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Abstract

Seismic risk for cultural heritage buildings has been underestimated for years in Switzerland. A
strong earthquake can occur at any time in this region, as it has been shown during the last centu-
ries. As reminder the 1356 seismic event that destroyed the city of Basel can be quoted; this event,
whose intensity 1s assessed as having been [=IX on the European Macroseismic Scale (EMS-98),
is recorded as the most violent earthquake that struck central and northern Europe.

Since 2003 or even 1989, the seismic safety of common buildings 1s well defined through modern
building codes (Swisscodes (SIA)). However, this is not the case of cultural heritage buildings
whose seismic vulnerability has been only partly addressed. This PhD thesis was initiated in order
to fill in this void of knowledge by creating a methodology for assessing the seismic vulnerability
of historical edifices.

Surveys carried out on cultural heritage buildings after seismic event showed that such kind of
structures are particularly vulnerable under seismic actions. This vulnerability 1s essentially due to
their particular structure that 1s characterized by slender components (pillars), wide open spaces,
quite big masses located at high levels (vaults and their filling, lantern towers, etc.) on one hand; on
the other hand, they generally have few components that can resist the lateral actions perpendicu-
lar to the nave and their masonry fabric is non-ductile. Moreover the non-existence of a stiff hori-
zontal component (or a deformable one in case of wooden ceilings) and heavy masses
concentrated in walls rather at floors make it impossible to apply models that have been developed
for common buildings.

The methodology that is presented in this report is composed of four steps. It gives the possibility
to first sort out the sacred edifices that are seismically vulnerable from the ones that are not vul-
nerable. The second step allows engineers to determine the seismic vulnerability of a given edifice
by the use of simplified models that give valuable results. In case more accurate results are
required, more sophisticated models can be applied, as the Finite Element Method. In the last
step, the seismic vulnerability of the edifice 1s put in parallel with the expected peak ground accel-
eration of the region. This last phase permits to set if the given edifice can be damaged by earth-
quakes, which damage is expected and which retrofitting 1s required.

Key words: Setsmic vulnerability, methodology for the assessment of the seismic vulnerability, cul-
tural heritage buildings, old masonry, structural behaviour, Romanesque churches, theory of plas-
ticity, preservation of the building heritage.
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Resume

Le risque sismique pour les batiments historiques a pendant longtemps été sous-estimé en Suisse.
En effet, un fort tremblement de terre peut arriver a tout instant dans cette région, comme 'ont
démontré les importants séismes qui se sont produits durant les siecles passés. A titre d’illustra-
tion, on peut citer le tremblement de terre qui a secoué la région de Bale en 1356, dont Pintensité
maximale est évaluée a I=IX sur 'échelle macrosismique européenne (EMS-98). 11 s’agit de la plus
violente secousse sismique répertoriée au nord de I’'Europe.

En 1989, un chapitre traitant de la sécurité parasismique du bati courant a été introduit dans la
norme de construction suisse (SIA); ce dernier a été remanié en 2003 afin d’intégrer les derniers
résultats de la recherche en génie parasismique. Les batiments historiques n’ont pas été traités de la
meéme maniere et la norme suisse de construction ne donne pas d’indications quant au moyen de
déterminer leur sécurité face aux séismes. Afin de palier a ce manque, ce travail de doctorat, dont
le but est de fournir une méthodologie permettant d’évaluer la vulnérabilité sismique des bati-
ments historiques, a été initié.

Les reconnaissances réalisées sur les édifices historiques apres séisme montrent que ce type de
structures s’avere particulierement sensible aux actions sismiques. Cette vulnérabilité est essentiel-
lement due a leurs particularités structurales telles que I'¢lancement des piliers, existence de
grands espaces ouverts et d’importantes masses situées a des hauteurs élevées. En outre, ils con-
tiennent peu d’¢léments résistants aux forces latérales perpendiculairement a la nef et leurs murs
sont généralement composés dun matériau pierreux non ductile. Par ailleurs, 'absence de
diaphragme (ou I'existence d’une structure en bois déformable en tant qu’élément horizontal) et la
concentration de la masse dans les murs plutot qu’a des étages rend caduque l'utilisation des
modeles développés pour le bati courant.

La méthodologie présentée dans ce rapport pour I'évaluation de la vulnérabilité sismique des édifi-
ces historiques est composée de quatre niveaux. Lla premiere étape consiste a sélectionner les édi-
fices sacrés vulnérables au séisme. Lors de la deuxieme étape, la vulnérabilité sismique dun édifice
est déterminée a I'aide de modeles simplifiés donnant des résultats fiables. Dans le cas ou des
résultats plus détaillés sont souhaités, un troisieme niveau de calculs permet de les obtenir par
simulation numérique (FEM). En dernier lieu, 1l s’agit de comparer la demande sismique avec la
résistance de I'édifice étudié. Cette derniere phase permet de définir si I'édifice présente un risque
d’endommagement et st oui, dans quelles parties et pour quelles raisons.

Mots-clefs: Vulnérabilité sismique, méthodologie d’évaluation sismique, batiments historiques,
magonnerie ancienne, comportement structural, églises romanes, théorie de la plasticité, protec-
tion du patrimoine bati.
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Zusammenfassung

In der Schweiz wurde das Erdbebenrisiko bei historischen Gebiuden lange Zeit unterschatzt. In
der Tat sind auch in der Schweiz starke Erdbeben méglich und jederzeit zu erwarten, wie anhand
bedeutender historischer Erdbeben verdeutlicht werden kann. Zur Veranschaulichung kann das
Basler Beben von 1356 zitiert werden, welches mit einer geschatzten Intensitiat I=IX beztglich der
Europiischen Makroseismischen Skala (EMS-98) die Stadt Basel weitgehend zerstorte. Es handelt
sich dabei um das bisher schwerste der bekannten Erdbeben nérdlich der Alpen.

Im Jahre 1989 wurden Bestimmungen zur Erdbebensicherung von gewohnlichen Bauwerken in
die Schweizerischen Baunormen (SIA-Normen) eingefithrt. Diese Bestimmungen wurden 2003
angepasst, um wissenschaftliche Fortschritte im Erdbebeningenieurwesen zu integrieren. Dabei
wurden jedoch die historischen Gebaude nicht im gleichen Masse mitberticksichtigt, und in den
SIA-Normen ist kein Verfahren enthalten, um die Erdbebensicherheit dieser Art von Bauten
abzuschatzen. Ziel der vorliegenden Doktorarbeit ist es, diesen Mangel zu beheben; das heisst,
eine Methode zu entwickeln, damit Bauingenieure und Architekten die seismische Verletzbarkeit
von historischen Gebiuden evaluieren konnen.

Schadensbilder vergangener Erdbeben zeigen auf, dass historische Gebdude unter seismischer
Beanspruchung besonders verletzbar sind. Grinde dafiir sind im wesentlichen tragstrukturelle
Besonderheiten wie schlanke Pfeiler, betrichtliche, hochgelegene Massen sowie Decken und
Gewolbe mit hohen Spannweiten. Ausserdem sind im allgemeinen nur wenige Tragelemente sen-
krecht zum Kirchenschiff angeordnet, iber welche Erdbebenkrifte abgetragen werden kénnen.
Zudem fehlen steife horizontale Tragelemente, die eine Diaphragmawirkung sicherstellen konn-
ten. Auch ist die Masse, im Gegensatz zu gewohnlichen Bauwerken, meist in den Mauern statt in
den Geschossdecken konzentriert. Des weitern verfiigen die benutzten Steinmaterialien tiber prak-
tisch keine Duktilitiat. Aus diesen Griinden ist die Verwendung von Modellen, die fiir herkémmli-
che Gebiude entwickelt wurden, nicht moglich.

Die im vorliegenden Bericht vorgestellte Methodik zur Abschatzung der seismischen Verletzbar-
keit von historischen Gebauden ist in vier Schritte unterteilt. Das Ziel des ersten Schrittes ist ein
Auswahlverfahren der Gebiude anhand ihrer seismischen Vetletzbarkeit. Der zweite Schritt ist die
Abschitzung der seismischen Verletzbarkeit mittels einfacher, verlisslicher Modelle. Sind genauere
Ergebnisse erwiinscht, so kann in einem dritten Schritt die Finite-Element-Methode angewendet
werden. Der letzte Schritt besteht darin, den Erdbebenwiderstand des untersuchten Gebaudes den
aufzunehmenden Erdbebenkraften gegeniiberzustellen. Anhand dieses letzten Schrittes ist es
moglich, abzuschatzen, ob fiir das betrachtete Gebiude ein Schadensrisiko besteht und wo bezie-
hungsweise aus welchem Grund allenfalls solche Schiaden auftreten.
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CHAPTER 1

Introduction

Switzerland is rich in cultural heritage buildings of national, European
and international importance. Being in the centre of Europe, the present
Swiss ground was for a long time under the influence of many great
Furopean kingdoms which left political, artistic and architectural marks
in Switzerland. The traditions of each kingdom, especially its architecture,
merged with each other. The architecture of the cathedral of Basel, for
instance, was greatly influenced by Lombard and Burgundian architecture
whereas Burgundian as well as Norman features are visible on the cathe-
dral of Lausanne.

Swiss cultural heritage goods have withstood the ages without much dete-
rioration due to weather, wars, etc. Nevertheless, many of them, especially
monumental buildings and statues, sustained serious damage resulting
from seismic events whose epicentres were either in Switzerland or in the
bordering countries.

Switzerland has a moderate risk for earthquakes. According to research

carried out at the Swiss seismological service, from the 10™ to the 21™
century, forty earthquakes of an intensity higher than or equal to VII,
twelve with an intensity higher than or equal to VIII and finally, one very
strong earthquake whose intensity was equal to IX were recorded [We

02], [Fi 03].
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Figure 1.1: Historic earthquakes with an intensity higher than or equal to V between 1000
and 2001 (source: Swiss seismological service [Fa 03]).

These seismic events are due to a peculiar geological situation; Switzerland is actually situated at
the intersection of the European and African tectonic plates, which resulted in the creation of the
alpine arch. Enclosing a large part of the Alps, the Valais is the region with the highest seismic
hazard in Switzerland; the Graubiinden canton, the Basel region, the Rhine valley and the central
part of Switzerland also present an important seismic hazard.

Based on damage surveys carried out after seismic events, cultural heritage buildings are observed
to be more seriously damaged than traditional housing. Their structure, which is characterized by
large open spaces, slender walls, ceiling with vaults and a lack of horizontal thrusting elements, 1s
more vulnerable to seismic loads [Ol 03]; churches are especially vulnerable even in case of low-
intensity earthquakes [LL.a3 04]. One of the main goals of this dissertation is to assess the seismic
vulnerability of the Swiss cultural heritage buildings, especially of churches since they constitute
the largest part of cultural heritage buildings in this country.

1.1. MOTIVATION

Cultural heritage buildings are highly vulnerable to earthquakes. Everyone remembers the earth-
quakes that happened in Ttaly (Friuli region (1976, M'=6.5), Basilicata Region (1980, M=7.2%),
Umbria-Marche region (1997, M:(w.42)), in the Azores and more recently in Iran (Bam area (2003,
M=6.6%) and their catastrophic consequences. In every case, the cultural heritage buildings suf-
fered severe damage and many of them were partially or even totally destroyed (Cathedral of Noto
(Sicily), St-Francis of Assisi, Citadel of Bam, etc.). Many edifices which partially collapsed lost a
part of their cultural value (damaged or destroyed frescos, statues, paintings, valuables and so on),
which is often irrecoverable.

—

. Magnitude on the Richter’s scale.

]

Values from the US geological survey.
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Unlike catastrophes quoted above occurred elsewhere in Europe, Switzerland has also had many

disastrous earthquakes. Amongst seismic events that hit Switzerland, we can list the earthquake
occurred in Basel (1356) which destroyed almost every building of the city. Valais has experienced
three earthquakes equally spaced in time (1755, 1855 and 1946); the first two events essentially hurt
the upper part of the canton of Valais while for the last one the epicentre was situated to the north
of Sion. The three events were of a magnitude higher than or equal to 6. More recently, the seismic
event which occurred in the Central part of Switzerland in 1964 seriously damaged the Church of

Sarnen [Lau 04].

1.1.1. SEISMIC VULNERABILITY OF THE SWISS CULTURAL HERITAGE BUILDINGS

Churches in Switzerland have a
high seismic vulnerability. Many
of them, especially the edifices
situated in the Canton of Valais,
in the Basel region, in the Cen-
tral part of Switzerland and also
in the Canton of Graubunden,
suffered from  earthquakes.
They were slightly, moderately
or even highly damaged.

Figure 1.2 : Engraving of the city of Basel after the earthquake which occurred in 1356 in
this region (Source: Swiss Reinsurance Company: Historic earthquakes in
Europe).

In regard to almost every church, seismic events resulted in
masonry dislocation, especially in the upper parts of structural
elements. According to archives (engravings, drawings, pictures
and surveys records carried out after earthquakes), the most vul-
nerable components of churches are: the bell tower, the vaults-
pillars system and the front wall in its out-of-plane direction.

Figure 1.3 : Our-Lady-of-the-Moor damaged by the earth-
quake of 1946, Sierre. (Source: Le Nouvelliste,
30.01.1946).
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In a few cases, the vaults, which are highly vulnerable to seismic
events, also broke down, as in the church of Chippis in 1946.

Figure 1.4 : Church of Chippis after the earthquake occur-
red in 1946 (Source: Keystone/Photopress).

Certainly one of the most seriously damaged
edifices after an earthquake in Switzerland is
the last chapel of the Visperterminen Pro-
cession lane (Valais) in 1855.

This church of standard size (~15m x 10 m
and 15 m high) collapsed under the seismic
loads.

It constitutes a very interesting case study in
order to assess the seismic vulnerability of
churches.

Figure 1.5 : Visperterminen: chapel which collapsed during the earthquake of 1855 (pic-
ture taken in May 2005).

The valuable goods contained in sacred
edifices, like statues and frescoes, are
likely amongst the most vulnerable ele-
ments when an earthquake occurs.
Under cyclic actions, the statues can be
moved out of their support; they can fall
down onto the floor and break. The
frescoes are also highly vulnerable since
they are tightly bound to the walls which
are deformed during an earthquake.

Figure 1.6 : Damage on the Chapel of Lourdes (Sachseln, Obwald) resulting from the ear-
thquake which occurred in the Central part of Switzerland in 1964 [Lau 04];
Photo Reinhard, Sachseln.
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1.1.2. ASSESSMENT OF THE SEISMIC VULNERABILITY OF THE CULTURAL HERITAGE
BUILDINGS: PRESENT METHODOLOGIES IN SWITZERLAND

Lately, new building codes which deal with the seismic vulnerability of new buildings with modern
structural system replaced the previous Swiss code in 2003 [SIA 261 03]; the existent common
buildings are dealt with in the SIA 2018 [SIA 2018 04]. Nevertheless, there is still no available
methodology for the seismic vulnerability of historical and monumental buildings.

Procedures for the assessment of the seismic vulnerability of common buildings and of cultural
heritage buildings are a lot different. The main goal of the former is to save people in case of earth-
quake whereas for the latter it is essential to also safeguard the cultural value of the edifice. Moreo-
ver, as their life span is longer than that of the common buildings, the return period of the seismic
hazard that has to be considered is therefore also longer.

The seismic hazard in Switzerland, although moderate, can still seriously endanger the Swiss cul-
tural heritage. On the context of adequate cultural heritage preservation, it is therefore essential
that earthquakes are taken into account.

The present research work comes within the framework of a national project began in 2001 about
the seismic risk of Swiss monumental buildings [L.au 04]. One of the main purposes of this national
project is to define the seismic vulnerability of the Swiss cultural heritage and to provide a method-
ology to assess it.

1.2. OBJECTIVES

This research, which has been carried out for three years 1s aimed at filling a knowledge void in the
field of safety of cultural heritage buildings in Switzerland. Moreover, a methodology is created in
order to give the authorities efficient tools to assess the seismic vulnerability of cultural heritage
buildings, especially of sacred edifices. However, there is a wide variety of types of structures
among sacred edifices in Switzetland. For mnstance, Romanesque, Gothic and Baroque edifices
have indeed different structural features. Due to this diversity of structures and also of the time
available to set up a methodology, it is decided to focus the methodology on the Pre-Romanesque
and Romanesque edifices. This choice 1s based on chronological reasons.

Besides the creation of a methodology, experimental investigations have been carried out in order
to obtain the shear strength and ductility of old typical masonry walls.

1.2.1. METHODOLOGY

The topic of the seismic vulnerability of cultural heritage buildings 1s quite new in Switzerland; in
fact, knowledge in this topic is almost at its beginning. Consequently, parts of this PhD thesis are
based on the knowledge gained in foreign countries like Italy, Greece, Portugal, Spain and to a
lesser extent from the USA.

As Swiss cultural heritage buildings are different from the aforementioned countries, the method-
ology that is presented in this report gives a procedure to take their structural particularities into
account. Besides, this methodology allows us to assess the whole seismic response of sacred build-
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ings instead of only the collapse stage. In this way, this method 1s well adapted for Switzerland for
it is characterized by a moderate seismic hazard.

1.2.2. EXPERIMENTAL INVESTIGATIONS

Because of its historical value, old masonry has not been rigorously tested to get its mechanical
properties. Nevertheless, these properties are salient for the understanding and description of the
seismic response of cultural heritage buildings made of masonry. Therefore we set up a testing
program; the test specimen 1s composed of sandstone (molasse) blocks that came from the abut-

ments of the Lausanne cathedral! and lime mortar. This experimental investigation on a wall made
up with such a particular masonry appears among the first to be carried out in the world. The
obtained results indicate a high shear strength as well as good ductility.

1. Because of the bad state of certain parts, it was a necessity to change and replace them with new blocks.
We had the opportunity to get some of them to build a testing wall.
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CHAPTER 2

State of the Art

2.1. INTRODUCTION

The assessment of the seismic vulnerability of cultural heritage
buildings is complex because of numerous challenges and uncer-
tainties. From material properties to structural behaviour, every
aspect is related to the process of vulnerability assessment.

Besides, the most difficult part of the process is likely to define the
structural behaviour, either static or dynamic. The available struc-
tural models, which are essentially confined to the field of elasticity,
do not generally fit calculations of monumental edifices since they
are characterised by non-linear structural behaviour. Besides these
non-linear characteristics, the successive structural transformations
they have experienced as well as the degradation of materials
(masonry) with time have a great sway on the structural behaviour.

A few decades ago, all these difficulties and uncertainties made this
topic too complex to be treated well due to the lack of efficient
numerical tools; these became available in the 80%s. From another
point of view that is not scientific, seismic response of cultural her-
itage buildings began to be addressed in the 80’s essentially because

of two reasons:

* the awareness of the need of protecting and conserving the her-
itage buildings for the next generation (Charte d’Athenes, 1931),

* the definitive loss of cultural heritage buildings due to earth-
quakes, like the situation of the Friuli region after the 1976
earthquake.

In this chapter a list of methodologies that have been developed for
the assessment of the seismic vulnerability of sacred edifices is pre-
sented. Nevertheless, as the methodology which i1s going to be
developed in the dissertation framework will be mainly related to
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churches, the state of the art knowledge in the different fields mentioned above is essentially
linked to them.

2.2. EXISTING METHODOLOGIES FOR SACRED BUILDINGS

The necessity of developing ad hoc procedures for the assessment of the vulnerability of churches
has been identified by Doglioni et al. [Do 94] after the Friuli earthquake of 1976. The earthquakes
occurred in Sicily as well as in the Marche and Umbria regions (1997) have emphasized the need
for developing and/or refining methodologies.

All available methodologies nowadays could be gathered in four groups according to their nature,
the type of results they allow us to obtain and their structure:

* vulnerability index methodologies
* structural methodologies, based on engineering models
* probabilistic methodologies

* hybrid methodologies, merging two or more of the above mentioned methodologies

The choice of the methodology which will be applied in order to assess the seismic vulnerability
of sacred buildings depends mainly on the need, the expected accuracy and also on the available
time.

The seismic vulnerability evaluation of a cultural heritage building requires, in principle, the deter-
mination of its non-linear dynamic response. Nevertheless, as this kind of calculation, even if pos-
sible, 1s complex and highly time-consuming, many methodologies to assess more quickly and
accurately the seismic vulnerability of edifices have had to be developed. This fact explains the
development of the above presented methodologies.

In 1994, Doglioni et al. [Do 94] showed that, based on damage observed on churches after the
Tolmezzo earthquake (1976), churches could be considered as an assembly of structural elements
which behave more or less independently during seismic events (structural predominant features).
All these sort of puzzle pieces were identified in almost every studied church damaged by earth-
quakes in Italy. Since then, as this assumption presents many advantages, it has been at the basis of
almost every developed procedure in Italy and Italian universities have been amongst the first to
develop methodologies to assess the seismic vulnerability of monumental buildings. Their
approaches based on macro-elements have been adopted by other European universities.

Prior to presenting the existing methodologies, it is worth understanding the macro-elements
approach.

MACRO-ELEMENTS APPROACH

Based on their survey of the damage observed on churches after the Friuli earthquake (1976),
Doglioni et al. have developed what they called the macro-elements approach. It considered a
church as an assemblage of a few macro-elements which detached from the rest of the structure
under high seismic actions. This means that each macro-element, from that moment, had a struc-
tural behaviour which is independent from the other structural parts of a same church. Amongst
the main macro-elements, there are the front wall, lateral walls, nave with vaults, chancel and the
apse [Do 94]. This list of macro-elements was based on churches surveyed in the Friuli region;
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later, the list was upgraded by Lagomarsino et al. [La 98] who carried out further surveys after

earthquakes occurred from the 80’ up to the beginning of the 274 millennium in Italy. The macro-
elements list can be found in the chapter 5.

2.2.1. VULNERABILITY INDEX METHODOLOGIES

The determination of vulnerability indexes is usually based on data (observed damage) coming
from surveys carried out after seismic events. The use of these data for the definition of the vul-
nerability index can be made in a statistical, structural and/or probabilistic way. In general,
researchers who developed vulnerability index methods exploited one or more of the three ways.

Nevertheless, the determination of a vulnerability index (and then, the development of a vulnera-
bility index method) always requires a data base with a listing of the recorded damage on sacred
edifices due to earthquakes. The bigger the data base is, the better (l.e. more accurate) is the
method. This fact is especially important for the statistical approach, which 1s a suitable way to
assess seismic vulnerability at a territorial scale [Lal 04]. As the macro-elements approach allows
comparison amongst similar churches, it is therefore perfectly adapted to this methodology. For
contrast, Switzerland has no database with an extensive damage recording; therefore, 1t is difficult
to apply a statistical method.

The numerous surveys carried out in the damaged regions in Italy have provided them with a wide
database of damage recorded on churches after seismic events. However, the Italian database can
be used for the methodology developed for Switzerland, even if edifices (materials, building tech-
niques, etc.) differ between both counttries.

The first country to begin developing a vulnerability index method, to our knowledge, is Italy. In
the 90%, the GNDT (National Group for the Defence against Earthquakes, Italy) studies of dam-
age sustained by churches in Italy due to earthquakes (Friuli, 1976; Umbria-Marche, 1997) led
researchers, especially Lagomarsino, to propose a classification of damage to churches into several
categories through the definition of a damage index. In the framework of the method proposed by
Lagomarsino, this index measured the average level of damage that a sacred edifice would sustain;
the index value was within 0 and 1. The damage classification was based on 18 relevant damage

mechanisms'; and their propensity to be activated 1s defined through the vulnerability index 1, [Ol
03]. To each value of the vulnerability index it was possible to associate a curve that correlated the
expected damage and the macroseismic intensity or the peak ground acceleration [LLa3 04].

DAMAGE PROBABILITY MATRIX METHOD

The principle of the DPM method is very close to the vulnerability index method. It mainly differs
in three aspects: first, the application of this method allows the definition of a vulnerability curve
for groups of churches; secondly, it 1s based on the concept of the mean damage grade D, which 1s
defined by six levels (k=0 (No damage), 1, 2, 3, 4, 5 (collapse)) according to the EMS-98 scale.
Finally, the damage to an edifice 1s given by a probabilistic value.

1. Doglioni et al. carried out a survey of the damaged churches and bell towers in Friuli after the earthquake
of 1976. This analysis let them catalogue the encountered typologies, structural details and the associated
damage. The type of cracks and their direction help in interpreting collapse mechanisms. Similar survey
was carried out by Lagomarsino et al. on the churches in Umbria and the Marche (damaged by the 1997
earthquake), on churches in Catania and also in Lunigiana [Ol 03].
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In the DPM method, buildings are divided into groups of different typologies which are then dis-
patched imnto classes of similar seismic vulnerability (from a structural and architectural point of
view). The buildings (according to their seismic vulnerability) are then connected to damage val-
ues (see above) according to the EMS-98 scale. For each class and for a certain seismic intensity,
the damage foreseen is represented by a histogram of occurrence or by a probability distribution
based on the mean damage grade D [La2 04].

INDICES BASED ON DIMENSIONAL RATIOS

This method has been developed by the working group at the University of Minho, Portugal [LR
06]. Contrary to the previous methods, this one is not directly based on a data base of observed
damage.

In fact, this methodology was based on the fulfilling of a sort of check-list for each church. The
form contained on one hand a statement of general characteristics (inventory) as the national clas-
sification, the period of construction, a brief description of the structure and also a few words
about possible damage due to earthquakes occurred in the past. It also contains a more technical
part with indexes (ratios between important values of the structure) and other key structural fea-
tures. Following indexes have been defined:

*Index 1: in-plane area ratio
*Index 2: area to weight ratio

s Index 3: base shear ratio
The other key structural features were:

- the presence or not of a vault, its type (barrel vault, rib-vault, etc.) and its geometrical dimen-
sions

- data for columns (height, diameter, etc.)
- data for perimeter walls

Finally, the last element was the seismic loading.

2.2.2. STRUCTURAL METHODOLOGIES

The term Structural methodologies includes every calculation method to analyse the structural
behaviour of structures under seismic actions. The evaluation of the seismic vulnerability of a
monumental building requires, in principle, the calculation of its non-linear seismic response and
the estimation of the resulting damage when the building is subjected to earthquakes of different
magnitudes [ACG 00].

Besides, these methodologies have to deal with two distinct but highly related aspects, 1.e how to
take the setsmic input into account and how to analyse the seismic response of a given edifice.

2.2.2.1. Seismic input

The choice of the seismic action level depends on the calculations method. For analytical meth-
ods, which are generally based on simplified models, the seismic action is usually defined accord-
ing to the building codes of the concerned country. For instance, in Switzerland, the seismic input
1s defined according to the Swiss codes (SIA). The seismic mnput is usually modelled by a quasi-
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static loading, i.e. through horizontal loads proportional to the permanent loads, that is the self-
weight.

In case of more sophisticated models, like a numerical one for which the FEM (Finite Element
Method) would be used, a recording of a real earthquake (or even a synthetic one) could be imple-
mented. Then, the seismic response could be more precise and real or at least looks like a priori;
nevertheless, it must be kept in mind that besides the difficulty to interpret the numerical results,
the recorded earthquake corresponds to something unique. Such an earthquake necessarily differs
from another one. Consequently, a building that collapses under the action of one earthquake
might be stable for another earthquake even if they are of the same magnitude. The duration of
the seismic event as well as it frequency content can result in very different damage on the same

building,
2.2.2.2. Seismic response of structures

Present methods for analysis of seismic behaviour of monumental buildings, or at least the seismic
strength, range from the simplest to the hardest. One of the most simplified methods, which is
also one of the most frequently applied and almost the only analytic method, is the limit equilib-
rium analysis from theory of plasticity. This method is actually the basis of many methodologies
for the assessment of the seismic vulnerability of churches.

At present, the structural behaviour of cultural heritage buildings is often addressed through
numerical calculation (FEM; Finite Element Method). Nevertheless, it could be highly time-con-
suming (depending on the meshing) and requires experienced specialists to interpret the obtained
results. In this case, seismic input can be implemented through time step algorithms which require
the ground acceleration of a recorded earthquake (or of a synthetic earthquake).

THEORY OF PLASTICITY (LIMIT EQUILIBRIUM ANALYSIS)

Simple-to-use models based on collapse mechanisms (application of the upper bound theorem of
plasticity theory) have been used often to assess the seismic vulnerability of edifices. However this
kind of method requires the definition of prior patterns for collapse mechanisms (generally on
macro-elements) and establishing minimum energy concepts [Ol 03]. The application of this
method is based on the following assumptions: (1) masonry behaves as a rigid body and (2)
masonry does not resist any tensile stresses.

In most of the limit equilibrium analyses, seismic loads are identified with hotizontal loads propot-
tional to the quasi-permanent vertical loads; in other words, a quasi-static loading is taken into
account and both the dynamic properties of the building and the spectral properties of the earth-
quake are neglected [ACG 00], [G1 93], [La 05].

