7v-(dmaz — du) the displacement at force 8.F, in the other direction.

3. Depending on the mode of failure that occurs, the last part of the curve is defined differently.

e At point H, the wall exhibits damaged stiffness until the maximal force F;, is recovered.
To account for cyclic damage, one considers that the force reached at displacement
dmaz 18 no longer F,, but aF, with o < 1. Therefore, point I in Figure 4.5 is different
from point B. After the point I, one follows the envelope curve again. This type of
behavior occurs when the failure occurs along a bed joint.
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o If the failure is along the wall diagonal, the wall has a brittle behavior. Therefore,
the envelope curve is degraded. To capture this degradation, the value aF(dqz) is
chosen as the new maximum of the envelop curve as shown in Figure 4.5 with the
branch HI’. After the point I’, the new definition of the envelope curve is followed.

Small cycles may occur during seismic excitations. If the first step of the unloading part is
reversible, the second step is not. Figure 4.6 shows the behavior of the diagonal strut when there
is a small cycle. If there is a change in the load direction during the cycle, the force-displacement
curve targets the coordinate point (d;,aF,) and continues until it reaches the envelope curve
again. If the load changes direction again before reaching the envelope curve, at a point Y, there
are two possibilities:

1. |Fy| > |B.F,| : In this case, a branch similar to the branch BC is followed until the point
X at the force 8.F, is reached. After this point the behavior follows the path XD (see
Fig. 4.6.(a)).

2. |F,| < |B.F,]: In this case the branch has a slope K4, but the point X is not on the ordinate
B.F,. The point X is the intersection of the unloading branch from the point Y and the
branch CD. Once the point X is reached, the path XD is followed (see Fig. 4.6.(b)).
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Force

Figure 4.7: Hysteresis loop of the diagonal struts constitutive law with a negative value of §

To extend the capabilities of the model proposed by Panagiotakos and Fardis [4], the DFM
unloading-reloading behavior can be defined with a negative value of the parameter v. In this
case, the path BC-CD remains unchanged. However, the location of the point H changes. Its
new definition is given by Equation (4.18), where the displacement d; is the displacement when
the unloading occurs. The path described above does not change. This new definition of the
branch enables to have wider hysteresis loops. Figure 4.7 shows the shape of the curve with this
new definition. This new definition of d}, is inspired by the Humbert hysteresis model originally
developed for timber connections [104].

dj, = sign(d;). min (|7|.dj, abs <dj -1+ sign(dﬁﬁ)%)) (4.18)

4.4.2.8 Parameters of the hysteresis

Panagiotakos and Fardis [4] did not give any formula for the parameters defining the hysteresis.
In order to predict the cyclic behavior of masonry structures without the help of experimental
cyclic tests, formulas for «, 8 and = are proposed. These empriric formulas are defined to
approximate values determined by fitting experimental curves on walls without openings. It is
supposed that the value of the parameters is the same in the two directions of loading.

The parameter « is used to reproduce the softening behavior of masonry associated with
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cyclic loading. The deterioration of the properties of the wall depends on its slenderness and the
vertical load. Since the strength of masonry associated with diagonal failure increases with the
vertical loading, it is assumed that the cyclic damage is inversely proportional to the vertical
loading. Finally, the parameter « is defined as follows:

bdiag -1

=09+ ————
“ 1+0v/ft

(4.19)

The parameter bg;qq in Equation 4.19 is similar to the parameter b used to define the maxi-
mum strength of the diagonal element. However, its definition is slightly different, as shown by
Equations (4.20) and (4.21). This parameter bg;q4 is inspired by the crack pattern for diagonal
cracks, which depends on the slenderness of the wall as shown in Figure 4.8, and the definition of
the parameter b in the literature that differs for masonry piers and spandrels. The crack pattern
affects the cyclic behavior of the wall. Even though the shear-sliding failure does not have such a
pattern, it appeared that this formula can approximate the experimental results for this failure.

(b)

Figure 4.8: Diagonal crack pattern for masonry walls with different slenderness

o if hyy, > 1,
bdiag =1< hm/lm <15 (420)

o if h,, <,
bdiag =1 <l /hym < 1.5 (4.21)

The parameters 8 and 0 define the change of stiffness of the wall during the unloading-
reloading of masonry and the global shape of the hysteresis loop. It is considered that they only
depend on the slenderness of the wall. They are defined by Equations (4.22) and (4.23).

B = 0263y + (1 = bdiag)” (4.22)

v =—0.4+2(1 - bgiag) (4.23)
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4.5 Refined mesh
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Figure 4.9: Example of a refined mesh with the DFM

The yellow part in Figure 4.1 can be modeled by more than one meso-element. An example of
a finer mesh is shown in Figure 4.9. This example provides several pieces of information. First,
for modeling purposes, the meso-elements are not necessarily equal in size. However, horizontally
aligned meso-elements have the same height and vertically aligned meso-elements have the same
width. Moreover, adjacent DFM elements share nodes. This reduces the number of elements and
degrees of freedom. Namely, if one models two adjacent meso-elements, one has eight nodes to
define the RMEM, while the proposed model has only six nodes. This reduction in the number
of elements and degrees of freedom aims to reduce the computation time of the DFM. However,
this modeling strategy does not have only advantages. Since the elements share struts, it is not
possible to capture the splitting of masonry parts.

lmeso

e R

(a)

lmeso

himeso

(b)

Figure 4.10: Meshing with the DFM with several meso-elements: (a) exploded view of the 2x2

meshing and (b) merging of the elements to create the mesh
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Figure 4.10 shows the four meso-elements of the 2x2 mesh to explain the creation of the mesh.
The red and blue struts in Figure 4.10.(b) are equivalent to two springs connected in parallel,
the two blue in Figure 4.10.(a) (one strut from meso-element ¢ with stiffness K} ; and one strut
from meso-element j with stiffness K}, ; for the red strut, and one strut from meso-element j
with stiffness K, ; and one from meso-element k with stiffness K, ; for the blue strut). The
stiffness of the red struts and the blue struts are defined by Equation (4.24) and Equation (4.25),
respectively. In these equations hejep, (resp. lejem) is the length of the strut under consideration
and 0; is the angle of the diagonal strut with the horizontal in meso-element ¢ and K, ; is the
stiffness of the diagonal strut of meso-element ¢. In Equation (4.24), hi,f = 0.5(h; + h;) is the
height of the influence area of the horizontal strut. Similarly, l;,; = 0.5(1; + lx) is the width of
the area of influence of the vertical strut.

K = By, - —fom Kg;sin®(0;) — Kq,jsin®(0;) (4.24)
2-lelem '
linf-tm . 9 . 9
K,=E, - 5 h — K4 jsin”(6;) — Kq 1 sin”(0y) (4.25)
Ifelem

4.6 Conclusion

Table 4.2: Parameters for the definition of the DFM

Material properties for the stiffness of the DFM

Young’s modulus [E,,] Shear modulus [G,]

Material properties for the shear strength of the DFM

Tensile strength [ fi] Cohesion [c]
Coefficient of friction [y] Density of masonry [p,]
Length of the bricks [Ly] Height of the bricks [Hp|

Parameters for the hysteresis of the DFM

Cyclic damage [a] Force for change of stiffness [J]

Plasticity [v]
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Conclusion

A new meso-model, the Deformable Frame Model, has been introduced for FE oriented
software. It is strongly inspired by the RMEM and somewhat by the model proposed by Xu
et al. [71] and the ESM. With only four nodes and eight degrees of freedom, the DFM aims to
reproduce the behavior of masonry under seismic loading. The meso-element consists of three
different elements: vertical and horizontal struts forming the sides of the frame, and diagonal
struts inside the frame. Only the last elements have an inelastic behavior. This inelastic behavior
is defined by a bi-linear constitutive law. The change of branch in the envelope curve occurs
when the shear strength of the masonry is reached. This maximum strength is determined by
considering diagonal failure and shear-sliding failure. The cyclic shear behavior of masonry is
defined by a modified version of the law proposed by Panagiotakos and Fardis [4]. The aim is
to obtain an acceptable approximation of the experimentally measured hysteresis loops with few
parameters.

The properties of the DFM are determined using the parameters in Table 4.2. All of these
properties are necessary to model the cyclic behavior of masonry.

The DFM models only masonry portions. For the modeling of masonry structures with bands,
it must be connected with interface elements and beams. These additional elements are the topic
of the next chapter.
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Chapter 5

Modeling of other structural
elements

The DFM was introduced for modeling masonry in the previous chapter. Since it can only
model masonry, additional elements are required to model structures with horizontal bands. This
new chapter describes the way to model the other structural elements: horizontal bands, frames
at the opening and lintels.

The bands are modeled by interfaces because sliding occurs at the masonry /band interface.
The first section focuses on the modeling strategies for interface elements. This allows explaining
the model of interface chosen for this work. This model is presented in the second section. Lastly,
the modeling of the reinforcements at the openings and the lintels is tackled.

5.1 Modeling of bands

During the experimental tests shown in Section 2.5, the same phenomena were often observed at
the bands. First of all, the bands did not suffer any damage during the tests, regardless of the
material they were made of. However, when the band did not suffer damage, the masonry/band
interface is damaged, resulting in sliding. The damage at the interfaces is either due to their
own failure or to the propagation of cracks from the masonry to the bands. Since only sliding
has to be reproduced, horizontal bands are modeled by interface elements separating two DFM
elements.

With the RMEM, the interface between two meso-elements is modeled by sliding springs (see
Section 3.3.6.2). These springs were defined by the Mohr-Coulomb criterion. In the context of
the thesis, with the DFM, the use of springs is not considered. This modeling is possible for
FE, but it is desired to have a continuous model for the interface and not just a local behavior
defined between two nodes. To obtain an adequate model for the interfaces, models from the
bibliography are considered. Besides discrete modeling of interfaces, there are two main types
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Modeling of bands

of modeling: zero-thickness interfaces and thin interfaces. These two types of interface modeling
are examined below. The advantages and disadvantages of each are addressed in order to make
a choice for the context of masonry structures with bands.

5.1.1 Overview of interface models

5.1.1.1 Zero-thickness interface

4 TOP

BOTTOM

| Lint

r' s
v

Figure 5.1: Zero-thickness interface model

This type of model can be found under the names "zero-thickness interface" or "joint ele-
ments". The zero-thickness interface model is the oldest and the most commonly used interface
model. This interface type is used for simplified micro-models. It is based on the rock joint
modeling element created by Goodman et al. [105].

As the name implies, the interface is modeled with zero-thickness elements. To do this, four
nodes are used to define the interface, as shown in Figure 5.1. In this figure, points 1 and 4 ( resp.
points 2 and 3) are initially at the same coordinates. The constitutive law of the element is de-
fined by the differential displacement of the points that have the same position at the beginning.
Therefore, the zero-thickness interface is in some sense similar to a discrete interface. The elastic
behavior of the interface is given by Equation (5.1), where o,, is the stress with respect to the
axis ﬁ, 7 is the shear stress with respect to the axis ¢, k, and Aw, (respectively k; and Auy)
are the stiffness and the differential displacement in normal direction (respectively tangential
direction). Depending on the unit of stiffness, Equation (5.1) can be encountered with the force
vector t;p; in place of 0.

{0int} = Kipgttyn: :{ o }: ﬁ;’ ISJ { o } (5.1)

This way of modeling interfaces has a major drawback: to avoid interpenetration of elements,
the stiffness k,, in compression must be high. It consists in a penalization method and a well-
known aspect of this method is that the choice of the value of the penalization rigidity has an
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Modeling of bands

impact on the final result. When interpenetration is accepted, it is common to define the stiffness
of the interface using the mechanical properties of the bed joint of height h;, Young’s modulus
E; and Poisson’s ratio v; (see Equations (5.2) and (5.3)). In its original formulation (Goodman
et al. [105]), the zero-thickness element does not have any rigidity if the bottom and top surfaces
are not in contact. The model has since been improved to allow tensile behavior, as shown in
the next section.

E,
k, = — .2
, (5.2)

k
kp= — 5.3
T 2014 (5.3)

The differential displacement, whose coordinates are Au, and Au; in Equation (5.1), can
be determined by calculating the difference between the global displacement of the top surface
Utop and the bottom surface upo:. These two displacements o, and wupe: are determined using
isoparametric shape functions (N; and Ny in Equation (5.4)). The displacements u, ; and u;;
are the normal and tangential displacements at node i.

{ Aun } _ { Un, top — Un,bot } _ { N1~(Un,4 - un,l) +N2~(un,3 - Un,2) } (54)

Auy Ut top — Ut,bot Ni.(ugq —ug1) + No(ups — ug2)

Equation (5.1) and Equation (5.4) are defined for 2D modeling, but it is possible to ex-
tend them to 3D modeling by considering the second tangential displacement, as proposed by
Beer [106]. Equation (5.1) thus becomes Equation (5.5).

{Oint} = Kintlins = T =10 k O0f.< Au (5.5)
Ts 0 0 kt Aus

5.1.1.2 Thin interface

Thin interface elements were introduced to get rid of the zero-thickness interface problems asso-
ciated with the rigidity of the elements. In such models, the interface is modeled by a continuum
that has non-zero thickness to avoid interpenetration (see Figure 5.2). This idea of modeling
was first proposed by Desai et al. [107] for soil/structure interaction. In this type of study, the
properties of the interface are not straightforward since it does not model either the soil or the
structure. However, in the case of masonry, the thin interface can be interpreted as the mortar
between blocks or between units and bands. Thus, the interface element has the mechanical
properties of the mortar.

This type of model has the advantage of allowing the user to link the strain and the stress
directly to measurable parameters such as the elastic modulus and Poisson’s ratio, as shown by
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Figure 5.2: Thin interface model

Equation (5.6), which defines the elastic behavior. Gaussian integration points are normally used
to determine the strain and stress at each node of the element. The use of Gaussian integration
points requires a certain distance between them to avoid convergence problems.

g EJ 0 e
{Uint} = Dintéint = { Tn } = 0 Ej . { " } (56)
2(1 + Vj)

To obtain good results, the dimensions of the thin interface, h;,; and Li,;, must respect the
inequality (5.7) proposed by Desai et al. [107].

0.01 < hint/Ling < 0.1 (5.7)

5.1.1.3 Choice of interface model

Both types of models have their advantages and disadvantages. The choice between them depends
on what one can accept for modeling masonry with horizontal bands. In order to make a choice,
one considers the connection of the interface model with the DFM. Figure 5.3 shows an example
of the connection between the interface element and the DFM. Since both zero-thickness elements
and thin-interface use four nodes, the connection with the DFM would be the same regardless of
the model chosen. As expected, the connection between the interface element and the DFM is
simple. The interface element shares two nodes with the DFM element at the bottom and two
nodes with the DFM element at the top. This simple connection allows the number of degrees
of freedom to be limited since the element uses pre-existing nodes.

Since the interface elements use the same nodes as the DFM, the conditions on the dimensions
of the thin interface affect the dimensions of the DFM. Using Equation (5.7), it is possible to set
bounds that the width of the DFM [,, must respect in order to obtain trustworthy results with
thin interfaces. The bounds are the following:
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Figure 5.3: Example of connection between interface element and DFM elements

0.01L, < Aint < 0.10,, (5.8)

This inequality would be another constraint on the size of the meso-elements after the con-
straint in Section 4.3.1 associated with the coupling of the stiffness of the different struts of the
DFM. In order to avoid another constraint to be considered when modeling masonry structures
with bands, the choice was made to use zero-thickness elements for the interface. The elastic
behavior of the interface is defined by Equation (5.1) and the displacement by Equation (5.4).

5.1.2 Inelastic behavior of the interface

The inelastic behavior of the interface is based on the models used for the simplified micro-
models. The interface used in the context of the thesis has a brittle behavior in tension and a
plastic behavior in shear, as shown in Figure 5.4. The behavior in pure compression remains
elastic with the same stiffness than in tension. Thus, interpenetration of the elements is allowed.
The constitutive law chosen is a mixture of the law used by D’Altri et al. [52] and the law used
by Abdulla et al. [50].

The interface has a brittle behavior after the tensile strength f;,, is reached. This tensile
behavior is described by a damage parameter Dpgram. The evolution law of this parameter is
linear and is the same as that used by Abdulla et al. [50]. Equation (5.9) defines Dpqrqm with the
parameters shown in Figure 5.4.(a). These parameters are the displacement limiting the elastic
behavior of the interface in tension ug,,, the maximal reached normal displacement 1,45, and the
ultimate displacement uf,. The definition of ug, is straightforward. The ultimate displacement
Uty is determined by an energy criterion. The blue area in Figure 5.4 is actually the energy
release rate for the mode I failure GG;. Since the constitutive law has a linear behavior in the
softening part, it is possible to simply relate the value of the blue area to the displacement wyy,
(see Equation (5.10)). The interface has an elastic behavior under compression. Therefore, it is
not shown in Figure 5.4.

75



Modeling of bands

Th
a1 e+ pa; —
ftm -] (1_Dint)c+/’“7v
\k
fmax,n— ) : >
Ut
Un
(a) (b)

Figure 5.4: Behavior of the interface: (a) tensile behavior; (b) shear behavior. The red line is the
part of the envelope curve that has not been reached by the loading.
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Upp = fTI (5.10)

The shear behavior differs from the proposals of Abdulla et al. [50] and D’Altri et al. [52].
In order to avoid convergence problems due to a complex definition of the damage parameter
Dparam, it was decided to consider only the damage due to mode I failure, which is considered
to be the main factor responsible for the interface damage. Therefore, in Figure 5.4.(b), after
reaching the ultimate shear strength defined by the Mohr Coulomb criterion (Equation (5.11)),
sliding without damage can be seen. However, the cohesion of the interface may be affected
by the damage due to mode I failure. Therefore, the maximum strength in shear is defined by
Equation (5.15).

Not damaged interface:

Tlim = C+ﬂ<70v> (511)

Damaged interface:

Tlim = (1 - Dparam)c + @ <_Uv> (512)

The cyclic behavior is different in the normal direction and in the tangential direction. The
interface has a damaged elastic behavior in tension. This means that the unloading process is
performed with a damaged stiffness defined by Equation (5.13) and the interface returns to its
initial state. In compression, the interface has always the initial stiffness k,. However, when
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the interface is loaded in tension again, the path follows the unloading branch aiming the point
(Umag,n; Wfmazn) (green path in Fig 5.5).

ku n — (1 - Dparam)kn (513)

Under cyclic shear excitation, the interface exhibits plastic behavior. The unloading occurs
with the initial tangential stiffness k;. This behavior with the initial tangential stiffness occurs
until the maximal shear stress 47, is reached again (see Figure 5.5). In Figure 5.5 the damage
parameter is not called Dpgrqm- The reason for this is given in the next section.

The interface model does not consider dilatation because it is considered a phenomenon of
minor importance [60]. The angle of dilation was determined by Van der Pluijm [108] for bed
joints under shear excitation equal to 10° and is therefore neglected in several studies. The
coefficient of friction is considered constant regardless of what happens to the interface.
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Figure 5.5: Cyclic behavior of the interface model: (a) tensile behavior; (b) shear behavior

5.1.3 The coupling with the DFM

In chapter 2, with the experiments of Aranguren et al. [45], it was seen that it is possible for a
crack to propagate from the masonry to the band. This crack can damage the interface between
the masonry and the band and initiate sliding. The interface model as currently defined cannot
capture this phenomenon. To capture it, a coupling is set between the interface element and the
DFM.