In order to improve the results obtained by common limit equilibrium analyses (as described here
above), Augusti G. et al. [AC 00] proposed another approach that complements it by a probabilis-
tic procedure. Though the proposed method is also based on the macro-elements approach and
the theory of plasticity, Augusti applies a probabilistic description of relevant collapse mechanisms.
The whole structural system is modelled through a logical diagram [Au 01] (chapter 5) which
describes the relation between the collapse of each macro-element. Based on such a scheme, the
probability of damage and collapse of each macro-element and therefore of the whole building is
assessed.
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FINITE ELEMENT ANALYSIS (FEM)

Many kinds of numerical methods are available today: from 1D to 3D analyses, linear or non-lin-
ear. The use of sophisticated models such as 3D finite element discretizations has been developed
in recent years. Examples of such refined models are discrete blocky elements model (with friction
between blocks) or models being able to deal simultaneously with small and large displacements
[O103]. There are a few cases of churches (LLourenco et al. [LLo 94]) which were dealt with. In Italy,
Gambarotta and LLagomarsino [GL 96], [GL 97] have developed a macro-element model which
can simulate two-plane masonry failure modes, bending-rocking and shear-sliding (with friction)
mechanisms. This model can also take into account, by means of internal variables, the shear-shid-
ing damage development that controls strength (softening) and stiffness reduction [Lo 01].

It 1s worth noting that numerical analysis seems to be the only one possibility to describe the seis-
mic behaviour accurately.

2.2.3. PROBABILISTIC METHODOLOGIES

Such methodologies give probabilistic results; with respect to the seismic vulnerability of religious
edifices, they allow the obtention of fragility curves. Such curves are indeed valuable tools for
assessing the seismic vulnerability of sacred buildings. However, the application of probabilistic
methods requires the definition of probability functions for the collapse (or damage) of the struc-
ture (or parts of it) and also of the collapse of the whole structure. The definition of the failure of
the whole edifice appears indeed to be quite complex.

Furthermore, for determining the collapse probability functions (for parts of the structure or for
the whole edifice) probabilistics methods are based on results coming from either statistical or
structural data. By structural data, it is meant data that are obtained by the application of structural
models. Consequently, probabilistic methodologies are in fact hybrid methodologies.

Only one method using probabilities, which has been developed for sacred buildings, has been
recorded; this is the Augusti’s method.

2.2.4. HYBRID METHODOLOGIES

Almost every methodology applied to assess the seismic vulnerability of churches is actually a
hybrid methodology. Generally, they often contain several steps that steadily increase accuracy
regarding either the input or the output.

The first step 1s generally about basic information, that is, the name, the location, etc. of the given
building; according to its architectural typology, the building is provided with a vulnerability value
related to statistical data. The second step usually deals with an assessment of the seismic vulnera-
bility; at this stage of the study, only simplified calculation methods are applied. The last step,
which 1s not necessarily addressed in every case, deals with the given building in 2 more accurate
way, 1.e by sophisticated mechanical models, like the FEM.

One of the first hybrid methodologies which have been developed within the last two decades 1s
the one developed by LLagomarsino and his team at the University of Genoa; they have also partic-
ipated in the Risk-UE project by redacting the part 4 about the seismic vulnerability of cultural
heritage buildings.
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Augusti and his team have also developed their own hybrid methodology that is based on the three
characteristics given under the chapter 2.2 (statistical, structural and probabilisitc)

2.2.4.1. Risk-UE

The methodology developed for the Risk-UE (2004) for the assessment of the seismic vulnerabil-
ity of cultural heritage buildings, is based on two levels of increasing refinement [La4 04]:

Level 1: based on typological and statistical studies on the observed vulnerability
Level 2: analysis through simplified mechanical models of single parts of a given building

2.2.4.2. Lagomarsino's method

The methodology developed by Lagomarsino et al. for the assessment of the seismic vulnerability
of cultural heritage buildings, 1s based on three levels of increasing refinement [La3 04], [Lal 04],
[La2 04]:

Level 1: based on typological and statistical studies on the observed vulnerability

Level 2: analysis through simplified mechanical models of single parts of a given building
Level 3: more accurate analysis (FEM for instance) of the whole edifice or single parts
Note: this method is similar to the Risk-UE one.

2.2.4.3. Augusti’s method

Augusti G. et al. [ACG 00], [Au 01] proposed a probabilistic procedure to assess the seismic vul-
nerability of churches. This latter 1s based on the macro-elements approach (structural model), and
on the probabilistic description of the relevant quantities: the whole structural system is thus bro-
ken into few macro-elements whose behaviour can be typified and is significant for the response
of the entire building.

Cultural heritage buildings are modelled through a logical diagram [Au 02], which described the
relationship between macro-elements collapse and the one of the whole edifice. Based on such a
diagram and on the collapse probability of each macro-element, the probability of collapse of the
whole edifice is calculated.

2.3. DISCUSSIONS AND CONCLUSIONS

The methods, which were presented in the previous chapter, each have advantages as well as disad-
vantages with respect to the required data for applying them, the time involved for a correct appli-
cation or the obtained results (type and level of accuracy). Some methods need more data than
others; for instance, the implementation of a numerical model requires the mechanical properties
of masonry and the perfect knowledge of the modelled structure, whereas only the dimensions,
the unit volume weight of masonry and the internal angle of friction are needed for the method

developed by Lourenco.

The time devoted to the application of a methodology is also of prime importance, especially in
the practical (private engineer offices) context. No doubt that FEM consumes more time than
other presented methodologies. Nevertheless, results are also of higher accuracy.
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Another matter that must also be highlighted 1s the data base or the statistics on which a method-
ology is be based. This remark especially concerns the first step of the Risk-UE methodology
since the data this level refers to, were recorded in Italy and not in Switzerland. The question is: is
it correct to use a methodology (or a part of it) that is based on statistics from a different kind of
structures knowing that the Swiss heritage buildings are not similar to the ones in Italy.

In order to answer this question and also to assess the advantages and disadvantages of the pre-
sented methodologies for cultural heritage buildings in Switzerland, the methods will be applied to
Swiss sacred edifices in chapter 5.
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CHAPTER 3

Pre-Romanesque and Romanesque
sacred edifices in Switzerland

3.1. INTRODUCTION

This chapter gives a brief account of the architecture between the early
Christian Period and the Romanesque times.

Due to the diversity of cultures, the building techniques development, the
historical contexts and the geographical relief, each Pre-Romanesque and
Romanesque edifice in Switzerland differs in its shape. The creation of a
methodology to evaluate the seismic vulnerability of a large non-homoge-
neous group of edifices is consequently difficult.

Nevertheless, a more in-depth study showed that, though differently dis-
posed, all sacred edifices are composed of similar structural parts. There-
fore, the development of a methodology, which 1s focused on the seismic
vulnerability of these «common» structural parts (that are later called
«standard units»), becomes then possible.

Furthermore, as will be seen later, this way of proceeding, i.e. to look at
structural parts, is justified since it coincides with the seismic response of
churches.

3.2. ARCHITECTURAL ACCOUNT

The purpose of this chapter is to give an overview of the architecture
development throughout time. The present thesis deals with Pre-Roman-
esque and Romanesque sacred edifices, knowing that this period of time
extends from the beginning of Christianity up to the second half of the
12th century. In order to set it in historical context, it is also comple-
mented by a historical (mainly related to Christian history) account.

BEGINNING OF CHRISTIANITY

In the 274 century, even if prohibited by Roman authorities, the Christian
faith propagated from Rome through the main roads of the Roman
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Empire. Christianity settled in the Swiss region in the end of the Western Roman Empire; bisho-
prics already existed in the 4th century.

In the end of the 4th century, Germans attacked the Roman Empire: Burgundians invaded the
western part of the Swiss region, while Alamannen conquered the eastern part. In the Italian terri-
tory, Theodoric the Great, King of the Ostrogoths, conquered Ravenna in 493. Finally, the Frank-
ishes, with Clovis at their head, invaded the Burgundians territory as well as the Alamannens in the

6th century.

In the end of the Antiquity, the one-nave small edifice with one apse was the most widespread
sacred building. In the city of the bishopric seat, larger edifices were built; the roman basilica was
chosen as an example for the shape of the new Christian important edifices. However, while this
pattern was applied in Western Europe, the octagonal (or square) plan was used throughout the
Byzantine area. Almost every sacred edifice were erected to shelter saints relics; this led to the

beginning of pilgrimages of pious people all over El.n:o]_:)e.1
MEROVINGIAN PERIOD

The Merovingian Dynasty, which started with Clovis, lasted until the middle of the gth century. It
reigned over almost the whole current French, Belgian and Swiss territories.

Merovegian period was characterized by the coming of missionary monks (many came from Ire-
land). Two Irish monks played an important role in the Christianization of Switzerland: Saint
Columban and Saint Gall (Columban’s disciple). They built a monastery in an old Roman castle
close to the current city of Zurich. Moreover, while his master went on to Italy, Saint Gall stopped
in the Steinachtal where he founded the future foyer of the Christian culture in Alemania, i.e. Saint

Gall’s abbey.

Except the baptistery of Riva San Vitale, no sacred buildings from this age survived because of

. . . 5 7
abandon, destruction by humans, deterioration over time, etc.”

CAROLINGIAN PERIOD

In the beginning of the 8., Charles Martel (688-741) was the leading member of one of the most

important aristocratic families within the Frankish kingdom. By the 8™ c., he had amassed such a
large support base that he was the recognised acting leader of the Franks though he did not have
the title of a king. Moreover, Charles Martel also supported the spread of the hierarchical, Roman
form of Christianity in the Frankish kingdom. Eventually, Martel's son, Pippin 111, used this blos-
soming relationship with the papacy to formally obtain the title of king (in addition to the practical
power of king that he inherited from his father) and finally supplanted the last of the Merovingian

Dynasty in 751. In 768, Charlemagne (747-814), the 3 of the Carolingian line, inherited the
Frankish kingdom; he influenced the whole of Europe through his strong (and long) leadership of
the Carolingian Empire. In 774, Charlemagne’s armies conquered Lombardy; from then on, the
Swiss region was geographically in the heart of the great Empire. Among others, this increased the
importance of the Alpine passes and the Swiss territory became a sort of gravity centre of the

1. The reader can refer to the Appendix A. 1. 2.1 for further information.

o b

2. The reader can refer to the Appendix A. 1. 2. 2 for further information.
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Carolingian culture, which is proven by the primordial rights received by Swiss monasteries (Saint
Gall for instance).

Under the Carolingian Reign, Europe came through a relatively peaceful period which was good
for an architectural renewal. Although Roman techniques were still applied, the original Roman
model of a basilica for the church was abandoned for new architectural shapes. In fact, the
Empire’s emblem became the cathedral which was designed to show the union between temporary
and spiritual powers. Cathedrals shape was based on the famous plan of Saint Gall (presented at
synods in 817 or 818), given by the bishop of Basel (Haitto) to Gozbert, who wanted to erect a
cathedral at Saint Gall's hermitage place: it was characterized by a Westwerk (with the Emperor
tribune), a Carolingian feature that symbolized the Imperial power. The basilica had then a nave
whose extremities were composed of apses, a choir area and a transept with a lantern-tower. The
nave became then the link between the Episcopal seat and the Emperor's.

Carolingian churches in Switzerland were usually composed of a nave with three apses. Famous

example still standing are the convents of Mistail and of Mustair in Rhetia (Sth c.). It is worth not-

ing that foundations of many great Swiss sacred buildings date from the Carolingian period like

the Fraumuinster of Zirich, the cathedral of Saint Gall or the abbey of Saint Maurice.!

HIGH MIDDLE AGES

Upon Charlemagne’s death i 814, his only surviving son, Louis, became the king of Franks and
the Emperor. When the Emperor Louis himself died, a civil war erupted amongst his sons Lothar,
Chatles the bald and Louis II for the throne. This conflict was finally solved in 843 by the treaty of
Verdun that split the Holy Empire into three parts: western (France), central (Lorraine-Burgundy-
Italy) and eastern (Germany). So Switzerland was then split between Burgundy and Germany for a
while. But soon the central Empire decayed and around 900 the German king had seized control
over Burgundy and Italy. From an economical and social point of view, this was a difficult and dan-
gerous pertod in Switzerland. However, since 962, when Otto I was crowned Emperor of the Holy
Roman Empire in Rome, the political and economical situation became stable enough to lead
towards an Artistic renewal after the long interruption due to political troubles after Charle-
magne’s reign. People were once again able to make long journeys and pilgrimages throughout
Europe without problems; this situation was also favourable to cultural and economic exchanges
as well as new artistic currents.

In parallel, monastic societies became powerful, as the Cluny’s congregation (Benedictine); they
built many monastic communities throughout Europe and also many existing communities asked
for joining them; at its apogee, Cluny's monastery had 1500 convents under its control. Eastern
Switzerland was influenced by the abbey of Hirsau, which was the most prestigious monastery
united with Cluny. The abbey of Schaffhausen (The all Saints” church, 1150) is probably the most
famous example of the architecture from Hirsau. The power and wealth of Cluny softened the ini-
tial principles of the Benedictine monastic rule. In 1115, to counteract what he thought to be a
decline of the Benedictine rule, Bernard de Clairvaux and other monks founded a new monastic
order: the Cistercians. At Bernard's death, 343 abbeys were under the Cistercian protection. In
1153, the abbey of Bonmont was founded in Switzerland, then came Lucelle in Eastern Switzer-

1. The reader can refer to the Appendix A. 1. 2. 3 for further information.
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land and finally Canobbio in Ticino. About 30 abbeys and Cistercian convents were founded in

Switzerland between the 12 and the 13™ centuries.

Romanesque period actually corresponds to an era of revival of Art and growth in Europe. Never-
theless, building techniques as well as the configuration of sacred buildings did not differ a lot
from the ones applied during the Carolingian era, which were inspired from Roman techniques
[CVLR 82].

The plans, though different all over Europe, had similar features due to liturgy. Most churches
adopted the basilica configuration. The Carolingian basilica was enlarged and the new architectural

style added an area between the chancel' and the area for the lays: the transept. The basilica was
broadly composed of one or three naves, transept, lantern-tower, towers, crypt, and chancel with
choir and sometimes an ambulatory; there was sometimes also a narthex. The chancel ground was
often slightly raised above the nave floor, which was also sometimes the crypt ceiling,. Whereas the
chevet had a semicircular cross-section at the beginning of the Romanesque era, it became flat
towards the end (premises of Gothic style [CVLR 82]). It is worth noting that only a few parts of
the church were vaulted at first; later, the whole edifice was vaulted and then the cupola placed on
the transept crossing appeared too. The west entrance was sometimes conceived, as in the areas of
the Holy Roman Empire, as a space independent (the Westwerk) from the rest of the church and
was flanked by towers (Carolingian legacy). Windows were quite small, except in buildings whose
covering was a timber framework; the outer side of walls was ornamented by lesenes and arca-

2
tures.

Note: the reader can found a map with Pre-Romanesque and Romanesque edifices in Switzerland under the

Appendix A. 1. 1. 1.

3.3. STRUCTURAL ACCOUNT

To begin this chapter, it is worth noting that the building techniques applied during both the Pre-
Romanesque and the Romanesque period essentially followed from the Roman ways of building.

3.3.1. PRE-ROMANESQUE PERIOD

3.3.1.1. Structure

As Roman civilisation became more or more stifled by German invasions, their building tech-
niques were applied less and less. Roman art of building was based on experience and had been
taught on building sites, however due to anarchy, less and less people knew how to build as the
Romans did. Compared to Antiquity, the quality of workers (stonemasons, stonecutters, master
builders, etc.) became poor. According to Yves-Marie Froidevaux [Fr 93], patterns got simpler,
Roman building techniques got lost and the edifices lacked strength. For him, Pre-Romanesque
buildings were simply a bad plagiarism of Roman construction. Walls usually were composed of

1. The reader can find the definition of this word in the chapter 14 (Glossary).
2. The reader can refer to the Appendix A. 1. 2. 4 for further information.
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two sides made up of small stones, which were more or less well cut, filled with a pebbles and mor-
tar. Walls erected with large dressed-stones were rare and only the Emperor (Carolingian era)
buildings were erected with such luxuriousness.

From a general standpoint, the Carolingian churches (untransformed since their completion) in
Switzerland have a simple structure. They are basically composed of two lateral walls, a front wall,
a chancel arch, one or three apses and a wooden ceiling with a timber framework (Mistail church,
for instance).

3.3.1.2. Masonry

As aforementioned, Pre-Romanesque masonry was composed of pebbles, small stones or of
medium-size dressed-stones, which were later preferred to pebbles for important edifices. The
courses were small, horizontal, reticulated or also fishbone-shaped and sometimes mnterrupted
with two or three tiles layers; these courses played a role of bond headers and of a horizontal layer
[Fr 93]. The type of stone, which was used, depended on the material available around the building
site (quarry, etc.). Carolingians also arranged the bonds to be somehow decorative by positioning
the stones and using colour. Mortar, which was made up of quick lime and sand, was often of poor
quality; sometimes it was even mixed with pieces of tiles.

Walls were quite thick because of structural reasons; nevertheless they got thinner as it rises to the
roof. The churches usually were devoid of abutments; however, it is possible to see pilasters along
the outer sides of the chapel in Aachen. A sort of alternation of niches and vertical flat pilasters
(Iesenes) in Milan (Saint Vincent of the meadows) as well as the very flat abutments of the church
of Saint Philibert of Grandlieu were the premises of the Romanesque style [En 02].

Regarding the tools used to cut stones, they were quite basic at that time; only the pick, the mass
and the stone chisel were used [Fr 93], [BBJPSS 99].

3.3.2. ROMANESQUE PERIOD

3.3.2.1. Structure

During construction, stone vaults were the main preoccupation of Romanesque architects. Main
naves were covered by pointed arch vaults or barrel vaults while the low-aisles, narthexes and
crypts were covered by groined-vaults. Transept crossing was often crowned by a cupola on pen-
dentives (or pendentive bracketing) [Je 76]. Though the use of vaults was more frequent, edifices
with a wooden ceiling were still erected (in the Holy Roman Empire, North and Northeast of
France). In Switzerland, Romanesque churches with a wooden ceiling are mostly found in Eastern
Switzetland.

The structural equilibrium of the main nave was usually ensured by massive lateral walls and the
low-aisles vaults that resisted the thrust coming from the main nave vault. Sometimes, there were
also buttresses along low-aisles walls to transfer the horizontal thrust from the vaults of the central
nave. The walls, which were the main supports, were sometimes quite slender. To reinforce them,
overlapping quoins were laid at the corners and lesenes along the outer faces of walls. Romanesque
supports, except in a few cases in Germany and Italy, were no longer round but cross-shaped pil-
lars (often reinforced by semi-columns or pilasters [CVILR 96]). The Romanesque architecture
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reinforced the wall that was weak around each opening, through a pillar which was usually linked
to its opposite counterpart by a transverse arch.

It is worth noting that according to the materials at their disposal, the northern countries had
rather used wood (timber framework) for long whereas in the south areas, buildings were erected
in stones (stone vaults) [CVLR 96]. Stones came from quarries in the close surroundings because

of the high travel costs (transport and tolls between feudal kingdoms). In the 11th century, good
quarries were worked and stone reefs were carefully chosen. The monks became knowledgeable
about all aspects of handling stones, right from the quarry to stone cutting,

The development of building techniques and the experience gave builders a very good mastery of
stone-dressing. It also resulted in the education of qualified masons and stonecutters who gath-
ered in societies of journeymen; however, this phenomenon developed slowly. Workers were rare
in the Middle-Ages; skilled and intelligent labour could only be found in small quantities. Con-
struction sites were consequently composed of a few workers and it was difficult to use large
dressed-stones as in Roman times when the labour was easily available. Romanesque masonry was
made up of pebbles or small dressed-stones, which did not require many workers to extract, to cut
and finally to lay. Stone-cutting technique was not new-developed up to the 11th century end: the
cutting tools were thick and their use resulted in an irregular dressed face and they also let visible
tracks of cutting. In the end of the 11t century, a beautiful cutting technique, which was carried
out through the use of a «straight cutting tool», appeared in Burgundy. According to [Fr 93], stone
cutting achieved perfection thanks to contributions from Syrian artists.

In general, light came into the edifice through the chancel and low-aisles windows. Only edifices
with a wooden ceiling and one-nave churches had direct lightning,

Already conceived in Armenia, Syria and in a few early examples in Lombardy, the r1b was used to
reinforce vaults of porches and also of crypts [CVLR 96]. This prefigures their timid use at the
beginning in the first half of the 12th century in the area of Paris, which is usually considered as
being the starting point of the Gothic style.

3.3.2.2. Masonry

The usual Romanesque bond 1s composed of medium-sized stones that are 20 cm to 40 cm thick
and 30 cm to 60 cm long. Romanesque masons no longer used small-sized stones that were used
in the Carolingian period and which required a lot of mortar. The height of courses was defined by
the width of quarry layers, in order to use it rationally, as well as the stone properties; it often hap-
pened that masonry was made up of courses with irregular heights. Walls were composed of two
outer walls and of an inner one made up of pebbles and mortar.

Note: it was however not rare that the masonry of small edifices was made up of pebbles.

This kind of walls 1s sensitive to humidity coming in the middle part through the outer walls joints;
water leads to the weathering of the mortar-stone combined material and results then in the deseg-
regation of the outer sides under thrusts [Fr 93].

Every architectural element (columns, pillars, etc.) is integrated in a course height; for instance, a
column put side-by-side with a wall 1s included within it through masonry courses. Corners are
carried out with overlapping courses.
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3.4. PRE-ROMANESQUE AND ROMANESQUE EDIFICES IN SWITZERLAND: GLO-
BAL SHAPE

WESTERN SWITZERLAND
Many of the Romanesque churches in Western Switzerland are basilicas; they are composed of a
nave, a transept whose crossing is surmounted by a lantern-tower, a choir and apses.

Xay3ieu

Figure 3.1: General plan of Romanesque churches in Western Switzerland.

Contrary to most churches, only the abbey churches of Romainmotier and Payerne have a narthex
in front of their nave. Moreover, Romainmotier has a porch on its west side. Though it is not
shown in the Figure 3.1, the transept crossing of Romanesque churches is generally surmounted
by a lantern-tower. Except edifices within the south area, Romanesque churches in Western Swit-
zerland have no bell-tower erected along nave (aisles) side. In the canton of Valais, massive towers
(Lombard style) were actually built either in front of the edifice or beside it.

Note: the above figure shows all the architectural features that can be found in Western Switzerland; however, many
of the Pre-Romanesque and Romanesque edifices can have three naves but no transept, for instance. The com-
ment is also valed for the religions Pre-Romanesque and Romanesque buildings in Eastern (Figure 3.2),
Southern and South-eastern (Figure 3.4) Switzerland.

EASTERN SWITZERLAND
Romanesque churches in Eastern Switzerland are also mainly basilicas; they are composed of a
nave, a transept, a choir, one or three apses and one tower
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Figure 3.2 : General plan of Romanesque churches in Eastern Switzerland.
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Note: though there might be a crypt under the chotr (as for the following cases), it has not been taken into
account in this thesis.

The main difference between churches of both areas (Western and
Eastern Switzerland) are the presence of a Westwerk (the narthex
structure in Western Switzerland is different) and the ceiling. The
Westwerk is composed of two towers along each side of the front wall
middle part; it is typical of important German edifices (Carolingian
legacy). Only two edifices present this characteristic in Switzerland:
the cathedral of Basel and the Grossmunster in Ziirich. In respect to

ceilings, a few churches in Eastern Switzetland® have their nave cov-
ered by a wooden ceiling, while it does not exist in the western part.

a. This is also the case of a few churches in Southern Switzerland.

Figure 3.3 : View of the Basel cathedral Westwerk.

For a few sacred buildings, the opposite side of the Westwerk may be somehow irregular (chancel
without any symmetric axis; Grossmunster in Ziirich) or sometimes the choir is surrounded by a
chevet (i.e. an ambulatory with small apses (Cathedral of Basle)).

Almost every sacred edifice in Eastern Switzerland is completed with a bell tower. However, this
one can be differently placed around the edifice: sometimes it was erected outside the building
(though connected to it) and sometimes above another church part. It is worth noting that the
tower was often built earlier or later than the rest of the church. Moreover and in many cases, the
tower is the only Romanesque part of the original sacred complex which is still standing nowadays.

SOUTHERN SWITZERLAND'

Romanesque churches in this region are essentially small one-nave churches, except mainly the
cathedral of Chur, Saint Victor's church in Muralto and the church in Biasca, which are basilicas.
Though it is not representative of the majority, the plan below (Figure 3.4) must also apply for the
singular cases of the Cathedral of Chur, the church in Muralto and the one in Biasca. In accord-
ance to the Lombard way of building churches (which highly influenced the architectural style of
churches in the italian speaking region), almost every edifice has a crypt beneath its choir, semi-
dominical apses and quite a slender tower along one of their sides. Moreover, it is worth noting
that for most of them, churches have sustained many structural transformations since their erec-

1. The denomination of Southern Switzerland includes the cantons Ticino and Graubiinden.
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tion. In fact, many were vaulted in the Gothic period for instance and often deeply transformed
during Baroque times.

porch main nave *choir
|
| m | .|
aisle |

tower

Figure 3.4 : General plan of Romanesque churches in Southern and South-eastern Swit-
zerland.

Usually, churches in the southern and south-eastern Switzerland have no porch; Biasca and
Muralto consist in two exceptions though their porch was added in the Baroque period. As afore-
mentioned, most sacred edifices in these areas are composed of one nave, a crypt, a choir, one or
more apses and one tower.

Due to its singular octagonal plan, the baptistery of Riva San Vitale cannot be represented by this
plan.

Regarding masonty, it must be said that it 1s generally made up of well-dressed stones and is some-
times dry for a few edifices in the Ticino region; on the contrary, it is difficult to identify the type
of masonry in the Graubiinden because of the lime covering the walls. It is worth noting that
though shapes are quite similar, the way of building churches in Ticino differed from the one in
Graubtinden.

3.4.1. DISCUSSIONS

It 1s worth noting that there are more Romanesque bell towers that still exist as they mtially were
after their completion than Romanesque edifices. Naves and chancels of churches have often been
later transformed according to new architectural currants (particularly in the Gothic and Baroque
periods) whereas the tower of the previous edifice was kept intact.

Pre-Romanesque and Romanesque edifices are either quite simple one-nave churches or basilicas .

All the existing edifices can be roughly gathered into 16 types, depending on the ground plan, the

1. Cathedrals are generally more sophisticated basilicas and cannot be dealt with in the framework of a gen-
eral methodology. However, if the structure of a given cathedral is not too much complex, the method
can be treated with the proposed methodology.
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kind of chancel, the type of ceiling (wooden planks or vaults), the presence of a bell-tower and of
a transept (see the figure below).

Wooden ceiling| Vaulted ceiling| Bell-tower Transept/
Lateral chapels

Simple church
with one apse

Simple church
with two/three
apses

Basilica with

one apse

Basilica with
three apses

Figure 3.5 : Types of Pre-Romanesque and Romanesque churches.
Note: churches with a bell-tower or with a transept can be either vaulted or simiply covered by a wooden ceiling.

Though built in different times, Pre-Romanesque and Romanesque churches have similar struc-
tural components. For instance, they all have a front wall, a chancel arch, lateral walls, etc., even if
the shape differs. In fact, a more in-depth study shown that each component can have different
shapes, though not too many. In consequence, every Pre-Romanesque and Romanesque church
can be characterized as an assembly of structural components that were beforehand listed.

This observation combined with the fact that structural parts of churches behave independently

from each other under high lateral ground acceleration’, justifies considering churches as an
assembly of structural components (from now on, these structural components are called «stand-
ard units») and to deal with each of them separately. This approach speeds up the analysis process,
since it 1s possible to assess the seismic strength of every Pre- and Romanesque church by simply
picking up the corresponding components from a list and adapting them to the given case.

1. That is, enough to make masonry enter the non-linear field.
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3.5. CHARACTERIZATION METHOD

All the Swiss Pre-Romanesque and Romanesque edifices have too much different structural fea-
tures. It is consequently difficult to find representative shapes for correctly identifying them.
Figure 3.1, Figure 3.2 and Figure 3.4 show edifices that have all the structural features that can be
found in the three areas of Switzerland; however, a chosen building can have only one nave, no
bell-tower and one apse. Therefore, a characterization method must be developed.

In order to be able to characterize quickly every Pre-Romanesque and Romanesque edifice in Swit-
zerland with common denominators of structural features, a characterization method 1s set up.
This method, which allows the characterization of any Pre-Romanesque and Romanesque build-
ings through the use of a few similar structural components, so-called standard units, is presented
in this chapter. The list of structural components was drawn up on the basis of a survey carried
out in the context of this PhD thesis on Swiss Pre-Romanesque and Romanesque sacred edifices.

After a listing of the identified standard units, the method is applied to a few sacred edifices in
Switzerland that are located in the three areas aforementioned.

3.5.1. STANDARD UNITS

The common denominators of structural components of Pre-Romanesque and Romanesque
edicies, i.e. the so-called standard units are:

Transept(TR)
N

Ceiling(CE) Lateral wall (LW2)

Front wall

(FW)

Lateral wall (LW1)
I "Wms "m-

Choir (C)
Tower (T)
Figure 3.6 : Standard units designation.

3.5.1.1. Chancel part

In the framework of this report, the chancel part corresponds to the eastern area (according to the
building rules of that time that required to erect a church along the west-to-east nave axis). It is
composed of apses and the choir area; the church sanctuary (chancel) actually is located within
both these zones.
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In Switzerland, the eastern side of Romanesque churches is generally composed of apses (one or
more), which may have various shapes (see below under the section apse units).

However, for most cases, the east side 1s composed of three
apses: two small ones around a larger one. Moreover, the
apses are built side by side with the choir area. With an
ambulatory, the chevet of the Basel cathedral is a particular
case of Romanesque churches; though smaller, Lausanne

cathedral, also presents a similar Romanesque chevet.

Figure 3.7 : Representative eastern side of Romanesque churches in Switzetland.

Although the three-apse configuration
(Figure 3.7) is the most frequent one in the given
area, other patterns can also be found. In
Figure 3.7, the chancel is enclosed within the
main apse area. However, in some cases the sanc- choir

LPSES

tuary occupied a wider surface than the semicir-

cular floor area of an apse: the choir (Figure 3.8). iransebt I . --
: : : : = CTOSSing . tr
This pattern 1s usually found in churches with | 2 = ng_ i I

transept (middle-size edifices).

Figure 3.8 : Plan of the chancel of Pre- and Romanesque churches with transept in Swit-
zerland.

The configuration in Figure 3.9 has actually been found in
two churches in the Ticino canton. Other churches have \
only one or two apses; for instance, the cathedral in Chur Y apses J

2 S TR (g i E—
has a choir but only one apse. Contrary to many churches in
Western and Eastern Switzerland, the edifices in the south choir
have no transept. = = -
Figure 3.9 : Plan of the chancel of Pre- and Romanes- - favVe. .
que churches without transept in Switzer- v : ) v
land.

To deal with those different existing configurations of the chevet and the sanctuary, one has to
divide it into standard structural units which can be identified in every Romanesque church.

Note: the crypts are not considered in this stud.

The identified units within the surveyed Romanesque churches are presented in the following
chapters.
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APSES UNITS

Seven units have been identified amongst Pre- and Romanesque churches in Switzerland.

Half-  Semicircular Semi Square floor Square floor Parallelogram Square floor
dome floor area polygonal area with  area with rib  floor area area with a
with rib- floor area  barrel vault vault with rib vault  flat wooden
vault with rib-vault ceiling

A7

Figure 3.10 : Standard structural units for apses.

Each type of apse can have different dimensions and also different opening configurations; their
number and size depend on the construction period, the region and the religious congregation
who built the edifice. Regarding the identification of the apse units, the opening configuration
does not matter in the framework of the characterization methodology.

The apses of Pre-Romanesque and Romanesque churches actually were half-domed or barrel-
vaulted; nevertheless, most of them were later transformed, especially during the Gothic and the

Baroque periods. This is why the apse units are so numerous..

Note: if the church was transformed during the Barogue period (frequent case in Eastern Switzerland), the whole
edifice sustained transformations unlike during the Gothic era.

1. Considering only the untransformed Romanesque apses, would have been incorrect.
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CHOIR UNITS

Choirs are usually composed of plain walls or pillars-wall system, as in the main nave; from the
survey carried out on Pre- and Romanesque churches in Switzerland, the following patterns were
recorded:

C1 C2 C3 C4 C5

C6 C7 C8

—
=

Figure 3.11 : Standard units of choirs.

The units C1, C2 and C3 corresponds to the parts that are in continuum with the low-aisles or

with the transept aisles. Moreover, C1 is typically a outer wall!,

Units C4, C5, C6 and C7 are part of the choir middle area, following the main nave direction. C8
is a particular unit that corresponds to a two-floor choir that can be found in the Basel Cathedral.

Note: arches can be either pointed or semicircular, the above standard units might have a gable.
3.5.1.2. Chancel arch

This structural part, which is usually either situated between the transept and the nave, between
the choir and the transept or between the eastern side (apses) and the adjoining structural element,

1. There can be an opening,
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is found in cathedrals, churches and chapels. Most chancel arches in basilicas have the TAH3 or
TAH 4 shape. Chancel arch of smaller churches have a TAH1 or TAH2 shape.

TAH1 TAH2 TAH3 TAH4
TAH5 TAHG6 TAH7

N

Nl

TAHS

Figure 3.12 : Standard units for chancel arches.

TAHT7 type of chancel arch is quite unique and is found only in the Abbey of Payerne.

The chancel arch might be coupled to a bell tower, as it is in the church in Amsoldingen.
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3.5.1.3. Transept

The structural units belonging to the transept actually are part of either the chancel arch standard
units or of the nave walls standard units (I'R1 and TR2 in Figure 3.13); the other units are lateral
parts, that is, in the nave continuum (TR3 and TR4 in Figure 3.13).

TR1 TR2 TR3 TR4

N

Figure 3.13 : Standard units for transepts.

3.5.1.4. Nave and Lateral Walls

For basilicas, lateral walls correspond to the vertical panels that divide the main space into a main
nave and two low-aisles. In case of simple churches, lateral walls are indeed the outer walls of the
nave. Only three types of lateral walls were recorded for sacred edifices in Switzerland:

Lw1 LW 2 LW 3

o

Figure 3.14 : Standard units of lateral walls.

Note: the number of openings (arches or windows) vary.
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3.5.1.5. Ceiling

Ceilings in sacred churches are usually of two kinds: vaulted ceilings and the ones composed of
wooden planks.

Wooden ceiling Barrel vault Groined-vault Cross-vault

Figure 3.15 : Nave standard units.

These units are also used for describing the ceiling of the tran-
sept, choir, narthex and the Westwerk. Furthermore, the
cupola on pendentives is also put into the nave standard units
category (Figure 3.16).

Figure 3.16 : CE5 nave standard units.

3.5.1.6. Front wall

The side opposite to the choir is the front wall; in a few cases, this side might not be clearly visible
since a tower, a narthex, a Westwerk or a porch could have been erected in front of it. Neverthe-
less, even if the front wall is not clearly visible, it must be taken into account because of its contri-
bution to the transversal rigidity of the church.

The front walls essentially differ in their dimensions and also in the opening configuration.
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FWw1 FW2 FW3 FW4
This unit is symmetric  This a simple two-slope FW3 corresponds to a  Because of
and quite wide; it has a  wall with a median sym-  rectangular wall. diverse reasons,
small setback at the metry. It usually corre- we can find half
separation between the sponds to one-nave a wall in front of
main nave and the low- churches. a church.

aisles.

1 11 W

]
gl 1@
Saint Jean's church in Abbey church of Abbey church of Pay-  Basle cathedral
Grandson Romainmotier, Einigen erne
church, Mistail church
FW5 FW6 FW7
This front wall is fre- This shape corresponds to basil- It corresponds to the shape of a
quently found in front icas (three naves). basilica whose one side is cut-like
of tribunes. because of the presence of a bell-
tower.

s

Grossmunster in Zurich  All the Saints in Schaffhausen, Spiez church
Saint Victor's church in Muralto

Figure 3.17 : Front wall standard units.

The confiouration of openings is schematic; there might be more or less openings, smaller or big-
g P g g P 25 g
ger and also differently situated.
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3.5.1.7. Bell-tower

Contrary to other parts in Switzerland, Romanesque churches do not usually have any bell tower
in the west part. Nevertheless, a few edifices are flanked by a tower which is generally situated in
front of the church (linked to the front wall). This is the case of the churches in the canton of Val-
ais and in the northern part of western Switzerland (Saint-Imier and also in Saint-Ursanne). In the
south, the presence of towers is due to the Lombard architecture influences and in the north of
western Switzerland, towers were generally built later and probably on an original narthex. In east-
ern Switzerland, almost every church has a tower and sometimes even two (Westwerk).

It is worth noting that the Ticino area essentially has LLombard towers (massive with small gemel
windows and a pyramidal spire) whereas the Graubiinden region towers with a small two-slope
roof are more frequent. In eastern Switzerland, many different types can be found. All the

recorded types are listed below:

T2 T3 T4 T5

~l
Figure 3.18 : Standard units of bell-towers.
T6 T7 T8 T9
\ /

Figure 3.19 : Standard units of bell-towers.

Note: the spire of bell-towers do not necessarily date from the Romanesque era or earlier, as is the case of
T9.
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3.5.1.8. Buttresses

Buttreses are taken into account as being a part of the lateral walls or the walls that are connected
to the given buttresses.

As the seismic response of flying buttresses has not been addressed in this research work, they are
not included in this characterization method.

3.5.1.9. Narthex, Westwerks

Narthexes and Westerks are taken into account by the method through front wall, lateral wall and
tower units. Nave units are used for their interior.

3.5.1.10. Porches

Porches are not considered in this method because their structural response under seismic loading
is not addressed.

3.5.2. APPLICATIONS

The method, which has been presented in the previous sections, is applied to four Romanesque
edifices in Switzerland; they are: the abbey of Payerne (Western Switzerland), the church in Saint-
Imier (Northern Switzerland), the castle church in Spiez (Central Switzerland) and the church in
Mistail (EasternSwitzerland).

3.5.2.1. Payerne

A canon community came to Payerne between 940 and 950; this community was actually affiliated
to the Cluny congregation in 961-965 and Payerne became one of the main Benedictine monaster-
ies in western Switzerland [St 72]. This probably explains the new style of the east side that is one

1 th

of the best examples of the 11" century Cluny architecture in Switzerland.

Al

Figure 3.20 : Outer views of the abbey church (north-west side, Eastern side) [Me 96];
inner view of the main nave (eastward).
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STRUCTURE

As aforementioned, the east side configuration differs from other Benedictine churches in Swit-
zerland of that time: there are five apses (one median and four small lateral apses) of a different
height. Moreover, each apse is covered by a different kind of vault.

The six-bay nave, which narrows towards the narthex, is composed of one main nave flanked by
two low-aisles. Those are covered by groined-vaults, whereas the main nave ceiling is made up of a
barrel vault with transverse arches.

The two-storey narthex contains a chapel dedicated to Saint Michel at the first floor.

Masonry 1s characterized by small courses and small units of Jurassic stone which probably came
from the Roman ruins of Aventicum [Sc 71].

It seems worth noting that the edifice was restored and slightly transformed in 1920 [St 72].

FOUNDATIONS

Oth

The canon community erected a church in the beginning of the 10™ century on the foundations of

a villa built in the 3 century. It was later transformed and a narthex was added as well as an
atrium. The present church, which seems to have been designed by Odilon, was erected in the end
of the 10 century without using the foundations of previous edifices. A few decades later, there
was a plan to rebuild the edifice completely; however, building work was interrupted and only a
new east side was erected.
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APPLICATION OF THE METHOD

Al f Al

mC2
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241 After adjunctions, 14t 15th, 16th ¢,

Figure 3.21 :Application of the method on the Abbey of Payerne.

Church part Units Comments
East sid Al (3x), A2 | The east side is composed of a half-dome-shaped main apse
ast side (2x) with four semicircular rib-vaulted apses.
il) (é);)_’ 3C)2 A few C2 (connected with the apses) and one C4 have a gable.
Choir (), (3), The ceiling of the four secondary choir elements is groin-
CE3 O | Gaulted, whereas the main one is covered by a rib-vault
CE4 (4%) aulted, whereas the one is covered by a ault.
TAHG, TAHT type of chancel arch is quite unique and is found only
e TAH7 in the Abbey of Payerne.
TR1 (2x), | The crossing is covered by a rib-vault. The lantern tower,
Transent TR4  (2x), | which is above it, is taken into account by the chancel arches
P CE3 (2x), | and the TR4 type of transept. Both transept arms have a
CE4 (1x) groin-vault as a ceiling,
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W2  (2x), | The main nave ceiling is a barrel-vault (that is rather more
Wi LW1 (2x), | elliptic than semicircular) which is structured through trans-
CE3 (14x), | verse arches along its axis. The low-aisles bays are groin-
CE2 (7x) vaulted.
i This new chapel (built after the building completion) is taken
LW3 (Ix), |. , :
Chapel < /| into account based on the assumption that its walls are well
CE3 (1x), C2
(1x) connected to that of the church.
Front wall FW6  (1x), | The wall separating the nave from the narthex is rectangular,
FW3 (1x) whereas the front wall of the nave is of a basilica type.
The structure of the narthex’s second floor is composed of
LW3 (2x), : : i
groin-vaults, while the first floor seems to be constituted by a
Narthex CE2 (3x), & w % i
s barrel-vault. The words in italic indicate the structure of the
CE3 (3x) .
second floor ceiling.
Front wall W3 \l‘: ZLE front wall of this church also corresponds to the narthex

Note: the stairs leading to Saint Michael's chapel is situated in the nave and along the front wall.

3.5.2.2. Saint-Imier

The church was erected in the beginning of the g century and a narthex was added in the 12th
century.

A fire partially damaged the edi-
fice in 1512; the transept as well
as the nave was repaired. The
frescoes painted on the crossing
walls date from this period.

On the contrary, the paintings in
the apse, which were discovered

in 1930, are Romanesque.

Figure 3.22 : Inner and outer view of Saint-Imier's collegiate church [BKQ 97].

The apsidal chapels were destroyed in the 19th century and directly reconstructed.

STRUCTURE

The three-nave basilica has a flat ceiling and the six-bay nave 1s as wide as the churches of Amsol-
dingen and Schonenwerd. On the contrary, the chancel type differs since in this case, a transept
crosses the nave and separates it from the three-apse chevet of the church.

The east side of the church is composed of a median apse flanked by two lateral smaller apses
whose ceiling has a cul-de-four shape. The main apse is taller than the other ones and as tall as the
transept upper edge. There is no visible buttress.
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Masonry seems (according to a picture) to be made up of small dressed stones.

APPLICATION OF THE METHOD

10m

TAH4 TR2

TAH4

Figure 3.23 : Application of the method on the church in Saint-Imier.

Church part Units Comments
East side Al (3x) The east side is composed of half-dome-shaped apses.
The chancel arches of this church are the most frequently
Changelarch | LAHG (2R found in Pre- and Romanesque churches in Switzerland.
TR2  (2x),
Transent TR4 (2x), | The crossing is covered by a rib-vault. Both transept arms are
P CE1 (2x), | covered by a wooden ceiling;
CE4 (1x)
LW2  (2x),
Nave LW1  (2x), | The nave is covered by wooden ceilings.
CE1 (18x)
The wall separating the nave from the tower is of FW6 type;
Front wall FW6  (1x), | new rooms were made in front of the FW6 element and two
SOREN FW4 (2x) FW4 were required to close them. Nevertheless, the configu-
ration of these rooms is unknown.
Tower 19 The tower was transformed after its completion.
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3.5.2.3. Spiez: castle church

As stated above, the castle church of Spiez is a part of a
group of Romanesque churches around the lake of Thune.
They were all founded by the old Burgundian dynasty and
were probably built by Lombard craftsmen [Ha 74].

Noticeable Romanesque frescoes from the beginning of the

11th century were discovered when they restored the church

in 1950 [SS 79].
Figure 3.24 :View of the castle church in Spiez [Mo 72].

STRUCTURE

The present edifice was built on a previous church whose tower and wall were kept (a clear change
of masonry confirms it [Ha 74]).

This three-nave church is about 25 m long and 10 to 15 m wide;
moreover, the four-bay nave ends by a three-apse chevet, without
transept. The naves are separated by arcades built on massive pillars
(with a squared cross-section), which were erected on the previous
edifice foundations. Like other important edifices of this area, the
chancel was raised in order to cover a crypt.

Whereas the ceiling of the main nave is made of wooden planks, the
median apse is barrel-vaulted and both lateral apses are covered by a
groined vault [Mo 72].

Figure 3.25 : Inner view of the Castle church in Spiez [Mo 72].

In elevation, it is worth noting that the roof ridge of the presbytery is lower than the one of the
choir which is itself lower than the nave roof ridge [Ha 74].

FOUNDATIONS

Archaeological excavations (the knight grave gave much information regarding the date of build-
ing) showed that there was already a previous edifice at the place of the present church. Like in
Wimmis, it was a hall-church with lateral appendices.
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APPLICATION OF THE METHOD

TAH3

TAH3 N

N2

Figure 3.26 : Application of the method on the castle church in Spiez.

Church part Units Comments
East side Al (3x) The east side is composed of three half-dome-shaped apses.
There are two similar units that share the east side of the
Chaneelarch | TAHZ (2x) church; at each times, the roof ridge is upraised.
: 4 (2), Both lateral parts are supposed to be covered by groined-
Choir CE3? (2x), .
vaults, whereas the central part is barrel-vaulted.
CE2 (1)
LwW2  (2x),
Nave LW1  (2x), | The whole nave is covered by wooden ceilings.
CE1 (11x)
Front wall FW7 (1%) The surface on the left of the eastern side belongs to the bell-
tower.
g TS The tower, which has a square cross-section, is crowned by a

timber roof (characteristic of the Bernese region).

Note: there is a crypt; nevertheless, it is not allowed for in this method because the seismic response has not been

addressed.
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3.5.2.4. Mistail: Saint Peter's church

This edifice was built at the junction of a few military
and economically strategic valleys; it was situated close
to an important road during the Middle Ages period,
which was called the bishop road and connected Chur
or Domschleg to the Septimer and the Julier pass.

Saint-Peter's church dates from the second half of the
8th century; it was enlarged (sacristy and bell tower) in
the 14th century (consecrated once again in 1397).
Large structural transformations were held at the
Baroque period, Le. in 1640-1690.

Figure 3.27 : Outer view of the church [Br 79].

This church is probably the oldest Pre-Roman-
esque edifice (not being a baptistery) which is still
standing in Switzerland. Moreover, with Miistair,
this is one of the best examples of the characteris-
tic Carolingian architecture of this area.

The church is composed of a rectangular nave
which is crowned eastwards by three semi-domini-
cal apses. The tower, which stands to the west of
the edifice, as well as the sacristy, were made higher
in the Baroque period [Br 79].

Figure 3.28 : Inner view of the church (apses).

APPLICATION OF THE METHOD

El Carolingian church
B Elements from the 14th c.

Figure 3.29 : Application of the method on Saint Peter’s church in Mistail.
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Church part Units Comments

The east side is composed of three half-dome-shaped apses
Fast sid \1 (3x) well interconnected (no clearly separated) to each other. There
Hast side Al (3x ‘ . o

1s only one small window per each apse; the covering is a slate

roof (there is no timber framework)

- The chancel arch, whose shape is the same as the front wall’s,
Chancelarch | TAH2 (1) | | 800 e onenings, P

LW2 (2x), | The main nave 1s covered by a wooden ceiling. This type of

Nave CE1 (1x) nave is also typical of chapels.

Front wall FW?2 (1) T'wo-slope front wall with a tower erected in front of the
south part of the front wall.

Tower T2 Tower with a pyramidal spire; it was erected in the 14™ cen-

tury.
o

Note: the two small annexes are not taken into acount since their walls are probably not well connected to
the rest of the church; however, this point should be checked in case of a real application of the
method.

3.6. DISCUSSIONS AND CONCLUSIONS

As shown within this chapter, Switzerland is rich in Pre-Romanesque and Romanesque edifices.
Moreover, they can be very different because of numerous reasons such as the place, the monastic
congregation that built them, the culture, material at disposal, etc. In order to be able to deal with
all of them, they must be simplified or characterized differently than as a whole. In this study, the
characterization approach is adopted and a method to make it is developed.

This method, which was presented under the chapter 3.5, actually constitutes the first step of the

global mf:tl'lodolog}-'1 proposed in this report; it allows the engineer or the architect to characterize
a given edifice as a juxtaposition of structural components. This step prepares the application of
the level 2 of the methodology (chapter 9), which 1s based on the macro-elements approach, pro-
posed for assessing the seismic vulnerability of sacred buildings. Macro-elements indeed corre-
spond to the standard units; the former term refers to them as structural components (civil
engineering standpoint), while the second term describes them as architectural components.

1. That is, the methodology for the assessment of the seismic vulnerability of Cultural Heritage Buildings
in Switzerland.
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CHAPTER 4

Observed damage on churches
due to seismic events

4.1. INTRODUCTION

A survey of damage suffered by cultural heritage buildings due to
earthquakes 1s of prime importance since it gives interesting hints
on their seismic response. Furthermore, the weakest links of such
kinds of structures (or of masonry) can be identified according to
the frequency of occurrence of different types of damage.

Such a survey has been carried out for Switzerland on the basis of
the information in archives. Cantonal and communal archives as
well as archives from the bishopric of Sion and parishes were used.
Information from papers written by members of the Swiss Seismo-
logical Service was also gathered and has been of prime interest. In
respect to the aforementioned archives, it must be said that reports
about damage on buildings after earthquakes were sometimes miss-
ing.

In addition to events in Switzerland, relevant observations recorded
after the Tolmezzo earthquake that struck Italy are also presented
in this chapter.

4.2. DAMAGE OBSERVED IN SWITZERLAND

The observed damage on churches in Switzerland are described in
this section. This is classified according to the seismic event that
created it. This approach allows us to compare damage that
resulted from a seismic event, although the peak ground accelera-
tion that subjected churches within the struck area was not the
same.

Only the events that resulted in significant damage to sacred build-
ings are recorded. Consequently, the damaged churches are not
necessarily Pre-Romanesque and Romanesque.
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The time required to list the damage on churches recorded after an earthquake, long after the seis-
mic event can be significant; indeed, the search of archive documents proved to be difficult. Since
it was not a focus of this PhD thesis the search of documents has been carried out according to
the time at disposal and the research needs. The list of damage given below is not exhaustive
though it likely includes most recorded damage.

4.2.1. SEISMIC EVENT OF 1356, BASEL

In October 1356, the ground shook in the area of Basel; this earthquake, whose intensity reached
the level of IX on the EMS-98 scale at the epicentre, is known at the strongest earthquake that
occurred in northern Europe since the first millennium.

A multi-disciplinary study enabled researchers to set up an isoseist map (Figure 4.1).
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Figure 4.1: Isoseist map of the 1356 Basel earthquake [We 03], [MC 79]; damage
recorded in the area of Basel [Me 05].
Legend:

Town, highly damaged but rebuilt
(repaired) later

m | City, highly damaged ®

B City, without damage or slightly & | Town, damaged in 1356, neglected and
damaged finally disappeared

v | Town, undamaged or slightly damaged

In a radius of about 30 Km almost every church, castle and fortification was destroyed as written

in the «Red book» of Basel cit_vl.

1. The reader can found the actual text in German in Appendix A. 2.2,
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«One should know that this city was destroyed
by an earthquake; no church, no tower and no
masonry house survived it, either in the city or
in the surroundings, every building was highly

St. Johann
Dorminikan

Tor,
iﬂd%

damaged. The city ramparts also partly col-  Kiingenthal
lapsed. [...] as fire set in the night and lasted dur- Pmdw_k'@ Sf.:;koiausOvaaaa
ing the next eight days people was no longer st Pover | TP
able to face with the earthquake. The part of the Gradenthal . Martin St} Theodor
ity enclosed within the city walls burnt almost 0™© oY

city enclosed within the city walls burnt almos oot e O b Kertse
completely...». ®%

St. Ulrich
As aforementioned, the city of Basel was struck | st Leonhard™ \/® Bartissor |
hard; an indication of the damage sustained by Steinen-Kioster |
edifices 1s shown in Figure 4.2. Masonry build- 6@9
ings, as sacred edifices, were highly damaged; for () Spitalschiren ‘

instance, the cathedral of Basel and the church
of the preacher sustained severe damage.

Overview of the damage to buildings due 1o
the 1356 seismic event.

® High damage to buildings

O Moderate damage to buildings

O Small damage to buildings
= Area with small damage to buildings
GLX> Area with high damage to buildings

Figure 4.2 : Overview of the damage to
buildings due the 1356
earthquake in Basel; source:
Swiss Seismological Service.

BASLER CATHEDRAL

It is likely that the Basler Cathedral was one of the most damaged masonry buildings of the city due
to the seismic event. According to specialists, the choir vaults fell down [Me 06], the transept vaults
also must have sustained damage, the main nave vaults (it is written in [Me 06] that the west tower
was broken and its upper part fell down on the vaults of two bays) got damaged, one lateral tower
collapsed without being reconstructed and the facade of the Gallus’ gate cracked (the «wheel of the
fortune» (rosace) collapsed while the facade was moderately damaged). Whereas vaults were
rebuilt, the damaged (or collapsed) tower was not replaced. The Gallus’ gate facade, was repaired
and the rosace rebuilt; however a crack however still exists and can be easily seen by passers-by.

Figure 4.3 : Crack beneath the so-called «the wheel of the fortune» rosace, Galluspforte
(Gallus gate).
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CHURCH OF THE PREACHER

Specialists observed a change of masonry
within the fabric of the church of the
preacher (in English: the preacher church);
the interface was found all along the wall of
one aisle from the level of choir down to the
front wall (Figure 4.4). The choir as well as
the front wall were still standing after the
earthquake; this might be explained by the
compactness (from a structural point of
view) of the choir and the abutments on the
front wall that reinforced it.

Figure 4.4 : State of the church of the preacher after the 1356 seismic event [Me 05].
It must however be kept in mind that the Figure 4.4 1s only a reproduction.

4.2.2. SEISMIC EVENT OF 1755, BRIG/ NATERS (VALAIS)

On December 9, 1755, the region of Brig (Valais) shook under a very strong earthquake. The epi-
central Intensity (I)) was estimated to be VIII (Epicentre: Brig/Naters) and the Moment-Magni-
tude (Mw) was 6.1 (Richter’s scale) [ECOS 02]. This region was struck many more times in the
following days and months by smaller seismic events that were characterised by magnitudes
between 2 and 4 on the Richter’s scale; about 22 events were recorded in the same area.

4.2.2.1. Damage

Below are the important damage that were reported at that time (L.e. in 1755).

BRIG

In a chronicle, a Jesuit priest who witnessed the event gave some details of it; he wrote: «On Decen-
ber 9, at 2:30 p.m., a terrible noise was heard that came from the underground, as lo make people going out from
their house. Then we thought Brig was about to collapse.|...]. The earth shook during about 40 seconds; every house
shaking along north-south direction cracked. Almost all chinneys were thrown down; churches suffered great dam-
age; towers were split from top to bottom.» [Be 56]. Moreover, the church of the Jesuit college sustained
serious damage: their mansion cracked almost in all parts and the temple vault fell down.

Other cultural heritage buildings also suffered from the earthquake such as the Stockalperpalast
that sustained severe damage to its outer walls.

GLIS

A wall part of the bell tower of Maria Himmelfahrt Kirche fell down on the vault and destroyed it
as well as the altar that was beneath it [Be 56]. It is added in another source [JWK 97], that the fall-
ing part destroyed the arch of the church; that probably corresponds to the chancel arch. It is
worth noting that the tower (about 30 m high (without roof); 1230-1290) was built on the basis of
the Sion Cathedral bell tower.
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According to all sources, Glis suffered more than Brig from the 1755 earthquake.

NATERS

According to the archives of the city of Visp [Visp ArP], the church in Naters was highly damaged
by the 1755 earthquake. In [G1 04], it 1s written that «the arch of the bishops church collapsed, sweeping
away two bells and destroying the organ and some part of the interior». Furthermore one can read in [Be 50]
that the vault also collapsed.

At this point, damage recorded by both sources does not exactly correspond to each other; it may
be accepted however that the vault (that was maybe called an «arch» in the first source) actually col-
lapsed and destroyed the organ and a part of the interior.

4.2.2.2. Summary

According to the above survey, vaults and bell-towers were the most damaged parts of churches
due to the 1755 earthquake. Unfortunately, it is difficult and also specious in most cases to draw
conclusions or hints on the seismic response of the damaged buildings because their initial (before
the seismic event) state and sometimes their shape is at present unknown. Nevertheless, since the
shape of the Glis bell-tower was not modified after the earthquake and as it is still standing today, it
is possible to make some conclusions about its seismic response. First, the presence of tie-rods
only in the upper part of the tower indicates that the largest deformations were concentrated at this
level; the initial reinforcement of the corners by quoins was probably not enough efficient. Moreo-
vet, the replacement of the roof, which may initially have been made up of masonry like the bell
tower of the Sion Cathedral, into a lighter structure in wood shows that this part must have been
damaged.

The long duration (40 seconds according to [Be 56]) of the 1755 earthquake can also be an impor-
tant factor in the damage to buildings; nevertheless, this factor must be considered with precaution
because of the difficulty in assessing time on the spur of the event and also because the movement
of buildings usually lasts more than the seismic event.

4.2.3. SEISMIC EVENT OF 1855, TORBEL (VALAIS)

On July 25, 1855, the region of Visp (Valais) _
was struck by another strong earthquake. The - - ¢
epicentral Intensity (Io) was estimated to be ' '
VIII  (Epicentre: Torbel), whereas the

Moment-Magnitude (Mw) was assessed to be SR S
6.4 (Richter’s scale) [ECOS 02]. This region N

was once again struck on the next day by two ' 4 \

seismic events of magnitudes 5.6 and 5.2 S/ Visp

[ECOS 02]. The earth continued to shake dur- 'ﬁ#

ing the next month: a dozen of earthquakes of
smaller magnitude were then recorded.

Figure 4.5 : Isoseist map of the 1946 earthquake in Switzerland [Sc 89] (updated by data
from the Swiss Seismological Service).
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4.2.3.1. Damage

CHALAIS

In 1855, the earthquake sertously damaged the previous church of Chalais, whose existence was

already attested in the 13 century [MMS 97]. It was damaged so badly that a new one was built
and consecrated in 1858 [Cha ArP]; this 1s actually the present one.

GRACHEN

D. Lenoir wrote in [Le 49] that the vault of the church was cracked; the present church was later
modified and the stone vault was changed into a wooden one. This fact is confirmed in the list of
reparations that were planned after the earthquake [Sion ArC]: 2 tie-rods in the choir, 4 tie-rods in
the nave, the ceiling of the ossuary, to repair paintings, one arch, the ceiling and to repair the vault.
For all the reparations, 900 CHF were calculated.

Besides the church, the chapels (the chapels «auf der Luin» and «an der Egge») also sustained
important damage. The Chapel «auf der Luin» was less damaged while the bell gable and the nave

Figure 4.6 : Chapel «an der Egge» and the parish church at the time of the 1855
earthquake.