Since the DFM elements and the interface elements use the same nodes, it is easy to identify
the diagonal elements connected to the interface. The determination of the damage of the
interface due to crack propagation is related to the behavior of these diagonal elements. For this
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purpose, a new parameter, @;,:, is used. This parameter helps to define the displacement for
which the cohesion of the interface becomes zero, as shown in Figure 5.6. In this figure, the curve
on the left is the envelope curve of the diagonal element of the DFM. To keep the same reasoning
for the damage of the interface as described in the previous section, the damage associated with
the behavior of the meso-element is denoted by D,,cs0. It is zero if the meso-element does have
any damage and is equal to 1 if the cracks in the masonry completely damaged the interface.
This parameter D,,.s, has a linear behavior as a function of the maximum deformation of the
diagonal elements, as shown in Figure 5.6. It is defined as:

0 ifd<d,
d—d
Dineso = — " ifd, <d< Qinedy 5.14
) Qplntdu - du ' Pint ( )
Effort in the diagonal strut Dieso
- S

—

displacement

displacement

.y

dy Pint. d,, d, @Pin

Figure 5.6: Damage of the cohesion by crack propagation by coupling the interface element with
the DFM

The damage due to the behavior of the meso-element, D5, is not cumulative to the damage
due to the behavior of the interface itself Dpgpqm. The total damage parameter of the interface
Dy is the maximum of the two parameters, as shown in Equation (5.15). The parameter D,es0
is used in Section 8.3.

Dint = max (Dparam; Dmeso) (515)

5.2 Reinforcements at the openings

In the context of the thesis, only two kinds of reinforcement are encountered: frames at the
openings and lintels. Vertical reinforcements at the corners are not addressed in any of the
proposed modeling, but they would follow the same modeling methodology.
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During the experimental tests shown in Chapter 2, only one test was performed on structures
with frames at the openings and/or lintels. This experimental test by Ali et al. [47] showed that
these elements did not suffer any damage during seismic loading, although the structure was
considered to be destroyed. Therefore, the choice is made in this thesis to model them as beams
with an elastic behavior. Since they are beam elements, the use of an inelastic constitutive law,
if necessary, will be straightforward.

The modeling of the lintels and the frames at the opening is similar, but there are some
peculiarities in each case. Therefore, each type of reinforcement has its own section.

5.2.1 Frames at the opening

Figure 5.7: Kinematics of the nodes part of frame elements

An example of modeling the frame at the opening is shown in Figure 5.7. The beam elements
representing the frame are shown in red in the figure. The nodes are shared with the other
elements. Therefore, the beam of the frames are set in parallel to the struts of the DFM. In
Figure 5.7, nodes 1 and 4 are part of the beam element that models the frame and the DFM
elements, and nodes 2 and 3 are part of the beam element that represents the frame, the DFM
element, and the interface. These nodes have four additional degrees of freedom to represent the
beam (the OOP displacement w + the rotations around every axis 6; for i axis), while they
have only two degrees of freedom in the case of the DFM for IP modeling and in the case of the
interface.

Note that it is not possible to model a loss of contact between the different elements (beam
and DFM elements with nodes 1-2 and nodes 3-4). The definition of the beam elements in this
case is straightforward.
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5.2.2 Frames at the opening

©
]
=)

Figure 5.8: Intersection of vertical beam elements in presence and zero-thickness interface

A special case occurs at the intersection of vertical beam elements in presence and zero-
thickness interface. An example of this situation can be seen in Figure 5.8, where the frame in
question is represented by a dashed line. At this location, there are in fact two meso-elements
separated by a zero-thickness interface. For the frame modeling, the two nodes located at the
same coordinate in the interface are connected by a beam element with small length to avoid
problems with zero-length elements. It ensures a non-sick definition of the element and provides
a force transmission and a kinematic continuity between the two nodes to obtain a relevant beam
behavior.

5.2.3 Lintels

Some constructions, such as the SM2 model tested by Ali et al. [47] in Section 2.5.2, have lintels
above the opening and no additional reinforcements. In this context, there are two possible cases:
there is a lintel above an opening, but this lintel has a limited length, or there is a lintel band
along the entire wall.

If the lintel has a limited size, either the DFM element mesh has to be adapted to the size
of the lintel or the lintel is not be fully modeled. This choice is a consequence of the connection
between the different elements. Since the beam elements and the DFM share the same nodes,
the dimensions of the lintel could have an important influence on the meshing. To avoid this
important constraint, the mesh is created with the DFM without considering the dimensions of
the lintel. Once the mesh is created with the DFM, the lintel is modeled by a beam element
whose size is limited to the nodes included in the real dimensions of the lintel, as shown in
Figure 5.9. This means that the lintel in the model is either as long as the lintel in reality, or
it is smaller. Section 8.2 presents a study case with a wall that has lintels with a limited size
over the openings. This study case shows the effects of this choice of the lintel modeling on the
results.

In the case where the shear band is used as a lintel, the beam elements representing the
lintels are modeled only above the opening so as not to interfere with the proposed modeling of
the bands. This modeling above the opening allows the structural benefits of the lintel to be
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Figure 5.9: Modeling of lintel when it is not made by a horizontal band

preserved and interface elements to be modeled along the entire wall. However, this beam element
adds an important stiffness in the horizontal direction and the behavior of the two masonry parts
connected by the element obtains a composite behavior that does not exist in reality.

5.3 Conclusion

This chapter presented the modeling of structural elements other than masonry. The bands
were not damaged in the experimental tests found in the literature. However, crack propagation
and sliding occurred at the interface between the bands and the masonry. For this reason,
horizontal bands are modeled by a zero-thickness interface with a brittle behavior in tension
and a damaging cohesive behavior in shear. These elements allow to model the sliding at the
masonry /band interface. To capture the damage at the interface due to crack propagation from
the masonry to the bands, the interface elements are coupled to the DFM. A damage parameter
Dipeso is defined as a function of the deformation of the diagonal struts of the DFM. Thus, the
damage of the interface is induced either by its brittle behavior or by the propagation of cracks.
The interface elements are defined by their the parameters in Table 5.1.

Like the horizontal bands, the frames at the opening did not suffer any damage during the
tests carried out. Therefore, they are modeled by beam elements with elastic behavior. These
beam elements come parallel to the strut elements of the DFM or to interface surfaces. In the
case of lintels, the modeling depends on how they are designed. If they consist of a horizontal
band along the entire wall, they are modeled by interface elements and a beam element above the
opening. If the lintel is only above the openings, it is modeled by a beam that can be extended
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Table 5.1: Parameters for the definition of the interface and reinforcement elements

Elastic properties of the interface elements

Stiffness in normal direction [k,] Stiffness in tangential direction [k]

Inelastic properties of the interface elements

Tensile strength [ fim] Cohesion [c]

Coefficient of friction [y] Energy release rate for mode I [Gj]

Coupling parameter [;n¢]

Elastic properties of the reinforcements

Young’s modulus [E,] Deunsity [pr]

Poisson’s ratio v, Height of the cross section [h,]

Width of the cross section [I,]

parallel to DFM elements. These beam elements do not have the actual length of the lintels
so as not to have a significant constraint on the size of the mesh and not to interfere with the
proposed modeling of bands. The beam elements are defined by the parameters in Table 5.1.

The proposed modeling enables all the set objectives for IP analysis. It allows a simple
modeling of masonry structures with bands. The definition of the elements is simple and does not
require any special knowledge in numerical modeling. Moreover, all the reinforcement elements
can be easily linked with the DFM elements. The sharing of nodes reduces computation time,
although the use of beam elements increases the number of degrees of freedom for some nodes.
The next step in modeling a masonry structure with bands is the definition of the DFM element
for 3D modeling and the definition of the mass matrix for dynamic analysis.
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Chapter 6

3D modeling

6.1 Introduction

The previous two chapters focused on defining the DFM for 2D analysis and on modeling elements
other than masonry. The model as presented does not allow the OOP analysis of a structure,
nor the analysis of a 3D structure. In the previous chapters, it was found that horizontal bands
reduce the OOP deformation of masonry walls and the probability of collapse related to this
direction of loading. In addition, OOP loaded walls do not have much effect on the stiffness of
the structure compared to IP loaded walls. The same remark can be drawn for energy dissipation
during an earthquake. Nevertheless, the OOP loading is responsible for the collapse of several
structures. Therefore, the choice is made to reproduce the behavior of a wall under OOP loading
without attempting to reproduce the none linearities under cyclic loading in this direction. For
the study of a complete structure, it is necessary that the model allows in the same time the
modeling of the IP and the OOP behaviors of masonry.

In addition to the OOP behavior of masonry, it is necessary to define the mass matrix of the
model to allow the analysis of the dynamic behavior of masonry structures with bands. The last
section of this chapter deals with its definition for a complete structure.

6.2 DFM for 3D modeling

The OOP behavior is often not considered in numerical models for the reasons given above.
Among the meso-models and macro-models presented in Section 3.1.3, some of them have features
to reproduce the OOP behaviour of masonry. These models are the RMEM [94, 89, 109], the
Rigid Element Model [55, 110], the SAM model [77] and the ESM [111, 112, 113]. These models
can be used as inspiration for modifications to the DFM to reproduce the OOP behaviour of
masonry.
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6.2.1 Models from the literature
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Figure 6.1: Models for masonry from the literature able to reproduce OOP deformation: (a) Rigid
Element Model [55]; (b) SAM [77]; (¢) ESM proposed by Di Trapani et al. [114]

Three examples of meso-models/macro-models from the literature able to take into account
the OOP behavior of masonry are shown in Figure 6.1. The RMEM is not shown in this figure
because its way of reproducing the OOP behavior of masonry was one of the reasons why the
DFM was developed. The model shown in Figure 6.1.(a) is the Rigid Element Model. It has
hinges in the middle of each side of the rigid bodies to reproduce the OOP deformations. This
type of strategy is not suitable for the DFM because it does not allow the analysis of the IP
behavior of the structure at the same time.

The SAM method is the model shown in Figure 6.1.(b). It is a method of the family of
the EFM in which the elements are modeled with elastic-plastic beams. The definition of the
elements in the IP direction is adapted for the OOP direction. The yield force of the beams
is defined using the formulas for rocking by assuming a different effective height. This type of
strategy can be adopted for the DFM.

Figure 6.1.(c) is one of the models in the family of the ESM that aims to reproduce the
OOP deformation of masonry used as infill. That is why it has diagonal struts. The method
to reproduce the OOP behavior of masonry is to add a node in the middle of the panel. All
ESM-like models used to capture OOP behavior (Asteris et al. [115]; Mazza [113]) have at least
one additional node at this location. This node has only one degree of freedom corresponding to
the OOP displacement. This location is related to the arching mechanism that appears under
OOP loading due to the boundary conditions. Di Trapani et al. [114] added the vertical strut
in the middle of the slab width and the horizontal strut in the middle of the height, visible in
Figure 6.1.(c), to reproduce the damage caused by this mechanism. In the context of the thesis,
this type of modeling is not appropriate because it only accounts for one type of OOP mechanism
that is defined for specific boundary conditions.

84



DFM for 3D modeling

6.2.2 DFM for OOP loading

The goal for the DFM is to accommodate the OOP behavior of masonry without changing the
philosophy of the meso-element. Therefore, in order not to significantly increase the number of
elements that compose the DFM, the model retains a 2D shape even for 3D modeling.

In order to reproduce the OOP behavior of the masonry, the strut elements composing the
frame of the DFM are converted into beam elements. It is the same philosophy as in the SAM.
These elements are only used to reproduce the OOP bending behavior, the torsional behavior of
masonry and the usual behavior of the strut elements used for 2D modeling. Thus, they do not
have the full kinematics of a beam element. These frame elements have no bending and no shear
in the plane of the DFM. The diagonal elements retain their usual definition (strut with a pure
tension/compression behavior). Figure 6.2 shows the kinematics of the DFM for a 3D modeling.
For the use of the beam elements, there are three new DOF per node for a total of 20 DOF for
an element of the DFM (5 DOF at each node).

Figure 6.2: The DFM for 3D modeling with kinematics defined in the global orthonormal coordinate
system
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The beam elements that make up the frame have the same stiffness as the struts when loaded
axially. Asreminder, this stiffness is not directly linked to the Young modulus of the masonry F,,
because of the presence of the diagonal elements (see Equations (4.3) and (4.4)). Therefore, the
axial elastic modulus of the beams does not correspond to the Young’s modulus of the masonry
E,,, but to a new modulus of elasticity denoted F,. This new modulus of elasticity is defined
by Equation 6.1 for horizontal beams and by Equation 6.2 for vertical beams. The stiffness Kj,
(resp. K,) in these equations is defined by Equation (4.24) (resp. Equation (4.25)). The length
I, is the width of the meso-element and h,, its height. The height h;,¢ and the width l;, s have
the same definition as in Chapter 4 and are reminded in Figure 6.3. The Young’s modulus E, is
used only for the axial deformation.

hinf

linf

Figure 6.3: Definition of the height and the width of influence of the beams of the DFM

lelem
B, = K, —clem 6.1
= (6.1)
h
By, = K,—2m (6.2)
tmlznf

The diagonal elements bring additional rigidity for vertical and horizontal IP tension/compression
loading. However, they do not have any rigidity for OOP loading. Therefore, the bending be-
havior of the beams is defined with the Young’s modulus of the masonry F,, and not with the
elastic modulus F,.

A beam element of the DFM frame is shown in Figure 6.4 with its local coordinate system.
It is defined with nodes 4 and j, where u; (resp. u;) is the axial displacement, v; (resp. v;) is the
vertical displacement, w; (resp. wj;) is the OOP displacement, §; (resp. 6;) is the angle related
to the bending around the vertical local axis and ¢; (resp. ;) is the torsion angle.

The displacement vector of the beam is noted U = {u;; vi; wi; pi; 0i; wj; vg5 wy; 945 Qj}T. The
internal force vector of the beam is noted F' = {N;; T, ;; T, ;; My i3 My s Nj; Ty 53Ty 53 My js MyJ}T.
The equilibrium equation (Equation (6.3)) defines the relationship between these two vectors.

86



DFM for 3D modeling

Figure 6.4: Kinematics of beam elements of the DFM defined in the local orthonormal coordinate
system

The stiffness matrix K used for equilibrium with Euler-Bernoulli’s beam theory is defined by
Equation (6.4).

=
I
I=
<
=
&

S;sz 0 0 0 0 - S;L?z 0 0 0 0
3En1, 3En1.
i 0 0 0 0 -5 0 0 0
3Enl, 3Enl, 0 3Enl, 3En1,
2L3 212 2L3 G 212
% 0 0 0 0 —% 0
2B, 1, 0 0 3Em1, 0 B,
K= L SE 212 L
2; 0 0 0 0
3En1,
iR 0 0 0
Sym % 0 %
2L G J 25
2L 2B, 1,
L L
(6.4)

The inertia terms in Equation (6.4) I,, I, and J are determined with the dimensions of
the surrounding meso-elements of the DFM. They are defined for the vertical beams and the
horizontal beams in Table 6.1.

There is a special definition for vertical beams of the DFM at corners where two or more
walls are connected. In this situation, the IP solicitation of one wall corresponds to the OOP
solicitation of perpendicular walls. It is a tricky situation where it is difficult to define the
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Table 6.1: Definition of the inertia terms of the beam elements of the DFM

1, I. J

3
t?n-linf tm-lmf
12 12

Vertical beam I+ 1,

3
tB hinf tm'h'mf

m*

12 12

Horizontal beam I, +1,

properties of the beam correctly. For example, the definition of the properties changes depending
on the size of the mesh. In this situation, it is assumed that the definition of the bending behavior
of the beam would lead to an overestimation of the stiffness of the structure at the corners,
regardless of the size of the mesh. Therefore, the moments of inertia I, and I, are set to zero
for the vertical beams at the corner.

<y
~

=R

(b)

Figure 6.5: Intersection of two walls: (a) modeled with DFM; (b) cross section seen from above

In order to capture well the torsional behavior of the structure, the polar moment of inertia
J is kept non-zero (the formula J = I, + I, in Table 6.1 is not adequate in this situation).The
intersection between two walls is shown in Figure 6.5. In this figure, L; (resp. Ls) is the total
length of the vertical strut in the x-direction (resp. y-direction). L is the length of influence of
the element on the left in direction 1. The thickness of the wall oriented in direction 1 is denoted
by T3 (resp. 1% in direction 2). With these notations, the polar moment of inertia of the vertical
beam at the corner J.orner is defined by:
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1 .
Jcorner = ﬁ (TlL:f + Lle + TQL% + L2T23)

YL T ((dm —05L,)% + (dy — 0.5T1)2) +TyLs ((dx — (L1 + 0.5T)% + (d, — (T1 + 0.5L2)2>
(6.5)

The distances d, and d, are the coordinates of the center of gravity G of the entire domain
of influence of the beam in respect to the reference point O in Figure 6.5. These two coordinates
are defined by Equations (6.6) and (6.7).

L1.17.L1/2+ L.Ly.T:
d, = (L1.T1.L1/2 + L.Ly. 1) (6.6)
L1141 + Lo T

(L1.T? + Ly To.(T, + Ly /2))
L1.Ti + Ly T

dy =

The beams of the frame of the DFM do not have inelastic behavior. The OOP definition of
yield force used by the SAM model is not appropriate for the DFM. In fact, as announced in the
chapter on the IP behavior of the DFM, the definition of the rocking failure in the literature does
not make sense at the scale of the macro-element. It is possible to find simple definitions of the
OOP behavior of masonry walls, with bi-linear or tri-linear curves (Abbati and Lagomarsino [116];
Doherty et al. [117]; Godio and Beyer [118]), but these curves depend on the boundary conditions
of the wall. Therefore, it is not possible to use them as well. The failure of the wall could be
defined with a maximum allowable displacement. In the context of the thesis, OOP failure is not
considered. Therefore, there is no proposed definition for this maximum displacement.

6.3 Mass matrix definition

In order to perform dynamic and modal analysis, the mass matrix must be defined. For the
DFM, the mass is located at the nodes. It is calculated by determining their volume of
influence. This volume is defined by half the distance of the node to the other vertices of the
meso-elements to which it belongs. Two examples of the area of influence are colored yellow and
purple in Figure 6.6(a). The yellow region represents the case when the node is surrounded only
by DFM elements. The purple region is representative of the case when the node is located at
the edge of an opening. In this situation, the area is not rectangular. It is bounded by the edges
of the opening.

Equation (6.8) gives the relation between the mass at node n M,, and the associated area
of influence A,,. This mass is the same in the three directions defining the space. The other
parameters in Equation (6.8) are the masonry density p,, and the wall thickness ¢,,.
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(a)

Figure 6.6: Examples of area of influence for nodes: (a) case with adjacent meso-elements; (b) case
at a corner

Equation (6.8) is the definition of the mass for the majority of the nodes. However, as with
the vertical beam elements, there is a special situation at the intersection of walls. Indeed, the
regions shown in Figure 6.6.(a) are rectangles when viewed from above, while the blue region in
Figure 6.6.(b) has an L-shape. Depending on the number of walls connected at the corner, U-
shaped areas, T-shaped areas, and cross-shaped areas are also possible. For each of these cases,
the mass at the node is not defined by Equation (6.8), as this would lead to an overestimation. For
the example in Figure 6.6.(b), the length of the area of influence in direction 1 (resp. 2) is noted
as Ly (resp. Ls) and the thickness of the corresponding wall ¢ (resp. t3). In this configuration,
the area of influence associated to the node n represented by a blue circle Figure 6.6.(b) is defined
by Equation (6.9). This equation can be adapted to any type of intersection of walls.