NATERS

According to E. Jossen [Jo 00], the church in Naters was highly damaged by the 1855 earthquake.
The part of the nave vault that was along the front wall broke down and resulted in destroying the
organ that laid on the tribune. The portal also collapsed. All the reported observations show that
the tower moved so much that it catapulted the bells out of the windows.

SANKT-NIKLAUS

Most reports described Sankt-Niklaus as the town that suffered the most from the 1855 earth-
quake. According to the archives of the State of Valais [Sion ArC], the vault of the church col-
lapsed (the whole vault had to be repaired as well as 7 arches), two dozen square meters of walls
had to be repaired, many cracks had to be refilled, the organ and most pews were destroyed or
heavily damaged. Moreover, 12 arches of the bell tower and the roof also had to be repaired; 8 tie-
rods had to be inserted into masonry. The damage was so heavy that Noggerath even wrote the
church was irreparable [N6 55].
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The church was erected in the 1750s after the previous one was smashed away by an avalanche; the

bell tower dated from the 17 century.

Figure 4.7 : Views of the parish church in Sankt-Niklaus of 1855.

STALDEN

According to both Noggerath [N6 55] (translation from German: S. Fritsche [FFGGD 06]), Stal-
den was at least as much disrupted as Visp. The church and its tower were cracked in many places
and the wall separating the vault of the nave from the choir collapsed. Nevertheless, this informa-
tion was not confirmed by Heusser [He 56].

The parish church, Saint-Michael, which was built in 1777, is the oldest of the Visp valley. The
reported damage after the 1855 earthquake are in [Sion ArC]: rebuilding of the arches of 9 win-
dows, the tower arch (probably the chancel arch) and keystone, 4 keystones in the bottom part of
the tower, refilling cracks and making a survey of the foundations (to the south). Every description
of damage survey is unfortunately depending on the vocabulary used by the reporter; with time it
becomes indeed more difficult to know exactly what a word precisely meant. For instance, we do
not know accurately what corresponds to the tower arch.

Nevertheless, the survey carried out in 2005 (May) of
this church showed the following features: there are
vertical cracks above upper windows as well as in the
anchorage area. Moreover, vertical splits were
observed along the inner side of the nave at the con-
nection between the nave, the chancel arch and the
tower. There is no proof that this damage results
from an earthquake.

Figure 4.8 : Vertical cracks along the connection
of the nave to the bell tower.

TORBEL

In the diary of the priest of Torbel, who was in office at that time, it is written that the vault of the
church collapsed and damaged the organ in the tribune, the pulpit, the pews, statues and the altars
[FEGG 06].
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VISP

Vaults of both churches in Visp (St Martin’s church and the Three kings’ church) collapsed; the
pinnacle of the St-Martins bell tower broke down and fell, while the rest of the structure and espe-
cially the lateral walls were highly cracked. In [N6 1855], it is written (translation from German
[FEGG 00)): «... én the St-Martin's church, the con-rods tightening the lateral walls below the vaulls |...], partly
broke, partly had been pulled out of the walls». This fact is confirmed by [He 1856], who added that the
walls of both churches were disrupted in many places.

Figure 4.9 : Engraving of the St-Martin’s church (J.V. von Osterwal) around 1825 [Sc 01]
and after the 1855 earthquake (J. C. Heusser, 1856).

Moreover, Heusser mentioned the fact that even the ground (rock) was cleft around the St Mar-
tin’s church (erected at a hill top). He recorded one half-foot to one foot wide cracks. It is worth
noting that all the above recorded damage reflect the situation after at least the main shock and
both aftershocks that occurred the day after; it 1s written in [RCom 60] that keystones in both
churches in Visp collapsed, the ceiling fell down and the square was covered by a 3 feet high layer
of plaster, rubble and all kinds of rubbishes.

In [Ru 84], it is observed that the chancel vault of the Three-King church was damaged whereas
the ceiling vaults fell down, destroying the organ (toward the front wall; on the tribune) and the
pews.

Like the parish church in Stalden, a vertical crack in the west lateral wall of the nave is observed at
the connection of the nave with the bell tower.

VISPERTERMINEN

The spire of the parish church was broken and its walls highly cracked; likewise, chapels along the
procession lane were also heavily damaged. The most damaged building was the Gnadenkapelle
(also called Waldkapelle) whose vault collapsed.

The so-called alte Waldkapelle (old chapel in the forest) in Visperterminen was built in 1730-40.
According to G. Studer-Freuler [St 94|, it was roomy and made with a good taste. The chapel
shape was similar to the one of the Three Kings’ church in Visp and it reminded more generally
the pattern of Baroque churches from Southern Germany. The architect came from the Vorarl-
berg region (Austria).

50  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



It is important to note that this chapel was already damaged by the seismic event of 1755 [Sion
ArB]; according to [St 94], it resulted in two cracks: one in the choir walls and one in the portal (or
in front of it; it is not clear). At that time everyone thought it was due to the soil conditions but
they changed their mind after removing the covering. According to [St 94], it seems indeed obvious
that damage was caused by the timber framework. Nevertheless, the type of connection between
the framework and the walls is not known.

After displacing the altar to the new parish church in
the middle of the town, villagers no longer visited the
chapel.

The damaged chapel collapsed during (or after) the
earthquake of 1855 whose epicentre was situated in
the town of Térbel (Visp valley).

Figure 4.10 : Damaged chapel inVisperterminen;
picture taken in 2005.

4.2.3.2. Summary

Once again, in comparison with the damage recorded after the 1755 earthquake, vaults and bell-
towers are the most damaged parts of churches. Nevertheless, the record of damage highlighted a
few more hints on the seismic vulnerability of vaults and bell-towers. For instance, vaults close to a
rigid facade, like the front wall, collapsed first (Stalden church). Moreover, the fact that lateral walls
can move differently (out of their plane) was proved by the surveys carried out by Noggerath [N6
55] and Heusser [He 56].

With respect to bell-towers, their seismic vulnerability was confirmed by the damage observed after
the 1855 earthquake. The spire was damaged and the upper part was cracked and corners showed
signs of dismantling since they were always reinforced by tie-rods (St-Niklaus, Stalden and Naters).

Finally, the chancel arches showed serious damage (Naters and Stalden); this fact is interesting
since it highlights the enhancement of the setsmic vulnerability of chancel arches because of the
closeness (that 1s, a wall of the bell-tower is supported by a part of masonry belonging to the chan-
cel arch) of a bell-tower.
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4.2.4. SEISMIC EVENT OF 1946, SIERRE (VALAIS)

In January 25, 1946, the Alpine region was

struck by an earthquake of moderate mag- : )
nitude (6.1 on the Richter’s scale was ] v
measured at the epicentre (Sierre)). This '
main shock was followed by two after- Nopéhital 7| ot
shocks: on January 26 (5.2 on the Richter’s \ N
scale) and February 4 (5.1 on the Richter’s gv |\ B > _ y
scale) [ECOS 02]. - v '

Figure 4.11 : Isoseist map of the 1946
earthquake [Sc 00].

4.2.4.1. Damage

Figure 4.12 shows the recorded damage on churches after the 1946 earthquakel.
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Figure 4.12 : Recorded damage after the 1946 earthquake.

Legend:
b | Whole church is damaged A | Bell-tower spire is damaged
) Bell-tower 1s damaged | Vault is damaged
B | Nave walls are damaged ™ | Masonry vault is damaged
h | Apseis damaged

1. The list of the damage showed above can be found in appendices; it is worth reminding that this list is not exhaus-
tiv.
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According to this list of damage, the most damaged part was the spire of the bell tower (Sem-
brancher, Ardon, Sion, Gréne, Chalais, Chippis, Sierre and Montana). For every case the damage
consisted of the sliding of the spire’s upper part; the volume of this part was different for each
tower. In both following pictures, the spire of the church in Chalais (left) was hollowed whereas
only the top of the bell tower of the church in Chippis dislocated and slightly slid aside.

Figure 4.13 : Damage to the bell-tower of the churches in Chalais and in Chippis [AR 05]
and [Chippis BP].

The case of Our-Lady-of-the-Moor in Sierre was probably one of the worst ones; the whole spire
was split (Figure 4.14). Moreover the rest of the church was also highly cracked.

Figure 4.14 : State of Our-Lady-of-the-Moor in Sierre after the main shock of the 1946
earthquake. Source: Le Nouvelliste, 30.01.1946.

The vaults of the collegiate of Valere, the parish church of Massongex and the one of Miege were
moderately cracked. The plaster vault (built in 1922) of Saint Urban church in Chippis, on the con-
trary, fell down after the setsmic shock happened in May 30, 1946. The vault was particularly
cracked next to the organ tribune; the vault collapse started at this point and lasted a few seconds
(the ceiling just fell down slowly (according to the priest who was in the church when the vaults
collapsed)).

Seismic Vulnerability of Cultural Heritage Buildings in Switzerland 53



Observed damage on churches due to seismic events

According to people memories, the masonry barrel vault in the church in Grimentz was cracked in
such a way [MMS 97] that they decided that the vault had to be destroyed and rebuilt. Neverthe-
less, its destruction turned out to be more difficult than they had expected. Unfortunately, the
damage pattern i1s unknown. In Grimentz, it must be added that the bell-tower was also slightly
damaged.

The damage to vaults in the church in Conthey was
more serious than in Grimentz. It was probably the
most damaged sacred edifice after the 1946 earthquake.
The parish church in Plan-Conthey collapsed after the
second seismic aftershock, on February 4, 1946,
(Mw=5.1, Ayent). According to human memories (see
description in Appendices), the tower and the vault had
so many cracks that people were afraid to enter the
church or ring the bells.

Figure 4.15 : Parish church in Plan-Conthey”

a. l;blmd"Raymond'Séh-nﬁd, Sion Bourgeoisie, Médiatheque, Valais.

The chapel in Randogne was also highly
damaged, as is shown in the left picture.

Figure 4.16 : View of the damaged chapel
in Randogne [Cr 03].

4.2.4.2. Summary

Vaults apparently were the structural parts that showed the highest seismic vulnerability; this was
especially true in many sacred edifices as the chapels or churches in Chippis (St-Urban), Plan-
Conthey, Grimentz and Randogne. It is worth noting that both collapses (Chippis and Plan-
Conthey) were due to aftershocks, whereas the other cases were characterized only by serious

cracking.

Bell-towers were also damaged, especially at their top, i.e. the spire (Chalais, St Urban in Chippis,
Sion cathedral, Montana, Ardon and Grone). The bell-tower of the church Our-Lady-of-the-Moor
was the most damaged tower and probably more than the bell-tower of the Plan-Conthey church.
Moreover, lateral walls of Our-Lady-of-the-Moor also showed serious cracking (see Figure 4.14);
in this case, it is important to indicate that this edifice was erected, as its name explains it, on soft
(kind of clay-silt soil) ground and this fact certainly had a great impact on the peak ground acceler-
ation felt by the church.
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The nave vaults were certainly replaced whereas the ones in the
choir were kept intact.

It is also worth noting that the damp atmosphere (as some pictures
taken during Winter 2005-2006 highlight it (apparition of micro-
organisms on the washed surfaces (dark zones on Figure 4.17)))
might have had some impact on the masonry quality.

Figure 4.17 : State of the bell-tower of the church Our-Lady-
of-the-Moor in Sierre.

Other kinds of damage can be found in the structure of the Collegiate of Valere; most serious ones
were: the front wall was separated from the nave and the rosace that was above the main arch of
the chancel arch fell apart. This edifice sustained other damage that are listed in Appendix A. 2.3.

4.2.5. SEISMIC EVENT OF 1964, SARNEN (OBWALD)

On February 17, 1964, the earth shook in the area of Sarnen, Central Switzerland. The epicentral
Intensity (Io) was estimated to be VII (Epicentre: Flieli/ Naters) and the Moment-Magnitude
(Mw) was 5 (Richter’s scale) [ECOS 02]. The damage listed below were recorded after this seismic
event; a second earthquake happened a month later. On March 14, 1964, the earth shook again in
this area. The epicentral Intensity (Io) was VII (Epicentre: Kerns/ Naters) and the Moment-Mag-
nitude (Mw) was 5.7 (Richter’s scale) [ECOS 02].

Except for the survey carried out by F. Pfister [Pf 81], no information about the state of the church
after the second earthquake is available.

4.2.5.1. Damage

The 1964 earthquake of January is introduced here only because of the damage caused to the Saint
Peter und Paul church in Sarnen.

According to the report written by F. Pfister [Pf 81], the three vaults of the nave showed many long
lateral and transversal cracks as well as smaller ones. The cracks in the areas along the vault apex are
the largest ones (up to 4 mm wide and a few meters long; Figure 4.18). Moreover the engineer 1s
quite sure that there are longitudinal cracks along one side of the church that crossed the vault (it is,
however, not noticed on the sketch on Figure 4.18). Nevertheless most cracks only crossed the
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roughcast of the vault. Contrary to the main nave ceiling, the vault of the side-aisles and the chor’s
were only slightly damaged.
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Figure 4.18 : View of the main facade of the church [De 70] and of the recorded cracks
after the earthquake in 1964 and a few decades later (1980) [Pf 81].

The towers were not too much damaged « priori compared with the church pillars and the frame-
work.

Amongst walls, the front wall was certainly the most damaged. A vertical crack, that crossed the
front wall, was observed close to its connection with the bell tower (on the mountain side). Walls
and pillars did not show any important deformation.

It is interesting to see that further cracks happened long after the earthquake (recorded cracks in
1980 had indeed not been reported in 1964). This shows that a first damage (for instance, due to
an earthquake) can result in other damage later.

It might be worth noting that the church was already reinforced by transversal tie-rods through
the nave. It means that there were already cracks (due to the shape and material) before the earth-
quake. According to F. Pfister [Pf 81|, the vault of the main nave was probably in a bad state; nev-
ertheless he also wrote that the vaults were not at risk and just made a proposal to repair it.

4.2.6. SEISMIC EVENT OF 1991, VAZ AREA (GRAUBUNDEN)

On November 20, 1991, the area of Vaz (Eastern Switzerland) was struck by an earthquake. The
epicentral Intensity (Io) was VI (Epicentre: Vaz) and the Moment-Magnitude (Mw) was 4.6 on
Richter’s scale [GWF 05], [ECOS 02]. This main shock was followed by about thirty aftershocks,
until May 1992, whose Moment-Magnitudes were between 1.8 and 3.4 on Richter’s scale.
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The resulting damage to buildings was of moderate scale: most damage was thin cracks in walls as,

for instance, on a wall of the church in Vaz.

Figure 4.19 : Church in Vaz: views of a damaged part [GWF 05].

4.2.7. SEISMIC EVENT OF 2005, BALMES PASS (FRANCE/ VALAIS)

On September 8, 2005, the area close to the Balmes pass (at the border between France and Swit-
zerland) was struck by an earthquake of moderate magnitude. The estimate of the epicentral Inten-
sity (Io) was V' (Epicentre: Vallorcine (France)) and the Moment-Magnitude (Mw) was assigned to

4.7 (Richter’s scale) [ECOS 02].

A survey of the churches in the following towns was carried out within a week after the event: Fin-

haut, Trient, Salvan and Le Trétien.
4.2.7.1. Damage

FINHAUT

The church in Finhaut was hit by the earthquake right after a restoration. It essentially consisted of
restoring the roughcast on the outer side of the walls and also probably their inner faces. This
means that every crack was made visible by the movement induced by the 2005 earthquake.
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Figure 4.20 : Diagram of the church plan and its observed damage.
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SALVAN

No particular damage was observed in the church in Salvan, which was transformed in Baroque
times.

TRIENT

The Neo-Gothic church in Trient showed a few cracks that was probably present since the end of
the construction in 1869. Most of them were essentially vertical, at the connection between the
pillars of the ribs and the walls, and some of them followed the interface between the vault bays
and the side-by-side lateral wall of the church (meaning detachment). Another kind of damage
observed on this church was the scattering of small roughcast parts, which belonged to the ceiling
and that fell down on the ground due to the earthquake. These parts that scattered on a few areas
have been transferred to the next figure. Small holes were also visible in the roughcast layer of the

vault bays.

It might be worth noting that the exterior was restored in 1959 and the interior in 1989

~3m

~8-10 m

~3m

Legend:

— crack

— detachment

== holes in the roughcast layer

== roughcast scattered on the floor

Figure 4.21 : Outer view of the church and schema showing the observed damage after the
earthquake.

4.2.7.2. Summary

What strikes most observers are the numerous cracks at connections between two structural ele-
ments. For instance, the cracks between the front wall and the nave or the nave and the chancel
arch (Trient church). Moreover, a crossing crack appeared at the middle of half the arch of chancel
arch (Figure 4.21); this highlights the position change of the trust line due to the seismic move-
ments.

An oblique crack was observed in a lateral wall indicating that the wall was subjected to shear dur-
ing the earthquake.
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4.3. DAMAGE OBSERVED IN ITALY

Recording all the damage due to earthquakes in Italy could be the object of a book. Such an
exhaustive survey is not the goal of this PhD thesis; this is why only a few cases are discussed
below. Because of the comprehensive nature of the survey carried out by Doglioni et al. [Do 94]
after the 1976 Friuli earthquake (also called Tolmezzo earthquake), the next chapters essentially list
the damage observed after this seismic event.

4.3.1. 1976 TOLMEZZO EARTHQUAKE

This earthquake, which occurred in 1976, was so-called since its epicentre was situated in the city
of Tolmezzo in the Friuli (north of Italy). The main setsmic shock was on May 6 and was followed
by many smaller shaking movements. On September 15 of the same year, a second seismic event of
equal intensity to the first one occurred.

The intensity of the earthquakes
reached a value of X on the MCS 7
(Mercalli, Cancani, Sieberg) scale at v -
the city of Tolmezzo. The event of el
May was the worst earthquake that the
: . 136°30°
region had experienced for many cen- / S N
turies. The seismic magnitude reached
indeed about Ms=06.5 [AS 05] and the
ground acceleration at Tolmezzo was ' a
about ? 3.5 m/s’. </ =T
Figure 4.22 : Seismic intensity lines k
in the Friuli region =
[Do 94]. il
12°30° 130 13030°

a. This value has been reevaluated to 1.9 m/s” (without site effects) by [BPVR 07].
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4.3.2. DAMAGE RECORDED ON SACRED EDIFICES

The information was taken from the book written by F. Doglioni et.al. [Do 94] who studied a large
sample of churches damaged by the earthquake in 1976. The level of the observed damage ranged
from VIII to X on the MCS scale. The sample contained about 243 churches.

Five edifices are specifically addressed because

of the quality of the damage record, the repre- -0 M
sentativeness of the other churches from the {
sample and also because they present most of N b
the important structural features whose impact | | . j\

. . Wil /' \
on the seismic response must be assessed. These /. LiceacEans / L~

. - . I efnzone

edifices are: the church of Santa Maria del Fos- ‘ w® 1 n&;"il
sale (Gemona), the church of Sto (Santo) Ste- y S?:*uli\jﬁ '-
fano a Cesclans, the church of Sto Stefano di |\ \ \ - S '

) ) 1.\ e ————\JZone incliding
Valeriano, the Duomo di Gemona and the | J S:Ilt" Stefapg- S\the chufches of |
Duomo di Venzone. ; d, _\_?a.{er i _the-studied”

. . . l_\ | OWNONE sample 7|
Figure 4.23 : Location of the five edifices — 7‘}“'“
that have been chosen from the ' -

sample studied by [Do 94].

Note: only the church of Santa Maria del Fossale is presented; the reader can find a description of the four other edi-

faces, as well as the related damage, under Appendix A. 2.4.
4.3.2.1. Santa Maria del Fossale a Gemona

Geologically, the ground under the town of Gemona is composed of a Jurassic limestone bedrock
and alluvium (so-called alluvioni torrentizie) of about 50 m. thickness, made up of homogeneous
gravel mixed with silt sand. In 1976, this situation could likely have amplified the amplitude of the
seismic waves and therefore created more damage.

STRUCTURAL CHARACTERISTICS

The church, which was about 10 m wide, 20 m long

and 13 m high, was built in 1659 and transformed in r 0
1735. It was composed of a simple nave extended by = TR
an apse and had a sacristy as appendix (mainly con- I J!}!
nected to the apse); a chancel arch divided the nave = [? <:’,"f|’
and the apse. There was no bell tower. L = |J':
A

All parts of the walls are made of masonry.

Figure 4.24 : Plan of the church Santa Maria del Fossale [Do 94].

The roof structure was made up of timber trusses that were supported by the lateral walls and
were spaced 2.8 m apart. The church did not encompass stone vaults.

The reader can find further information about the structural characteristics of the Santa Maria del
Fossale church in appendix.
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OBSERVED DAMAGE

According to the damage observed on the church, the
transversal displacements (in the plan of the main facade)
appeared to be higher than the lateral displacements.
From a structural engineer’s point of view, the main
mechanism of damage on the main facade was of an in-
plane type, while the damage on the lateral walls seemed
to be the result of an out-of-plane mechanism.

Figure 4.25 : Observed damage to the fabric of the
church Santa Maria del Fossale [Do
94].

All structural elements of the church are taken into account; they are: the front wall, the lateral
walls, the chancel arch, the apse and the annexes. The classification was made according to the

approach of E. Doglioni et. al. in [Do 94].
1. The front wall

After the main seismic shock (May 1976):

The main damage observed included the following: a major part of the
tympanum tumbled down along with the stones that were between the
tympanum and the window. The brickwork between the window and
the door dislocated and slightly detached from the fabric. The left part
of the front wall was diagonally cracked and the front wall was
detached from the left lateral wall (left-hand figure).

Figure 4.26 : Front wall damaged by the main seismic shock

occurred in May 1976 [Do 94].

After the second seismic shock (September 1976):

There was no remains from the previously dislocated
masonry between the window and the door: there was
instead a big hole from the tympanum to the door. The
left part of the wall cracked further and the whole facade
was detached from the lateral walls (left-hand figure).

Figure 4.27 : Front wall after the second seismic
event [Do 94].
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2. Lateral walls
The masonry of both lateral walls was dis- | Outline of the

located all along the upper edge and espe- | damage observed “ N
cially above the openings. There was a | on the right lateral ) N dﬂ}’ \J{ ’
vertical fracture, which started from the | wall of the church: '-‘-‘-\q’("‘;; ~ é‘\
bottom edge of the left opening (see the |[ 7 ' |
|

opposite figure) along the corner with the
front wall; at the opposite corner, the ;
crack surrounded the corner itself. ~

Figure 4.28 : One lateral wall damaged by the main seismic shock in 1976 [Do 94].

3. Chancel arch

The failure of both piers was observed (intersection of the lateral
walls with the chancel arch). They also experienced a translation
towards the apse (see also Figure 4.30). Following the failure of its
corners (that promoted an opposite movement of both arch pillars),
the arch broke down at the crown and a big part of masonry fell
down on the ground.

Figure 4.29 : Chancel arch after the main seismic shock in May
1976 [Do 94].

4. Apse

The apse part that was connected to the left branch of the chancel
arch collapsed and completely detached from the rest of the fab-
ric. Otherwise, the angles were surrounded by cracks and a diffuse
cracking pattern was observed on every area as well as the expul-
sion of stones from the rest of the fabric.

Figure 4.30 : Outline of the damage suffered by the apse [Do
94].

DAMAGE MECHANISMS

1. Front wall

During the main seismic event (May 1976), the major damage mechanism was due to in-plane
shear forces (diagonal and in-cross cracks). The presence of openings (bull's eye window in the
tympanum and square window in the front wall) led to the formation of cracks and extended
towards the appearance of a hole. During the second seismic event, every cracking pattern that
was created by the main seismic shock became more visible (cracks enlargement, brickwork more
divided and so on) and led to the situation of the Figure 4.26.

The cracking pattern was mainly due to configuration of the openings and could occur because of
the good cohesion in the fabric. The type of failure at the corners shows that the connection with
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the lateral walls was better on the right side than on the left one. Also, the inefficient connection
between the tympanum and the facade was mainly at the root of the collapse of the central part
that encompassed the bull's-eye window.

2. Lateral walls

The dislocation of the masonry along the upper edge of the lateral walls was merely due to the
movement of the roof structure trusses (hammering phenomenon). Concerning the fractures close
to the corners, the crack near the front wall was due to the detachment of the latter and the one
close to the chancel arch looked like caused by the thrust due to a roof rafter at the corner of the
lateral walls with the chancel arch.

The diverse horizontal cracking pattern of the walls was likely due to a membrane-like structural
behaviour of the lateral walls. The metallic connection between the roof structure and the walls
fixed the wall horizontally along its upper edges and then created a kind of membrane partially
restrained along its edges. According to the observations, the mechanism of damage appeared to
be essentially of an out-of-plane type.

3. Chancel arch

Because of the thrust from two roof rafters, the corners (between each lateral wall and the chancel
arch) cracked and finally detached from the rest of the fabric. The translation of both corners
towards the outside, increasing the distance between the chancel arch piers, promoted the cracks
that cut the upper part of the arch and led to its collapse. On the left side, this phenomenon was
accentuated by the discontinuity from an ancient opening. On the right side, the connection with a
wall of the sacristy also affected the cracking process.

The failure of the corners between the lateral walls and the chancel arch highlights the sway of con-
structive discontinuity that result from transformations carried out during the construction life.

4. Apse

Following the disconnection and translation of the left part of the chancel arch, the apse fabric that
was connected to, also failed. The detachment of the corners was probably due to the thrust from
the roof rafters as well as to the discontinuity resulting from a transformation that occurred in

1735.

The loss of cohesion in the fabric, as well as the expulsion of the roughcast, had its root in the
masonry cohesion and in the way of building,

CONCLUSIONS

Every kind of discontinuity, either due to a change of masonry or due to structural transforma-
tions, may highly influence the cracking pattern and the damage mechanisms of structural elements
(under dynamic action). In the case of the church Santa Maria del Fossale, the masonry discontinu-
ity at the joint between the front wall and the lateral walls helped (the damage was also due to the
front wall motion) to promote the vertical crack right at the intersection. Also, the structural trans-
formation of 1735 led to the collapse of the parts belonging to the apse wall and those that were
joined to the chancel arch.

The roof structure and especially its connection with the walls that support it, appear to be very
important. In the case of the Santa Maria del Fossale, the roof structure that was connected to the
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lateral walls by metallic anchorage, contributed then to a good connection between opposite walls,
only the very upper edges were damaged. However, this link resulted in a membrane-like struc-
tural behaviour of the lateral walls.

Regarding the slip of the stones out of the wall, it seems that masonry made up of relative big
stones may be more sensitive to out-of-plane actions than a masonry composed of smaller stones
that are well cemented together.

After several successive seismic events, the damage history (say the cracking history), appears to
influence highly the mechanisms of damage of the structural elements. The parts that are just sep-
arated from the rest of the structure will indeed behave independently from each other and then
may totally differ from the initial structural behaviour.

The reader can find other cases of damage recorded after the Friuli earthquake in Appendix
A 24

4.4. DISCUSSIONS

Damage to sacred buildings 1s related to the types of structures, that is, the shape of the given glo-
bal structure and those of each components, the connections between them (quality), masonry
(bonding type, rock and general quality), transformations and the constructive details.

Based on the damage observed in Switzerland and in Italy, the impact of each aforementioned fea-
ture on the seismic response of buildings is discussed here after.

4.4.1. SEISMIC VULNERABILITY OF CHURCHES AND THEIR STRUCTURAL COMPO-
NENTS, BASED ON RECORDED DAMAGE

4.4.1.1. Churches shape

The observations of churches did not provide a clear idea about the influence of the global shape
of churches on their dynamic response and on the damage due to earthquakes. Nevertheless, it
appears that masonry behaves more or less linearly under very small ground acceleration and non-
linearly when ground waves are stronger (the level of ground acceleration that leads to non-linear
behaviour depends on the structure, the dimensions of the components and the type (quality) of
masonry). In fact, the part of linear behaviour is very small compared with the non-linear one
since masonry rapidly enters the non-linear domain. That means cracks appear quite quickly (gen-
erally at connections because of stresses concentrations or weak points) and the global structure
turns out to be composed of separated components. These are called macro-elements.

In fact, the seismic response of churches consists of analysing the seismic behaviour of each part
separately and their interaction rather than an analysis of the structure as a whole. For instance, the
interaction between the tower and the front wall can lead to the damage to the latter because of
two different seismic responses (see the cases of Santo Stefano a Cesclans and the one of Santo
Stefano di Valeriano).

The tower closely interacts with another structural part of the church (with the front wall as seen
above, with chancel arch, etc.) due to its different seismic response. It must also be said that even
due to their self-weight, bell towers generate vertical cracks in the masonry of the connected parts
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(a very frequent case in Swiss churches). These cracks make the parts disconnected even before
earthquakes.

4.4.1.2. Front wall

With respect to the front wall, the impact of the shape especially concerns the structural parts, such
as gables, that are disconnected from perpendicular structural elements. Since they are restrained
only along their base, such structures behave as cantilevers under seismic loading. However, as
masonry does not resist (or at small level) tensile stresses, this type of structure can overturn; this is
typically what happened to the gable of the church Santo Stefano di Valeriano, the one of the
Duomo di Gemona and the one of the Duomo di Venzone too. Nevertheless, no such case has
been recorded in Switzerland. The out-of-plane collapse mechanism (overturning) can also happen
for the whole front wall; this situation was recorded on the church Santa Maria del Fossale. The
presence of abutments can highly reduces the activation of this mechanism (as for the church of
the preacher in Basel).