(L1 + 0.5t2)t1 + (LQ + 0.5t1)t2 if L1 > t; and Loy > to
Lt + LoLqy + (LQ — 0.5t1)t2 if L1 <t; and Lo > to

Acorne’r - (69)
Loto + Loy + (L1 — O.5t2)t1 if L1 >t and Loy < 1o

LiLo if L1 <ty and Ly < to

The mass assigned to the nodes is defined by Equation (6.10). In this equation h;,; is the
height of influence as defined for horizontal struts in Chapter 4. The mass for the rotational
degrees of freedom is not considered in the definition of the mass matrix.

M, ;= pmAcornerhinf (610)

)

An interface has a similar influence on the area of influence as an opening (see Figure (6.7)).
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2

Figure 6.7: Examples of area of influence of nodes in presence of an interface

However, the mass at the node is not defined by Equation (6.8). If the node is part of an interface
element, the density of the band ppenq and the height of the band hpqng are taken into account
when determining the mass (see Equation (6.11)).

Mn,int,i = (pmhznf - 05(pm - pband)hband) An (611)

The beam elements do not interfere with the determination of the mass at the nodes. Their
contribution in the mass of the structure is determined by the usual definition of the mass matrix
of beam elements. As announced in Chapter 2, the roof is considered as dead load. Its mass is
uniformly distributed and added to the mass of the nodes at the top of the structure.

6.4 Conclusion

This chapter aimed to extend the application of the DFM to 3D modeling. In order to reproduce
the OOP deformation of the masonry, the strut elements are modified by beam elements with
special kinematics. In order not to unmake the definition of DFM proposed in Chapter 4, the
beam elements have no stiffness for IP loading except for the axial loading. Moreover, these
elements have a specific elastic modulus F, for the axial deformation, which is obtained by
coupling the stiffness of the elements seen in Chapter 4. For 2D modeling, this new version of
the DFM is identical to the 2D version introduced in Chapter 4.

The mass matrix for a masonry structure with horizontal bands was also defined. For the
DFM, the mass at the nodes is defined by determining the volume of masonry associated to the
node. If the nodes are part of an interface (i.e. model part of a horizontal band), the mass is
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adjusted to account for the properties of the bands. Only the beam elements used to model the
frames at the openings or the lintels have their own mass.

A certain peculiarity arose from the extension to 3D, especially at the corner. At these lo-
cations, it is necessary to know the number of connected walls in order to correctly define the
properties of the elements. Moreover, the vertical beams of the DFM at the corners have a partic-
ular kinematics, since they model simultaneously the OOP and the IP behavior of perpendicular
walls. The definition of the mass matrix is also different at the corner.

The intersection of walls requires special attention in the definition of the model, but apart
from that, modeling a structure for a dynamic analysis is straightforward. Moreover, no addi-
tional parameters are required for the extension to 3D modeling. The proposed model meets all
the set objectives in terms of simplicity in modeling masonry structures with bands. In the next
part, the model is tested to evaluate its efficiency in reproducing the dynamic behavior of these
structures.
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Part 111

Numerical modeling of masonry
structures
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The numerical model for modeling masonry buildings with bands was defined in the previous
section. This third part aims to validate this numerical model and determine the extent to which
it is efficient and meets the objectives set. The model has been implemented in ATL4S, a FE
toolbox on Matlab developed by Grange [22]. Information about this toolbox can be found in
Appendix A.

Chapter 7 focuses on the modal analysis of structures using the DFM. The study begins
with the scale of a wall and proceeds to the scale of a two-room structure. At each step, the DFM
results are compared with those obtained with 2D shell elements and 3D cubic finite elements.
The modal analysis is used to verify the elastic properties of the DFM and the definition of the
mass matrix.

Numerical modeling of three experimental campaigns is presented in Chapter 8. They con-
sist of IP cyclic tests. The first study was carried out on URM masonry piers, the second study
on an adobe wall with openings and the last study on walls with and without horizontal bands.

Shaking table experiments on three houses in reduced scale are presented in Chapter 9. The
proposed meso-element is used for numerical modeling and its efficiency is evaluated. Since two
of the scaled-down houses have horizontal bands, conclusions can be drawn with respect to the
objectives of the thesis.
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Chapter 7

Validation of the elastic properties

A modal analysis of several URM structures is proposed as a first step to validate the elastic
properties of the DFM and the definition of the mass matrix. Every analyzed structure is
considered perfectly embedded in foundations. The analyzed structures are:

A square wall without openings. It is a basic structure that can be modeled with one
meso-element.

A rectangular wall without openings. This analysis allows to study the influence of the
slenderness of the structure on the performances of the DFM.

e A 4-wall structure without openings. This analysis allows to validate the definition of the
DFM at the corners.

A 5-wall structure. Without openings in a first time and with openings afterwards. It
allows to see the performances of the DFM for the most complex structure that is studied
in the thesis and to see the influence of openings on the results.

The masonry mechanical properties for every modal analysis are shown in Table 7.1. They
are the mechanical properties identified with the quasi-static tests of Yadav [7] presented in
Section 8.3. They have been chosen because they will also be used for the dynamic analysis of
three houses in Chapter 9.

The modal analyzes are performed with several models: (i) the DFM; (ii) a 2D shell FE
(2D FE model); (iii) a 3D cubic elements model (3D FE model). Castem software [23] is used for
these two additional models. The 3D FE model is used as reference to assess the accuracy of the
2D models. The accuracy of the models for the parameter a is defined as the difference between
the results of the considered model with the result of the reference model (diff=abs(a.; —

amod)/aref)-
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Table 7.1: Masonry mechanical properties for modal analyzes

Material properties for the stiffness of the DFM

Young’s modulus [E,,] 61.3 MPa

Shear modulus [G),] 25.5 MPa

Material properties for the mass matrix

Density of masonry [pm] 2000 kg.m 3

The following process is followed for every modal analysis to evaluate the capacities of the
DFM:

1. The n first frequencies determined with all models are exposed. It gives an overview of the
performance of the DFM in the determination of the frequencies. The number n of analyzed
frequencies correspond to the last important mode for the studied structure. There are not
other modes with an important modal mass after the n** mode.

2. The modal masses for all the modes are exposed. Therefore, the important modes are
determined. The accuracy in the determination of their modal mass is assessed.

3. (Optional step) If there is a great difference between the modal mass determined with the
DFM and the modal mass determined with the reference model, the modal mass in the
three directions is computed to know what kind of deformation is not well captured with
the DFM.

4. The evolution of the accuracy in the determination of the frequency of the important modes
with the discretization of the mesh is exposed. It allows to see how the model performs
with a coarse mesh and how accurate it can be.

The computation time is indicated for every study. It is not a criterion of comparison between
the models since Castem and Matlab do not have the same process to solve the problem. The
computation time is used to see if the use of the DFM with Matlab is relevant or if it would lead
to a too important computation time. An evaluation of the influence of the discretization on the
accuracy of the results is performed as well.

There are two different notations for the mesh of the DFM. When only one wall is modeled,
the mesh is referred to as “nxm”. The number n is the number of meso-elements in the width of
the wall and m is the number of meso-elements in the height of the wall. Therefore, a wall that
is modeled with only one meso-element is referred to as “1x1” with this notation. When multiple
walls are modeled, a different naming convention is used. In this case, the mesh is named with
a number “n”. This number n is the refinement of the coarser possible mesh. For example, the
4-wall structure modeled in Figure 7.14 is named as Mesh_ 4 because its small wall is modeled
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with 4x4 elements and its long wall is modeled with 8x4 elements, while the coarser mesh is
created with 1 meso-element for the small wall and 2x1 meso-elements for the long wall.

All the analyzes presented in this chapter are performed with the same computer. This
computer has an Intel(R) Core(TM) 15-8250U @ 1.6-1.8 GHz processor and 8.0 Gb of RAM.
More information for the modal analysis and for the determination of the modal mass are given
in Appendix A.

7.1 Modal analysis of walls without openings

7.1.1 Square wall

The width of the analyzed square wall is 2.5 m and its thickness is 0.3 m. The mesh of each
model is shown in Figure 7.1.

(a) (b) (c)

Figure 7.1: Examples of mesh for the square wall: (a) 8x8 mesh with the DFM; (b) 6x10 mesh with
2D FE; (c) 20x30x5 mesh with 3D FE

The modal frequencies computed with the different models and the computation time are
shown in Figure 7.2. The DFM has a computation time in the same range as the 2D FE model
and is considerably faster than the 3D FE model.

The results in Figure 7.2 show that the DFM generally gives a good approximation of the
modal frequencies obtained with the 3D FE model, although, sometimes, the difference between
the two models is not negligible (modes 6 and 8). The 2D FE model gives a good approximation
of every mode.

The modal mass is not an output of the Castem software and is determined using a Matlab
program that is different from the one used for the DFM. The data is imported from the Castem
software and due to a limit on the size of the data that can be loaded into Matlab, the modal
mass can only be calculated for problems with a limited number of degrees of freedom.
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Figure 7.2: The ten first modal frequencies of the square wall

The results for the determination of the modal mass for the ten first modes are shown in Fig-
ure 7.3. The models give approximately the same results for the important modes (modes 1, 3,4, 7
and 9 in Figure 7.3). Unlike for the modal frequencies, the DFM gives better results for the modal
masses compared to the shell elements. It has a maximum error of approximately 9%. The modes
6 and 8 mentioned above because of the lack of accuracy of the DFM in their determination do
not have a high modal mass.
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Figure 7.3: Modal masses of the square wall: (a) Modal mass for the first modes; (b) Error in the
determination of the modal masses

The modal shapes of modes 1, 3, 4, 7 and 9 are shown in Figure 7.4 for the three models. The
shapes for the FE models of the Castem software are drawn using the Paraview [119] software.
The colormap used for coloring is the preset colormap jet available in Paraview and Matlab. It
allows to see the amplitude of displacements. Aside from some minor differences, the deformed
shapes are identical. The visible differences are for the second transversal mode and the first
vertical mode where the amplitude of the displacements is not the same for all the models. For
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the second transversal mode, the amplitude of the displacement with the DFM is the same at a
fixed height in the wall but this is not the case for the FE models of Castem. In contrasts, for
the 1%¢ vertical mode, the displacement is constant at a certain height for FE models in Castem
while this is not the case for the meso-model.

1st OOP bending 1st IP bending 2" O0P 1st vertical Tension/ 2nd IP bending
mode mode bending mode compression mode mode
(Mode 1) (Mode 3) (Mode 4) (Mode 7) (Mode 9)
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Figure 7.4: Modal shapes of modes 1, 3, 4, 7 and 9 with the three models
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Figure 7.5: Evolution of the accuracy in determining modes shown in Figure 7.4 with the mesh size

Figure 7.5 shows the evolution of the accuracy in determining the frequency of the modes
shown in Figure 7.4 with discretization. Very fine meshes are used to see the results to which the
model converges. It can be seen that a coarse mesh with the DFM can give results with an error
of about 12% in a short time. The accuracy can be improved with a finer mesh, but it is not
affected for the mode 7, the 1°¢ vertical tension/compression mode. Therefore, the DFM always
has a maximum error of 8% for this mode, while it can be less than 5% for all other modes. It
can also be seen that the DFM captures the modes 4 and 9 (2" OOP bending mode and 2" IP
bending mode in Fig. 7.4) better than the shell element.

The evolution of the values of the mode 4 is shown in Figure 7.6 to explain why the error
in determining this mode is not smaller for fine meshes. It can be seen that coarse meshes
underestimate the value of this frequency, while fine meshes overestimate it. For this reason, the
7x7 mesh approximates this frequency better than finer meshes.

86 Value determined with the 3D FE
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Figure 7.6: Evolution of the value of mode 4 with the mesh size

It can be concluded from this first study that the DFM performs well in the modal analysis
of a square wall. It has a computation time close to the one of the shell elements model on the
Castem software, and it has a good accuracy for the determination of the important modes and
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their modal shape.

7.1.2 Wide wall

This second study allows to know the variability in the accuracy of the DFM with the slenderness
of the wall. The analyzed wall has a height of 2.5 m, a width of 8.5 m and a thickness of 0.3 m.
A different number of meso-elements in the height and in the width are used to model this wall.
Examples of meshes with the three models are shown in Figure 7.7.

(a) (b) (c)

Figure 7.7: Examples of mesh for the wide wall: (a) 24x8 mesh with the DFM; (b) 10x6 mesh with
2D FE; (c) Reference 3D model

The results in determining the seventeen first frequencies are shown in Figure 7.8. The DFM
has a better global accuracy for this study since there are not modes were the model exhibits an
important difference with the reference model.

Unlike for the square wall, the DFM has a computation time which is not in the same range
as the computation time of the shell elements. However, as with the previous example, the DFM
performs better than the 3D FE model. Therefore, the computation time with the meso-model
remains satisfactory.
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Figure 7.8: The seventeen first modal frequencies of the wide wall
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The modal masses of the wide wall are shown in Figure 7.9. For this wall, the important modes
have their modal mass much higher than the others. There are three major modes (modes 1, 10
and 17) and another one that can be considered as important (mode 7) (Figure 7.9). The DFM
approximates the modal mass well with an error of at most 5% for the important modes aside
from mode 17. For this last mode, the difference is considerable. The modal shape in Figure 7.10
shows that this mode is the first vertical tension/compression mode of the wall. For a dynamic
analysis, there is not any solicitation along the vertical axis. Therefore, the lack of accuracy for
this mode would not have an impact on the results. Since the sum of all the modal masses of
a structure is equal to its mass, the difference of mass for this mode has a repercussion on the
modal mass of other modes. That is why mode 13 has a modal mass more important with the
DFM compared to the other models.

There are two hypothesis for the lack of accuracy of the DFM for the determination of the
modal mass of the vertical tension/compression mode: (i) a poor definition of the model linked
to the Poisson’s ratio and an inability to correctly take it into account; (ii) the IP kinematic of
the meso-model that is not defined with rotations at the nodes.
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Figure 7.9: Modal masses for the wide wall: (a) The first modal masses; (b) Error in the determi-
nation of the important modal masses
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There are not obvious differences between the modal shapes obtained with the models (see
Fig. 7.10). The only noticeable difference is for the vertical mode where the amplitude of dis-
placement is lower for the DFM at the left and right sides of the wall. This difference may be
related to the difference of modal mass for this mode.
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Figure 7.10: Modal shapes for the important modes of the wide wall

The accuracy in determining the frequencies of the modes shown in Fig. 7.10 and the compu-
tation time are given in Figure 7.11 for different mesh sizes. The coarser mesh with a maximum
error lower than 8% (15x5 mesh) is finer than the mesh with the same accuracy for the square
wall (4x4 mesh). The computation time for this mesh is similar to the one of the shell elements.
However, the accuracy with the DFM is not as good as for the 2D FE model. With a finer mesh
it is possible to obtain a very good approximation of the reference values. Still, like for the square
wall, the approximation of the modal frequencies of some modes is not affected by the mesh size.
The concerned walls are the 1°¢ IP bending mode and the 1% vertical tension/compression mode.
It can be noticed that, even if the modal mass of mode 17 is not well determined with the DFM,
its frequency is well approximated with the meso-model.

7.1.3 Study of the influence of the Poisson’s ratio

The wide wall is studied again, but with a Poisson’s ratio of zero, to see how changing the value
of this parameter affects the ability of the DFM to accurately determine the modes. This will
also allow us to determine if this parameter is the reason why the DFM is not good at calculating
the modal mass of the vertical tension/compression mode. For this purpose, only the modal mass
and the influence of the mesh on the determination of the important modes are analyzed to avoid
repeating this study.

Figure 7.12 shows the determination of the modal masses with the new elastic properties. It
can be seen that the 2D FE model has a higher error in determining the modal mass of Mode 7

in this context (about 15% higher). The same observation can be made for the determination
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Figure 7.11: Evolution of the accuracy in determining the modes shown in Figure 7.10 of the wide
wall with the mesh size

of the 1% vertical tension/compression mode with the DFM, although the evolution of the error
for this mode is less consistent (5% higher).
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Figure 7.12: Modal masses for the wide wall with Poisson’s ratio of zero: (a) The first modal masses;
(b) Error in the determination of the important modal masses

Figure 7.13 shows the evolution of the error with mesh size. The same conclusions can be
drawn as in the previous study. The accuracy in determining the frequencies of the modes 10
and 17 is not affected by the mesh size. In general, the DFM performs well in determining the
modal frequencies, and the Poisson’s ratio has a small effect on the performances of the model.
It can be concluded as well that the lack of accuracy of the DFM to determine the modal mass
of the vertical tension/compression mode is not related to the Poisson’s ratio.

7.1.4 Conclusions

These two first studies allow to make some conclusions about the efficiency of the DFM for the
modal analysis of URM walls:
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Figure 7.13: Evaluation of the accuracy in the determination of the important modal frequencies
with Poisson’s ratio of zero

e The computation time of the DFM is satisfying. It is faster than the 3D FE model and is
not considerably slower than the 2D FE model even though Castem performs better than
Matlab for this type of computation.

e The DFM can determine the frequency of important modes of a wall well and reproduces
well the modal shapes.

e The accuracy in determining the frequencies of some modes is not affected by the mesh
size.

e The slenderness of the wall does not influence the accuracy of the DFM for the determina-
tion of the frequencies. However, it affects the accuracy for the determination of the modal
mass. The modal mass of the vertical mode is greatly underestimated with the DFM and
this affects the modal mass of the other modes (mode 13 in Figure 7.11).

7.2 Modal analysis of a 4-wall structure

Y/ &/

W W &

(a) (b) (c)

Figure 7.14: Examples of mesh for the 4-wall structure: (a) Mesh_4 for the DFM (or Matlab_4 );
(b) mesh 2D FE model; (¢) mesh with 3D FE model
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The modeling of the structure with the different models is shown in Figure 7.14. Small sides
of the 4-wall structure are almost squared walls and the long sides are walls with a slenderness
lower than 1/2 (see Table 7.2). For the 2D models, the middle plane of the wall is considered.
Therefore, the lengths of the walls are taken as L1 op = 5.4 m and L op = 3.0 m for these models.

Table 7.2: Dimensions of the 4-wall structure

Characteristic Value Characteristic Value
Height H 25 m Thickness ¢,, 0.3 m
Width_1 L, 5.7m Width_2 Lo 3.3m

The twenty eight first modal frequencies obtained with the models are shown in Figure 7.15.
The 2D models have a good accuracy for these modes and the computation time of both models
is very satisfactory.
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Figure 7.15: The twenty eight first modal frequencies of the 4-wall structure
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Figure 7.16: The modal masses of the 4-wall structure
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For a reason of limitation of the size of the data that can be imported in Matlab, the modal
mass of the Castem 3D model is not considered anymore. Therefore, the 2D shell model is
considered as reference. In Figure 7.16, the difference of modal mass is determined for the main
direction of deformation of the modes. Most of the important modes have their modal mass well
approximated by the DFM. However, for the mode 28, the difference is higher than 20%. The
difference for this mode is not surprising since it is the first vertical mode (see Fig ?7?) and it
is the same problem as raised above. That difference of modal mass for this mode implies the
difference of mass for mode 22 (see Figures 7.17 and ??). In Figures 7.17.(b) and ??, the x
direction is the IP direction of the long walls, the y direction is the vertical direction and the z
direction is the IP direction of the small walls.

12000
10000
8000
6000
4000

2000

0 - 1 - - - I] U 0 - o [I o ] o I] o

fr1 fr2 fr3 fra fr5 fré fr7 fr8 fr9 fr10 fr11 fr12 fr13 fr14 fr15 fr16 fr17 fr18 fr19 fr20 fr21 fr22 fr23 fr24 fr25 fr26 fr27 fr28
OmxDFM BEmyDFm OmzDFM

Figure 7.17: The modal masses of the 4-wall structure determined with the DFM for each direction

Mode 14 is the first IP bending mode for the long walls of the 4-wall structure. As it can be
seen in Figure 77, the 2D FE model underestimates the global amplitude of the displacement for
that mode while the DFM better approximates it. Moreover, the DFM better approximates the
frequency of this mode (see Fig. 7.15). Therefore, the DFM may be closer to the 3D reference
model than the 2D FE model for the modal mass.