Besides the out-of-plane collapse mechanism, the m-plane failure is also observed on edifices;
sometimes, both mechanisms can happen on the same front wall, as, for instance, on the church
Santa Maria del Fossale. The failure pattern of this front wall also shows that two close openings
(along the vertical) can result in cracking the volume in-between.

Problems are also generated by the connection of two structural components that are structurally
different. It 1s observed that the configuration of a bell-tower put side-by-side with a front wall
(connected to or not) can result in cracking the front wall (shear crack) and damaging the bell-
tower. This case 1s recorded on the church Santo Stefano a Cesclans.

4.4.1.3. Lateral walls

On the basis of the observation of damage, lateral walls (either main nave lateral walls and the low-
aisles ones) are not particularly seismically vulnerable. However, damage to low-aisles walls is more
often recorded than to main nave walls (as the case of the church of the preacher in Basel or the
Duomo di Gemona).

In respect to smaller churches (one-nave edifices), out-of-plane damage to lateral walls seems to be
due to timber framework (rafters) hammering combined with the presence of openings (Santa
Maria del Fossale). One the other hand, the recorded in-plane damage (church in Vaz, in Finhaut
and the Our-Lady-of-the-Moor in Sierre) is likely due to the presence of openings.

Furthermore, it 1s worth noting that lateral walls are often separated from the bell-tower, if there 1s
any beside, before any seismic event.

4.4.1.4. Vaults

Cracked or even collapsed vaults is one of the most recorded damage after a seismic event (Church
in Conthey, in Chippis, in Sarnen and in Grimentz, for instance). However, it is difficult to draw
any conclusions regarding the causes (shape, masonry, state of maintenance, etc.) that led to the
cracking or the fall of vaults. Also the fall of vaults does not necessarily happen right after the main
shock but often due to aftershocks (church in Plan Conthey or the one i Chippis); this highlights
the importance of the initial state, that 1s the configuration of cracks (number and place), of the
vaults.
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4.4.1.5. Chancel arch

According to the damage pattern that was observed in the studied sample the structural response
under dynamic action of a chancel arch mainly depends on the arch shape (thrust line position)
and particularly on the boundary conditions, 1.e if there is an appendix building beside the chancel
arch. Note that the structural response was mainly of an in-plane type.

Based on their observations after the Friuli earthquake, Doglioni et al. have set down three dam-
age mechanisms for chancel arches, which are:
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Figure 4.31 : Damage mechanisms set down by Doglioni et al. [Do 94].

The first one was mainly recorded on the «Regulam type of chancel arches (with quite a small
opening). The second mechanism has been generally recorded into the «big opening» category.

These collapse mechanisms show the impact of the pier movements on the chancel arch damage;
it is important to note that, in Switzerland, such damage mechanisms would rarely occur. In fact,
chancel arches are made of an arch (series of voussoirs) that supports the above masonry. Conse-
quently, the apex hinge as shown on Figure 4.31 (on a whole cross-section) would not be created.
Instead, the hinge would appear in the arch, which supports masonry, and after reaching the mate-
rial strength, the voussoir would fall, making the above masonry break down too.

Based on the survey made in the church in Trient, the main arch of the chancel arch could cracked
quickly.
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4.4.1.6. Apse

The apses of the churches belonging to the sample were cylindrical, polygonal
or square. The study of the observed damage leads to conclude that the only
mechanism of damage recorded on cylindrical apses was actually a kind of cut
by an oblique plane (Figure 4.32). As for the other two shapes, it 1s difficult to
determine exactly whether the shape is a very essential parameter on the
dynamic response of the apse.

Nevertheless, the roof structure and the position of openings appeared to
have a lot of influence (see the chapter on the impact of constructive details) N
on the damage following a quake.

Figure 4.32 : Main mechanism of damage of cylindrical apses [Do 94].
4.4.1.7. Bell-towers

In general, damage appeared in the upper parts of bell-towers; this fact was observed both in Swit-
zerland and in Italy. It was noticed, especially in Italy, that windows located at the top of the tower
were often at the origin of damage; this case was also observed on the church Lady-of-the-Moor in
Sterre and on the church in Visp.

However, the most frequent damage recorded on Swiss bell-towers, in particular in the canton Val-
ats, 1s the sliding of a masonry part of the spire. Sometimes, there is more than a sliding, as was the
case for the church in Chalais where a part of the spire broke down.

Apparently, damage appears where:

* the vertical action (weight) is low, that is, in the upper parts of the tower
* there are windows (in the upper part)

* at the connection with very stiff structural parts such as wide front walls (boundary conditions).

Based on their observations of churches after the Tolmezzo earthquake, Doglioni et al. [Do 94] set

down five frequent collapse mechanisms. Except for the 3'd mechanism, they essentially corre-
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spond to failures that occurred on dependent towers, 1.e. towers whose walls (one or more) belong
both to the towers and to one another part of the church. These mechanisms are:

1. Rotation of the upper part of the bell tower 2. Cyclical movement of the upper part of the
around a horizontal axis (flexion). tower along one direction or two directions
(usually horizontal) (flexion).

Figure 4.33 : Most frequent damage mechanisms observed on bell-towers by [Do 94] after
the Tolmezzo earthquake.

3. Rotation of the structure 4. Torsion around a verti- 5. Translation of the upper
parts enclosing the cell pil- cal axis. part of the tower.
lars and the corresponding
parts of the tower.
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Figure 4.34 : Most frequent damage mechanisms observed on bell-towers [Do 94].
The configuration of openings and the previous damage level (decay, structural transformations,

past earthquakes, and so on) of the structure have a high influence on the mechanism types. More-
over, campanile strengthened by metallic ties improve resistance to dynamic actions.

4.4.2. IMPACT OF THE STRUCTURAL CHARACTERISTICS AND CONSTRUCTIVE DETAILS

In the previous chapter, a summary of the observed damage was carried out on each structural
component. It appeared that the shape of certain structural elements may have some influence on
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the damage, but it was noted that damage may also have its root, and often in a preponderant way,
in some unsuitable constructive details, such as masonry type and quality.

4.4.2.1. Influence of the masonry type and wall structure (one-leaf or multiple-leaf)

According to observations, the type of masonry seems to have a certain importance, especially
regarding the way and degree of cracking (thin or thick cracks, cracks following the masonry units
or not, etc.). Moreover, the wall structure seems to be also highly relevant regarding the structural
behaviour of masonry walls.

MASONRY KIND

It 1s quite difficult to assess the influence of the masonry type on the damage caused by earth-
quakes on the basis of archive quotations or pictures; moreover, most of the time walls are covered
by a roughcast layer that make it even more difficult to have any judgement of the impact of
masonry type on the damage. However, it is possible to observe that the cracking was mainly scat-
tered in masonry composed of pebbles while cracks generally followed blocks for ashlar masonry
with dressed stones.

However, it seems that the most important factor in the masonry response under earthquake 1s the
inner structure of walls.

WALLS INNER STRUCTURE

Amongst the churches in the studied sample set, there were one-leaf walls and multiple-leaf ones.
The first type of fabric is compact enough to behave monolithically. The second type appeared to
mainly depend on the kind of masonry of the outer leaves and especially on the connection
between every part of the wall. If the connection between the inner core and the outer leaf cannot
resist the out-of-plane action (due to the earthquake), a part of the outer leaf might detach from the
rest of the wall, as shown in the next picture:

Before the earthquake of May: After the earthquake of May:

Bl

Figure 4.35 : Detachment of a part of masonry belonging to the outer leaf wall caused by
the earthquake (Duomo di Venzone).
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According to [Do 94], walls with a core made with lime have their inner and outer parts better
connected to each other than those with a core of non-cohesive material. There are indeed fewer
cases of detachment of the fabric belonging to the outer part of such walls.

In the church of Santo Stefano a Cesclans and the church Santo Ste-
fano di Valeriano, the leaves of the apse walls separated during the
earthquake. The outer part of these walls was actually made up of
small stones surrounded by a small quantity of mortar. This resulted
in a weak connection that appears to be at the origin of the damage
mechanism.

Figure 4.36 : Separation of the parts belonging to the structure
of the apse wall (S.Stefano di Valeriano) [Do 94].

Obviously, the slender the wall s, the higher is the probability of a detachment of a part of the
outer leaf. Moreover, the detachment of a part of the wall leads to not only the expulsion of a few
stones but also a loss of stiffness. This in turn might promote or even activate a mechanism of fail-
ure.

4.4.2.2. Influence of the walls configuration (openings, etc.)

The vulnerability of the walls seems to also depend on the link to the structural orthogonal ele-
ments, the presence of openings, discontinuities (masonry discontinuities (openings), corners), etc.

CORNERS

Quality of the connection between two orthogonal walls is of prime
importance. In fact, the stronger the connection is, the better is the resist-
ance of the connected out-of-plane loaded wall.

A good connection is provided either by a good interconnected masonty
(of both orthogonal walls) or the presence of tie-rods.

When two perpendicular walls with different quality of masonry are con-
nected, fractures were observed along the exact change of masonry as was
the case of the church Santa Maria del Fossale (Figure on the right).

Figure 4.37 : Santa Maria del Fossale: crack between the front wall and the lateral wall
mainly due to the difference in masonry and the out-of-plane motion of the
front wall [Do 94].

Large and well dressed quoins (a case actually often observed in the campaniles) seemed to
improve the tie between two orthogonal walls. On the other hand, they might sometimes behave
like pillars after being separated from the rest of the fabric.
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OPENINGS

It appeared that every kind of openings (oculus windows, half
oculus, gothic windows, baroque windows (square shaped),
door), promotes cracks formation around them when the walls,
which encompasses them, are struck by an earthquake.

The fracture type (size, length, angle, etc.) depends on the struc-
ture configuration (distance and area between openings, etc.).
The distance between windows (as the case of the church Our

Lady of the Moor), between a door and a window appeared to
be also important (Santa Maria del Fossale).

Figure 4.38 : Bell-tower of the church Our-Lady-of-the-Moor in Sierre (Source: Le
Nouvelliste, 30.01.1946).

In the next pictures it is quite easy to see the impact of openings as the fracture started from open-
ings and sometimes even ran along them:

Sta Maria delle Grazie (Gemona) before May Sta Maria delle Grazie after May 1976
1976

Figure 4.39 : Two pictures of the same church taken before and after the main seismic
shock of May 1976 [Do 94].

4.4.3. IMPACT OF THE CONNECTION BETWEEN THE ROOF STRUCTURE AND WALLS

The timber structure belonging to the studied churches were generally composed of transversal
timber trusses put on lateral walls. The roof covering was generally laid on a series of parallel purl-
ins that were fixed to the rafters.
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It is observed that the connection between the front wall and the roof structure do not often exist
amongst the analysed churches. Also, trusses are not laterally braced; the purlins are often the only
transversal elements.

Timber frameworks are often simply laid on lateral walls;
however, main beams are sometimes embedded in the
wall masonry. As shown in the picture to the right, this
type of connection can damage the upper part of the
walls (local damage).

Figure 4.40 : Walls hammered by roof rafters [Do 94].

However, if the trusses are not well connected to the vertical structure, they might hammer the
latter. To reduce damage, the components of timber frameworks should be well connected to each
other; on the basis of the observations, any tight connection between the timber framework and
walls generates damage to the structure.

When the connection between the timber framework components is loose or even non-existent
(as is sometimes found in apses), their movement can result in large damage (case of the chapel in
Visperterminen).

Plan of the roof structure: Damage at the corner [A]:  Oblique rafters without hori-
. zontal ties generally result in
T - EA activating out-of-plane mecha-
Trusses nisms of damage or a detach-
ment of a part of masonry (by

thrust) (see Figure 4.41).

7
Rafters

Figure 4.41: Damage caused to a corner of a church due to the thrust from a roof rafter.
4.4.4. IMPACT OF THE STRUCTURAL TRANSFORMATIONS

The main structural transformations carried out on cultural heritage edifices are:

1. Enlarging of the church: widening and/or lengthening of the nave and the apse with partial or
complete enclosing of the pre-existing structures into the new construction,

2. Raising of the church and the bell tower,
3. Enlargement of the edifice by adding appendix buildings such as sacristies and chapels,

4. Complete architectural and functional reorganization; for instance: change of the entrance
place,

5. Opening or filling of windows.

As it 1s difficult to ensure a good connection between the structural elements of an old construc-
tion and a new one, a transformation of the fabric generally constitutes a discontinuity within the
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edifice. The mmpact of such discontinuities on the seismic vulnerability depends on their place
within the structure and on the type of forces that transfer through it.

The structural element including a discontinuity will show a dif-
ferent cracking pattern than if there were no cracks. These usu-
ally occur where the material is no longer able to resist the forces
due to the outer action. Discontinuities constitute supplemen-
tary weak parts within the structure and these alter the configu-
ration of cracks compared to a situation without any
discontinuities.

Figure 4.42 : Impact on the damage, following an earthquake, due to the adjunction of an
appendix (Duomo di Venzone) [Do 94].

4.4.4.1. Transformations carried out to improve the seismic performances of edifices

According to [Do 94], the structural transformations may be divided into two groups:
1. Transformations using traditional techniques (like metallic ties)
2. Transformations based on modern techniques of construction

TRANSFORMATIONS USING TRADITIONAL TECHNIQUES

The main traditional technique that was applied is the metallic link. This denomination includes
metallic bars, angular nails (cramps), pins, etc.

A vertical crack crossed a campanile alongside one of its corners
(Figure 4.43); this was supposed to have appeared after the earthquake of
1928 [Do 94]. It was restored by means of metallic cramps that should tight
the parts separated by the crack. The main seismic shock occurred in may
1976 caused the same kind of cracking pattern as the seismic event of 1928
but the split was situated just few decimetres from the previously repaired
crack.

Figure 4.43 : Formation of a crack parallel to the pre-existing fracture
caused by a previous earthquake in 1928 (San Marino ad
Artegna church) [Do 94].
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Two bell towers were transformed at the same Without ties (Santo  With ties (Duomo
time (raising of the tower and filling up the previ-  Stefano a Nimis): di Tolmezzo):

ous cell windows). Only one of the towers was
strengthened by metallic ties. After the main seis-
mic shock, the reinforced bell tower was still
standing while the other (Figure on the left) col-
lapsed at the cell level because of the discontinuity

%

resulting from the openings of the previous cell®.

Figure 4.44 : Unreinforced and reinforced bell

towers after the main seismic
shock of May 1976 [Do 94].

a. This compatison shows the difference (relative and not absolute, since the peak ground acceleration was cer-
tainly not the same) in seismic vulnerability between a reinforced bell-tower and an unreinforced one.

The bell towers were not the only structural elements to be reinforced; many front walls were
repaired and reinforced as they also experienced serious damage caused by earthquakes.

Tie-rods were often put at corners in order to reinforce the tower; on the basis of the observations
carried out after earthquakes, this technique has proven to be effective.

Another method that has often been used through centuries is simply the reparation (or mainte-
nance) of masonry with mortar. This keeps the components of masonry well connected to each
other and as aforementioned, a compact masonry has a better resistance than a loose one.

This technique was improved in the end of the 20" c.: instead of putting mortar on walls sides, it
was directly injected into masonry. According to observations, this approach enhanced the fabric
cohesion and then, the seismic vulnerability of the so-reinforced walls.

TRANSFORMATIONS USING MODERN TECHNIQUES

Amongst modern techniques, there is mainly the seismic strengthening by a cord of reinforced
concrete. This technique, which was particularly applied in Italy since the 50’ proved to be ineffi-
cient and increases the damage to cultural heritage buildings. As it has not been applied in Switzer-
land, its impacts are not discussed in the present report.

4.4.5. IMPACT OF THE MASONRY STATE OF MAINTENANCE

With time, masonry suffers the meteorological actions such as bad weather (rain and wind), ther-
mal cycles, freezing and thawing cycles, etc. All these actions account for the decay of masonry
and especially of sedimentary rocks. Note that the stones may also have been biologically affected
(by any kind of vegetation (lichens)).

On the other hand, structural problems, such as soil settlements, also damage the structure, espe-
cially by causing cracks.
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4.4.5.1. Impact of decay

Although it is currently well known that the decay of stones or masonry may highly weaken their
stiffness and resistance (masonry is less compact), it is difficult to clearly establish to what extent it
has an influence on the damage observed on a church. Moreover it is actually impossible to assess
it in the observed cases since the state of decay of the churches before the considered seismic event
1s unknown. Even with pictures taken before the earthquake, it 1s difficult to clearly see in which
state of decay the masonry was before the event.

Like masonry, the wood decay of the roof structure is also difficult to analyse. The problems with
wood are generally situated within the support area. As the beams are generally put inside the walls
and as masonry lets water seep into the wall, the wood might then easily rot.

4.4.5.2. Impact of pre-existing cracks

The impact of pre-existing cracks on the damage resulting from a seismic event is only visible with
the studied sample in Italy because pictures were taken after the main shock and also after the sec-
ond main shock.

Observations showed that the impact of pre-existing damage or cracks is very important and may
be the most relevant one compared to the other factors that might affect the seismic vulnerability
of cultural heritage buildings under seismic actions. This fact 1s illustrated by the following pictures
of the Duomo di Gemona: it showed large cracks in the webs of the apses vaults before the main
seismic shock and the ceiling fell down during the earthquake (Figure 4.45).

Before the main seismic shock of May 1976 After May 1976

From inside From outside From inside

Figure 4.45 : Views from in- and outside of the apse of the Duomo di Gemona, before and
after the main seismic shock of 1976 [Do 94].

Combined with the loss of resistance in walls, the decay of masonry that resulted in separating the
fabric into masonry areas influenced a lot the mechanisms of failure and damage. The change of
failure mechanism seems to have occurred when the masonry was particularly dislocated.

Moreover, it is important to keep in mind that once a crack exists in masonty, it won’t disappeatr.
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4.4.6. IMPACT OF THE FOUNDATIONS AND SOIL QUALITY

The impact of foundations on damage resulting from an earthquake is very difficult to assess on
the basis of pictures of short surveys. Therefore, no conclusions can be made on this topic.

On the contrary, the effect of the soil quality could be qualitatively assessed with observations
made on the church Our Lady of the Moor in Sierre. When compared with other buildings, the
damage observed on this church after the 1946 earthquake 1s particulatly severe. This may be due
to the structure of the church but it is clear that the bad quality ground (alluvium) on which the
church was erected is somehow also responsible for the high level of sustained damage.

4.5. CONCLUSIONS

Observations of damage recorded on cultural heritage buildings after earthquakes lead to the con-
clusion that, at first, a church under dynamic loading does not behave like a monolithic structure
but rather like a set of walls (or macro-element [Do 94| that actually are structural elements) more
or less strongly tied together. In fact, the roof structure and the ceiling do not play a role of dia-
phragm (as the concrete slab does in common buildings); it is generally not advisable to consider a
monolithic structural behaviour of edifices.

Furthermore, a few other parameters are also important for the damage to a church loaded by
seismic waves. The type of masonry, that is, one-leaf walls or multiple-leaf walls, ashlar masonry or
loose masonry, for instance, also play a role. For instance, it has been noticed that multiple-leaf
walls can be setsmically vulnerable out of their plane. Regarding the type of masonry, a masonry
with dressed-stones will probably better resist actions in its plane than a masonry with pebbles.
Besides, the shape of structural elements, the type of openings and the distance in-between can be
of importance especially with respect to the in-plane loading. Another prevalent factor is the pre-
existing damage because it may influence a lot the damage mechanisms (chapel in Visperter-
minen).

Apart from the edifice structure, the soil properties can increase the seismic waves by increasing
the peak ground acceleration that strikes the edifice (Our-Lady-of-the-Moor church).

Finally, it must be pointed out that the evolution of damage is highly influenced by the duration of
the seismic event.
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CHAPTER 5

Application of existing methodologies

5.1. INTRODUCTION

In this chapter, readers are presented the application of existing
methods, which have been developed since the middle of the '90s,
that allow us to assess the seismic vulnerability of cultural heritage
buildings and more specifically of churches. Four methodologies
are popular today in Europe; other continents have not developed
such kinds of methodologies or they have not been published.

All available methodologies nowadays could be gathered into four
groups according to their basis:

* statistical methodologies, based on damage statistics
* structural methodologies, based on engineering models
* probabilistic methodologies, based on probabilities

* hybrid methodologies, that merge two or more of the above
mentioned methodologies

Almost every methodology applied to assess the seismic vulnerabil-
ity of churches is actually a hybrid methodology. In general, they
contain several levels that are characterized by an increasing accu-
racy regarding either the input or the output.

The first step 1s generally about basic information, that 1s, the name,
the location, etc. of the given building; according to its architectural
typology, the building is given a vulnerability value (index) from sta-
tistical data. The second step usually deals with an assessment of
the seismic vulnerability; at this stage of the study, only simplified
calculation methods are applied. The last step, which 1s not neces-
sarily undertaken in every case, deals with the given building in a
more accurate way, i.e by using sophisticated mechanical models.
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5.2. EXISTING METHODOLOGIES FOR UNIQUE EDIFICES

Amongst existing methodologies, one is based on a collection of three indices (Lourenco et
al.(2006)) while the other three other are hybrid methodologies (Risk-UE (2004), Lagomarsino et
al. (2006) and Augusti et al. (2002)). In these three methods, seismic vulnerability is assessed
through different levels of increasing refinement; the first level is generally typological, i.e. that the
index depends on the architectural typology of the given buildings, and on damage recorded after
earthquakes that happened in the past. Through the other levels, seismic vulnerability is assessed
more accurately by usually using structural models or numerical models (e.g. Finite Element
Method).

These four methodologies have been applied to two cultural heritage buildings: the chapel in Vis-
perterminen (in ruins today) and the collegiate church of Valere. These buildings were chosen
because they were moderately damaged or even destroyed by earthquakes (case of the chapel in
Visperterminen); the observation of damage gives the opportunity to compare the results
obtained by the application of the already existing methodologies with reality.

5.2.1. LOURENCO'S METHOD

This method has been developed by the working group at the University of Minho, Portugal (P.B.
Lourenco) [LLR 00].

The developed methodology is based on the fulfilling of a check-list for each church. The form
contains on one hand a statement of general characteristics (inventory) as the national classifica-
tion, the period of construction, a brief description of the structure and also a few words about
possible damage due to earthquakes that occurred in the past. On the other hand, it also contains
a more technical part with indices (ratios between dimension values describing the structure) and
other key structural features. Following indices have been defined:

* index 1: in-plane area ratio

+ index 2: area to weight ratio

¢ index 3: base shear ratio
The other key structural features are:

* the presence or absence of a vault, its type (barrel vault, rib-vault, etc.) and its geometrical
dimensions
* data for columns (height, diameter, etc.)

* data for perimeter walls

Finally, the last element is the seismic loading (for index 3).
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5.2.1.1. Index 1: In-plane ratio

This first index Yy, ; , which is assoctated with the base shear strength, is the ratio between A; the

area of the earthquake resistant walls in each main direction and S the ground surface of the build-
ings.

vi=—= (EQ5.1)

In cases of high seismicity, a minimum value of 10% is recommended for historical buildings [ILR

06].

Note: index 1 ignores the wall slenderness and also the mass of the construction. Moreover, after EC 8, walls are
considered as earthquake resistant if the thickness is larger than 0.35 m and if the beight-thickness ratio is
smaller than 9.

5.2.1.2. Index 2: Area to weight ratio

The second index v, ; is the ratio between A; the in-plane area of the earthquake resistant walls in
the 1 direction and G the total weight of the construction.

A .
wi

hi= G [m?/MN] (EQ 5.2)

This index corresponds to the horizontal cross-section of the building per unit of weight.

In cases of high seismicity, a minimum value of 1.2 m?/MN is recommended for historical
masonry buildings [Me 98] in [LR 06].

5.2.1.3. Index 3: Base shear ratio

The base shear ratio provides an indication of the shear strength of the building. The seismic
demand is simulated by an equivalent static force: Fp= B x G, where f} is an equivalent seismic

static coefficient related to the design ground acceleration.

The shear strength of the structure comes from the contribution of all earthquake resistant walls
FRrdx or v=2\yj x Tg, where Tg is the material shear strength. According to EC 8 and based on Cou-

lomb's law, T¢= ¢ + 0.4, , where c is the cohesion and tan@ is equal to 0.4 ((¢=22°; defined in the
EC 8). The normal stress in the walls 1s assumed to be only due to self-weight.

The third index 1s the ratio between the shear strength of the structure and the seismic demand:

Rd, i
73,0 T TR [-] (EQ5.3)
If the cohesion c is assumed to be zero, the index Awi tan
then becomes: Y307 A _B(E -] (EQ5.4)
w
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Where: 73 ; third index in regard to the direction i
Ay plan area of earthquake resistant walls in the direction 1
A, ground surface of the earthquake resistant walls of the given building
¢ internal angle of friction
B equivalent seismic static coefficient related to the design ground acceleration

To ensure the safety, y; ; must be greater than 1.
5.2.2. RISK-UE

The methodology developed for the assessment of the seismic vulnerability of cultural heritage
buildings within the framework of Risk-UE (2004), is based on two stages of increasing refine-
ment [Lal 04], [La4 04]:

* Level 1: based on typological and statistical studies of the observed vulnerability; this index
gives a qualitative value of the vulnerability of a given edifice.

* Level 2: analysis through more refined mechanical models of single parts of a given building;
this index 1s defined through a capacity curve.

The Risk-UE methodology was developed for all kinds of cultural heritage buildings, such as pal-
aces, monasteries, castles, churches, oratory/chapels, theatres, towers, urban walls, bridges, chancel
arches, obelisks and statues.

5.2.2.1. Level 1

In this level, poor data is used. Consequently, results are of typological nature and the information
about the seismic vulnerability is simply connected to the kind of edifice.

The model for the assessment of the seismic vulnerability at level 1 is based on the capacity curve
of its typological group. Each capacity curve has been defined through statistics on one hand and
an analogical basis on the other hand [LL.a4 04]. Statistically, Lagomarsino et al. were able to define
DPM (Damage Probability Matrices) thanks to the numerous damage surveys (1976 in Friuli,
1997 in Umbria and Marches and 2002 in Puglia and Molise earthquakes) they had at their dis-
posal. These matrices provide the distribution of damage levels of given typologies and for diverse
seismic intensities. In other words, vulnerability curves for each building category are character-
ized by a vulnerability index Vi* and a coefficient of variability B (the typologies definition is based
on the EMS-98). Cathedrals and medium-size churches are not included within the church typol-

ogy.

The index value is based on the typology to which a given edifice belongs. Furthermore, the
obtained value Vi* is then corrected through modifier scores that are correlated to factors (see
Appendix A.3.1), such as the state of maintenance, material quality, symmetry of the structure and
constructive characteristics: Vi=V1*+Fc. The value ranges of Vi (between Vi~ and Vi') for each

typology are given in Table 5.1 (taken from [La4 04]):
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Table 5.1: Value ranges for each typology [La4 04]

Typology \A \A K
Palaces/ buildings 0.496 0.616 0.956 2.3
Monasteries 0.616 0.736 1.076 23
Castles 0.356 0.456 0.766 2.3
Churches 0.89 1.26 3
Chapels/ oratories 0.77 1.14 3
Mosques 0.73 0.94 2.65
Theatres 0.616 0.736 1.086 2.65
Towers 0.636 0.776 1.136 2.3
Bridges 0.216 0.296 0.566 2.3
Walls 0.396 0.496 0.746 2.3
Chancel arches 0.376 0.456 0.706 2.3
Obelisks 0.396 0.456 0.746 1.95
Statues/ fountains 0.236 0.296 0.606 1.95
Where: v, |average of the vulnerability index

v, " | average value and maximal standard deviation

V, - | average value diminished by the maximal standard deviation

K parameter that controls the slope of the curve; given in [La4 04].

According to Risk-UE [La4 04], the average vulnerability index of churches is equal to: Vi*=0.89;

this index was determined on the basis of a large data base of damage recorded after seismic events

occurred in the past, especially in Italy.

Once the vulnerability index is determined, the mean damage grade (according the EMS-98 scale)

can be calculated with the following equation that was developed by Sandi (1994):

[+6.25- Vl— 13.1

Hp = 2.5- {I - tanh{ [-] (EQ 5.5)
K
Where:  pup mean damage grade
Vi vulnerability index
I EMS-98 intensity
K parameter related to the typology
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/’ | /i = (.89 (Churches)
= ==\/i = 1 (Churches)
| === = Vi=0.78 (Churches)
Vi=0.616 (Palaces) |
| == = Vi=0.49 (Palaces)
| == =V =0.793 (Palaces)

Mean Damage Grade

5 6 T 8 9 10 11 12
EMS-98 Intensity

Figure 5.1: Mean Damage Grade in function of EMS-98 Intensity; taken from [La4 04].
5.2.2.2. Level 2
Unlike level 1 for which the seismic vulnerability of a given edifice is based on the vulnerabulity

curve of its typology, it 1s based on its capacity curve in the level 2.

finding a capacity curve that describes the global seismic response of a church is infeasible.
According to [I.a3 04|, churches are composed of diverse parts that behave independently under
seismic actions. These structural parts are called macro-elements and for each of them a capacity
curve has to be determined.

The capacity curve can be defined either by simple or by complex models. Amongst simplified
methods, there is the equilibrium limit analysis. Non-linear analysis is listed under sophisticated
methods.

EQUILIBRIUM LIMIT ANALYSIS

The equilibrium limit analysis is often applied to masonry by considering it as a rigid body with no
tensile strength. The seismic load s usually simulated by a horizontal static force that is propor-
tional to the structural mass. In consequence, the multiplier for the mass when the structure col-
lapsed is also only the spectral acceleration.

This approach is based on the observation of the real behaviour of masonry structures [L.a3 04].
Though they generally have small elastic deformations, rotations and large displacements are also
possible because of cracks.

The method has the following steps:
1. Overview of the structure (dimensions and structural study)
2. Identification and selection of the macro-elements that will be analysed

3. Listing of the potential collapse mechanisms and selection of the ones to be analysed
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4. Analysis of the chosen macro-elements for the most likely collapse mechanisms
5. Definition of the capacity curve for each analysed macro-element.

For further information, refer to the next method, that is Lagomarsino’s method. In fact, while the
original Risk-UE method was published in 2004 by Lagomarsino et al., it has since been refined.

5.2.3. LAGOMARSINO'S METHOD

According to Lagomarsino et al. [L.al 04], an analysis of the seismic vulnerability of monumental
buildings at a territorial scale has to be partially based on a typological classification (statistical
approach). They make exceptions for certain famous buildings that require more refined models.

The proposed methodology is organised on three levels of progressively increasing accuracy.

* Level 1: based on data obtained from damage observed after earthquakes on diverse typologies
of buildings; the seismic input is the macroseismic intensity,

* Level 2: 1s the analysis of a single part of the structure (macro-element), considering simplified
mechanical models that are suitable at a territorial scale; the seismic response (capacity
curve) is then compared with the capacity spectrum corresponding to the shaking
event taken as a reference for a given region.

* Level 3: based on the use of more refined models than at level 2; the seismic demand is
expressed by the capacity spectrum method.

5.2.3.1. Level 1

The first level is based on the attribution of a vulnerability index Vi* for a given building. It 1s
defined on the basis of the building typology and refined through behaviour scores related to a few
characterizing parameters such as the maintenance state, the material quality or the structural regu-
larity.

For further information, refer to the previous chapter about the Risk-UE method.
5.2.3.2. Level 2

The second level of Lagomarsino's method is based on the application of the Equilibrium Limit
analysis that provides indeed a reasonably adequate description of the damage mechanisms in
masonry structures. However, it must be kept in mind that the use of these models is based on the
following assumptions:

* masonry is considered as a rigid body,
* masonry has no tensile strength.

In this level, the equilibrium analysis 1s applied on the so-called macro-elements. From the system-
atic survey carried out by Doglioni et al. [Do 94] on the churches damaged by the 1976 Friuli earth-
quake, it is observed that the seismic response of churches could be described as a combination of
the recurrent behaviour of different structural parts each of which shows an almost autonomous
structural behaviour. These structural parts are called macro-elements. It is worth noting that this
method 1s @ priori unsuitable for the analysis of complex buildings whose elements are highly nter-
connected.
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As aforementioned, since it is assumed that macro-elements behave independently from each
other, it 1s incorrect to characterize the global behaviour of the church using one capacity curve.
Instead, a capacity curve must be defined for each macro-element. The capacity curves are analyt-
ically defined through the application of the Limit Equilibrium analysis. The upper bound theo-
rem 1s applied to masonry that is assumed to be an assembly of rigid blocks, which are held
together by forces of compression and liable to crack when tensile stresses appear. This assump-
tion 1s true according to what has been observed on site after earthquakes.

The earthquake is simulated as a horizontal static force proportional to the structure mass. The
multiplier 1s the spectral acceleration; this is a single degree of freedom model. This multiplier is
representative of the seismic coefficient because it can be assumed that inertial actions, which are
dynamically amplified by the response spectrum, are proportional to the masses [LLPR 02]. Once a
set of potential collapse mechanisms 1s identified (which also means that the structure can be con-
sidered as a chain of rigid body connected to each others), the next step is to find the effective col-
lapse multiplier that is, in case of the upper bound theorem, the smallest value of the calculated
multipliers. The effective collapse multiplier determines an admissible stress state in the whole
structure. In case of masonry, there must be no tension along the section.

Applying the theorem of virtual work, the
work of every load acting on the wall under Lot
seismic actions is: 1 S atle

40-92+2P9-h—p‘6’g—1’9-a=0 | | 1

EQ56) s, | L
o 3 P2+ Fa) e Ol
(phi 2+ Ph) AN t ||

Figure 5.2 : Calculation of the collapse : . \|
multiplier of a wall A ' { T
restrained at one extremity. -

Lagomarsino et al. has defined the capacity curve of each macro-element through the determina-
tion of five parameters that characterize five limit states defined in the 98-EM scale. These five
parameters are:

 Limit state 1 (no damage) is defined by: S,=0.7\
* Limit state 2 (slight damage) is defined by: S,= A
 Limit state 3 (moderate damage) is defined by: S4=1/8 S
* Limit state 4 (extensive damage) is defined by: Sy3=1/4 S,
 Limit state 5 (complete damage) is defined by: S4=1/2 S,
Where: A collapse multiplier

Sq spectral displacement
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S, spectral acceleration, that in the case of rigid blocks i1s equal to the peak
ground acceleration

Sy described as the ultimate horizontal displacement of the gravity centre

Sa [unit of g]

¢

0 H Slj.litS Suﬁid} . Su:jZ_

0O 02 04 06 08 10 12 14 106
Sd [m]
Figure 5.3 : Capacity curve with the damage limit states [La4 04]

The seismic vulnerability 1s then evaluated through the Capacity Spectrum Method: the damage
scenario is defined by the intersection (performance point) between the capacity curve and the
response spectrum. It is worth noting here that before comparison between the seismic demand
and the macro-element seismic response, the suitable capacity spectrum has to be defined (regard-
ing the damping value to be chosen).
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LIST OF THE MACRO-ELEMENTS

The macro-element approach was developed by Doglioni et al. [Do 94], after they surveyed the
damage on churches after the 1976 Friuli earthquake. The next figure shows the identified macro-
elements.

Figure 5.4 : Macro-elements that were identified by Doglioni et al. [Do 94].

Legend: Macro-element: main facade (front wall)
Macro-element: lateral walls; nave
Macro-element: lateral chapel

Macro-element: apse

A
B
C
D Macro-element: chancel arch
B
i

Macro-element: tower/ bell tower

1. Front wall

This macro-element does not only correspond to
the main facade of a church but also to the
facade of the transept.

Figure 5.5 : Sketch of a facade (front wall).

2. Nave, lateral walls

According to Lagomarsino et al. [LPR 02], in case of a long nave (4 bays and more), it can be
assumed that the central bay is no longer subject to the edge effects due to the front wall or the
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chancel arch/ transept.Consequently, it is possible to analyse it as an independent part that is to say
as 2 macro-element. The following diagrams are taken from [La 00]:

/ fi

Nave with a flat wooden  Nave covered with vaults rein-  The timber framework is sup-
ceiling forced through tie-rods ported by masonry arches

Figure 5.6 : Sketches of the nave macro-elements.

3. Chancel arch

//,_, o / o S ;/-ﬁ /\
J T .
Chancel arch with a round ~ Chancel arch with a pointed Chancel arch with an elliptical
arch arch arch

Figure 5.7 : Sketches of the chancel arch macro-elements.

4. Apse
The listed typologies in [La 06] are:

Rectangular apse Circular apse Polygonal apse
Figure 5.8 : Sketches of the apse macro-elements [La 06].

5. Tower, bell-tower

Towers with a rectangular ground surface are allowed; the top of the model is composed of a kind
of cell (cella in Ttalian) and a small four-slope roof.
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LIST OF THE OBSERVED COLLAPSE MECHANISMS

The following 18 possible collapse mechanisms have been identified from the damage observa-
tion after earthquakes. This approach allows the development of a classification based on the
architectural styles, the age and the regional particularities (due to technical or cultural know-how).
Moreover, Lagomarsino et al. have written in [La2 04] that a clear similarity was found in the seis-
mic behaviour of churches all over Italy.

1. Front wall

Due to seismic loads, the front wall is subjected to out-of-plane actions as well as shear forces (in-
plane actions). The following collapse mechanisms were observed by Lagomarsino et al. after seis-
mic events in Italy.

A. Out-of-plane collapse mechanisms \ >

The gable overturns. To find the collapse multiplier ql

1. Gable overturning around horizontal yield-line

A, it is assumed that the gable behaves as a rigid body.

2. Tympanum overturning through oblique
yield-lines.

The front wall upper part overturns
through the creation of oblique yield-lines.

3. Overturning of the whole front wall

The front wall completely overturns
through the creation of a horizontal yield-
line at the basis.

Note: the pictures on the right are taken from [Do 94]; church in the Friuli region after 1976. The small sketches
are taken from [Lad 04].
Figure 5.9 : Sketches of the out-of-plane collapse mechanisms of the macro-element
«front wall».
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B. In-plane collapse mechanisms

1. Shear collapse mech-
anism through the
creation of a vertical
crack.

2. Shear collapse <
mechanism through ﬁ:\:\—_k
the creation of an \/ 74 7,?
oblique crack. \\/ ;

~ \ / ﬂ(,
~U/

Figure 5.10 : Sketches of the in-plane collapse mechanisms of the macro-element «front
walb».

2. Nave/ lateral walls

Only the transversal seismic response of the nave 1s treated with the Limit Equilibrium analysis.

Nave covered by vaults Nave covered by a wooden ceiling
i '/ji:** ":‘f;;:'“‘t;
/ ‘__.;': :‘-'?3) [

Overturning of  Global overturn-  Overturning of  |Global overturning ~ Overturning of
the upper parts ing one lateral wall one lateral wall

Figure 5.11 : Sketches of the collapse mechanisms of the nave (lateral mechanisms).

3. Chancel arch

Chancel arches collapse mainly in their plane. However, this
collapse mechanism is possible only if the church is not
completely surrounded by other buildings.

Figure 5.12 : Damaged chancel arch [Do 94].
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Collapse mechanisms:

Two-pier overturning One-pier overturning

Figure 5.13 : Sketches of the in-plane collapse mechanisms of the chancel arch.

4. Apses
Collapse mechanisms for rectangular Collapse mechanism for a  Collapse mechanism for
apses cylindrical apse a polygonal apse
/:7{,:..\‘ -
s . B ;
i N/ '||.1""-"_- —Dﬁh\@ /'(:

Figure 5.14 : Sketches of the out-of-plane collapse mechanisms of the macro-element
«apsen».

5. Towers, bell-towers

Creation of cracks at the interface between the cell Creation of cracks at the interface between
and the main body of the tower the main body of the tower and the nave

1 : A
Two-pler overturning One-pier overturning
Figure 5.15 : Sketches of the collapse mechanisms of the macro-element «bell-towem.

5.2.3.3. Level 3

At this level, the capacity curve is calculated through the use of more refined methods such as the
FEM (Finite Element Method) or non-linear structural models. Non-linear methods give the pos-
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sibility of more precisely taking into account the real masonry behaviour as, for instance, the stiff-
ness degradation and the tensile behaviour of the material.

5.2.4. AUGUSTI'S METHOD

Augusti's method i1s, like Lagomarsino's and the Risk-UE method, based on the approach by
macro-elements. As in many analyses of the seismic behaviour of masonry structures, he proposed
the use of quasi-static loads. Augusti shows how, assuming appropriate probabilistic properties of
the relevant quantities and a logical diagram, which describes the relation between the collapse of
the macro-elements and the whole building, the probability of collapse and damage of each macro-
element and then of the whole building can be calculated under given horizontal loads [Au 01].
Furthermore, calculations are also based on the upper bound theorem of the Limit Equilibrium
analysis (structural components behave as rigid bodies).

The procedure proposed by Augusti et al. to assess the seismic vulnerability of churches is consti-
tuted by the following steps:
* evaluation of the collapse probability for each macro-element and then for the whole church

* evaluation of the probability distribution of damage for each macro-element and then for the
church.

5.2.4.1. Evaluation of the probability of collapse

Under seismic actions, the structure is assumed to be loaded by vertical (W) and quasi-static hori-
zontal loads oW, The coefficient o, which is the ratio between horizontal and vertical loads, is con-

ventionally taken as the ratio ag/ g, 1.e. the peak ground acceleration by the gravity acceleration’. In

this context, a, is considered as a first good approximation measure of the seismic load.

FOR EACH MACRO-ELEMENT

First, macro-elements that define the structural organism of the building and also characterize its
seismic response are identified. Then:

1. The most significant collapse mechanisms (7) for each macro-element (j) are identified,

2. The nominal values of the seismic coefficient C; (corresponding to the activation of the 7 mech-

anism in the / macro-element) are evaluated through the application of the upper bound theo-
rem of the Limit Equilibrium analysis,
3. The probability functions (PDF) fc;; of the seismic coefficients Cj;;
equal to the value defined in step 2;

Cf;}- , which 1s assumed to be
normally distributed, are calculated with a mean value E[C]
the estimation of the coefficient of variation (c.0.v) is based on the number, the significance and
the uncertainties of the parameters allowed under step 2,

1. It corresponds to the A used in Lagomarsino’s method.
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h

4. For cach given peak ground acceleration a,, the probability P;; of activation of the 7 ™ mecha-
nism for the ; ™ macro-element is calculated as follows:
a/g
i ) -] (EQ5.7)
= —_= | = —_=| = - .
P, Prob[Cijs g} Fcij(g] f fe, (PG

Whete fc; is the probability density function defined under 3 and Fc; the corresponding
cumulative distribution function (CDF),

5. The collapse probability P; of the /  macro-element (defined as the activation of any 7 mecha-
nism) is calculated for given values of a,. It is assumed that the collapse mechanisms of a
macro-element can be either independent (ind) or mutually exclusive (me) [DSC 96] the corre-
sponding probabilities of collapse P; ;4 and Py, ;. are given by:

Pind T 2T 2 Pt 2 it T [ (EQS5S8)
i iy #i, i #i#i, 3
Pj, me Zwij Pij -] (EQ5.9)

Where wy is a weighing factor (defined in [Au 01]), whose value is related to the probability of
activation of the i collapse mechanism in the j™ macro-element.

Table 5.2 lists the macro-clements and the relevant related collapse mechanisms that were taken
into account in this method [Au 01].

Table 5.2: List of the macro-elements with the related collapse mechanisms.

Macro-element Collapse mechanisms

Front wall la Out-of-plane rotation due to the development of a horizontal
cylindrical hinge at the base of the facade; detachment of the
facade from the orthogonal walls

1b Out-of-plane rotation due to the development of a horizontal
cylindrical hinge at the top of the openings (entrance, win-
dows) and to the detachment from perpendicular walls

2a Out-of-plane rotation of the top of the facade
2b Out-of-plane rotation due to the development of oblique cylin-
drical hinges
3a In-plane failure due to x-shaped cracks
3b Detachment of the middle of the facade and translation in the
plane of the facade.
Nave, lateral walls 4a Out-of-plane rotation of a wall restrained on three sides but

free on the top side
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4b Out-of-plane rotation of a wall restrained on four sides

4c Out-of-plane rotation of a wall restrained on the bottom side
and free on the other three sides (4cl: cylindrical hinge at the
base of the wall; 4c2: cylindrical in correspondence of open-
ings, such as windows)

Collapse due to localized thrusts from the roof

Planar sliding due to oblique (X shaped) cracks

Nave as a whole 7 Collapse due to transversal seismic action: cracks in the trans-
versal arches; crushing or cracking at the base of the nave pil-
lars

8 Collapse due to transversal seismic action: cracks in the longi-
tudinal arches; crushing or cracking at the base of the nave pil-
lars

9 Cracks and/or disconnection of the rib vaults

Chancel arch 10 Shear failure of haunches

11a Rotation of one haunch

11b Rotation of both haunches

Apse 12a Rotation and translation of the top with detachment along an

inclined plane (often in circular and polygonal apses)

12b Out-of-plane rotation due to the development of a horizontal
cylindrical hinge at the base of the apse end wall (usually in rec-
tangular apses)

13a Out-of-plane rotation due to the development of hinges at the
edges
13b Out-of-plane rotation of vertical bends
14 Planar sliding due to x-shaped cracks
Presbytery 4a, 4b, 4¢, 5,6, 7,8 and 9
Transept facade, 1a, 1b, 2a, 2b, 3a and 3b
Transept nave 4a, 4b, 4¢, 5,6, 7,8 and 9
Lateral chapels 2a, 12b, 13a and 14
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The following diagram shows a few examples of combinations that give an evaluation of the col-
lapse probability P; of each considered macro-element.

macro-element Collapse probability
PI;\ 7
me p,
P - me
Front wall Pos — P1e
(main facade and transept facade) o lme ind Pt
Pay, —
P3a
s
Psp ~
Pa
Pu—2% p,
Nave Pici e 5 .
(transept nave and presbytery) Pics Pic Ps ind Pi=23
Ps
Chancel arch P me Pi=4
Pu
P24
) me p
126~ .
Apse S SO
P13a 4
(lateral apses and appendices) P me Pis ind Pi=s

Pisb-

Pia

Note: me and ind mean: mutually exclusive and independent mechantsms respectively.

FOR THE WHOLE CHURCH

Collapse of a church does not result from the collapse of only one single macro-element because
each has a different impact on the building under seismic loads. According to Augusti et al. [ACZ
02], the probability of collapse of a given church would be underestimated if it were measured by
the probability of collapse of only one macro-element. He stated that the collapse probability of a
whole church is a function of the collapse probabilities of macro-elements according to a func-
tional logic of the whole. The collapse condition thus depends on the structural integrity of the
church. This is defined by the interaction between macro-elements that 1s described by a logical
diagram.
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1. Macro-elements are divided into two groups: critical and non-critical ones. Contrary to the non-
critical macro-elements, the collapse of the critical ones involves the destruction of the whole
building. The church can be seen then as a series system, composed by critical macro-elements
and in parallel subsystems that are composed of non-critical macro-elements

2. For given values of peak ground acceleration (ay), the collapse probability of each subsystem

(made up of macro-elements put in parallel) is evaluated by:

Pt par ~ [Pk [-] (EQ 5.10)

Where Py 1s the collapse probability of each branch k of the parallel subsystem (numbers 4 and 5 in
Figure 5.17).

3. The collapse probability of the whole church is then evaluated using the relation usually used for
serles systems:

Pe=1-T](1 =Py, [-] (EQ5.11)

Where Py, can cortespond either to the collapse probability of each critical macro-element (P) ot

the collapse probability Py, of each subsystem.

LOGICAL DIAGRAMS

0.60
)
]

On the figure on the right
is an example presented in { boss 2 \ ;
[ACZ 02]. The chosen '
church, Santa  Maria =
Maddalena in Flagogna, is

situated in the Friuli

region, Italy.

5.00
8l

0.60

) 50
L
o

Figure 5.16 : Plan of Santa Maria Maddalena church in Flagogna; taken from [Au 02].

Legend: 1 Facade & Nave left wall 3 Nave right wall
4 Presbytery left wall 5 Presbytery right wall 6 Apse
7 Chancel arch (nave- Chancel arch (presby-
presbytery) tery-apse)

Augusti et al. proposed the following logical diagram to describe Santa Maria Maddalena church.

®

A -
L >

Figure 5.17 : Logical diagram of Santa Maria Maddalena church in Flagogna (Friuli
region, Italy); taken from [ACZ 02].
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Note: numbers tn Figure 5.16 correspond to the macro-elements indicate in Figure 5.17.

Macro-elements 1, 2 and 3 are considered as critical whereas elements 4, 5, 6, 7 and 8 are non crit-
ical. In other words, the collapse of the critical macro-elements (i.e. 1, 2 and 3) mnvolves the col-
lapse of the whole structure while the collapse of the non critical macro-elements does not
necessarily imply the overall failure of the church. On the other hand, the collapse of the whole
church might also happen either if macro-elements 4, 5 and 7 collapse or if parts 6 and 8 collapse.

5.2.5. SUMMARY

Table 5.3: Summary of the existing methods presented in this report.

Method Type Input Data Output data
Lourenco’s Index method Edifice dimensions, weight | vyy; =Ay/S; Yo =Ayi/G;
method per unit qf .\-'Olumc, internal Y3; =Awi/ Ay tang/B

angle of friction, peak ground
acceleration
Risk-UE Hybrid method | Edifice dimensions, weight | Vulnerability curves (level
method per unit of volume, plans 1); capacity curves (level 2)
Lagomars- Hybrid method | Edifice dimensions, weight | Vulnerability curves (level
no’s method per unit of volume, plans, | 1); capacity curves (level 2);
mechanical properties of the |seismic structural behav-
material (FEM) iour (FEM)
Augusti’s Hybrid method | Edifice dimensions, weight | Fragility curves
method per unit of volume, plans

5.3. APPLICATION OF THE METHODOLOGIES TO SWISS SACRED BUILDINGS

Every method presented in the previous chapter is applied here below; however, only the results
are given in this chapter. Details of calculations can be found in Appendix A.3.

5.3.1. SAMPLE SET OF CHURCHES

In order to assess the reliability and the applicability of the developed methods to the sacred build-
ings in Switzerland, a sample set of churches is chosen according to a few criteria. It contains dif-
ferent types of structures as well as fabrics and building techniques (time of construction, regions,
etc.) have to be represented (if possible). On the other hand, it is judicious to select buildings
which were slightly, moderately, strongly damaged by earthquakes in the past in order to make a
comparison between the results from methodologies and the reality. Finally, the following sacred
buildings are selected:
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Sacred buildings Type Reasons

Old chapel, Visperterminen Chapel It was damaged by the seismic event of
1755 and collapsed after the earthquake
of 1855.

Collegiate church of Valere Fortified church It was slightly damaged after the seismic

event of 1946 (damage was recorded).
5.3.1.1. Chapel in Visperterminen

The so-called old chapel in the forest (alte Waldkapelle) in Visperterminen was built in 1730-40.
According to German Studer-Freuler [St 94, it was roomy. The chapel shape was similar to the one
of the so-called Three-king church (Dreikonige Kirche) in Visp and it resembled the pattern of
Baroque churches from Southern Germany (the architect came from the Vorarlberg region (Aus-
tria)).

It was damaged by the seismic event of 1755; according to [St 94], it resulted in two cracks (their

configuration 1s not known): one in the choir walls and one in the portall. At that time everyone
thought it was due to the bad quality of the soil but they changed their opinion after removing the
covering. In fact, they found out that the rafters timber framework was just laid on walls without
horizontal links to the rest of the framework and it probably hammered masonry.

Because of the damage, villagers displaced the altar to the
new parish church in the middle of the town and no
longer visited the chapel.

The damaged chapel collapsed during (or after) the
earthquake of 1855 whose epicentre was situated in the
town of Torbel (Visp valley).

Figure 5.18 : View of a part of the ruined chapel
choir (2005).

Notes: o there probably were other windows along the same wall

o there were small circle-windows above every «normaly window

lintel of both choir doors were arched; they still remain
o main windows are rectangular framed (with a timbre plank to support the lintel)
Based on photographs of the ruins taken in 2005, the chapel seems to have been about 6 m high.

The plan and elevation of the chapel were reconstituted based on the in-situ surveys and archive
sources [St 94].

1. Tt is not clear if the crack appeared in the front wall or in a portal; the text was unfortunately not clear
enough.
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5.3.1.2. Collegiate church of Valére

The Valere collegiate church was built from the beginning of the 12" ¢ to the 13™ ¢; conse-
quently, at least two diverse architectural styles are merged together (i.e. Romanesque and Gothic).
Another particular feature, the crenellation (along the top edge of the apse) shows this is a forti-
fied edifice [Sc 71].

In the end of the 18 century, the canons community came down town and Our-Lady of Valere
became less occupied. The collegiate church was not maintained well and it was in a bad state of
conservation one century later. In 1892, J.-Rahn warned the authorities that it was in ruins. The
edifice was restored from 1896 to 1903.

Regarding cultural goods, the church shelters Romanesque capitals (ornaments from the 12 c.)
Sth

and the apse is completely decorated with frescoes dating from the 1 c. Furthermore, it

encloses the oldest organ over the world that 1s still used.

STRUCTURE

The inferior part of the eastern side and the transept, as well as
the south-east chapel, the basis of the nave walls and the north

portal, date from the first half of the 12 ¢. The erection of the
tower, the construction of the chancel vaults and the nave pil-

lars took place in the end of the 121 ¢. The upper part of the
polygonal apse and the chancel vault were built according to
Gothic architectural style. The last structural parts being built
were the low aisles, the front wall and finally the jube (end of

13th c.; Burgundian Gothic).

Figure 5.19 : Inner view of the collegiate church.

The edifice is entirely vaulted: transversal barrel vault for the
transept and rib-vaults above the nave ground. The nave 1s split
into four bays; the fourth one, which is dedicated to the canons,
is raised in comparison to the floor of the other bays and cut
from them by a jube (1 3th c.) (it 1s actually the only jube in Swit-
zerland which is still in its original place). Besides, the nave ended
in a semicircular apse (polygonal in its upper part) and is flanked
by two chapels (parallel to the church axis).

The vault thrust is transferred to the ground through massive
buttresses; furthermore, in order to limit the horizontal force,

tie-rods were put between the opposite springings of each bay
vault.

Figure 5.20 : Outer view of the north side of the edifice.

The collegiate church, like the abbey churches of Romainmotier and Payerne, has a narthex in
front of its front wall; this is the only part of the edifice to be covered by a one-slope roof.
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Masonry seems to be of good quality. The church was badly maintained for about six centuries;

however, it was restored in the end of the 19™ and during the 20" centuries. The edifice is situated
on a rock hill.

5.3.2. LOURENCO'S METHOD

5.3.2.1. Chapel in Visperterminen

y
L 21m
1
7om| | ¥ 4 I-’-I,Qm 6.5-7m
LAY '."
] "0.85m

Figure 5.21 : Reconstituted plan of the chapel in Visperterminen.
Index 1: y; (=0.23 and v ,=0.09

Index 2: 7, (=3.88 and 7y, =1.54

Table 5.4: Values for the index 3.

Index 3: 21 (259=0.06 g) 73h 2 (,q=0.16 &) 259=0.2 g
Y3x 4.77 1.79 1.43
Y3y 1.9 0.71 0.57

a. There are four areas of seismic hazard in Switzerland (21, Z2, Z3a and Z.3b [SIA 261 03]); each zone is
characterized by a peak ground acceleration for an earthquake with a return period of T=475 years.
Further information can be found in Appendix A.8.

Both indices 1 and 3 show that the chapel is seismically vulnerable along its y-axis. Index 2 shows
that the chapel is not seismically vulnerable; however, this index 1s exact only for the reconstituted
elevation that does not exactly represent the original structure of the chapel. While the recon-
structed plan is right, the elevation is based on an assumption; consequently, the self weight is also
an assumption. This explains the greater uncertainty for the values of the index 2 than of both
other indices.
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5.3.2.2. Collegiate church of Valére

y
1.05m
D
~ ©w
1 3 3

Figure 5.22 : Plan of the Collegiate church of Valere.

Index 1: y1 ,=0.14 and y; (=0.08

Index 2: v, (=1.4 and v, ,=0.97

Table 5.5: Values for the index 3.

Index 3: 71 (agq=0.06 g) 7.3b (agq=0.16 g) 2,4=0.2 g

Yax 3.94 1.48 1.18

Y3y 2.73 1.02 0.82

The three indices show that the collegiate church is seismically vulnerable along its y-axis and
might suffer quite high damage under the seismic actions defined for the hazard zone 3b. As the
values of indices 1 and 3 are close or equal to the safety value, it cannot be said that the collegiate
church is clearly vulnerable; nevertheless, in these limit cases, it is reasonable to undertake more
refined methods in order to see whether it is vulnerable.

Note: the reader can find calculations under the Appendix A.3.

5.3.2.3. Pre-Romanesque and Romanesque churches in Switzerland

. » A, . o tg
Conditions of non-vulnerability: I, = ? =0.1 I, = Ay, >1.2 = %* tg,gf)) 1.0

Table 5.6: Application of Lourencgo's method to Pre-Romanesque churches; results.

Edifice Sei’;‘fti‘:z' Tx Ny Yox Yoy Vix Tay
Romainmotier 1 0.16 0.09 / / 4.25 2.42
Payerne, abbey church 1 0.19  0.09 / / 4.46 22
St Sulpice, priory church 1 0.14 0.23 / / 25 418
Grandson, priory church 1 022 0.15 / / 3.94 2.73
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Chéserex, abbey of Bon-

1 0.21 0.12 / / 4.25 2.41
mont
Donatyre, St  Etienne’s | 0.21 021 / / 33 33
chapel
Basel, Cathedral 3a 0.13  0.098 / / 1.74 1.34
Spiez, Castle church 2 0.16 0.12 1.67 117 2.3 1.7
bc‘haffhausen, All-the- 1 013 0.07 / / 439 508
saints’ abbey
Stein am Rhein, St George’s 1 0.18 0.09 / / 44 297
church
Ziirich, Grossmiinster 1 0.14  0.07 / / 6.66 4.16
Mistail, St Peter’s church 2 0.13 0.12 / / 2.03 1.97
Mistair, St John’s church 2 0.21 0.17 / / 2.22 1.78
Mutralto, St Victor’s church 1 0.2 013 209 136 3.96 2.7
Biasca, St Peter andPaul’s | 0.19 0.1 / / 431 535
church
Chur, Cathedral 2 0.22 0.13 / / 2.52 1.48
Mendrisio, St Martin’s 1 015  0.072 / / 450 514
chapel
Cbapgf n I/j¢gfierﬁ;jﬁg'#7 3b 0.23 0.09 3.88 1.54 1.79 0.71
Collegiate church of Valere 3b 0.14  0.08 14 097 148 1.02
Santa Maria del Fossale () |5 =35m/s*" | 0.09  0.06 223 158 076  0.38
Santo Stefano a Cesclans agdZ?).U m/s> | 0.11 006 235 134 085 0.42
Santo Stefano di Valeriano | 4 =05m/s®2 [ 03 015 35 17 108 052
Santo Stefano di Valeriano® aqd:2.5 m/s’ 0.2 0.09 34 1.7 1.08 0.52
Duomo di Gemona 2,4=30m/s* | 012 008  / /078  0.66

a. Since results for the chapel in Visperterminen exist, they are inserted within the above table even if it is

not Romanseque.

b. The values of the peak ground accelerations are not reevaluate according to [BPVR 07]

c. With smaller wall thickness (0.7 m instead of 1.08 m).
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Notes: »  x: nave axis (from entrance to apse); y is the perpendicular axis.

o indices that do not salisfy safety is indicated in bold.