The first modal shapes are similar for all the models (see Figure ??). The noticeable dif-
ferences are for the longitudinal mode and the vertical modes. These differences were already
noticeable with the modal mass of these modes.
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Modal analysis of a 4-wall structure

The evolution of the error in the determination of the modal frequencies is shown in Fig-
ure 7.19. It can be seen that the DFM has a good accuracy with only 6 elements (maximum
error of 8%). Interestingly, the discretization of the mesh is not beneficial for the accuracy of all
the modes and it even tends to decrease the performance of the model. This may be related to
the definition of the elements at the corner and the limitation related to the computation of the
inertia parameters of the beam elements of the DFM. The mesh size has a little influence on the
accuracy for the frequencies of mode 28 in Figure 7.15. It can be notices that, even if the 2D FE
model still approximates well the modal frequencies, it tends to perform less better than for the

study
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Figure 7.19: Evolution of the accuracy in determining the frequencies of the modes shown in
Figure ?? with the mesh size

The modal analysis of the 4-wall structure allows to make additional conclusions about the
performance of the DFM:

e The DFM can determine with a satisfactory accuracy (maximal error 4% in this example)
the modal frequencies of a 4-wall structure without openings.

e The DFM can determine an additional vertical important mode (mode 22 in this study)
because of its inability to correctly capture the first vertical mode.

e The discretization of the mesh is not necessarily beneficial to the performance of the DFM.

Still, it does not lead to irrelevant results.
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Modal analysis of a 5-wall structure

7.3 Modal analysis of a 5-wall structure

The dimensions of the structure are shown in Figure 7.20. This structure has almost the same
dimensions as the one of the experimental campaign in Chapter 9. The differences come from the
will to easily model the structure in Castem. To make this possible, the nodes at the boundary of
two different parts have to be at exactly the same position so that the merging is done correctly.
Figure 7.21 and Figure 7.26 show respectively the modeling of the structure without and with
openings.

Window wall Door wall 1

Door wall 2

Window wall Door wall 1

K ! '
45 45 45 ! i 45 i 45 ! | | 45 39 I
N [ « o N I e

i i I
| | |
| | |
e e e
i | |

»:
Doorwall1 ' ' Doorwall2

Window wall

Figure 7.20: Schemes of the 5-wall structure for the modal analysis

7.3.1 5-wall structure without openings

The modal frequencies obtained with the three models are shown in Figure 7.22. The two
2D models exhibit differences in the determination of the frequencies with the reference model.
Both of them underestimate the stiffness of the structure. The computation time of the DFM is
satisfactory compared to the 3D reference model.
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Modal analysis of a 5-wall structure

(a)

(b) (c)

Figure 7.21: Meshes for the 5-wall structure without openings: (a) Mesh_5 for the DFM; (b) mesh
2D FE model; (c) mesh with 3D FE model
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Figure 7.22: The first modal frequencies of the 5-wall structure without openings

The result of the modal mass with the DFM and the shell elements are shown in Fig-

ure 7.25.(a).

There are five major modes (modes 4, 5, 11, 12 and 25). The two models have

quite different results. The reasons of these differences are the same as for the 4-wall structure.
Mode 25 is the first vertical tension/compression mode and modes 11 and 12 are the torsional
modes of the small and long walls respectively.
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Figure 7.23: Modal masses for the 5-wall structure without openings: (a). Results for the DFM
and shell elements; (b) Error in the determination of the modes with high modal mass

Figure 7.24 shows the modal shapes for the important modes of the 5-wall structure without
openings. The results of the models are quite similar. The only noticeable difference is for the
1% vertical mode where the DFM tends to underestimate the displacement compared to the
reference model. All the other shapes do not exhibit any obvious difference.
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Modal analysis of a 5-wall structure

The modes shown in Figure 7.24 are well approximated with the DFM despite the differences
of modal mass. The DFM is even more accurate than the shell elements for the modes 4 and 5.
Unexpectedly, the DFM performs better with the coarser proposed mesh in Figure 7.22. Still,
the model performs well with a more discretized mesh.

9%
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Difference

7%
6% —
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3%
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" u

. N Yl RER | mEACE M

mode 4 mode 5 mode 11 mode 12 mode 25
@ Matlab_5 (5,2 s) @ Matlab_7 (17,5 s) B Matlab_9 (59,6 s)
OMatlab_11(172 s) @ Matlab_15(12005s) O Castem 2D (4,8 s)

Figure 7.25: Evolution of the accuracy in determining the frequencies of the modes in Figure 7.24
with the mesh size

This study of the 5-wall structure without openings shows that the DFM still performs well
despite the increase of the number of modeled walls. Morover, the DFM tends to perform better
than the 2D FE model for a similar computation time.

7.3.2 5-wall structure with openings
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Figure 7.26: Mesh for the 5-wall structure with openings: (a) Mesh_2 with the DFM; (b) reference
3D FE model

Because of the openings, the thickness of the wall is not significantly smaller than the width of
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Modal analysis of a 5-wall structure

the piers. Therefore, the 5-wall structure with openings cannot be modeled with shell elements.
Thus, for this study, only the 3D FE model is used for the comparison with the DFM. The mesh
of the 5-wall structure with openings with the DFM is different than the one of the previous

study because the presence of the openings imposes some restrictions for the size of the elements
(see Fig. 7.26).
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Figure 7.27: The first modal frequencies for the 5-wall structure with openings

Figure 7.27 shows the results for the 25" first modal frequencies of the 5-wall structure with
openings. The DFM tends to underestimate the values of the frequencies for the last modes but
the frequencies determined with it remain close to the ones of the reference model. Because of
the limitations linked to the size of the elements, the coarser mesh is not really coarse, as shown
in Figure 7.26. That is why the Mesh_2 gives good results. For this study, the DFM has a very

interesting computation time with only one minute to determine the modes of the structure (see
Fig. 7.27).
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Figure 7.28: Modal analysis of the 5-wall structure with the DEM: (a) the 25" first modal masses;
(b) accuracy for the determination of the important modes

Uulike for the previous study, the modal masses shown in Figure 7.28.(a) are not determined
with the models on Castem. Therefore, the determination of the modal masses is only used
to know the important modes. There are two main modes (modes 1 and 5) and three modes
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that have an important mass too (modes 10, 23 and 25). In terms of accuracy of the model,
Figure 7.28.(b) shows that the DFM approximates well the results obtained with the reference
model. The coarser mesh does not give satisfactory results for the first mode (22% of error) but
the second mesh has a maximum error of 8% which is quite satisfactory.

The modal shapes (see Fig. 7.29) are similar with the DFM and with the 3D elements model.
There are some differences in the amplitude of displacements that are related to the difference
of representation of the models and the complexity of the modeled structure. Therefore, the
DFM gives very satisfying results in a short time making its use quite relevant for the study of
a complete structure.
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Conclusions about the modal analysis

7.4 Conclusions about the modal analysis

In this chapter, the elastic properties of the DFM and the definition of the mass matrix were
tested with several modal analyzes. To verify the results and the performances of the model,
two FE models were used: a 3D model for reference and a 2D model for computation time and
accuracy. Based on these studies, the following conclusions were drawn:

1. The DFM approximates well the modal frequencies of all the tested structures with a very
interesting computation time (1 minute for a 5-wall structure).

2. The DFM does not well capture the main vertical mode well. This means that the model
sometimes detects an additional main vertical mode (as in the case of the 4-wall structure).
This could be related to the definition of the IP kinematics of the DFM, where rotations
at the nodes are not taken into account. However, for the dynamic analysis of structures,
this is not really a disadvantage, since there will be no vertical excitations.

3. The modal shapes with the DFM are similar to those of the FE models, except for some
minor differences.

Since the model is well suited for determining the modal behavior of a structure, its elastic
behavior is correctly defined for both IP and OOP directions. Therefore, it is conceivable to use
it for dynamic analysis of structures. The second step before processing to this type of analysis
is to verify the definition of the inelastic behavior of the DFM. This is the topic of the next
chapter.
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Chapter 8

Modeling of static IP cyclic tests on
walls

In this chapter, three experimental campaigns are used to validate the numerical model.
The first experimental test is the benchmark test of Anthoine et al. [5], which was briefly pre-
sented in Section 1.3.2. The second experimental test is the one presented by Reyes et al. [6, 120].
It consists of cyclic tests on two wide walls: one wall is made of rammed earth and the other of
adobe. Unlike the walls of the tests of Anthoine et al. [5], the walls of this second experiment
have two openings and lintels. Only the adobe wall is analyzed. The last experimental test is
that of Yadav [7]. It consists of two quasi-static tests on square adobe walls. One of them is
without bands and the second has a wooden band in the middle of the height.

The objectives of these modeling tests are to validate the definition of the inelastic behavior
of the diagonals of the DFM and the proposed modeling for the bands and the lintels.

All the analyzes presented in this chapter are performed with the same computer. This
computer has an Intel(R) Core(TM) i5-8250U @ 1.6-1.8 GHz processor and 8.0 Gb of RAM.

8.1 URM piers

8.1.1 Modeling of the tests

The benchmark test of Anthoine et al. [5] is often used as an example of comparison between
experimental and numerical results to validate models [54, 49, 92]. It consists in studying the
IP behavior of two different pier walls with the same width and thickness but different heights.
The small wall has dimensions 100x135x25 cm?® (LxHxT) and the second wall has dimensions
100x200%25 cm?® (LxHxT). The size of the two walls is chosen so that they do not have the
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URM piers

same failure pattern: a bending/rocking failure for the tall wall and a diagonal shear failure for
the small wall. Bricks of size 5.5x12x25 cm? are used for both walls, arranged in English bond.

Reaction wall Steel beam
\

e (©)

Figure 8.1: (a) Experimental setup for the test of the two walls [5] and modeling of (b) the small
wall and (c) the high wall

The experimental setup prevents rotation of the wall (see Fig. 8.1.(a)), so that the experiment
reproduces as closely as possible the conditions of pure shear. For this reason, the assumption
of a doubly restrained wall is made for the modeling. The shear excitation is applied by an
imposed cyclic horizontal displacement at the top of the wall. Two cycles of the same amplitude
are performed. If a noticeable loss of strength is observed, three cycles are performed instead of
two. In addition to the cyclic displacement, a constant vertical compressive stress ,; = 0.6 MPa
is applied to the walls.

Parameters of Table 8.1 for the definition of the bi-linear behavior of the DFM as reported
by Calio et al. [92] (superscript “a”), by Gambarota and Lagomarsino [49] (superscript “b”) and
by Magenes and Calvi [121] (superscript “c”) are shown in blue Table 8.1.

The computed hysteresis parameters for both walls are shown in Table 8.2. They are de-
termined with the Equations (4.19), (4.22) and (4.23). The values of parameters o show that
the small wall has either a shear/sliding failure or a diagonal cracking failure and that the high
wall has rocking failure. The output of the model shows that diagonal failure is captured for the
small wall. The parameters $ and  are different since the walls have different slenderness.

The experimental results for both walls are shown in Figure 8.2. The high wall has a rocking
failure. It does not have a significant loss of strength and has a limited energy dissipation. The
small pier has diagonal shear failure. It has a large strength loss after failure and a higher energy
dissipation. These two modes of failure correspond to the ones predicted by the DFM.

The curves obtained with the DFM are shown in Figure 8.3. They have been obtained with

LObtained with the formula of Mann and Muller [8]

120



URM piers

Table 8.1: Properties of the URM piers [49]

Material properties for the stiffness of the DFM
Young’s modulus[E,,] (¢-*) 2.1 GPa
Shear modulus [G,,] 420 MPa
Material properties for the shear strength of the DFM
Tensile strength [f;](®) 0.1 MPa
Cohesion [c]" () 0.17 MPa
Coefficient of friction [u]' (¢) 0.43
Density of masonry [p,,] ) 1750
Table 8.2: Parameters of the hysteresis for the DFM
Small wall | High wall
Cyclic damage [a] 0.938 0.99
Force for change of stiffness [5] 0.487 0.7
Plasticity [d] 0.3 0.6

the mesh shown in Figure 8.1.(b-c). This mesh is the coarser mesh leading to the final result of
the DFM. For both the small wall and the high wall, the DFM succeeds in approximating the
envelope curve (initial stiffness and maximum strength) before and after failure very well. For
the inelastic behavior, the DFM also approximates the loops well with only three parameters.
However, for the high wall, with large displacements, the loops shape cannot be reproduced with

the chosen cyclic law.

It can be concluded with this first study that: (i) the DFM can predict the initial behavior of
an URM pier and its maximal strength and (ii) it can well approximate the hysteretic behavior

of masonry under cyclic shear loading.
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Figure 8.2: Force-displacement curves obtained experimentally by Anthoine et al. [5]: (a) small
wall; (b) high wall

Force [kN]

Force [kN]

15

Figure 8.3: Force-displacement curves obtained with the DFM: (a) small wall; (b) high wall. The
dashed lines are the envelope curves of the experimental tests and the limits of the last hysteresis
loops.

8.1.2 Influence of the size of the mesh

This part aims to study the influence of the mesh on the computation time and the accuracy
of the results. The material properties are still those given in Table 8.1. The influence of the
mesh is shown in Figure 8.4 for the small wall and in Figure 8.5 for the high wall. It can be
seen that the mesh size affects the envelope curve but not the hysteresis. Moreover, it does not
have the same influence for both walls. For the high wall, Mesh_2 has a difference of 20% in
determining the maximum force compared to Mesh_6, while the difference in maximum force
for these two meshes is only 2.5% for the small wall. For both walls, the results do not change
when the meshes are finer than Mesh_4, hence its use in the previous section.

The computation time to obtain the final results using the DFM is 20 minutes for the small
wall and 15 minutes for the high wall. These computation times are quite satisfactory for
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modeling a cyclic test. If an error of about 10% is accepted, a coarser mesh can be used (Mesh_3)
and the results can be obtained in less than 10 minutes.
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Figure 8.4: Influence of the mesh for the Force-Displacement curve of the small wall tested by
Anthoine et al. [5]: (1) Mesh 1x1; (b) Mesh 2x2; (c) Mesh 3x3; (d) Mesh 4x4; (e) Mesh 5x5 ; (f)
Mesh 6x6
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Figure 8.5: Influence of the mesh for the Force-Displacement curve of the high wall tested by
Anthoine et al. [5]: (1) Mesh 1x1; (b) Mesh 2x2; (c) Mesh 3x3; (d) Mesh 4x4; (e) Mesh 5x5 ; (f)
Mesh 6x6
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Wide walls with openings

8.2 Wide walls with openings

8.2.1 Modeling with a bilinear behavior

The walls tested by Reyes et al. [120, 6] are used to see how the DFM performs for predicting
the behavior of a wide wall with openings. In this section, only the adobe wall is examined.
Its design is shown in Figure 8.6.(a). It is inspired by the typical architecture of historic adobe
buildings in Columbia. There is a short buttress on each side of the wall to account for the
influence of the perpendicular walls. These are not visible in Figure 8.6.(a). Concrete blocks are
placed on the wall for a total vertical force F;,=51.86 kN. The foundation of the walls is made
with a reinforced concrete beam connected to the reaction floor of the laboratory. It is fixed
with prestressing anchors. Since nothing blocks the top of the wall vertically, it is modeled as a
cantilever wall.

The displacement is imposed by a hydraulic jack on one side of the wall, which is connected to
a system that allows the wall to be pulled. The displacement protocol is based on FEMA461 [122].
The first displacement has an amplitude of 0.2 mm. Every other cycle, the amplitude is increased
by a factor of 1.4 until the displacement of 15.8 mm amplitude is reached.

Table 8.3 shows the mechanical properties of the adobe wall. The parameters with superscript
“a” are given by Reyes et al. [120]. They were obtained by specific experimental tests on adobe
prisms and the mortar. The parameters with superscript “b” have been determined using the
data from Reyes et al. [120, 6]. The elastic properties of the adobe wall are not reported in these
articles. However, the elastic properties of the rammed earth wall are reported. The cyclic tests
of the two walls show that both walls have similar initial stiffness. Therefore, the elastic modulus
and Poisson’s ratio of the rammed earth wall in Reyes et al. [120] are assumed to be the elastic
properties of the adobe wall. The cross section of the lintels is determined based on the figures
in the two articles. The parameters with the superscript “c” are given by Sandoval et al. [123],
who worked on this experimental campaign.

The mesh shown in Figure 8.6.(b) is the coarsest mesh leading to the final results with the
DFM. It is made of 89 nodes for a total of 543 degrees of freedom. The red elements in Fig-
ure 8.6.(b) are the lintels above the openings. They are not centered on the opening because of
the modeling choice stated in Section 5.2. Since the meso-elements on both sides of the openings
are not the same size, the lintel may be extended on one side of the opening but not on the
other. The nodes of the lintels have three degrees of freedom except those at the extremities
whose rotation is blocked.

The experimental curve of the adobe wall is shown in Figure 8.7.(a) and the force-displacement
curve obtained with DFM is shown in Figure 8.7.(b). The red dashed line is the envelope of the
experimental results (curve in Figure 8.7.(a)). The model has a slightly lower initial stiffness
than the real adobe wall in the pulling direction but the difference remains small. The maximum
strength of the wall is overestimated by 20% in the pushing direction but it is well estimated in
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Table 8.3: Proprieties of the adobe wall

Stiffness of the DFM
Young’s modulus of masonry [E,,]® 200 MPa
Poisson’s ratio [v/](*) 0.15
Shear strength of the DFM
Density [p](® 1850 kg.m =3
Strength in tension [f;](®) 27.5 kPa
Coefficient of friction [1](®) 0.86
Cohesion [c](®) 15 kPa
Elastic properties of the lintels
Young modulus lintels [E;]() 9 GPa
Poisson’s ratio lintels [1;](©) 0.2
Section lintels [A;]®) 15x15 cm?
Density lintels [p;](¢) 700 kg.m =3
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Figure 8.6: Wall with openings tested by Reyes et al. [120]: (a) specimens tested by Reyes [120];

(b) mesh with the DFM

the pulling direction. The reason for this significant overestimation of the maximum strength of
the wall in the pushing direction is related to the choice of a bilinear curve for the shear behavior
of the DFM. This results in a too high stiffness for small displacements and, thus, in a too high
strength of the adobe wall. The computation time is indicated in Figure 8.7.(b) for information.
For a shear cyclic test of a wall of this size, this computation time is very satisfying.

The values of the parameters defining the hysteresis loop differ from one meso-element to
another. Table 8.4 contains the average values for the three parameters. The DFM with the
proposed definitions of the hysteresis parameters overestimates the size of the loops. The average
value of the parameter 5, which defines the force at which the diagonal element changes its
stiffness, is too low. It leads to an important energy dissipation compared to the experimental

test.
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Figure 8.7: (a) Experimental cyclic response of the adobe wall [120]; (b) cyclic response with bilinear
behavior. The red dashed line is the envelope of the experimental curve. The continuous line is the
results obtained with the DFM.