* index 2 is caleulated only for buildings whose elevation and plan are available; in case nothing is avail-
able the cell has a slash character inside.

o the index 3 is caleulated with respect to the seismic hazard characterizing the Jone where the building
is situated. Moreover, tanp=0.4, as proposed in [ILR 06]. Moreover, the quality of the soil was
defined as good (category A in the S1A 261 [S1A 261 03).

o indices for the chapel in Moutier, Saint Ieonards chapel, Saint Colunban’s chapel (Andermatt) and
Saint Martin’s chapel (Cazis) are not given because of lack of tnformation.

o the value of the peak ground acceleration for the Friuli earthquake is taken from [Do 94]; an
ag=3.5 m] & was measured in'T olmezzo during the first seismic event (May 1976). This value was

then adapted for the surrounding regions (assumed loss of 0.5 1/ i Jor one Intensity degree in regard
to Figure 4.22).

o details on the plans and elevations of Italians churches can be found in Appendix A.3.2.2.1; their
damage is recorded either in chapter 4.3.2 or in the Appendix A.2.4.

Index 1 appears to be the most conservative one; in most cases, this is the first one whose safety
conditions are not satisfied. The values of the index 3 collected in the Table 5.6 show that this
index depends a lot on the peak ground acceleration. Many of Swiss churches would be qualified

as vulnerable through the index 3 for an a,4=2 m/s. This fact is proved by the cases of the Italian

churches for which the value of index 3 is lower than the safety condition. Index 2 essentially
depends on the height of the edifice and the presence of vaults; in fact, it is quite high for squat
churches while it decreases for slender edifices.

The reliability of this method 1s good and is showed by the four Italian examples. In fact, they are
characterized at least by one index as seismically vulnerable and they were indeed moderately or
highly damaged after the seismic events of 1976 in the Friuli region. It is worth noting that if more
reasonable thickness i1s considered for the church Santo Stefano a Cesclans, there are at least two
indices that show they are vulnerable. However, it must be kept in mind that these indices are
based on the in-plane seismic response of walls; the out-of-plane behaviour, deterioration or dam-
age due to the hammering of rafters is not taken into account.

In a more global point of view, the above table shows that churches are more seismically vulnera-
ble in the direction perpendicular to the nave. This is particularly true for Swiss heritage buildings
amongst which, nine Pre-Romanesque and Romanesque sacred edifices are at risk (in this direc-
tion).

Note: the obtained indices that are close to the linit values have to be regarded with care since they are calculated on

the basts of imperfect (taken from books) plans and elevations’ (for two edifeces). With more exact calcula-
tions they might be higher or lower than the limit values simply because of uncertainties in given dimensions.

DISCUSSIONS

Based on observed damage, this method is proven to be reliable, especially when the given edifice
1s seismically more vulnerable in the plane of its components than out of their plane.

1. When elevations were available.
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Calculations for indices 1 and 3 are quite simple and can be done rapidly whereas the index 2
requires more plans, information about walls, materials, etc. and it is also more time-consuming,
Italian examples show that churches whose value for index 1 does not satisfy the safety condition
were indeed seismically vulnerable. Values of index 3 are particularly low for these examples, com-
pared to the cases of Swiss churches; however, when taking into account the peak ground accelera-
) . s . .

tions proposed in the SIA 261 (Z3b; a,4=1.6 m/s%) |, the same values become higher than 1 for
every church in x-direction and also for two edifices in the y-direction).

Finally, the choice of the value for the internal angle of friction could be discussed since this value
1s tan(=0.72 1n the SIA V178 and not tanp=0.4.

5.3.3. RISK-UE METHOD

5.3.3.1. Application to the chapel in Visperterminen

o D
&
%
= 4
3
8 3
O
u : .
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g —= Damaged (after 1755)
O
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z

0

0 II v VI VIII X XII
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Figure 5.23 : Vulnerability cutves for the old chapel in Visperterminen before and after
1755 earthquake.

1. This peak ground acceleration corresponds to an earthquake whose return period is T=475 years (Swiss
Seismological Service). This value was defined for determining the design spectrum for common build-
lﬂgS.
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Though the damage grade observed after the 1755 and
the 1855 earthquakes were different (MDG=3 in 1755

(I=VII)* and MDG=4-4.5 in 1855° (I=VIII)®), both
curves on the above graph are in fact not really far from
each other; compared with the observed damage, this is
incorrect. Since the intensity was I=VIII for both earth-
quakes, the MDG would be, according to Figure 5.23,
~3.2 and ~3.5 for 1755 and 1855 earthquakes, respec-
tively. Though not completely wrong, these values do
not fit reality.

a. Place within the area of I=VIII; from [ECOS 02]

b. These values correspond to evaluations based on archives.
c. Place within the area of I=VIII; from [ECOS 02]; see chapter 4 too.

Figure 5.24 : View of the damaged chapel (from the east, westwards, 2005).

5.3.3.2. Application to the collegiate church of Valére

w

Mean Damage Grade (EMS-98)

0 11 IV VI VIII X X1

Intensity

Figure 5.25 : Vulnerability curves of the collegiate church of Valere.

According to this method, the collegiate church is more vulnerable than the old chapel in Vispert-
erminen for the same intensity. For instance I=VIII, the mean damage grade of the collegiate
church would be MDG~3.9 whereas it is ~3.5 for the chapel in Visperterminen.

The mean damage degree that suits to the collegiate church after the earthquake of 1946 is
assumed to be a value around MGD~2 in July 1946 (after the survey by L. Blondel) on the EMS-
98. According to calculations, such a damage degree could have only been caused by a seismic
intensity between V and V1. Because of the attenuation of the seismic waves, this result is in agree-
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ment with reality; furthermore, as the collegiate church is situated on a hill, there must also have

been a site effect.

Nevertheless, one must pay attention to the fact that there were two aftershocks (end of January
1946 and beginning of February 1947) that must have had an impact. Unfortunately, this impact 1s

difficult to evaluate by applying the proposed method.

Note: the reader can find calculations under the Appendix A.3.3.

5.3.4. LAGOMARSINO’S METHOD

5.3.4.1. Application to the chapel in Visperterminen

RESULTS SUMMARY

Table 5.7: Main results of Lagomarsino’s method on the chapel in Visperterminen.

Macro-element | Collapse mechanism S,=0.7).2 S, =\ S4=S,[m]
Front wall Gable overturning (horizontal yield 0.45 0.64 0.43
line)
Gable overturning (oblique yield line) 0.2 0.29 0.43
Whole facade overturning 0.1 0.14 0.43
Overturning of the upper part of the 0.27 0.39 0.43
front wall
Shear collapse (two halves of the 0.33 0.47 1.9
tacade)
Shear collapse (oblique crack and 0.41 0.58 1.64
overturning of a part)
Shear collapse in the bottom part of 0.36 0.51 1.6
the front wall and overturning of
every rigid block
Nave, lateral Opverturning of the upper parts 0.21 0.3 0.35
walls
Global overturning 0.08 0.11 0.35
Overturning of one lateral wall 0.09 0.13 0.35
Chancel arch Opverturning of both pillars 0.23 0.33 0.73
Overturning of one pillar 0.19 0.27 0.73
Apse Overturning of a vertical band of 0.06 0.09 0.27
masontry (on x-axis)
Overturning of a vertical band of 0.11 0.15 0.44
masonry (on y-axis)
a. Inunitof g
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According to Table 5.7, the chapel front wall was seismically vulnerable out of its plane and might
have easily collapsed under a spectral acceleration equal or lower than the peak ground accelera-

tion defined in the Swiss code 261 for the given zone (3b) (agq=1.6 m/sz). Though the front wall

does no longer exist, which confirms the obtained result, the real state of the facade after the seis-
mic events of 1755 and 1855 is unknown.

The collapse multiplier value 1s 0.09 g for the chapel transver-
sal seismic response. That would indicate that the most proba-
ble collapse mechanism would have been a global overturning.
Nevertheless, according to the still ruins of the chapel, one lat-
eral wall is still standing (though its upper part collapsed) and
half the height of the other one is also still standing. In this
case, the collapse mechanisms proposed by Lagomarsino do
not match the real mechanism.

Figure 5.26 : View of one lateral wall of the chapel (2005).

With respect to the chancel arch collapse mechanisms, since both of its pillars are still standing
(there are cracks, but no collapse), they must have moved apart from each other making the arch
collapse.

Results show that the apse is the most vulnerable part of the chapel under seismic actions; how-
ever, the related collapse multiplier was actually calculated for a collapse mechanism defined
according to the apse damaged pattern (that is not listed by Lagomarsino et al.). In fact, there is no
reason « priori for the activation of such a mechanism, save the hammering of the timber frame-
work rafters. Moreover, calculations show that the given part of masonry that has been dealt with
had much probability to turn around the x axis than around the y-axis while the contrary hap-
pened.

Note: the reader can find calculations under the Appendix A.3.4.
5.3.4.2. Application to the collegiate church of Valére

First, as noted before, Lagomarsino’s method has not been developed for three-nave churches and
in consequence, it is not well adapted to the collegiate church of Valere that is a three-nave edifice.
However, since this kind of sacred buildings constitutes a large part of the Pre- and Romanesque
edifices in Switzerland, it is interesting to address them with this method.

Furthermore, for the method is not adapted for such kind of edifices, the collapse mechanisms of
the nave and the chancel arch are not defined by LLagomarsino et al. and must be determined.
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RESULTS SUMMARY

Table 5.8: Summary of the chosen collapse mechanisms and the related collapse multi-

plier.
Macro-element | Collapse mechanism S,=0.72%  S,=)\% S4=S,[m]
First wall® Gable overturning (horizontal yield 0.12 0.17 0.54
line)
Whole wall overturning 0.08 0.11 0.54
Shear collapse and overturning of the 0.62 0.88 5.7
moving part (oblique crack)
Front wall Gable upper part overturning (hori- 0.32 0.5 0.42
zontal yield line)
Gable overturning (horizontal yield 0.095 0.14 0.42
line)
Gable overturning (oblique yield line) 0.15 0.21 0.42
Whole facade overturning 0.04 0.05 0.42
Transept facade | Whole facade overturning (with the 0.05 0.07 0.63
impact of the timber framework)
In-plane collapse mechanism 0.15 0.22 217
Lateral walls Global overturning 0.17 0.25 0.22
Chancel arch Opverturning of both pillars 0.05 0.07 0.31
Apse Overturning of the crenels 0.29 0.41 0.44
Overturning of parts hammered by 0.16 0.22 0.57
the timber framework
Tower Overturning of the upper part 0.37 0.52 0.83

a. In unitof g

b. It corresponds to the narthex wall (the last wall in y direction on Figure 5.22).

DISCUSSIONS

According to the obtained results, the three studied facades, i.e. the first wall, the main facade and
the transept facade, lose their stability under an out-of-plane acceleration a,4=0.11g, 0.05g and
0.07g respectively. Amongst them the most vulnerable is the main facade. According to oral
sources, there are vertical cracks between the main facade and the lateral walls; moreover 1. Blon-

del [Bl 46] recorded a large vertical crack in the south lateral wall! as well as in the vaults of the first
bay. Though the obtained values for the collapse multipliers are low, it must be kept in mind that
calculations have not taken into account the possible presence of tie-rods connecting the facades to

their perpendicular walls®. In this case, the multiplier scores would have been higher and the seis-
mic vulnerability lower.

1. Perpendicular to the front wall.
2. Their position is not wall know, as are their anchorage length and strength.
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The nave, i.e. the lateral walls, is not particularly seismically vulnerable. According to L. Blondel
[BI 46], the low-aisles are particularly damaged. The vaults were transversally cracked (crossing the
centre of the vaults) as well as laterally. Moreover, the vaults of the low-aisles were detached from
the main nave walls and the arch voussoirs were also detached; at one place the keystone even fell
down. From a structural point of view, 10 hinges are required to have a mechanism under hori-
zontal actions (or 8 for a partial mechanism) according to Lagomarsino’s model; all the above
recorded cracks, if they crossed the wall or the vault, can be regarded as hinges. In case there are
10 cracks that can be considered hinges, the model that was used for calculations could be right;
however, there is no certainty.

The chancel arch is characterized by a high seismic vulnerability. Since the choice of the collapse
mechanism is arbitrary, this result must be carefully considered. As a reminder, the collapse multi-
plier obtained by applying the upper bound theorem of the Limit Equilibrium Analysis can be
either higher or equal to real collapse mechanisms that can happen. If it is lower than the real one
the assessment of the seismic vulnerability 1s unfavourable and wrong. That might be the case
here. Moreover, the transversal movement is stopped in one direction by the presence of the
tower; there is consequently no collapse (at least not the chosen collapse mechanism) in this direc-
tion. The apse and the tower are not seismically vulnerable, at least for the chosen collapse mech-
anisms. This result is in agreement with their dimensions and the observed damage [Bl 46].

At last, it must be said that the collegiate church was struck at least twice in one month since a sec-
ond earthquake happened two weeks after the main shock. In consequence, it 1s difficult to assess
not only the damage that resulted from each seismic events but also to assess the evolution of the
edifice’s seismic vulnerability.

Note: the reader can find calculations under the Appendix A.3.4.
5.3.5. AUGUSTI’S METHOD

5.3.5.1. Application to the chapel in Visperterminen
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Figure 5.27 : Fragility curves (collapse probability vs. horizontal load coefficient) of the
macro-elements and the whole chapel in Visperterminen.
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DISCUSSIONS
According to Figure 5.27, the whole chapel would have a probability of 1 to collapse under a peak

ground acceleration of 1.6 m/ s that characterized the zone 3b where V Isperterminen is situated
[STA 261 03]. If the total collapse of the church means the total destruction, that is, no more than
stones piles are left, this result 1s overstated (lateral and apse walls are still standing, though dam-
aged) ! Moreover, while the peak ground acceleration of the 1755 earthquake was probably close to

1.6 m/s?, it is close to 2 m/s” during the 1855 earthquake, and that did not result in the total col-
lapse of the chapel.

Once again, as with Lagomarsino’s method, the most seismically vulnerable part is the apse, then
the nave (transversal movement), the front wall and finally the chancel arch. This 1s logical since the
collapse mechanisms and the way to calculate the collapse multipliers are the same.

However, this method makes it possible to obtain not only probabilistic results (collapse probabil-
ity versus the collapse multiplier), but it also gives information about the global seismic response of
a whole edifice. This method 1s an interesting tool for having a global view of a church.

Nevertheless, the most important point to note is that the collapse probability of the whole chapel
should be lower than the collapse probability of each component leading (according to the logical
diagram) to the chapel ruin; this 1s not the case simply because of the equation applied (Eq 5.11).

Note: the reader can find calculations under the Appendix A.3.5.

5.3.5.2. Application to the Collegiate church of Valére.
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Figure 5.28 : Fragility curves (collapse probability vs. horizontal load coefficient) of the
macro-elements and the whole collegiate church of Valére.

1. Furthermore, specialists think that the peak ground acceleration at that place was probably of 2 m/ =
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DISCUSSIONS

According to Figure 5.28, the whole collegiate church would collapse under a peak ground accel-

eration of ~1.6 m/ s2. The most seismically vulnerable part of the collegiate church is the chancel
arch; it 1s not surprising since the chosen collapse mechanism 1s the same as the one chosen for
the application of Lagomarsino's method. Obviously, the same observations have to be made
regarding this result; though the chancel arch is probably seismically vulnerable, this result is cer-
tainly overstated.

The collegiate church front wall is also highly vulnerable under out-of-plane seismic actions. The
transept wall (out-of-plane mechanism), the apse, the nave (transversal collapse mechanism) and
the first wall are less vulnerable. The apse and the nave (transversally) seem to be the least vulner-
able in case of a seismic event. It is worth reminding that this conclusion is correct only in case of
an undamaged structure, which 1s not necessary the case.

To sum up, it is worth noting that this method, like Lagomarsino’s method, has been developed
for small (one-nave) churches and not for medium-size edifices. Consequently, the validity of the
results must be considered with caution.

Note: the reader can find calculations under the Appendix A.3.5.
5.3.6. DISCUSSIONS

LOURENCO'’S METHOD

The calculations for indices 1 and 3 are quite simple and can be done fast whereas the index 2
requires more plans, information about walls, materials, etc. and it 1s also more time-consuming.
However, both examples (the chapel in Visperterminen and the collegiate church of Valere),
which were studied in details, show that index 2 not only follows the same trend than index 1, but
confirms the result.

Index 3, since it takes into account the seismic hazard of the area where the given edifice 1s situ-
ated, permits us to balance results of both first indices as a function of the place where the edifice
is situated.

RISK-UE METHOD

This takes into account many important parameters that can have an impact on the seismic vul-
nerability of churches. Though it seems to suit more or less the case of the undamaged chapel in
Visperterminen and the collegiate church of Valere, the curves of the undamaged chapel and the
damaged one do not represent reality. This observation also shows that this method gives a good
trend of the seismic vulnerability of sacred buildings (it shows that a mean damage grade of 3 can
be expected from an intensity of VI/ VII for churches). However, it does not provide more accu-
rate results since there are no substantial differences between the studied examples (the chapel and
the collegiate church) although they are structurally very different.

Moreover, this method is based on statistics that have been collected in Italy on Italian churches. It
1s obvious that both kinds of building heritages are not necessarily the same (different structures,
materials, etc.). Consequently, this statistical basis might simply not be suitable to Swiss churches.

With respect to the second level of the method, which is the same as the level 2 of Lagomarsino’s
method, see the following chapter.
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Note: the fact the vitlnerability curves do not reach a mean damage grade of 5 is a problem of the method itself.

LAGOMARSINO'S METHOD

This method has given interesting results for both given edifices even if the results are sometimes
overstated or do not completely match the observed damage resulting from earthquakes.

In comparison with the chapel in Visperterminen, it is worth noting that the application of this
method becomes more difficult with sophisticated buildings like the three-nave churches (colle-
giate church of Valere) or cathedral. Consequently, results obtained with the collegiate church of
Valere must be taken into account as indicative.

When only considering the chapel in Visperterminen, the range of the peak ground acceleration
values that would activate the chosen collapse mechanism is overstated. Specialists of the Swiss
Seismological Service think that the chapel might have been subjected to a peak ground accelera-

tion of 2 m/s” during the 1855 earthquake that is higher than the obtained values.

AUGUSTI'S METHOD

This method is based on the same assumptions as Lagomarsino's, that is, the macro-elements
approach, the same list of collapse mechanisms and finally, the upper bound theorem of the Limit
Equilibrium analysis. Consequently, it shows the same advantages as well as disadvantages.

However, this method prioritizes a probabilistic approach, that is, fragility curves can be obtained
instead of capacity curves (deterministic approach). This way of doing is an advantage since seismic
vulnerability 1s not deterministic but probabilistic. Moreover, the method gives a view of the seis-
mic response of the whole church; nevertheless, it must be pointed out that the probabilistic law
that is used for the whole edifice has proved to be incorrect.

5.4. CONCLUSIONS

All the presented methods are based on reasonnable assumptions as well as procedures and have
given interesting results. The index method proved to be quite easy and quick (especially for the
indices 1 and 3) to apply. However, since indices correspond to ratios that simplified reality, the
obtained answers are also related to the simplicity of the ratios. Nevertheless, it has been proved
that the results do correspond to reality.

The three other methodologies are composed of steps with increasing refinement in the applied
calculation methods; this process has proved to be efficient. For instance, a first step whose results
are quickly obtained and reliable is appropriate to sort out edifices depending on their seismically
vulnerability. For instance, the first level of the Risk-UE method and Lagomarsino's is based on
parameters, which can have a great impact on the seismic vulnerability of churches, and also on sta-
tistical data collected during surveys (on damage to religious buildings) that were carried out after
seismic events. Beside, the application of this first level is quick and easy.

The second level of both methods, i.e. the Risk-UE method and Lagomarsino's, is pretty interest-
ing. Nevertheless, collapse mechanisms have to be chosen and in case the real collapse mechanisms
are unlisted (or unknown), the obtained results differ from reality. Otherwise, the approach by
macro-elements seems to be quite suitable to assess the seismic vulnerability of churches. This
problem related to the collapse mechanisms is somehow weighted in Augusti's method by the use
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of probability. However it leads to other problems: how to assess the weighting factors and how to
define a suitable logical diagram? Moreover the obtained results with this method seem to be
slightly overstated because of the probabilistic treatment.

To sum up, all the above presented methods present advantages and disadvantages with respect to
the type and reliability of the obtained results. The development of a new methodology should
take advantage of the above conclusions.
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CHAPTER 6

Masonry

6.1. INTRODUCTION

Constructions in stone masonry constitute a large part of the building
heritage in Switzerland. Beside old farms and individual houses (even
contemporary), there are numerous cathedrals, churches, castles, town
halls and Roman ruins.

As the topic of this report is the seismic vulnerability of such kind of
buildings, the mechanical and structural properties of stone masonry
must be well understood. Consequently, the study of this composite
material 1s essential and it 1s why a chapter is devoted to it.

Stone masonry is made up of natural stones and mortar. Masonry is
usually described by many parameters regarding both the stones and the
mortar, l.e.:

* size and shape (and the regularity of size and shape) of the stones

* regularity of the courses

» mechanical properties of stones (strength)

* physical properties of stones (porosity)

» mechanical properties of the mortar

* size of the joints

* quality of the interface between stones and mortar

All these parameters are treated in the following sections. At first, it
gives an overview of the masonry kinds that can be found in Switzer-

land. The mechanical properties of stone, mortar and masonry are dis-
cussed then in chapter 6.4.
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6.2. MASONRY TYPES FROM HISTORY

The choice of the masonry type depends on a lot of different factors, which have furthermore
changed with time mainly because of political, economical (transports were very expensive, the
closer the quarry was the better) and artistic reasons.Originally, the place of the building site set
the rock type(s) to be quarried and used for the edifice; this lasted until the Renaissance era at
least. Mechanical properties, resistance against bad weather and height of rock layers also swayed
the choice of the stone quality and the masonry type as well as the walls (one-leaf or multiple-leaf
walls) and dimensions of the rock blocks. Finally, masonry type was also highly influenced by the
building techniques used by the masons (local masons or itinerant companies) and the building
master.

As aforementioned, since building as well as rock dressing techniques and the economical, social,
religious and political context has changed in the course of history, so have masonry types.

6.2.1. PRE-ROMANESQUE MASONRY TYPES (CAROLINGIAN ERA)

Pre-Romanesque masonry was composed of pebbles, small stones or of medium-size dressed-
stones, which were later preferred to pebbles to build important edifices. The courses were small,
horizontal, reticulated or also fishbone-shaped (Figure 6.5) and sometimes interrupted with two
or three tile layers that actually played the role of header bond [Fr 93]. The type of stone which
was used depended on the material at disposal in the building site surroundings (quarry, etc.).
Carolingians also arranged the bonds to be decorative through the stones position and colour.
Mortar, which was made up of quick lime and sand, was often of bad quality; sometimes it was
mixed with pieces of tiles.

Wialls were quite thick because of stability; nevertheless they were thinner at the top. The churches
were usually devoid of abutments; however, it is possible to see pilasters along the outer sides of a
few edifices, as for instance, the chapel in Aachen. In fact, this sort of alternation of niches and
vertical flat pilasters as well as very flat abutments was the premises of the Romanesque style [En
1902].

Regarding the tools used to cut stones, they were quite basic at that time; only the pick, the mass
and the stone burin were used [Fr 93].

6.2.2. ROMANESQUE TIMES

The usual Romanesque bond is composed of medium-sized (and of medium-hardness) stones
that are 20 cm to 40 cm thick and 30 ¢cm to 60 cm long. Romanesque masons did not use small-
size stones that was of common use during the Carolingian period and which required a lot of
mortar. The height of the courses was defined by the thickness of quarry layers as well as the char-
acteristics of the stone. Moreover, because of a rational use of the quarry blocs, it often occurs
that stoneworks were made up of courses with irregular heights. Walls are composed of two outer
masonry walls and of an inner one that 1s a conglomerate made up of pebbles and mortar. Roman-
esque masters already put bonder stones in order to tie outer and inner leaves to each other [Ha
05]. To strengthen masonry edifices, master builders also applied the in-and-out bond principle
that can also be considered as abutments. For the same reason, they put bigger stones at corners
(quoin bonding); nevertheless, according to [Ha 05], this system can also initiate cracks in masonry
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(if the stones are big). It might be worth noting that unlike in Roman buildings, head joints in
Romanesque masonry are not put every two courses (irregular stonework).

Though quite easy and rapid to be built, this kind of multiple-leaf walls have a few disadvantages: it
is not only sensitive to humidity but also to differing deformation between the inner and the outer
leaves (loss of homogeneity) (Figure 6.1).

Humidity, which comes from out-
side, enters the middle part through
the outer wall joints. Water weathers
the mortar-stone composite material
and leads to the desegregation of the
outer sides under the resulting lateral
thrusts [Ha 05], [Co 70]. The outer
leaves deformation under weight 1s
smaller than the inner part settle-
ment that may result in a rupture at
the interface.

Vertical failure

Figure 6.1: Vertical failure between layers of a multiple-leaf walls; right: Cistercian method
to avoid cracking [Ha 05].

Later, masons solved this problem by making thicker joints by placing stones of different lengths
on each other (structure more homogeneous) or, as Cistercians did (Figure 6.1), also by dressing
prism-shaped stones that have a smaller area in contact with the filling. In regard to walls, there is
one more structural characteristic of Pre-Romanesque and Romanesque architecture (and which
disappeared in Gothic period) that is worth noting: the archivolt. Abutments (rather flat pilasters)
run along the outer facing of walls that bear archivolts, themselves supporting the upper part of
walls; this system can bring more stiffness to the whole structure and it also make possible to build
thinner walls (because unloaded by archivolts). However, the archivolts that can be seen in Switzer-
land are more aesthetic than structural, that is, they do not significantly stiffer the wall.

Like walls, columns and pillars are composed of
two parts: an outer skin of stones that surrounds a
kind of filling.

Figure 6.2 : Pillar cross-section [Ha 05].

Vaults, which are essentially barrel-shaped or groin-shaped (groin vault is used from the 1™ cen-
tury for covering the aisles), are made up of very light material so that walls are not heavily loaded.
Moreover, building masters learned from experience that vaults without filling in the vault
haunches cracked at one fifth of the arch (30° to 35°); so they stacked pebbles and mortar (that

gave a kind of conglomerate) between the extrados and the nave walls.

Another characteristic of Romanesque building techniques is that every architectural element (col-
umns, pillars, etc.) is integrated in a course height (it is no longer found in Gothic buildings); for
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instance, a column put side-by-side with a wall 1s included within it through masonty courses. Cor-
ners are carried out with overlapping courses.

Regarding foundations, it has been noted [Ha 05]
that they usually are of bad-quality. They are often,
especially for small- or medium-sized churches,
constituted of a masonry block that is itself com-
posed of quarry waste or of river pebbles. Fur-
thermore, foundations are not very deep (1.5 m)
in order to minimize raw materials whose trans-

port was CXpCﬂSi.VC.

Figure 6.3 : Usual Romanesque and Cistercian foundations [Ha 05].

However, Benedictine and Cistercian edifices are sustained by foundations of better quality. They
are 3 m deep and have the same structure as the multiple-leaf walls above; moreover, they widen
as they go deeper and end with a footing which is one and one-half as wide as the walls are
(stepped footing). Footings rest on fascines that are put into a cement mattix.

The walls of small edifices were often built in masonry with pebbles.
6.2.3. GOTHIC ERA

While Romanesque builders used medium-hard rocks and small stonework masonry, Gothic

builders tended to use harder and of bigger size raw materials from the end of the 12th century.

As within the Romanesque era, each architectural piece, especially protruding ones such as capi-
tals, cornices and lintels, was included in one course for each level. In consequence, each stone
piece had to be dressed before being set in walls. Gothic masters rationalized these techniques and
protruding components were linked to the rest of the structure through only a few courses (for
instance, one per three courses).

In Romanesque period, the structure of walls was slightly changed: in place of an unorganized fill-
ing leaf, all parts of the walls were carried out course by course. Thus, courses of the wall outer
leaf correspond to the courses of the interior leaf; this approach made masonry more homoge-
nous. Moreover, when walls were not too thick, bondstones were placed.

Compared to the massive Romanesque constructions, gothic masters tended to erect light, homo-
geneous and quite deformable (less sensitive to soil settlements or to structural deformation) edi-
fices.

Besides prestigious edifices, common buildings were built with simple ashlar masonry or pebble
masonry.