Table 8.4: Average values of the parameters of the hysteresis

Adobe wall
Cyclic damage [o] 0.89
Force for change of stiffness [5] 0.2
Plasticity [d] 0.02

8.2.2 Modeling with a trilinear behavior

In this section, the aim is not to predict the behavior of the adobe wall but to well approximate the
experimental curve. To improve the results obtained with the DFM, it is possible to use a trilinear
behavior for the diagonal struts. The displacement and the force at the appearance of the cracks
and when the maximal strength is reached are given by Reyes et al. [6]. The new parameters are
defined in Table 8.5. The stiffness of the elements and the definition of the maximal strength
are still defined with the parameters in Table 8.3. The new constitutive law for the diagonal
elements is shown in Figure 8.8.(a) with the values used for the new parameters. With this type
of envelope, the hysteretic unloading/reloading behavior presented in Section 4.4.2.6 begins as
soon as the force Fy,. in Figure 8.8.(a) is reached. The displacement d., is the displacement for
the occurrence of cracks.

Figure 8.8.(b) shows the result of the model with the changes. As expected, the envelope
curve is better reproduced by taking a trilinear curve for the diagonal elements. The maximum
error is now about 15 %, which is satisfactory knowing that there are uncertainties related to
the material properties. However, the behavior in the pulling direction is less accurate with the
trilinear behavior. This is due to the fact that the model does not have the same initial stiffness
in this direction as in the experimental test.
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Table 8.5: Proprieties of the adobe wall for the second study

Trilinear behavior of the DFM
Appearance of cracks F,,./F, 0.73
Displacement when the maximal strength is reached d,,/d., 7.5
Hysteresis parameters
Cyclic damage [«] 0.85
Force for change of stiffness [J] 0.67
Plasticity [d] 0.5
By | ey 80 g
60 ¢
F.. = 0.73F, e

4 8

Kq

(a)

Figure 8.8: Results with trilinear behavior: (a) trilinear force-displacement law for the diagonal
struts (data from Reyes et al. [6]); (b) results with the trilinear model. The dashed line is the
envelope of the experimental curve. The continuous line is the result obtained with the meso-
model.

The hysteresis loop in the experimental results would lead to two different values for the
parameter S depending on the loading direction. It was decided to approximate the two behaviors
as closely as possible by taking an in-between value: g = 0.67. The parameter o was adjusted
so that the cyclic damage was the same for the model and for the experimental results. The
parameter § was taken equal to 0.5 to obtain the same size for the hysteresis loop for the
experimental curve and the DFM curve. With these values, the hysteresis is better approximated
than with the proposed definitions. Nevertheless, the reloading part of the hysteresis loop cannot
be well reproduced with the definition of the third branch of the hysteresis loop of the DFM.
The model reaches the envelope curve too early compared to the experimental curve (positive
loading direction in Figure 8.8. (b)). This can be changed by setting a different parameter 3 for
the unloading and reloading branches, but this would add a new parameter.
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Figure 8.9: Modeling of the adobe walls with different lengths of the lintels: (a) current modeling
in this section; (b) modeling with longer lintels; (¢) modeling with lintels only above the openings

8.2.3 Influence of the modeling of the lintels

The lintels in the model do not have the same length as those in reality, for reasons of mesh size.
Since the mesh is coarse, the lintels in the model can be much smaller compared to the real ones.
To evaluate the impact of this simplification on the results, three different meshes are compared
(Figure 8.9). Case (a) is the one studied in this chapter, case (b) is the one where the length of
the lintel is extended to the nearest node and case (c) is the modeling of the lintel only above

the opening and not in the masonry.

The push-over curves of the three cases are shown in Figure 8.10. It can be seen that the
modeling of the lintels has a small effect on the push-over behavior of the walls, except for the
behavior after the appearance of cracks, where the lintels add more rigidity. To reproduce the
experimental results as well as possible, the choice was made to model the lintel in the masonry
as well. Since it has an elastic behavior, it does not cause any significant extra computational

time.
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Figure 8.10: Push-over curves of the cases in Figure 8.9
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8.2.4 Conclusion

The analysis of the adobe walls with openings allows to make some conclusions about the capac-
ities of the DFM:

e The DFM is able to predict the maximal strength of a wide wall with openings with a good
accuracy.

e The bilinear behavior for the diagonal elements gives a stiffness for small displacements
that can lead to an overestimation of the strength of the wall of around 20 %

e The trilinear behavior for the diagonal elements gives good approximation of the envelope
curve.

e The definition of the hysteresis parameters give a good approximation of the experimental
curves.

8.3 Adobe wall with bands

The final modeling is the modeling of Yadav’s experimental test [7] performed at the 3SR labo-
ratory. This experimental test consists in a quasi-static shear test of two adobe walls: one with
timber band (RM) and one without any band (URM). Both walls have the same dimensions.
They are made of extruded adobe bricks produced by a French company (Brique de Nagen) and
mud mortar (50% soil and 50% sand). The walls were tested 3 months after they were made.

Wooden block

Steel frame

jack

(b)

Figure 8.11: (a) Apparatus for the quasi-static test of Yadav and (b) diagram thereof for the
identification of elements

The experimental device is shown in Figure 8.11. The wall is placed between two concrete
beams. The upper beam is used for applying the horizontal displacement and well distribute
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the vertical reaction due to the steel beam, and the lower beam serves as the foundation. The
wall is considered to be perfectly embedded in the two beams. Four tie rods (two are visible in
Figure 8.11) are used to apply a vertical stress of about 11.4 kPa. For modeling purposes, it is
assumed that the vertical load applied by the tie rods is uniformly distributed across the wall.
The tie rods are also used to keep the wall horizontal during the test and prevent it from rocking.
Therefore, it is considered as a double restrained wall and the displacement acting on the top
of the wall is the displacement of the hydraulic cylinder. This method to limit the rocking of
the wall leads to an additional confinement of the masonry when the horizontal displacement is
applied. Thus, the vertical load applied on the masonry when the maximal strength is reached
is twice higher than 11.4 kPa.

The cyclic horizontal displacement loading is shown in Figure 8.12. The same loading protocol
is used for both walls. However, the wall without bands does not experience the entirety of the
signal because it breaks beforehand.

Limit for the wall without band

Displacement [mm]

Time [s]

0 6 130f 2000

Figure 8.12: Cyclic horizontal displacement loading used by Yadav [7]

The bricks and mortar used for these tests are the same as those used for the shaking table
tests presented in the next chapter. The properties of the masonry are determined by fitting the
results of the DFM with the results of the experimental tests. These properties are compared
with the data from the literature to see if they are meaningful or not. Only the parameters of
hysteresis are not fitted as they are determined using the formulas proposed in Chapter 4.

Table 8.6: Properties of the adobe walls for the quasi-static tests

Dimension Value Dimension Value
Height [A,] 1m Width [I,,] 1m
Thickness [ty,] 0.175 m Density of masonry [pm] 2000
Height of the band [hn:] 2 cm Height of the bricks [h] 5 cm
Width of the bricks [l] 12.5 cm Thickness of the bricks [¢] 17.5 cm
Thickness of mortar [h,] 1 cm Initial vertical stress [o] 11.4 kPa
Maximal vertical stress [o,] 22 kPa
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Effort [kN]

Displacement [mm]
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Figure 8.13: Experimental results for the wall without bands: (a) mode of failure of the URM wall
and (b) experimental force-displacement response [7]

8.3.1 Wall without bands

The experimental curve and the state of the wall at the end of the test are shown in Figure 8.13.
The wall has a diagonal failure during the experiment. This mode of failure has to be the same for
the DFM. The properties of the adobe are determined to make it possible. Unlike the previously
studied walls, the hysteresis loop changes shape after failure. This is a consequence of the failure
occurring. During the last displacement cycles, the wall is divided into four parts. As a result,
the parts sometimes slid only along the cracks (visible in the plateau for positive displacements
after failure). This change in the shape of the loop implies that the parameter 8 does not have
the same value before and after failure. This phenomenon cannot be captured by the model.

Therefore, the hysteresis loops of the last cycles are not considered to assess the accuracy of the
DFM.

The identified mechanical properties are listed in Table 8.7. The material properties for the
determination of shear strength are in the same range as those measured by Reyes et al. [120]
for their adobe wall. The cohesion and coefficient of friction are given in Table 8.7, but it is
not possible to obtain a real value because there is not shear/sliding failure. The value of the
coefficient of friction is a commonly used value for adobe constructions [124, 125, 126]. For the
cohesion, the same ratio cohesion/tensile strength as for Reyes et al. [120] is chosen.

The curves obtained with the DFM are shown in Figure 8.14. A trilinear envelope is used
for the diagonal elements. Figure 8.14.(a) shows the curve for small displacements to better
see how the experimental curve is approximated before the maximum strength is reached. The
experimental curve is not symmetrical. The material properties were determined to approximate
both loading directions. It can be seen in Figure 8.14.(a) that the proposed definitions of the
hysteresis loop parameters lead to a good approximation of the unloading/reloading behavior of
the adobe. For the last cycles, the DFM captures the cyclic damage and plasticity well with the
parametersa and 6.
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Table 8.7: Material properties of adobe for Yadav's experiment

Stiffness of the DFM
Young’s modulus|[E,,] 61.3 MPa
Shear modulus [G,,] 25.5 MPa
Shear strength of the DFM
Tensile strength [ f] 22.5 kPa
Cohesion [c] 37.5 kPa
Friction coefficient [u]* 0.6
Trilinear behavior of the DFM
Appearance of cracks F./F, 0.5
Displacement when the maximal strength is reached d, /d, 6.
Parameters of the hysteresis
Cyclic damage [o] 0.9
Force for change of stiffness [5] 0.2
Plasticity [4] -0.4

—DFM
—Experimental

-12

—DFM

—Experimental <7

(a) (b)

Figure 8.14: Curve obtained with the DFM and experimental curve for the URM wall: (a) Curve
for small displacements and (b) complete curve. The red curve is the curve computed with the
DFM and the black like is the experimental curve.

8.3.2 Sensitivity analysis for masonry properties

A sensitivity analysis is proposed to show the influence of the masonry properties on the wall
behavior. The influence of the Young modulus F,,, the tensile strength f;, the cohesion ¢ and
the coefficient of friction p is studied. For the influence of the Young modulus FE,,, the shear
modulus G, also varies, but the ratio E,,/G,, is always the same. All properties except the
one that varies have the value given in Table 8.7. The parameters vary by +20%, a value that
can correspond to the coefficient of variation for experimental determination of the material
properties [7] .

For sake of clarity, push-over curves are used to analyze the influence of some parameters.
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These curves are shown in Figure 8.15. It can be seen that the elastic properties of the masonry
have a great influence on the initial behavior of the wall. They also have a small influence on
the strength of the wall. Figures 8.15 (b-c) show that the values of the tensile strength and the
cohesion play a role in the strength of the wall. The curves of 1.1f; and 1.2f; are superimposed.
This means that the tensile strength does not lead to failure in these cases. Similarly, the
curves of 0.8c and 0.9¢ do not overlap with the other curves. This means that the wall exhibits
shear /sliding failure in these cases. Therefore, in the context of this experiment, a small variation
in the values of the tensile strength or the cohesion may lead to a different mode of failure of the
wall. Interestingly, the coefficient of friction is not of great importance for this test. Even a low
value for this coefficient does not lead to a change in the mode of failure, since the original value
of the cohesion is already high enough (see Figures 8.15.(d)).
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—ft=20.3kPa
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ft=24.8kPa
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Figure 8.15: Sensitivity analysis for masonry properties: (a) the Young modulus F,,; (b) the tensile
strength f¢; and the cohesion ¢ and (d) the coefficient of friction .

133



Adobe wall with bands

8.3.3 Wall with timber band

20 25
Displacement [mm]

Figure 8.16: Experimental results for the wall with timber bands: (a) failure of the RM wall and
(b) force-displacement response [7]

Figure 8.16 shows the failure of the wall with a wooden band and the measured force-
displacement behaviour. The pattern of cracking differs from that of the wall without bands.
Above the band, diagonal failure occurred on the right side, but not on the left side. Below the
band, crack propagation is more diffuse with diagonal cracks with a limited opening. The inter-
face between the masonry and the band is not broken, so there was no sliding between the two
elements. This is due to the crack pattern in the upper part of the wall. Once the crack reaches
the band, it would propagate along the band with respect to the loading direction. During the
experimental test, it occurs when the wall is pushed and leads to the splitting of the masonry
portion. When the wall is pulled, the free part of the wall (right side) is no longer in contact
with the loaded part. Therefore, the damaged joint is no longer under shear load and crack
propagation along the band cannot occur.

The experimental curve is not symmetrical and shows quite different behavior in the two
different loading directions. The wall is initially loaded in the negative direction. Therefore,
the interface response is adjusted to fit this part of the curve. Comparing Figure 8.16 and
Figure 8.13, it can be seen that the wall with wood band has a higher maximum strength than
the wall without band. This difference in strength cannot be reproduced by the model. The DFM
elements experience the same loading as in the previous experiment. Therefore, the maximum
strength for the numerical model is unchanged. There may be two causes in this experiment for
the difference in maximum strength: (i) variability in the mechanical properties of the material
or related to the experimental manipulation; (ii) the wall without band was too damaged by the
cyclic loading before the actual maximum strength was reached, and therefore a lower strength is
measured. Indeed, the envelope curve for a cyclic test is not the push-over curve. The presence of
the band may limit the crack propagation through the wall and lead to a less damaged masonry
wall. Thus, the wall with the band have a higher strength. Another possible reason is related to
the definition of the paramater b used in the definition of the strength for the diagonal failure.
The definition for pier elements is used for the DFM. Yet, the masonry parts of the wall may be
assimilated to spandrels. In this case, the parameter b is defined as the ratio l,,, /b, with the same
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limit values as shown in Equation (4.9). This would considerably increase the strength of the
wall when modeled with the DFM. Yet, this hypothesis is not consistent with the experimental
results of Aranguren et al. [45] (see Section 2.5.1).

The method and the assumptions used for the determination of the curve are:

e The properties of the masonry are unchanged. The differences between the two experimen-
tal curves are due to the properties of the band.

¢ Since there is not any sliding at the masonry/band interface, the coupling parameter ¢;,;
between the DFM and the interface element cannot be determined.

e The properties of the interface are chosen so that there is not any sliding.

12 10

Effort [kN]
Effort [kN]

g Displacement
[mm]

-25

—Experimental —DFM —Experimental —DFM|

Figure 8.17: Cyclic behavior of the wall with wood band: (a) shear force-displacement for small
displacements and (b) zoom on the curve for small displacements

Figure 8.17 shows the experimental curve and the curve obtained with the model. The
hysteresis loops are not well approximated for small displacements. Their shape is different for
both experiments, even if the parameters «, 8 and 0 keep the same value. For cycles with higher
amplitudes, the hysteresis loop is better approximated. As already mentioned, the maximum
strength of the model is the same as in the previous test. It leads to an important difference
between the envelope curves of the experimental test and the numerical model.

The properties of the interface are shown in Table 8.8. The coefficient of friction is taken
equal to u = 0.5 as done by Illampas et al.[127]. In their study, Illampas et al.[127] took this
value and performed a sensitivity analysis by varying the friction coefficient from 0.5 to 1.5. They
concluded that a value higher than 0.65 for wood/adobe interface gives none realistic results.
The energy release rate and tensile strength are taken from Tarque et al. [124], who used these
values for the interface of the simplified micro-model for modeling an adobe wall. The elastic
properties of the interface are set similar to those of the masonry since Aranguren et al. [45]
determined a similar stiffness for their URM and RM walls (see Section 2.5.1). that the initial
stiffness of the numerical model matches the stiffness of the wall. The value of ;,,; is suggested
as the minimum value that does not cause the interface element to yield. The cohesion of the
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interface is kept as the cohesion of the adobe wall. The tensile strength is determined by taking
the relationship between the tensile strength and the cohesion taken from Wilding et al. [128]:
c

Table 8.8: Mechanical properties of the interface for Yadav’s experiment

Elastic properties of the interface
Normal stiffness [ky,] 61.3 MPa/m
Tangential stiffness [k 25.5 MPa/m
Strength of the interface
Cohesion [c] 37.5 kPa
Friction coefficient [u] 0.5
Tensile strength [fy,] 37.5 kPa
Fracture energy [Gy] 0.0008 N/mm
Coupling with the DFM
Pint ‘ 4

8.3.4 Sensitivity analysis interface

A sensitivity analysis is proposed to show the influence of the properties of the band on the
behavior of the wall. The influence of the interface stiffness (k, and k), the Poisson’s ratio of
the mortar v;,, the cohesion ¢ and the coupling parameter ¢;,; are studied. The sensitivity to
coefficient of friction is not studied because the initial value of the cohesion is enough to ensure
the failure of the masonry before the failure of the interface. Therefore, it is more appropriate
to hold the cohesion constant and study both the friction coefficient and the coupling parameter

Pint-

The wall with the wood band is considered as the initial configuration. In each analysis,
only the considered parameter varies and all others have the value given in Table 8.8. Push-over
curves are used for the stiffness, Poisson’s ratio and cohesion to better illustrate the differences.
Figure 8.18 shows the results for the sensitivity analysis. For the effect of the interface stiffness,
only the value of the normal stiffness k,, is shown in Figure 8.18, but the ratio between the
normal stiffness k,, and the tangential stiffness k; is kept the same. Therefore, both the normal
stiffness and the tangential stiffness change. It can be seen in Figure 8.18.(a) that they have a
great influence on the final result. This influence of the band was noticed in the experimental
campaign of Spence and Coburn [46] seen in Section 2.5.

The Poisson’s ratio defines the relationship between the normal stiffness &,, and the tangential
stiffness k. It does not have a great influence on the behavior of the wall (see in Figure 8.18.(b)),
since the value of the tangential stiffness does not vary significantly.

The cohesion defines the maximum strength of the interface. The damage occurs first in the
element with lower strength between the masonry and the interface. Thus, depending on the
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value of the cohesion, the damage occurs at the interface or in the masonry (difference between
¢ = 11.4kPa and higher values in Figure 8.18.(c)).
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Figure 8.18: Sensitivity analysis of interface properties: (a)the stiffness of the interface ; (b) the
Poisson’s ratio of the mortar and (c) the coefficient of the interface

It was not possible to see the coupling between the DFM and the interface with the study
of the wall, as no sliding occurred at the masonry/band interface. A sensitivity analysis is
performed on the parameter ¢;,; to show how it affects the results and whether or not it is an
effective means of modeling crack propagation from the masonry to the interface. To better see
the damage to the interface with the force-displacement curves, the parameter «, which defines
the cyclic damage in the DFM, is set to 1.

Figure 8.19 shows the cyclic behavior of the adobe wall with wood band for different values
of wint. In the upper left corner of each curve, the envelope curve of the diagonal elements shows
where the value of the parameter y;,; is compared to the displacement at the maximal strength
F,. Figures 8.19.(a-b) are cases where the interface is rapidly damaged and is the main source of
energy dissipation. In Figure 8.19.(c), the interface is damaged during cycles with an amplitude
of 15 mm, and in Figure 8.19.(d), the interface does not appear to be damaged. Comparing
the hysteresis loop for the last cycles in Figure 8.19.(c) and Figure 8.19.(d), we can see that the
dissipated energy is more important in the case of Figure 8.19.(c). It can be well seen that the
energy is dissipated both in the masonry and at the masonry/band interface.
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Figure 8.19: Sensitivity of the coupling between the DFM and the interface

8.3.5 Conclusion

The DFM was used in this final section to model quasi-static tests on two walls, one without
bands and one with timber bands. Unlike the previous analysis, the properties of the masonry
were determined by fitting the experimental curves with the DFM modeling. These properties
will be used as reference data for the modeling of the shaking table tests. However, some remarks
have to be made:

1. The band did not fail for this test. Therefore, it was not possible to determine its real
properties but values from the literature were giving adequate results.

2. The wall with bands had a higher strength. There could be different reasons for the
difference with the URM wall:

e the variability in the mechanical properties of the material or related to the experi-
mental manipulation
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e the wall without band was too damaged by the cyclic loading before the actual max-
imum strength was reached

e the masonry portions in presence of bands have to be considered as spandrels.

The modeling of the interface was also tested and the influence of its properties was high-
lighted. Its stiffness, friction coefficient and cohesion can have an important influence on the
global behavior of the wall.

The parameter @;,; can well represent the crack propagation from the masonry to the inter-
face. It was not used to study the wall with bands because the interface did not break, but may
be useful for other modeling.

8.4 Conclusion

In this chapter, the capabilities of the DFM and the interface model to model masonry structures
with bands have been demonstrated. The following conclusions can be drawn for the DFM and
the interface model:

e The DFM reproduces the cyclic behavior of URM piers with a good accuracy as well as
the envelope curves of the experimental tests. It successfully captures the diagonal shear
failure and the rocking failure.

e The definition of hysteresis with only three parameters is good enough to obtain suffi-
cient accuracy of the cyclic behavior of masonry. The proposed formulas with the three
parameters give a good prediction of the cyclic behavior of the tested walls.

e The DFM can reproduce the cyclic behavior of a wide wall with opening. Yet, the accuracy
is less good than for URM piers. It may be related to the definition of the hysteresis
parameters or the presence of the openings.

e The interface model can reproduce the change in stiffness of the wall and model the sliding
at the band/masonry interface. The coupling between the DFM and the interface model
can reproduce the damage of the interface due to crack propagation from the DFM.

e The DFM may need a different definition of the maximal strength in presence of bands.
To know this, additional studies have to be done to compare the behavior of URM and
RM walls. Experiments by Yadav [7] and Aranguren et al. [45] do not lead to the same
conclusions.

The capacity of the DFM for modeling walls with different configurations has been demon-
strated. Therefore, it is possible to use it for dynamic analysis of masonry structures.
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Dynamic analysis

In the previous chapters, it has been shown that the DFM can be used for modal analysis
of masonry structures and can predict the cyclic behavior of walls with satisfactory accuracy.
In this chapter, the DFM and the interface model are used for the dynamic analysis of three
structures: one without band, one with RC bands and one with wooden bands. These structures
are representative of the designs in the Nepalese catalog [43]. They were fabricated at a reduced
scale and tested on a shake table at Institut Technologique FCBA (Technical Institute Forest
Cellulose Wood -Construction and Furnitures) in late November 2020.

The first section of the chapter describes the shaking table used for the seismic test, the three
samples, and the measurements taken during the tests. Then, the sections 9.2.1 through 9.3
focus on the numerical analysis of the three sample houses. The final section of the chapter
draws conclusions about the three studies. For the modeling of the dynamics tests, the damping
ratio is taken as null. It is considered that all the dissipated energy is encompass by the diagonal
elements of the DFM and the interfaces. Additional energy dissipation causes (viscosity) are
considered negligible compared to the effects of the cracks.

All numerical analyzes in this chapter were performed using a computer with an Intel(R)
Core(TM) i5-8250U @ 1.6-1.8 GHz processor and 16.0 Gb of RAM. Appendix B shows images
of the samples at each stage of the campaign to illustrate the evolution of the damage.
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9.1 The experimental campaign

9.1.1 The shaking table

1E1E‘ !i' ' | :

,i

Figure 9.1: The shaking table of Institut Technologique FCBA

The shaking table of Institut Technologique FCBA is the single-axis shaking table shown in
Figure 9.1. The X-axis in the figure is the loading axis. It can accommodate specimens with
a size of 6 m x 6 m, making it one of the largest shaking tables in France. The maximum
permissible dead weight of the shaking table is 5.5 tons.
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In the context of this experimental campaign, the characteristics of the shaking table are:

e Maximum acceleration: 3g = 29.43 m.s~2

e Maximum velocity: 0.7 m.s~!

e Maximum displacement: 0.1 m in both direction

Range of the excited frequencies: 0-30 Hz

The shaking table is moved by a servo-hydraulic jack having a maximal force of 250 kN with
the help of roller bearing guides.

9.1.2 The sample houses

The three houses are shown in Figure 9.2. The houses have the same dimensions, and the bands
are in the same place, to draw some conclusions about the difference between wooden bands and
RC bands. The design is inspired by the designs in the Ministry of Urban Development of Nepal
catalog [43]. The most noticeable change in the design is the position of the doorway on the
wall inside the house. In the design catalog, the opening is not centered in the wall, while in the
tested house, it was decided to place it in the center of the wall so as not to create torsion when
the house is loaded along the X-axis. Every specimen has wooden frames at the openings.

Figure 9.2: The three houses for the shaking table tests: (a) house without band; (b) house with
wood bands; (c) house with RC bands
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Table 9.1: Cauchy similitude law

Quantity Symbol Similitude
Length L L,=ALy
Modulus of elasticity e E, =eEn
Density P Pp = P PM
Area A Ap = )\2A1M
Volume A% Vv, = MV
Mass m m, = p A3 myy
Velocity v v, = el/2 p=12y )y,
Acceleration a a, = e X IpTay
Force F F, =e\Fy
Stress o op —eon
Time t t, = e V2N /2ty

These houses were scaled 1:2 due to the size and maximum weight allowed on the shaking
table. Cauchy’s similitude law was used to create the samples. In Table 9.1, the relationship
between the properties of the model M and the properties of the prototype P is shown. In the
context of this experimental campaign, A = 0.5, e=1 and p=1. The dimensions of the samples
are shown in Figure 9.3. In this figure, the cardinal points are shown to identify the different
walls. The wall on the left side of the figure is the South wall, the IP walls are the East and
West walls, the “door wall 2” is the middle wall, and the last wall is the North wall.

The samples could not be tested in the same time. To shorten the duration of the experimental
campaign, they were built in the same time away from the shaking table. The houses were built
on a steel structure for the transfer to the shaking table (black metal parts in Figure 9.2). The
wooden blocks in Figure 9.2 allow the steel structures to be lifted to attach wheels. These wheels
are used to transport the samples to the shaking table. The disadvantage of this method is
that the transfer of the house to the shaking table may cause unexpected vibrations. A wooden
platform and car hydraulic jacks were used to lift the house to the height of the shaking table
(see Fig. 9.4). This step was not possible with an overhead crane because the specimens were
too heavy. The wooden blocks in Figure 9.4 serve to stabilize the house during lifting. Once the
specimen is on the shaking table, the steel assembly is fastened to the shaking table with a total
of 16 bolts.
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Figure 9.3: Schemes of the reduced scale houses

(b)

Figure 9.4: Installation of the samples on the shaking table: (a) the wood platform ; (b) specimen
with RC bands during the transfer to the shaking table

The houses were built with the extruded adobe bricks used for the quasi-static tests presented
in the previous chapter. However, this experimental campaign began three weeks after the houses
were built (21 days), while the quasi-static tests were conducted more than 90 days later. In
addition, the environmental conditions for this experimental test were different from those for the
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quasi-static test. To ensure good storage conditions for the wood elements, the relative humidity
is maintained at 60% in the FCBA room, while it was not controlled in the 3SR laboratory.
Therefore, the mechanical properties of the walls determined in the previous chapter cannot be
used because the curing conditions and curing time of the mortar are different.

9.1.3 The seismic signals

The experimental campaign consisted of five seismic loads of increasing amplitude. The seismic
signal used for the experimental campaign is a modification of the natural acceleration signal of
the Miyagi earthquake [Japan, 2003] measured at the K-Net station. This signal was adapted to
be representative of a remote subduction earthquake in Guadeloupe using the method proposed
by Youngs et al. [129]. It corresponds to a reference return period of 475 years for a type B soil
according to Eurocode 8 [78]. For a period of 50 years, this gives an exceedance probability of
the reference peak ground acceleration of 10 %. This is the "no collapse" condition in Eurocode
8 [78].

The 5 seismic signals used in the tests are Guadeloupe 50%, Guadeloupe 100%, Guade-
loupe 150%, Guadeloupe 200%, and Guadeloupe 300%. The reference signal is the Guade-
loupe 100%. The designation Guadeloupe 50 % means that the amplitude of the acceleration
signal is half the amplitude of the reference signal. The evolution of the ground displacement,
ground velocity, and ground acceleration of the Guadeloupe 100% signal is shown in Figure 9.5.
These signals have already been modified with the Cauchy similitude law. The maximum values
for each Guadeloupe seismic signal used for the experimental campaign are given in Table 9.6. In
this table, the values are those of the launched signal with the shaking table. The signal is com-
puted for acceleration control knowing the properties of the house before each test. However, the
strength of the house decreases during the tests and it leads to an error between the computed
signal and the applied signal. That is why the values of the acceleration in Table 9.6 are not mul-
tiplied by the expected factor (1.6 aside from 2 between Guadeloupe 50% and Guadeloupe 100%
for example).
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Figure 9.5: Ground displacement, ground velocity and ground acceleration of the Guadeloupe

seismic signal

Table 9.2: Maximum values of the Guadeloupe signal

Signal

Displacement [mm]

Velocity [m.s™1]

Acceleration [g]

Guadeloupe 50 %

Guadeloupe 100 %
Guadeloupe 150 %
Guadeloupe 200 %
Guadeloupe 300 %

6.82
11.83
16.58
22.42
35.86

0.10
0.16
0.21
0.28
0.44

0.7
1.12
1.48
1.81
2.75
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9.1.4 The measurements

During the tests, displacements were measured with cable sensors at seven points on the north
wall of the house. Their location is shown in Figure 9.3. These measurements were validated
with the Digital Image Correlation and stereovision [7]. The measurements from sensors 6 and
7 are used as a reference for the numerical model results to validate the displacement of the IP
excited walls. The OOP displacement of point 2 is also used to see how well the numerical model
can predict it.

Figure 9.6: Positions of the cable sensors on the North wall of the reduced scale houses
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9.2 Dynamic analyses

9.2.1 Study of the house without bands
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Figure 9.7: Modeling of the house without bands: (a) mesh for the dynamic analysis and (b) mass
distribution

9.2.1.1 Modeling with the determined material properties

The material properties identified in the previous chapter are used to model the URM specimen.
These properties are reminded in Table 9.3. The parameters of the hysteresis loops are not given
in this table since their value changes from an element to another.

148



Dynamic analyses

Table 9.3: Material properties of adobe determined in Section 8.3

Stiffness of the DFM
Young’s modulus[E,,] 61.3 MPa
Shear modulus [G,,] 25.5 MPa
Shear strength of the DFM
Tensile strength [ f] 22.5 kPa
Cohesion [c] 37.5 kPa
Friction coefficient [u]* 0.6
Trilinear behavior of the DFM
Appearance of cracks F.,./F, 0.5
Displacement when the maximal strength is reached d, /d., 6.
Elastic properties of frames at the openings
Young modulus [E ;] 9 GPa
Poisson’s ratio lintels [v;]() 0.2
Section lintels [A ;](*) 5x5 cm?
Density lintels [p;](¢) 700 kg.m~3

The modeling of the house with the DFM is shown in Figure 9.7. This mesh corresponds
to the Matlab_1 mesh seen in Chapter 7. It consists of 126 meso-elements with a total of 840
degrees of freedom. The red elements in this figure are the beam elements that model the frames
at the openings. The real displacement of the shaking table is imposed at the base of the house.
To reduce the computation time, only the first 15 seconds of the signals are used, since after this
time the excitations are small.

Figure 9.8 shows the evolution of the displacement at points 6 and 7 measured experimentally
and determined with the DFM. The calculation time for each experiment is given with the
corresponding displacement-time curve. The DFM can determine the dynamic behavior of the
specimen with a very interesting calculation time. The calculation time for the first experiment
is more important than for the second experiment because it includes preparatory steps to
determine the actual vertical stress applied to each DFM element and to apply the static load.

In Figure 9.8 it can be seen that the DFM greatly underestimates the displacements of the
East and West walls for each test. A zoom is performed on the interval [4s.; 12s.], since in this
interval the displacements are the largest. Looking at the first seconds of the first test, one
can see that the initial stiffness of the numerical model is too high compared to the stiffness
of the tested specimen since at each peak, the model underestimates the IP deformation of
the walls. However, between the 7" second and the 9*" second, the numerical model exhibits
similar displacement to the experimental one. However, the model significantly underestimates
the displacement when the highest displacement is reached experimentally at approximately 9s.
This implies an underestimation of the damage in the walls that will affect the following test.
This phenomenon is observed for each test.
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Figure 9.8: Experimental and numerical displacements histories of the house without bands with
properties of adobe determined in Section 8.3: (a) Guadeloupe 50%; (b) Guadeloupe 100%; (c)
Guadeloupe 150%; (d) Guadeloupe 200%
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Table 9.4 shows the peak values of the displacements of the curves in Figure 9.8 for both
directions. The error in determining the peak values is calculated by using the experimental value
as a reference. As expected, the error of the numerical model in determining the displacements
is considerable (70 % on average). The difference is smaller for the first experiment because
the excitations are smaller. The error in determining the displacement is not the same in both
directions. It is higher in the positive direction for every test. Interestingly, the error increases
dramatically between the first and second test but changes little for the other tests.

Table 9.4 shows the OOP displacement measured at point 2 (see Figure 9.6). This value is
determined by considering the differential displacement between this point and the points 6 and 7.
Therefore, the error in determining the IP displacement of the walls does not affect the results
for the OOP displacement. As with the IP displacement, the numerical model underestimates
the OOP displacement for achtest. For the first tests this can be explained by the excessive
stiffness of the model found in the analysis of the IP displacement curves. The error increases
because the model maintains an elastic behavior while the tested sample is actually damaged.

Table 9.4: Maximum displacements measured experimentally and determined with the DFM with
the properties of adobe determined in Section 8.3 for the house without bands

Signal dipprv dipesp errrp doorprym  doOPexp  €TOOP
[mm)] [mm] [mm] [mm]
Guadeloupe 50 % + 2.34 3.54 34% 3.37 7.77 56.6%
- -2.73 -3.04  10.1% -3.26 -7.31 55.4%
Guadeloupe 100 % + 3.47 15.62 77.8% 4.28 6.12 30.2%
- -4.02 -7.31 45% -4.07 -3.21 27%
Guadeloupe 150 %  +  4.95 23.90 79.3% 4 13.8 71%
- -5.57 -12.51  55.5% -4.04 -9.9 59.2%
Guadeloupe 200 % + 10.55 28.52 64% 3.71 28.3 87%
- -8.6 -23.23 63% -4.27 -28.8 85%

9.2.1.2 Modification of the material properties

The excessive stiffness of the numerical model can be explained by the differences in the curing
conditions between the seismic and the quasi-static tests. Two factors are considered for the
reduction of the mechanical properties compared to those of the previous section: the curing
time and the environmental conditions.

e Time of curing
Zonno et al. [130] studied the evolution of the modal frequencies of three adobe walls made
with mud mortar as a function of curing time. The curing was performed with a relative
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humidity of approximately 80%. Assuming that the frequency for first-order modes is
determined by Equation 9.1, the measurements showed a change in stiffness between day
28 and day 90 of about 20%.

f= %\/K/M (9.1)

Giamundo et al. [131] measured a difference of 13% of the strength of their adobe bricks
and mortar between 21 days and 28 days of curing. This coefficient will be used to adjust
between the values of the properties of the masonry between the first tested specimen (the
RC bands house) and the two other specimens.

e Environment conditions

The curing conditions affects the properties of the materials. No studies on the effects of
the curing with dry air comparatively with normal conditions have been found for adobe.
For concrete, Liu et al. [132] showed that the use of dry air (50% RH) for the curing lead to
a compression strength reduction of 88% at 28 days comparatively with a normal curing.
The same difference of strength was observed at 21 days of curing. Because of the lack of
information for adobe, the hypothesis is made that the same difference of strength affects
adobe constructions despite the differences between the two materials.

The coefficient of reduction of the material properties were indicated either for the elastic
properties (Zonno et al. [130], or for the strength of the material (Giamundo et al. [131], Liu et
al. [132]) because it is the only data that can be identified from these articles. For the following
dynamic studies, the hypothesis is made that the coefficient affecting the elastic properties affect
the strength as well, and vice versa.

9.2.1.3 Modeling with the modified material properties

The specimen without bands was tested after 28 days of curing. The properties of the masonry
are assumed to be reduced by 20% due to the curing time and by 10% due to the different curing
conditions. Overall, the coefficient of reduction of material properties is 72%.

The mechanical properties for the numerical analysis are shown in Table 9.5. All the param-
eters that are not shown in this table keep the same value shown in Table 9.3.

Table 9.5: Modified properties for the adobe

Stiffness of the DFM
Young’s modulus[E,,| 44 MPa
Shear modulus [Gy,] 22.2 MPa
Shear strength of the DFM
Tensile strength [f] 18.4 kPa
Cohesion [c] 27 kPa
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9.2.1.4 Numerical modeling with adjusted properties
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Figure 9.9: Experimental and numerical displacements histories of the house without bands: (a)
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Table 9.6 shows the maximum displacements obtained by the DFM with the modified ma-
terial properties and those measured experimentally during the shake table tests. The DFM
performs better with the new values for the properties of adobe. The displacement of the IP
walls in the negative direction is well approximated by the numerical model. In this direction,
the maximum error is 25% for the last test and about 10% for the reference signal. However,
in the positive direction, the error is considerable and can reach almost 50%. The difference
between the model and the experimental results is still the inability of the model to reproduce
the peak displacement at 9s.

For the OOP displacement, the model also performs better, with an error of less than 20%
for the reference signal. For higher intensity signals, the presence of cracks at the junction of the
walls and damage to the walls cause the models to be unable to accurately determine the OOP
displacement.

Table 9.6: Comparison of displacements determined with the DFM and measured experimentally
for the house without bands

Signal drpprym dipesp ertrrp doorprv  dooOPesp €TooP
[mm)] [mm] [mm] [mm]
Guadeloupe 50 % +  2.59 3.54  26.9% 3.74 7.77 51.9%
- -2.74 -3.04 9.99% -3.46 -7.31 52.7%
Guadeloupe 100 % +  8.18 15.62  47.6% 5.02 6.12 18%
- -6.48 -7.31 11.3% -3.83 -3.21 19%
Guadeloupe 150 % +  14.9 23.90 37.5% 4.7 13.8 65.9%
- -10.5 -12.51 16.1% -3.51 -9.9 64.5%
Guadeloupe 200 % + 25.1 28.52 12.2% 5.35 28.25 81%
- -17.4 -23.23  25.1% -7.8 -28.8 73%

One reason for the differences between the model results and the experimentally measured
displacements is the presence of large cracks before the first test (see Figure 9.10 and Appendix
B). The walls not shown in Figure 9.10 did not exhibit large cracks. The cracks were due to
shrinkage of the masonry. At the openings, the frames did not allow for deformation, so the
constraints of displacement caused stresses in the masonry that resulted in cracks. The cracks
were filled with mortar just prior to testing, but this did not result in the masonry retaining
its normal mechanical properties. These cracks are related to the boundary conditions of the
masonry and their influence was not considered in the reduction of the properties of the masonry
due to the curing conditions.

Another explanation for the difference may be that the effects of curing were underestimated
because there is a limited number of studies on this subject, or the lack of accuracy because of
the mesh size (14% error for the first mode in the load direction, as shown in Chapter 7).
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Figure 9.10: Crack pattern before the tests of the house without bands

9.2.2 Study of the house with wood bands

9.2.2.1 Material properties

In the previous section, it was noted that the material properties determined with the quasi-
static test could not be used and had to be adapted to be more appropriate for the context of
the shaking table tests. The house with wooden bands was tested 25 days after its construction.
Considering a linear evolution of the mechanical properties with the curing time in the fourth
week of curing, the masonry is considered to have 92.5% of its mechanical properties used for the
model of the house without bands [131]. The adobe and interface properties for this model are
shown in Table 9.7. The properties of the interface are modified by the same coefficient as the
properties of the adobe house, except for the coefficient of friction that is considered to remain
unchanged. The properties not listed in Table 9.7 have the values given in Table 9.3.
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Table 9.7: Mechanical properties of the wood bands specimen

Stiffness of the DFM
Young’s modulus|[Ey,] 40.8 MPa
Shear modulus [G,,] 17 MPa
Density adobe [pm,] 2000 kg.m~3
Mass of the roof [m,] 185 kg
Shear strength of the DFM
Tensile strength [f;] 17 kPa
Cohesion [c] 25 kPa
Friction coefficient [u] 0.6
Elastic properties of the interface
Normal stiffness [ky,] 40.8 MPa/m
Tangential stiffness [k 17 MPa/m
Strength of the interface
Cohesion [c] 50 kPa
Friction coefficient [u] 0.5
Tensile strength [fy,] 50 kPa
Fracture energy [Gy] 0.0008 N/mm

9.2.2.2 Numerical modeling of the house with wood bands

Figure 9.11: Mesh of the numerical modeling of houses with bands

The modeling of the wood bands house is shown in Figure 9.11. Due to the separation of the
meso-elements by interface elements (shown in brown in Figure 9.11), there are 999 degrees of
freedom. The computation time for every test is shown in Figure 9.12. This time is about
60% higher than for the house without bands. This is due to a higher number of DDL and the
presence of interface elements, which are numerically very expensive.
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Figure 9.12: Experimental and numerical displacements histories of the house with wood bands:
(a) Guadeloupe 50%; (b) Guadeloupe 100%; (c) Guadeloupe 150%; (d) Guadeloupe 200%; (e)
Guadeloupe 300%
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The experimentally measured displacements for the East and West walls and the values
obtained with the numerical model are shown in Figure 9.12. As with the specimen without
a band, the numerical model tends to oscillate more than the real specimen during the first
few seconds of seismic excitation. However, the peak values of the experimental test and the
numerical model are of the same order of magnitude. The main difference between the numerical
model and the experimental test occurs about 9 seconds after the seismic excitation starts. The
numerical model underestimates the displacement and leads to an underestimation of the damage
induced by the seismic excitation as in the sample without bands. Similarly to the previous study,
this has implications for the following tests. At the beginning of the Guadeloupe 100% test, the
numerical model is shown to have a higher stiffness than the tested samples, as it underestimates
the displacements for the first peaks. As in the first test, the maximum measured displacement
at about 9 seconds is underestimated by the DFM. This difference between the experimental
measurements and the displacements calculated by the numerical model increases after each
test.

Table 9.8: Comparison of displacements determined with the DFM and measured experimentally
for the house with wood bands

Signal dripprv dipesp €rrp doorprFm  doOPesp €ToOP
][] om] o]
Guadeloupe 50 +  3.55 4.75  25.2% 0.96 1.26 24%
g - -3.68 -3.95 7% -1.07 -1.06 0.7%
Guadeloupe 100 + 6.47 12.3 47.3% 0.88 2.35 62.5%
g - -5.8 -9.6 40% -1.04 -2.75 62%
Guadeloupe 150 + 9 20.5 56.2% 0.97 3.7 73.6%
g - -8.9 -16.1 44.4% -1.26 -4.32 1%
Guadeloupe 200 + 13.7 30 54.2% 1.83 3.84 52%
g - -12.8 -26.4 51.4% -1.31 -3.63 64%
Guadeloupe 300 + 27 65.3 59% 3.11 5.1 39%
g - -214 -49.1 56.5% -2.3 -7.8 71%

The maximum values in the positive and negative directions for the dynamic tests are shown in
Table 9.8. It can be seen that the differences between the numerical model and the experimental
tests are slightly larger for the wood band sample than for the house without bands. For the
first modeled sample, the error after the fourth test was less than 50% for the displacements of
the IP-loaded walls, while for the sample with wooden bands it was more than 56% after the
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third test. Interestingly, the OOP displacement calculated with the DFM at point 2 does not
change for the first three tests despite the increasing amplitude of the triggered signals. Thus, if
the model approximates the maximum OOP shifts well for the first test, it underestimates them
for the other tests.

The differences between the numerical model and the experimental tests can be explained by:
(i) the presence of cracks at the top part of the East and West walls at the start of the tests; (ii)
the lack of knowledge for the properties of the interface elements of the numerical model; (iii) a
simplification of the kinematics at the level of the band that does not allow bending.

9.3 Study of the house with RC bands

9.3.1 Input data

This specimen was tested 21 days after its manufacture. Therefore, the mechanical properties
of the masonry are 13% lower than those of the URM house [131]. Since information on the
interfaces between concrete and masonry could not be found in the literature, the interface
properties were determined assuming that the RC bands have higher strength than wooden
bands thanks to a better bond between masonry and bands, as shown in the tests of Spence et
al.[133] presented in Chapter 2.

The properties of the materials used for modelling the specimen are listed in Table 9.9. The
coefficient of friction masonry/concrete is from King and Pandey [134]. It is not a coefficient
of friction for the adobe/concrete interface, but it is the only data found in the literature on
coefficients of friction of concrete with masonry . The properties of the interface are modified
by the same coefficient as the adobe properties, except for the coefficient of friction, which is
considered unchanged. The properties not listed in Table 9.9 have the values given in Table 9.3.
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Table 9.9: Material properties for the RC bands specimen

Stiffness of the DFM
Young’s modulus|[Ey,] 37.5 MPa
Shear modulus [G,,] 15.6 MPa
Density adobe [pm,] 2000 kg.m~3
Mass of the roof [m,] 185 kg
Shear strength of the DFM
Tensile strength [f;] 13.8 kPa
Cohesion [c] 23 kPa
Friction coefficient [u] 0.6
Elastic properties of the interface
Normal stiffness [ky,] 45 MPa/m
Tangential stiffness [k 18.7 MPa/m
Strength of the interface
Cohesion [c] 43 kPa
Friction coefficient [u] 0.6
Tensile strength [fy,] 35.8 kPa
Fracture energy [Gy] 0.0008 N/mm

9.3.2 Numerical modeling

The average of the displacements measured at points 6 and 7 is shown in Figure 9.13, and the
maximum displacements for both tests are given in Table 9.10. The zoom for these curves is
different to show the residual displacement at points 6 and 7 at the end of the tests. It can be
seen that there is a small residual shift at the end of the Guadeloupe 200% for the experimental
test. This shows that there is a failure of one band or more and that there is friction. It affects
the displacements for the Guadeloupe 300% tests where the displacement peaks are wider and the
maximum displacement is not reached in the positive direction anymore. The numerical model
has no residual displacement. That is why the difference in shape between the experimental test
and the numerical model is considerable.
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Figure 9.13: Experimental and numerical displacements histories of the house with RC bands:
(a) Guadeloupe 50%; (b) Guadeloupe 100%; (c¢) Guadeloupe 150%; (d) Guadeloupe 200%; (e)
Guadeloupe 300%
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For the first tests, the observations made for the previous specimen also apply to this speci-
men. There are, however, some marked differences:

e the displacements of the IP loaded walls are better determined with the DFM for this
specimen compared to the wood bands house.

e the error for the OOP displacements is quite high for this test. This is because the exper-
imentally OOP displacement is close to zero for every test. Therefore, even if the model
calculates a small deformation, it is easily higher than the experimental one. Then, the
computed error is very important.

The computation time is of the same order of magnitude of that of the modeling of the house
with wood bands.

Table 9.10: Comparison of displacements determined with the DFM and measured experimentally
for the house with RC bands

Signal drpprv dipesp errrp doorprv  dooOPerp €TooOP
[mm] [mm] [mm] [mm]
Guadeloupe 50 + 3.6 4.5 19.1% 0.96 0.22 346%
! - -3.5 -4.2 16.3% -0.96 -0.17 481%
Guadeloupe 100 + 6.5 10 35% 1.03 0.14 619%
* - -5.7 -7.8  26.7% -1.01 -0.23 347%
Guadeloupe 150 + 9.4 17.1 44.8% 1.25 0.41 204%
g - -9 -10.6 15.1% -1.5 -0.18 753%
Guadeloupe 200 + 15 24.2 38% 2.4 0.4 487%
’ - 126 -175  27.8% -1.67 -0.33 407%
Guadeloupe 300 + 28.5 28.6 0.6% 5.08 0.13 3674%
’ - 235 426 45% -3.5 -0.9 285%
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9.4 Analysis of the effects of bands

9.4.1 Deformation during seismic excitation

The deformed shapes of the specimens at the peak displacements for each test in the negative
and positive directions are used to identify the changes in the behaviour of the house due to
the presence of bands. Figure 9.14 shows the deformations for the specimen without bands and
Figure 9.16 shows the deformed shapes for the specimen with wooden bands. The colormap
shows the amplitude of the displacement in the X-direction.

The deformed shape for the first test in the positive direction is different from that for the
following tests because the peak displacement is not reached at the same time step (see Fig.
9.9). For all other tests, the deformed shapes are similar. Figure 9.15 shows the top view of the
deformed shapes of the house without bands to better see the OOP deformation of the IP-loaded
walls. In the positive direction, the deformation resembles the first OOP mode of the small walls
identified in the previous chapter. In the negative direction, the deformation of the wall is related
to the IP bending mode of the long walls.
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Figure 9.14: Deformed shapes of the house without bands according to the numerical model when
the maximum displacements are reached in the negative and positive directions for both seismic
tests increased by a factor of 20

(a) (b)

Figure 9.15: Top view of the deformed shapes of the house without bands according to the numerical
model: (a) positive direction; (b) negative direction
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In the case of the house with wooden bands, the presence of the bands is clearly visible
with the colormap. Even the first test shows a difference in displacement between the upper
and lower ends of the bands, indicating that there is already sliding. However, this sliding is
not irreversible, as the house returns to its deformed shape at the end of the tests, as shown in

Figure 9.17, except for the last test.
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8
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Figure 9.16: Deformation of the house with wood bands

according to the numerical model when

the maximum displacements are reached in the negative and positive directions for both seismic

tests magnified by a factor of 20

Figure 9.17 shows the deformed shape of the specimens at the end of each test, magnified
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50 times so that the deformations can be easily seen. It can be seen that the house without
bands has plastic deformation after the last two tests, while this is not the case for the specimens
with bands. This shows another advantage of the bands: to limit the irreversible damages of the
house. In addition, the two specimens with bands do not behave the same. In the case of the
house with wooden bands, sliding occurred at the level of the lower band during the last test
while nothing happened for the RC bands house. This shows that different interface properties
at the bands play a role in the overall behavior of the structure.
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Figure 9.17: Deformed shapes of the houses at the end every test magnified by a factor of 20

9.4.2 Damage after the seismic tests

The second criterion for analyzing the impact of the bands is the damage to the masonry after
each seismic load. The maximum allowable drift of the masonry is used to determine a damage
parameter Dyes;. This maximum drift depends on several parameters, such as the boundary
conditions, the type of loading (static or dynamic), and the loading history [135]. In addition,
the maximum allowable drift depends on the height of the wall. According to Wilding and
Beyer [128], it is higher for walls with a height of less than 1.2 m than for walls with a normal
height. Therefore, there are no defined values for the maximum allowable drift for the tested
specimens.
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For the determination of the damage parameter Dy, the value 4,4, = 0.015Ah,, is used in
order to have a good representation of the evolution of the damage after each test. This value is
used only to see well the evolution of the damage and does not rely on any definition from the
literature. For each diagonal element, the damage parameters are defined as follows:

dmaa) - dcr
Dyy = o~ Cer 9.2)

5mam - dcr

In this equation, the displacement d,,4; is the maximum achieved elongation of the considered
diagonal element and d,, is the displacement defining the occurrence of the cracks of the diagonal
elements as defined in Section 8.2.2. Figure 9.18 shows the damage after each seismic test owing
to the numerical model. It can be seen that the damage at the bottom of the walls is higher in
all samples. Moreover, despite having the weakest properties, the samples with bands have less
damage than the house without bands. This shows that the bands improve the strength of the
structure under seismic loading.

After the last test, the model with RC bands is more damaged than the model with wooden
bands. This is to be expected, as the material properties of adobe in this test are lower than
those in the wooden band house test.

Guadeloupe 50% Guadeloupe 100% Guadeloupe 150% Guadeloupe 200% Guadeloupe 300%
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asnoy spueq poop,

asnoy spueq )y

Damage Indicator

Figure 9.18: Evolution of the damage owing to the numerical model
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Figure 9.19 shows the crack patterns in the tested houses at the end of the experimental
campaigns. In all houses, there are vertical cracks at the junctions of perpendicular walls. This
phenomenon cannot be reproduced with the DFM. In the house without bands, the cracks in the
upper part of the walls were already present before the tests. Therefore, it is not a problem that
this damage cannot be reproduced with the model. The cracks caused by stress concentration
at the corners of the openings also cannot be reproduced by the model. In the house with
wooden bands, the upper part of the wall was also cracked before the tests. For all specimens,
the numerical model shows higher damage in the lower part of the walls. However, Figure 9.19
shows no major cracks in the houses with bands in this area. The differences between the tested
specimens and the numerical model can be explained by: (i) the localization of the damage in
the large vertical cracks at the wall junctions, which the model cannot capture, and (ii) the fact
that the damage shown by the model can account for large cracks but also diffuse damage.

West Wall
West : ) < r S S

wall : ? J / l

East Wall

; ;! 1

West Wall

East Wall

T 4

(c)

Figure 9.19: Damage in the specimens at the end of the experimental campaign: (a) house without
bands; (b) house with wood bands; (c) house with RC bands. The red dashed line shows that that
the interface failed.

9.5 Conclusion

In this chapter, dynamic analyses of three different houses were performed. These houses were
reduced scale houses inspired by the designs proposed in the Nepalese building catalog [43]. They
were tested individually with the shaking table at Institut Technologique FCBA. Six signals
of increasing amplitude were used: Guadeloupe 50%, Guadeloupe 100%, Guadeloupe 150%,
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Guadeloupe 200%, and Guadeloupe 300%. In all tests, displacements were measured at specific
locations on the North wall of the houses (see Figure 9.6).

The three houses were modeled using the DFM. The properties of the materials used for
the tested specimens were determined in the previous chapter. However, due to the differences
in the curing conditions, these properties do not match those of the materials used for the
shake table test. Despite the lack of studies on the influence of curing time and curing method,
reduction coefficients were determined for the different specimens. The displacements measured
at the corners of the wall were used to verify the performances of the DFM. These displacements
correspond to the displacements of the IP-excited walls (East and West walls). Thanks to the
limited number of degrees of freedom, the computation time with a normal computer is about
4h30 for a test of the house without bands and 7h30 for a test of the houses with bands. The
peak values of the OOP displacements of the North wall were compared with the experimentally
measured values.

With the different analyzes, the following conclusions were drawn after numerical modeling
of each sample:

e The numerical model predicts the displacements of the East and West walls (IP loaded
walls) with satisfactory accuracy for the house without bands. However, it significantly
underestimates the OOP deformations of the North wall. This was expected since the
numerical model has an elastic behavior in the OOP direction while, in reality, the wall is
damaged. Therefore, this leads to an overestimation of the stiffness after a series of seismic
loads. This may result in the need to develop a specific criterion to capture the collapse of
the wall.

e For all samples, the model fails to capture the peak displacements of each test. This implies
an underestimation of the damage, which affects subsequent tests.

e For samples with bands, there is a major difference between the results of the models and
those of the experimental tests: the DFM oscillates more after the first displacement peaks
(5-7 s.), which leads to an overestimation of the displacements during this period. In the
numerical model, the maximum displacement in the positive direction is measured at this
time. Therefore, there is a non-negligible difference between the results of the model and
the experimental measurements in this direction.

e The numerical model predicts the behavior of the house with wood bands with acceptable
accuracy, for both IP and OOP behavior. The error in the OOP direction is high (70%)
because it remains almost the same with the numerical model after each test despite the
increasing amplitude of the seismic loads. In reality, the OOP displacement is proportional
to the amplitude of the signal.

e The numerical model predicts the behavior of the house with RC bands better than that of
the wood bands specimen. In the negative direction, the model approximates the maximum
displacement well. The OOP displacement is well predicted by the numerical model despite
an important computed error. This error is actually high because the reference value is
very low.

e The bands strongly limit the OOP deformations. This phenomenon has already been
described in the previous chapters and is reproduced by the numerical model.
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In addition to the displacements measured at points 6 and 7, the deformed shapes of the
houses were analyzed using DFM. It could be seen that the displacement field was different in
the presence of bands. The displacement of the parts separated by the bands is clearly different.
It can also be seen that the OOP bending of the walls is greatly reduced.

The analysis of the damage evolution has shown that the bands allow to reduce the damage
in the masonry during a seismic loading. However, the damage pattern between the numerical
model and the experimental test is different. This could be explained by (i) the localization of
the damage in the large vertical cracks at the wall junctions, which the model cannot capture,
and (i) the fact that the damage shown by the model can capture large cracks but also diffuse
damage. However, more detailed investigations need to be carried out to determine if there
are not other reasons that can explain the differences in the crack patterns, such as material
properties.

170



Conclusion

Summary of the manuscript

Masonry buildings make up a large proportion of existing structures. In developed countries,
these are mainly historic buildings, while in developing countries they are still commonly used
for new buildings, especially in rural areas. Masonry buildings have low tensile strength, so
they can fail quickly during earthquakes. To improve their strength under seismic loading, local
people have developed architectural methods. One of them is the use of horizontal bands, also
called seismic bands. This earthquake resistant strategy is mainly used in Mediterranean and
Himalayan countries. It is suggested in several building codes [14, 15] for masonry structures in
earthquake prone areas. However, the number of bands, their location, and the material they
are made of differ from one code to another. In addition, none of the codes consider the degree
of seismic hazard in the design of the structures.

In order to better understand the validity of this type of structures in relation to the latest
seismic codes, a numerical model is proposed in this thesis to predict their behavior. Its develop-
ment is described in three parts: (i) the literature review; (ii) the development of the numerical
model; (iii) the validation of the numerical model.

The literature review

Chapter 1 imparts knowledge of masonry construction in general. The various elements that make
up masonry (units and joints) were defined, as was the classification of joints (head joints, bed-
joints and cross-joints). Then four classes of constructions were identified: URM constructions,
RM constructions, CM constructions and FIM constructions. A good identification of the type
of masonry construction is essential for a good modeling of the structure. The behavior of a
structure during an earthquake is characterized by the cyclic behavior of IP-loaded walls and
the bending deformation of OOP-loaded walls. Therefore, numerical models must be able to
reproduce both for 3D analysis. The cyclic behavior of masonry under shear loading is defined
by the mode of failure and a hysteretic behavior. There are four types of failure: (i) crushing-
toe failure; (ii) diagonal/shear failure; (iii) the rocking/bending failure, which is related to the
flexural behavior of the wall; (iv) shear/sliding failure.
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Chapter 2 focuses on masonry structures with horizontal bands. These bands can be made
of a variety of materials: wood, RC, bamboo, or brick. Wood was the first material used as
an insert in masonry. Therefore, it is important to determine which types of structures fall
within the scope of this thesis and which do not. Only URM structures and RM structures
fall within the scope of this thesis. Thus, it is necessary to distinguish between structures with
timber frames and masonry infill (FIM structures) and masonry structures with timber bands
(RM structures). After identifying the type of structures, the typologies in the different building
codes were presented. It was found that there is no uniform way to construct masonry buildings
with bands and that the number of bands varies from country to country. It was also possible
to identify the different elements in these structures: (i) masonry blocks separated by horizontal
bands and openings; (i) the bands; (iii) frames and other reinforcements. A meso-scale was
defined as the scale of the masonry blocks. To find out how to model these different elements,
experimental tests on masonry specimens with horizontal bands were then analyzed. It was found
that the masonry is modeled at the meso-scale, the bands are modeled with interface elements
and additional elements such as frames at the openings and the reinforcements are modeled with
elastic beams.

The masonry is the most difficult element to model. Chapter 3 focused on studying the
bibliography and identifying the most relevant numerical models for masonry in this thesis.
Three categories of numerical models for masonry can be distinguished: (i) micro-models, (ii)
meso-models and (iii) macro-models. To achieve reasonable computation time, only meso-models
and macro-models can be considered. Since the structures considered in this work may be URM
structures or RM structures, some existing models can be used. The most interesting model is the
RMEM proposed by Cali6 et al. [2] in 2005 and improved since then. This model was originally
developed for discrete element oriented software, but more recently a FE has been proposed.
It is defined by a rigid frame with a diagonal spring in itself. The frame is connected to the
adjacent elements by two different types of springs: (i) normal springs for tension/compression;
(i) transversal springs for IP and OOP sliding. The shear behavior is modeled with diagonal
elements. Since each element is associated with a specific solicitation, the definition of their
properties is straightforward. The main limitation of the model is the need for a fine mesh to
correctly capture the bending behavior of the wall. To avoid this limitation, a new meso-model
was developed for the masonry.

The numerical model

The new meso-model, called DFM, is presented for 2D analysis in Chapter 4. This meso-model
is inspired by the RMEM and is proposed for FE oriented software. It consists of a frame with
diagonal struts within itself. However, unlike the RMEM, the frame of the DFM is deformable
under tension/compression. This allows to get rid of the normal springs on the sides of the
frame. Since the model was specifically proposed to analyze the behavior of masonry structures
with bands under seismic loading, only the diagonal elements show inelastic behavior. This
behavior is defined by a bi-linear envelope curve and a hysteretic cyclic behavior. The model is
defined to capture diagonal/shear failure, shear/sliding failure and rocking failure. All element
properties are defined knowing the mechanical properties of the masonry at the meso-scale and
the geometry of the element.
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The modeling of the bands and reinforcement is presented in Chapter 5. The bands are
modeled by zero-thickness interface elements. Their constitutive law is a simplification of the
law used for simplified micro-models. It has a brittle tensile behavior and retains an elastic
behavior under compression. Under shear it behaves inelastically, with the yield force defined
by the Mohr-Coulomb criterion. The cohesion of the interface is affected by the damage due to
tensile loading and the shear damage in the DFM. Therefore, the model can capture the sliding
at the masonry/band interface due to crack propagation. All reinforcements of the structures
are modeled by elastic beams. The only special feature relates to the modeling of lintels.

Chapter 6 extends the definition of the DFM to 3D analysis. To capture the OOP bending
behavior of masonry, the frame is formed by beam elements. In order not to change the definition
of the meso-model for 2D analysis, the rotation around the OOP axis is not considered. Since
the OOP behavior of masonry does not play a major role in the energy dissipation during an
earthquake, the DFM has an elastic behavior in this direction. The objective is only to capture
the OOP bending deformation and to compare it with a maximum allowable value. In addition
to the definition of the DFM for 3D analysis, the definition of the mass matrix for the whole
model is presented in Chapter 6 to allow dynamic analysis.

The numerical analysis

In Chapter 7, several modal analyzes performed with the DFM are presented. These studies are
used to validate the elastic properties of the meso-model and the definition of the mass matrix.
The smallest structure analyzed is a square wall and the largest is a 5-wall structure. In order
to determine how well the meso-model performs, the results were compared with those of a 2D
FE model and a 3D FE model. From these studies, it appears that the DFM can approximate
the modes well, except for the vertical modes where it underestimates the modal mass. Since
the model is used for seismic analysis, this is not a problem. The computation time of the DFM
is very satisfactory for each analysis.

Chapter 8 presented the numerical analysis of three experimental campaigns. The first is
that of Anthoine et al. [5]. It consists of cyclic shear tests on two URM piers with different
slenderness. The DFM was able to predict the results of the two tests with good accuracy. The
second modeled experiment was that of Reyes et al. [6, 120]. It consists of cyclic experiments
on an adobe wall. Unlike the walls of the experiments of Anthoine et al. [5], the walls of this
second experiment have two openings and lintels. The model was able to predict the envelope
curve of the experimental test with good accuracy, but overestimated the size of the hysteresis
loops. The third experiment was that of Yadav [7]. It consists of two quasi-static tests on square
adobe walls. One of them is without bands and the second has a wooden band in the middle of
the height. Unlike the previous tests, the aim was not to predict the cyclic behavior of the walls,
but to determine the properties of the DFM for the dynamic analysis of the last chapter. Since
only one experiment was performed on a wall with a horizontal band, a sensitivity analysis of the
properties of the interface elements was performed to determine their influence on the behavior
of the wall.

Chapter 9 presented the dynamic analysis of three houses: (i) a URM house; (ii) a house with
wooden bands; (iii) a house with RC bands. These three specimens were tested on the shaking
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table of Institut Technologique FCBA. Due to time constraints, the houses were tested only three
to four weeks after their construction. Therefore, the mechanical properties of the masonry and
interfaces had to be adjusted to account for this. The results showed that the numerical model
was able to predict the displacement of the IP loaded walls with a good accuracy for the three
specimens. However, the model underestimated the OOP deformation of the wall when there are
not any bands. The main reason for this overestimation is the inability of the model to capture
the damage to the connection between perpendicular walls that affects the boundary conditions
of the walls and the elastic behavior of the masonry under this type of loading. The bands alter
the displacement field and reduce the damage of the house as well.

Future research

The study presented in this manuscript focuses on the development of a numerical tool for the
analysis of the dynamic behavior of masonry structures with horizontal bands. The following
ideas are proposed to improve this model or for its use:

e To investigate the strength of walls with bands: In this thesis, two quasi-static
tests on walls have been presented (those of Aranguren et al. [45] and Yadav [7]). The
conclusion regarding the effect of bands on the shear strength of the wall is different in
both cases. A deeper investigation would allow to draw a conclusion on this aspect and to
adjust, if necessary, the definition of the maximum strength of the DFM. It would allow to
have values for the properties of the interface wood /masonry or concrete/masonry, coupling
coefficient y;,,; included, as well.

¢ To model additional cyclic tests: In this thesis, only three cyclic shear tests were mod-
eled using the DFM. For masonry piers, the DFM was able to predict the cyclic behavior.
However, for the widest wall, it overestimated the hysteresis loops. The additional mod-
eling would allow to check the proposed values of the parameters defining the hysteresis
loops and to change their definition if necessary.

e To have a criterion for the maximal displacement in the OOP and IP directions:
The DFM does not capture the OOP displacement well for constructions without bands.
In theory, this model is used to model masonry constructions with bands however it should
be able to model walls without bands as well. The elastic behavior for OOP excitation
leads to an underestimation of the displacements. Therefore, when the wall collapses in
reality, the model does not exhibit the same deformation. In order for the model to capture
the failure, either the DFM must exhibit inelastic behavior in the OOP direction, which
leads to an increase in computation time and the need of a modeling strategy, or a specific
criterion must be defined. For IP loading, a maximal displacement has to be defined as
well in order to determine when the construction is considered too damaged.

e To consider a second story: Some designs in the Nepalese catalogs [43, 44] are two-
story constructions. The study in this thesis focused on the dynamic analysis of one-story
designs and some additional tools would be necessary (modeling of the floor, connection
between the two floors).
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e To account for the seismic hazard level: In the building codes of India, Pakistan and
Nepal, the proposed designs for masonry structures are identical irrespective of the seismic
hazard level. The numerical model can be used to test different typologies and determine
whether the use of a limited number of bands placed at specific locations is sufficient for
areas with low seismic hazard. Moreover, the use of bands does not bring sufficient strength
to the constructions for areas with high seismic hazard owing to these building codes. In
the end, it can give construction workers simple rules for construction. These kinds of rules
already exist in building codes and catalogs. However, the model could provide rules that
correlate with the number of bands in the house in relation to the seismic hazard level.
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Appendix A

Diagonal strut explanations

The first design of the DFM had horizontal struts to reproduce the shear behavior of the
masonry, like the model proposed by Xu et al. [71]. The design of the meso-element is shown
in Figure A.1 for 2D modeling. As in the current design, the DFM was defined by four nodes.
For a more elegant representation of the element, only one horizontal strut for shear is shown in
Figure A.1 instead of two. The element inside the frame in Figure A.1 connects nodes 1 and 3.
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Figure A.1: The first design for the DFM

The advantage in this representation over the final design of the DFM is obvious: there is no
coupling between the vertical and horizontal elements. Therefore, the definition of the stiffness
of the elements is simple and has no constraints on the shape of the element. Nevertheless, this
definition implies the impossibility to reproduce rocking. In fact, the horizontal direction and
the vertical direction are completely independent. To illustrate this, let us consider the example
in Figure A.2. (a). A displacement d along the horizontal axis is imposed on the node 3 of a
meso-element in equilibrium. This displacement implies a stretching of the horizontal strut 4-3
and the horizontal strut 1-3. The node 2 is not connected to the node 3 by an element that can
perform a horizontal deflection. Therefore, there is no direct effect on this node. Depending on
the boundary conditions, this imposed displacement will produce a displacement d4 at node 4
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and a displacement d; at node 1. Since the solicited elements are horizontal struts, it stands
to reason that the displacements ds and d; are also horizontal. This is the situation shown in
Figure A.2.(b). These displacements d4 and d; generate a horizontal displacement ds at node
2 for similar reasons as described above, until a new equilibrium is established. Finally, the
horizontal displacement d does not generate a vertical displacement.

—

d dy d
1@ = 4@=—P =>
4 ® 2 1 m—> ® 2
d

(a) (b)

Figure A.2: Kinematics of the DFM with horizontal diagonal strut:(a) Case of a displacement
applied at the node 3 ; (b) Direct kinematic consequence of the displacement d

To have a vertical displacement as a result of horizontal loading, there are two solutions.
The first is to have elements that are coupled both vertically and horizontally, like the diagonal
struts. The second solution is to use beam elements. This second choice would lead to a more
difficult definition of the properties of the meso-element. For this reason, diagonal struts were
chosen for the DFM.
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Appendix B

Creation of the problem

This appendix is intended to describe some of the specifics of creating the model and deter-
mining the characteristics of the elements.

B.1 Inelastic behavior of diagonal struts

The diagonal struts of the DFM have a maximal strength that depends on the vertical stress
applie on the meso-element. This vertical stress is not an input of the model. It is determined
with a pre-study once the model is created and the load is defined. The procedure is illustrated
in Figure B.1. The term vertical load in this figure includes all vertical loads acting on the
structure as well as the weight of the structure. With such a method, the stress for all elements
can be localy defined and the diagonal struts can be correctly defined. The time step in which
the complete vertical load is applied is denoted by t,,.

’ stress applied on ever behavior for diagonal
with elastic behavior loading 2 Y g
macro-element struts

o ) Determination of vertical Modification to plastic
Modeling of the houseH Application of vertical H P

Figure B.1: Procedure to define the plastic behavior of the diagonal struts

During the computational work, the vertical load is first applied. From the first time step
to the time step t,, the diagonal struts are deformed by this vertical load. Thus, it is possible
that in a certain configuration the diagonal elements reach their ultimate strength F,,. This is
an undesirable phenomenon. To avoid the problem, the diagonal sturts keep an elastic behavior
from the first time step to the time step t,. At the end of the time step t,, the deformation
dy, of each diagonal element is recorded. After the time step t,, the diagonal elements have
their inelastic behavior and their deformation dg, is set as offset so that the initial state of their
constitutive law is the state after the vertical load is applied.
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Rocking failure

B.2 Rocking failure

As explained in the chapter on the definition of the DFM for in-plane analysis, the rocking
failure is not considered in the definition of the maximal strength of the model. However, it is
possible to capture it. For the modeling of a masonry wall, a first step is to examine the wall
with the boundary conditions and loads shown in Figure B.2. These boundary conditions may
be different from the real boundary conditions of the experimental test, it does not matter, the
study in Figure B.2 is always the same. The maximum force F},s resulting from the push-over
test is compared with the ultimate force of the diagonal brace Fy,. If F,, > Fpysp, the ultimate
force of all diagonal struts is multiplied by the ratio Fj,sp/F,. The results shown in Chapter 8
were obtained using this method.

i

Imposed displacement

A A A A A

Figure B.2: Procedure to determine the rocking failure
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Appendix C

ATL4S

A Tool and Language for Simplified Struc-
tural Solution Strategy

ATLA4S is a FE toolbox developed in Matlab. The creation of this toolbox is the result of
the desire to have a basis for numerical modeling and dynamic analysis of structures in Matlab.
There are already many FE software with numerous constitutive laws and elements that are
updated every year to provide more capabilities, improve computational efficiency, and make the
software more user-friendly. However, when one wants to add new constitutive laws, this task
is often difficult for several reasons: (i) a new language needs to be learned, (ii) the source code
needs to be changed, (iii) the debug mode is not efficient enough, which further complicates the
implementation of new constitutive laws.

Matlab provides an easy way to add new constitutive laws and check their working with an
efficient debug mode. The use of Matlab also allows the use of a unique software for numeri-
cal modeling and analysis of the results. Moreover, Matlab is very simple compared to other
languages.
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Numerical dynamic analysis with ATL4S

C.1 Numerical dynamic analysis with ATL4S

At each time step, Newton’s second law of motion for a system with multiple degrees of freedom
( Equation (C.1)) is solved. In this equation, U is the displacement vector, U is the velocity
vector, U is the acceleration vector, and P is the external forces vector. The other terms are the
mass matrix M, the damping matrix C and the stiffness matrix K.

I=

U+CU+KU=P

(C.1)

This equation can be solved by various methods. The most common is the Newton Raphson’s
method with Newmark integration scheme. It is the method used in this thesis. This method
uses two parameters § and -, so that:

Upy1 = Up + Attl, + (0.5 — B)At%il, + BAt i, 11 (C.2)

For the analyzes, the case $=0.25 and y=0.5 is chosen. This is an unconditionally stable
case.

In some specific cases like snap-backs, the Newton Raphson’s method does not converge. This
problem can be overcome with ATLAS with the use of other numerical techniques such as:

e Arc-length method (Crisfield’s version [136])
e Minimum increment of displacement method (proposed by Chan [137])

¢ Update normal plane (method proposed by Forde and Stiemer [138])

C.2 Modal analysis

Let us consider the mass matrix M and the stiffness matrix K. The natural angular frequencies

w of the structure are determined by solving the equation:

det(K — w?M) =0 (C.4)

The modal frequency f; is defined as:
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Constitutive laws for the elements

The eigenvector ®; associated to the angular frequency w; verifies the equation:

(K —w;M)®; =0 (C.6)

The eigenvectors and angular frequencies for the modal analyzes in Chapter 7 are determined
using the function eisg in Matlab.

The generalized modal mass m; of the mode i is defined as:

‘D, M.D; = m; (C.7)

The modal mass m; is related to the generalized modal mass m; by the following equation:

m;

The vector A is defined by the direction of loading. Its term A; is equal to 1 if j is a translation
in the loading direction. Otherwise, it is zero. In a 3D modal analysis, as in Chapter 7, all terms
of the vector A are equal to 1.

C.3 Constitutive laws for the elements

C.3.1 Already implemented laws

e 2D beam element with Bernoulli’s theory

e 3D beam element with Bernoulli’s theory

e 3D beam element with Timoshenko’s theory

e Fiber elements with Timoshenko’s theory

e Humbert’s constitutive law for timber connections [139]
e Discrete Elements interface

e Perfect elastoplastic law

e TRI3 elements for linear and non-linear analysis

QUAA4 elements for linear and non-linear analysis
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Constitutive laws for the elements

C.3.2 Added laws

Pivot model (see Chapter 4)

Constitutive law of the diagonal element of the DFM (see Chapter 4)
e Interface element used in the thesis for 2D and 3D analysis (see Chapter 5)

Beam elements of the DFM

Creation of the mesh with DFM

e Determination of the modal mass
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Appendix D

Evolution of damage during the
experimental tests

D.1 House without bands

D.1.1 Beginning of the tests

West| !
Wall

East ' i i
wall | 1 b i

Middle
Wall E |

Figure D.1: Drawing of crack pattern of the house without band at the beginning of the tests
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House without bands
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House without bands

D.1.2 After the Guadeloupe 100%

East
Wall

Wall

Figure D.3: Drawing of crack pattern of the house without band after the Guadeloupe 100%
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House without bands
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House without bands

D.1.3 After the Guadeloupe 150%

Figure D.5: Drawing of crack pattern of the house without band after the Guadeloupe 150%
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House without bands
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House without bands

D.1.4 After the Guadeloupe 200%
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Figure D.7: Drawing of crack pattern of the house without band after the Guadeloupe 200%
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House without bands
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House without bands

D.1.5 After the Guadeloupe 300%

Figure D.9: House without band after the Guadeloupe 300%
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House with timber bands

D.2 House with timber bands

D.2.1 Beginning of the tests

West Wall

: [ N f :

?

Figure D.10: Drawing of crack pattern of the house with wood bands at the beginning of the tests
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House with timber bands
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House with timber bands

D.2.2 After the Guadeloupe 100%

West Wall

?

Figure D.12: Drawing of crack pattern of the house with wood bands after the 100% Guadeloupe

test
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House with timber bands
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House with timber bands

D.2.3 After the Guadeloupe 150%
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Figure D.14: Drawing of crack pattern of the house with wood bands after the 150% Guadeloupe
test
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House with timber bands
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House with timber bands

D.2.4 After the Guadeloupe 200%

West Wall

Middle Wall North Wall

Figure D.16: Drawing of crack pattern of the house with wood bands after the 200% Guadeloupe
test
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House with timber bands
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House with timber bands

D.2.5 After the Guadeloupe 300%
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North Wall South Wall

Middle Wall

Figure D.18: Drawing of crack pattern of the house with wood bands after the 300% Guadeloupe

test
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House with timber bands

(3) ‘rem sed (J-0) ‘Iem YrON (P) ‘[rem 3sop\ (9-e) :3s9) adnofepens) %()(¢ oY} I9)je SpuRq PooM [IIm

(8)

[TeM ginog
9SNOT 9 UT SYRID :GT (I INTI

212



House with RC bands

D.3 House with RC bands

D.3.1 Beginning of the tests

West Wall
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East Wall
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Figure D.20: Drawing of crack pattern of the house with RC bands at the beginning of the tests
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House with RC bands
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House with RC bands

D.3.2 After the Guadeloupe 100%
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Figure D.22: Drawing of crack pattern of the house with RC bands after the 100% Guadeloupe test
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House with RC bands
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House with RC bands

D.3.3 After the Guadeloupe 150%
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Figure D.24: Drawing of crack pattern of the house with RC bands after the 150% Guadeloupe test
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House with RC bands
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House with RC bands

D.3.4 After the Guadeloupe 200%

West Wall

East Wall

-

South Wall

U

Figure D.26: Drawing of crack pattern of the house with RC bands after the 200% Guadeloupe test
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House with RC bands
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House with RC bands

D.3.5 After the Guadeloupe 300%
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Figure D.28: Drawing of crack pattern of the house with RC bands after the 300% Guadeloupe test



House with RC bands
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