6.3. MASONRY TYPES IN SWITZERLAND

The kinds of stones that are used in a given masonry generally come from the same area as the
constructed building. Similarly, it is erected by local workers and also according to local building
techniques. These aspects are particularly true for Pre- and Romanesque edifices mainly because
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of the economical system (feudal taxes), the political insecurity and the loss of the Roman building
knowledge of that time (see chapter 3.2).

As a consequence, stone masonties are generally typical of the region where they were erected and
lots of different kinds of masonries can be recorded. This fact is particularly true in Switzerland,
not only because of the diverse cultures gathered in one country but also because of the high diver-
sity of stones due to the proximity to the Alps. Moreover, beside raw materials and building tech-
niques, the era when the construction was carried out is also of interest since the construction
techniques evolved with time.

6.3.1. TYPES OF STONES

As aforementioned, stones used for a given building were extracted from the area around the
building site. Consequently, their characteristics depend on the geological configuration of the
place. Types of stones used for construction in Switzerland range from limestone, sandstone and
granite to gneiss and even marble, which has been mainly used as stone facing,

In order to give an idea of the type of stones that might be found at different places as a function
of the geological situation, an overview of the geology of Switzerland (as well as the mechanical
properties of stones) 1s given in appendix (Appendix A.4.2).

6.3.2. TYPES OF MORTAR

Mortar 1s composed of solid materials (aggregates), binder and water.
AGGREGATE

Aggregate, sand, gravel and small pebbles are generally used; Romans also added Pozzolans! to
their mortars, especially for underwater parts. While pebbles are brought from riverbeds, gravel and
sand can be found either in rivers or in lakebeds. Moreover, aggregate might also result from
crushed rocks and from blast furnace slag. Sand used in Swiss heritage buildings is generally either
siliceous or calcareous.

Aggregates contribute to strengthen mortars and ensure them a better force distribution in
masonry. They also help reduce shrinkage and a good (uniformly distributed) grading curve dimin-
ishes porosity [BSI 96]. The diameter of grains can exceed 4 mm in old mortars.

BINDER

Ancient mortars essentially used non-hydraulic lime, magnesia lime, blue lias lime and sometimes
Portland cement for recent (before the 90%) transformations. In Switzerland, according to [EA 03],
most cultural heritage buildings were erected with non-hydraulic lime until around 1750. In parallel
to common lime, Blue lias lime was used from the 18t century end until 1900 when Portland
cement began to be used and superseded both common and blue lias hydraulic limes. It is worth

noting that though Roman Pozzolanic mortars -strictly speaking- were employed until the end of

1. Pozzolans, which constitute an artificial (roof tiles) or natural (from the region of Roma) adjunction of
Alumina, Silica and Iron, react with the slaked lime and water to result in stable hydrates (suitable for
underwater constructions).
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the Roman Empire, masons put parts of tiles (or even of other kind of materials) into masonry

until the 20 century these brought it close to the famous Pozzolanic Roman mortar.
A few words about the binder types:
* Magnesia lime

Instead of pure limestone that is used in common lime, dolomitic limestone, in which magnesia
carbonate 1s associated with calcium carbonate, 1s used for magnesia lime.

¢ Blue lias lime

This type of lime 1s made with impure limestones. Pure limestones are actually rather rare and they
are usually interstratified with matls and claystones rich in iron, alumina and silica. At the burning
stage, the calcium of limestone combines with iron, alumina and silica resulting in silicate, alumi-
nates and iron-aluminates of calcium. By absorbing water, all these elements become insoluble
hydrates that give the binder waterproof characteristics [BSI 96].

6.3.2.1. Mortar quality in the course of history

In Europe, as mortar was made with rocks extracted in the surroundings of the building site (that
were essentially marled limestones or sandstones), the binder was very often blue lias lime [Re 91].

Without going back too far in Antiquity, it can be said that Greeks already knew how to make
common lime. Romans borrowed Greek techniques and simply enhanced lime quality; while
Greek people used lime for ornament or to whitewash facades, Romans applied it to small stone-
work masonry. It allowed them to erect resistant (because of better homogeneity and load distri-
bution) and easy-built masonry.

After the Roman Empire collapse, Europe faced a long period of economical and politic instabil-
ity; from a technical point of view this time of crisis led to a loss of knowledge and Roman build-
ing techniques were partially forgotten; constructions were badly erected. However, lime mortars
were still applied but only for important edifices like castles, dwellings of nobility and bridges [BSI
96]; common buildings were actually erected with bad-quality raw materials and earthen mortar.

In the Romanesque period, the quality of mortars improved marginally and was of good quality in
the Gothic period; nevertheless, until Renaissance, mortar quality varied a lot because of a partial
knowledge and understanding of lime making process. Lime making actually requires not only
excellent raw materials but also care in the limestone burning and a suitable proportioning of ele-
ments. All these points were satisfied with difficulty since many of the identified Romanesque
mortars have defects as being lean (not enough lime) or being made with earthen sand, for
instance. Moreover, these mortars had a very slow setting process that often resulted in deforma-
tions in walls. LLean mortars can be desegregated by water since the matrix was not compact.

In Renaissance, mortars quality was good.
6.3.3. RECORDED BONDINGS AND CROSS-SECTIONS

Wialls are composed of either one or three leaves with a rubble filling in-between; there are several
types of multiple-leaf masonry walls. The outer leaves are usually described through the way
(bonding) and the quality of the cutting of stones as well as the type of mortar. The inner part
might be made either of random rubble masonry or of a simple filling (sand and rubble mostly).
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Regarding the masonry bonding, the usual combinations in Switzerland are':
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Figure 6.4 : Bonding types that can be found in Switzerland [SIA 266 07].

Where:
Bonding type | Description Explanations

A Rubble stone masonry Masonry made up of round stones taken from
riverbeds and/or from meadows.

B Squared rubble masonry Masonry of undressed stones that are iitially
angular; there is no horizontal course. For
instance, the cyclops masonry belongs to this cat-
egory.

C Regular-coursed masonry | Regular masonry mostly with squared flat-shaped

with squared rubble. rubble (limestone, gneiss, sometimes sandstone).

D Regular-coursed masonry | Regular-coursed masonry made up of squared
rubble that have been either roughly dressed or
directly taken from quarry benches.

E Ashlar masonry Masonry made up of squared stones with well-
made bed and head joints.

1. However, other combinations exist.
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Other types might also be found in Switzerland:

Fishbone masonry

Dry masonry

=]
L —
T
I [ 1

Figure 6.5 : Other types of masonry bonding [SIA 266 07].

The fishbone masonry is seldom found in Switzerland; there is no wall that was completely made

with this pattern (and which is still standing nowadays). It 1s more usual to see parts of a wall that

are made up with such a configuration.

Wialls made up of dry masonry can be essentially found in the canton of Tessin (south of Switzer-

land); this is the case, for instance, of the church Saint Nicola in Giornico. Nevertheless, there are
so few sacred edifices (less than five) built using dry masonry in Switzerland, that this type of

masonry is not taken into account in this report.

6.3.3.1. Cross-sections

Amongst the main cross-sections of masonry walls in cultural heritage buildings, there are essen-

tially one-leaf and multiple-leaf walls.

The one-leaf masonry wall can mostly be found in small
churches, like the ones of small towns in the countryside or
in towers (bell towers). The size and the type of the stone
blocks can range from small stone rubble up to large squared
stones. Depending on the quality (size and type) of the
stones and mortar, each vertical edge of this kind of wall may
be reinforced at the corners through big quoin stones of
good quality.

Figure 6.6 : One-leaf wall cross-section.

A multiple-leaf wall is defined as a heterogeneous con-
struction (walls or pillars) which is composed of an inner
leaf made (B on the right figure) of one or many materi-
als. The inner leaf 1s compounded by two outer leaves (C
and E on figure on the right) made of ashlar or simply
regular-coursed masonry. Masonry of the outer leaves
might be of different types; furthermore it 1s not infre-
quent that their thickness differs too.

Figure 6.7 : Multiple-leaf wall cross-section.
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The masonry type of the inner leaves depends essentially on the building process. This layer may
be a kind of loose masonry (with blocks of bad quality compared with the masonry of outer
leaves), a multi-layer masonry or simply a kind of filling with rubble.

The first solution -the loose masonry- which is composed of small stone blocks put in mortar and
generally carried out at the same pace than the outer leaves, is probably the best from an engineer-
ing point of view. In this case, the outer leaves play the role of wall facing. The second solution -the
multi-layer masonry (opus spicatum)- is carried out by putting quite good dressed stones onto a
mortar layer; it results in a quite high concentration of holes. Because of its heterogeneity this kind
of inner leaf does not have an efficient bearing capacity. The last possibility (opus caementitium), is
filling in the empty room between the outer leaves that are already erected, with a mixture of rub-
ble and mortar. If the filling is carefully carried out in steps of 50 cm, the inner leaf would be
stronger than if it 1s entirely filled in at the end.

The connection between the inner leaf and the outer ones 1s provided by friction in the mortar
joint (smooth interface), by crossing blocks or by cantilever blocks that are in the outer leaves and
enter the inner part (crenellated interface). Nevertheless, several experiments and surveys on medi-
eval multiple-leaf walls, show that only a few of them are connected through bond headers (cross-
ing blocks) [Fr 93].

Note: the one-leaf masonry wall is the more efficient way to lake loads. The multiple-leaf masonry wall is a solution
that appeared because of the need for alternative materials as well as labours and time. According to [EA

03], this technique was already applied by Egyptians in the 3 willenninm BC.
6.3.3.2. DIMENSIONS

On the basis of many observations, Egermann [Eg 93] comments on multiple-leaf walls that:
* the average thickness is about 50 cm
* the relation between inner leaf and outer leaves thickness is between t;/t,=1 and t;/ t0:51

* the relation between the aforementioned ratios and the thickness of the whole wall section is
constant.

With respect to isolated walls (based on the survey of many edifices) Rondelet wrote in his treaty
[Ro 1852] that a wall has a good stability if its thickness corresponds to the eighth of its height. If
the thickness is the tenth of the height, it is still stable but this ratio cannot be lower than 1/12. For
further information, the appendices can be consulted (Appendix A.4.4).

1. Where it corresponds to the thickness of the inner leaf and to the outer leaf.
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6.3.3.3. Cross-section types as a function of the thickness

Besides the aforementioned rules, the type of cross-sections and its width can also be statistically
linked:

Homogeneous
masonty (one-leaf wall)

Stompmrey ETSates - A

t=50/60 cm

Multiple-leaf wall

=60 cm

Figure 6.8 : Types of cross-sections as a function of the thickness [BP 06].

6.3.4. FOUNDATIONS

As already aforementioned, Romanesque foundations for churches were not of very good quality.
They are not deep (1.5 m). Cistercian and Benedictine congregations made better foundations
(chapter 6.2.2).

6.3.5. TRANSFORMATIONS

Cultural heritage buildings were frequently transformed with time. As the economical and political
situation usually changed between two transformations, it is seldom to find different kinds of
masonry in one wall, as illustrated on the below example:
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Figure 6.9 : Wall composed of masonries made at different period of time [Gr 03].

On the previous figure, at least six different kinds of masonry can be distinguished; they corre-
spond either to a raising of the wall, the closing of an previous opening or a restoration after some
damage.

Nevertheless, though churches sustained transformations of masonry after their completion, there
was seldom a small part that was changed but rather a large part (a whole wall for instance). Such a
case can be seen for masonry composed of stones sensitive to bad weather, such as molasse (sand-
stone).

6.4. MECHANICAL PROPERTIES OF STONE MASONRY

Masonry i1s a composite material whose structural behaviour (strength, stiffness and ductility)
depends on many parameters, such as mechanical properties of stones and mortar, bonding type

(geometry of stones, thickness of joints and the horizontality of courses), state of maintenance and

thermal coefficients’.

1. Though it may create supplementary stresses up to a certain degree, the impact of thermal coefficient will
not be taken into consideration in this report.
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Except in the case of dry masonry, masonry is a composite material composed of two different

materials, i.e. stones and mortar!. Forces can be transferred throughout masonry: under compres-
sion, mortar allows forces to be uniformly distributed from one course to another and it also gives
a better resistance to horizontal forces through friction and adhesion. On the other hand both
these materials are characterized by very different mechanical properties. This may lead to an
incompatibility in deformation when the load achieves a certain level. For instance, stones usually
have a higher Young modulus than mortar and especially old mortar which is much more ductile

than stone. For instance, the sandstone’s E modulus can reach a value of 2 15'000 MPa whereas
the value of the same modulus for mortar is about 1000 MPa, i.e. a tenth of the former value. Fur-
thermore, mortar failure can happen at a strain of 0.7% while the stone strain at failure is about
0.25 % [Hu 00].

Because of all the aforementioned features, which influence the stone masonry’s mechanical
behaviour as well as their variations, it is very difficult to calculate the exact value of the failure.
Nevertheless, it 1s possible, under a few conditions, to determine strength values [Hu 00] through
models; it 1s however important to be aware of the influence of the model assumptions in order to
assess the quality (and the domain of application) of the obtained values. Models, which have been
developed in order to assess stone masonry collapse values, are presented and discussed within the
next few chapters.

Before describing the mechanical behaviour of masonry, each of its components, 1.e. stone and
mortar, 1s dealt with.

Note: though a few cultural beritage buildings are built with dry masonry, like the Saint Nicolak church in the can-
ton of Tessin, it is not studied in this report because they constitute a small group of edifices. Moreover, these
kinds of churches are situated in areas that are not characterized by a high seismic hazard.

6.4.1. STONE

Stones are characterized according to their mechanical properties as well as their conditions of
failure.

6.4.1.1. Mechanical properties

Stones are brittle or quasi-brittle materials: under compression, stone is characterized by a more or
less elastic behaviour up to a brittle fatlure. Under tension, stones have low resistance.

As shown on the previous figure, the mechanical behaviour of quasi-brittle materials (such as
stone) under tensile load, as well as compressive (though less visible) shows a softening phase. This
important feature is due to progressive internal crack growth that 1s commonly attributed to the
heterogeneity of material [RGOL 98]. Stone is heterogeneous because of micro-cracks in its struc-
ture. Under load, these micro-cracks grow until the beginning of the creation of macro-cracks.
This corresponds to the peak load; from then onwards, load can only decrease as macro-cracks are
unstable.

1. Sometimes, other materials, such as tiles, can be found in masonry.
2. Ttis worth keeping in mind that sandstone mechanical properties vary a lot from one type to another
because of the quarry and the layer from which it was taken and the way it was laid within masonry.
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Figure 6.10 : Typical behaviour of quasi-brittle materials under uniaxial compressive and
tensile force, respectively [RGOL 98].

The relation between compressive strength and tensile strength is situated between 30:1 and 15:1
[SA 91]. It may be worth noting that this ratio for stone is higher than the one for concrete (ratio of
10:1). Poisson’s ratio is between 0.01 and 0.09.

6.4.1.2. Stone failure: criterion

During one of his experiments on stone materials, Coulomb discovered in 1773 that the collapse
plane of stone under compressive load was oblique. He concluded then that such materials col-
lapsed by sliding on such a plan where shear (T) and the normal stress (6) had values linked
together by a linear law. This criterion was then enlarged by Mohr (1900 to 1914) and then Caquot
(1935) [Fr 94]. Moht's theory can be applied to assess the strength of brittle materials; it says that
failure happens on a plan where the tangential stress T achieves a certain value in relation to the
perpendicular stress:

f(o) = 1 (EQ 6.1)

This curve, which is called the intrinsic curve, 1s the envelope of Mohr circles at failure for one
material. In general, three circles are drawn: each from compression, tensile and plain shear experi-
ments.

Intrinsic curve

W o111

& 11

Il _0

-

Figure 6.11 : Intrinsic curve [Fr 94].
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A block of stone in masonry is indeed loaded by compression and tension; the mass above the
blocks and its own weight create compression and its co-existence with mortar results in tension
in the block (at the mortar-stone interface, see chapter 6.4.3) due to the deformation of mortar.

Another way failure criterion for stones was proposed (Figure 6.12): this gives the interaction
between the material compressive strength and its tensile strength. A few experiments and analytic
models have been carried out on the mechanical behaviour of bricks under compression and ten-
sion in order to obtain the material failure curve in function of the compressive and tensile
strength.

------------ Atkinson/ Noland/ Abrams ox/fs,t
Hilsdorf |
------ Khoo/ Hendry i

=% i »= Probst -

Tension

ﬂO’}'ffs,c 1 Compression
Figure 6.12 : Bricks failure curves [Eb 96].

Based on a similar failure curve, another method for calculating the strength of masonries com-
posed of sandstone blocks was proposed by Berndt and Schone [BS 91, BS 94]. The given equa-
tion was drawn from experimental investigations. According to Berndt and Schone, the failure of
masonry always happens because of the tensile failure of stone.

(8]
X, 8

=2 =1+07-
fs,t

(EQ 6.2)

|

n
L]

Where: © ¢ stress along x-axis
f; ¢ stone tensile strength
Gy: stress along y-axis
f; o stone compressive strength

Ebner [Eb 96] also recommends the application of the Berndt and Schéne equation with a curve
slope between 0.5 to (.7. for sandstone masonry.

6.4.2. MORTAR

Mortar is composed of solid materials, binder and water. While the diameter of grains cannot
exceed 4 mm in present mortars, it used to be the case in old ones. Ancient mortars essentially
enclose lime, hydraulic and quicklime. The type and quantity of binder has a great influence on the
time for hardening as well as on the mortar strength.
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6.4.2.1. Mechanical properties of lime mortars

Mechanical properties of mortars depend on the following parameters:

e water-binder relation

* absorption capacity of stones

* age of mortar

* ambient temperature

* contact with air (quantity)

* boundary conditions for shrinkage of mortar

* concentration of binder

* joint height

Like stones, mortars have low resistance to tensile forces and are better in compression; further-

more, the force-displacement curve looks like that of stone (though more deformable).

Because of the aforementioned parameters, the mechanical properties (mortar strength, etc.)
obtained by tests cannot be directly used as absolute values. Moreover, the mechanical properties
of mortar are different for a masonry joint because the boundary conditions can differ even along
a joint. Nevertheless, a few researchers carried out many tests on mortars which allowed them to
set mortar failure critetia.

6.4.2.2. Mortar failure criterion

Two teams carried out experiments on mortar in order to determine its failure curve [Eb 96].
Based on the assumption of a confining pressure, Koo and Hendry [KH 73] described the mortar
failure curve as a function of its compressive strength:

- . 10.805
%1 4291 .(f 2] (EQ6.3)

Co mo, ¢
Where: ©4: major principal stress
G,: minor principal stress
fmoc: compressive strength

Note: this equation has been developed for 1:0.25:3 and 1:1:6 (concentration in weight of: cement, line, sand) nior-
lars.
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6.4.3. PROPERTIES OF THE MORTAR-STONE INTERFACE

Mortar and stones are characterized by different
mechanical properties, especially in their stiffness
(Young’s modulus). o [MPa]
Because of different mechanical properties, prob- 1
lems of compatibility appear at the mortar-stone W
interface; three cases can arise with respect to the
tightness of connection between mortar and

stone. The first, is the case whete connection is

Stone

almost inexistent. The second, which constitutes
the other limit, is encountered when the connec- F21500 MPa (historic lime mortar)

tion between mortar and stone is fully restrained. Mortar
a l /] [] I s

Figure 6.13 : Stress-deformation curve of 5 ¢ [%n]'
stone and mortar.

In between, there is a third case which characterizes a connection whose efficiency is situated
between both above-mentioned limits. Generally, bed joints suffer from this problem more than
head joints.

Case 1: Stresses in mortar are independent of the ones within stones.
Case 2: At the interface, stresses must be similar both in the stone and in mortar (assumption).

As mortar is less stiff than stone, its deformation is
actually restrained and this situation results in com-
pressive stresses in mortar and tensile stresses (coun-

terpart) in the stone. If the joint is thin, the stress o
distribution on the joint height can be assumed as O J’ /o'b
constant. On the contrary, the distribution of e .
stresses in a direction perpendicular to the action is o i i *
rather parabolic in thick joints. Tum OV~ &
Figure 6.14 : Stresses in stone-block-mortar A 0

composite; taken from [He 90].

¥

The following equation evaluates stresses perpendicular to the action direction (assuming that
deformation in both directions of the plan is the same):

a m- o (EQ 6.4

= +
Y 'mo,c, p rm
Where: Oy vertical stress (Gy)

fmo‘c’p: mortar compressive strength on prism

G- radial stress

m: slope of the envelope curve
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Tensile stresses in stones result in cracks in both directions (in the plane perpendicular to the
action direction). The above equation can be applied only if the following conditions are satisfied:

* Joint height must be thin enough so that the distribution of stresses is constant on the thickness

* Mortar shear strength is high enough to stand the shear force at the interface

While these above conditions are generally satisfied in brick masonry, this is no longer the case in
stone masonry. Old lime mortar is indeed more deformable than the cement mortar of brick
masonry. Consequently, it tends to increase the shear stress at the interface between stone and
mortar. However, instead of resulting in cracks in stones, it is more likely to cause the separation
between the two materials.

Case 3: representing the reality, 1.e. a situation when the connection between mortar and stone is
not perfectly ideal (with the stone whole surface tied to a mortar which is strong enough to
stand the shear force resulting from perpendicular actions).

Note: even when mortar is vertically cracked, in the case of vertical compression actions, verfical stresses can be still
transferred from a stone to the one under it. This is due to the mortar confinement (31D compressive stress
state) and ils friction capacity.

Besides the transfer of forces in the mortar and at the interface, forces must also get through

stones. The force flow within stones depends on the rock structure (micro-cracks and cracks) and

on the boundary conditions. If stones do not completely (on the whole surface) lie on mortar, flow
of forces 1s no longer vertical and it consequently results in tensile stresses within the stones.

A regular masonry with rectangular stones and constant-thickness mortar joints will collapse
because of cracks in stones (because of the incompatibility of deformation at the interface). On the
contrary, collapse of irregular masonry will occur due to cracks in mortar. The force flow always
follows the highest stiffness, which is actually provided by stones.

Note: when mortar yields, it no longer resists an increasing of loads; this often happens in the edge sones. The surface
that transfers loads is then smaller and this area is consequently more loaded than before.

6.5. ONE-LEAF STONE MASONRY FAILURE: CRITERION

Compared with ordinary masonry (masonry composed of bricks with perpendicular head, bed
joints and regular courses), the surface of ashlar masonry is usually irregular. The difference of
mortar thickness due to irregular stone surfaces leads to a concentration of stresses in bed joints,
especially where it i1s particularly thin. These aspects of heterogeneity result in a more complex sit-
uation compatred to ordinary masonry.
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Roughly, two approaches have been adopted to deal with the mechanical behaviour of masonry:
the first one is based on principal stresses, while the second one uses the shear and normal stresses

(1=1(0)).
\ bi- 1\1'1] state
-'\‘\ 1 \trCHN Gll
| N\ /
I\ I /

R :[ P“

«.huar stress as T —-—
\ a function of
__ the normal
| N force

Figure 6.15 : Main approaches to describe masonry failure; taken from [Cr 98].

The natural stone masonry failure can be either due to the failure of mortar or that of stone (ten-
sile failure). All the following models are based on one of these assumptions. Every model which
is based on the failure of stone takes into account the non-linear behaviour of mortar; the yield
surface that is generally used is Drucker-Praget’s. The minimal vertical stress that causes the
stones to fail 1s determined by the stresses in stones when they achieve the failure surface of the
rocky material. These stresses are due to the incompatibility of deformation at the mortar-stone
interface. This minimal value of vertical stress 1s usually considered as the failure stress of the

walll.

When masonry failure 1s defined by the failure of mortar, the Mohr-Coulomb’s yield surface is
usually applied.

Note: no model considers the influence of vertical joints on the masonry compressive strength.

The definition of the above model’s yield surface requires the value for the material strength, that
1s, the compressive, tensile and shear strength.

6.5.1. COMPRESSIVE STRENGTH

Many experiments have been carried out in order to study the compressive strength of masontry; it
has led to the determination of empirical formulae as well as analytical ones. Before listing them
(see the next chapters), it is worth noting general masonry features that have been drawn from
standard tests.

GENERALITIES

Recent research work has shown that the compressive strength 1s influenced by the characteristics
of units, mortar and masonry [He 90]. Characteristics are shown on the following table:

1. The diminution of the loaded surface due to the mortar yielding along is not allowed for.
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Table 1: Factors that influence the compressive strength of masonry.

Unit characteristics

Mortar characteristics

Masonry characteristics

Strength

- Type of stone and geome-
try of units

- Solid

Strength

- Water/ cement ratio

Relative deformation

Type of bond
Direction of loading

Local stress raisers (e.g. dis-
continuities)
Relative height Relative thickness

Absorption of stone

The compressive strength of masonry varies approximately as the square root of the unit strength
and as the third or fourth of the strength of the mortar. In what concerns the material properties of
the bed joints, it was observed that the «smoother» the mortar is, the lower is the compressive
strength. Experiments have shown that the presence of aluminium sheets, mortar (1:0.25:3) or soft
rubber bonds may decrease the masonry compressive strength to 96%, 35% and 17% of the unit
strength, respectively. Moreover the joint thickness may have a great influence on the masonry
compressive strength: this value tends to the unit strength when the mortar joints are thin. Thick
joints decrease the masonry compressive strength (the units split quite rapidly (depending on the
loading level)).

Many empirical equations were developed to determine the compressive strength of masonry; a
few of them are listed here below.

6.5.1.1. Compressive strength according to the Swiss code 178 [SIA V178 80]

The compressive strength of different new natural stone masonries is calculated according to the
following diagram (£, .(f; . ))-

Type of bonding

Fm,c [N/mmzj Squal'cd—st(mc masonry

40 N\
QA
N .cp‘:“ b : ; -
30 N 9 7Y éf;;séil masonry
e ,_,. ’?’/7 /z/ -
Y /) Squared-rubble masonryry
ek B2B3
N ST o
SVCIOPS masonry
\\\ GiG6 3 .
. \\ S5 B186
0= VW?ﬁﬁ:?}ﬁ}ﬁ? '
S it
0
0 20 40 60 80 100 120 140

fs,c [N fmmz]

Figure 6.16 : Determination of the compressive strength of different types of masonry [SIA
V178 80]
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* for every masonry except the cyclopean one: f, =05 f_

* for cyclopean masonry: f, = f o

Note: though the results that are obtained with the above diagram seem to be quite good, specialists agree that this
diagram gives oo great values of compressive strength of masonry compared with reality.

This diagram reflects the fact that masonry compressive strength depends highly on the quantity

of mortar, that is to say (according to the above diagram):

* compressive strength of random rubble masonry is quasi-proportional to the mortar strength,

* because of alternate courses with more or less thick joints, the compressive strength of squared
rubble masonry is between the units and the mortar compressive strength,

» ashlar masonry compressive strength is very close to the stone strength because of the small
proportion of mortar.

The Young’s modulus of masonry is:

E,, "=E, * volume of the stone patt [%]+E_, * volume of the mortar part

(o]

a. x corresponds to the x-axis (vertical).

[MPa] (EQ 6.5)

6.5.1.2. Compressive strength according to the EC 6

The method developed by the Eurocode 6 [EC6 96| to calculate the compressive strength of
masonry is based on the stone strength and the mortar strength as well as on a coefficient K that
increases or decreases the given masonry strength according to its bonding type and the stone

type.

_ 0.65 025
fn, e,k = K5 ¢ “Tmo, (EQ 6.6)

Where: f

m.ck specific compressive strength of masonry (5% fractile)

f, .t average compressive stone strength along the load direction (on a 100x100mm sam-
ple that was dried in ambient air)

K: correction factor, depending on the stone category, bonding in cross-section and

mortar type

f,

mo,c: average value of the mortar compressive strength
For the value of K, the reader can consult the EC6.

Moreover, the strength of the rocky material i1s decreased by a partial coefficient that ranges
between 1.7 and 3.0 corresponding to combinations IA and IIC (MGr) respectively.

6.5.1.3. Compressive strength of ashlar masonry in sandstone, after Péschel [PS 96]

Poschel's model was based on a combination of both compressive tests and FEM analyses.Under
compression cracks appear early in stones, under a low level of load, along their perimeter. Failure
occurs through vertical (parallel to the action direction) cracks in the middle of stones.

132 Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



The yield criteria is based on stone failure; it occurs when the combination of stresses in the middle
of stone exceeds the stones strength. The value of such stresses 1s calculated by a formula using the
damage state of mortar (defined through the height of the damaged mortar) and on the stone
width.

f
t " S, t
Q-B-fmo,c-[z._iz-m:‘f‘].6]+fs’t
f o = f f (EQ6.7)
%-(2.32-105—’t+l.6]+fs—’t
s, C s, C

Where: f,, : compressive strength of masonry

f

mo,c: compressive strength of mortar
f - compressive strength of stone

f; . tensile strength of stone

t: joint height

b: stone width

Note: the relationship between stone beight and joint height is not considered, though it has a great influence on the
masonry strength.

6.5.1.4. Failure model for ashlar masonry after Berndt and Schéne [BS 91], [BS 94]

For this model, the failure criterion is based on the multi-axial strength of stone units and mortar.
Cracks 1n stones are assumed to be due to:

* The incompatibility in deformation in the plane perpendicular to actions at the stone-mortar
interface results in cracks within stones

* Cracks in the middle of stones because of damaged mortar (non-uniform distribution of
stresses in stones)

These two sources of cracks are taken into account and the proposed equation is a function of
them. Here below 1s the equation describing the stone failure:

S, X _
T = 1+0.7- (EQ 6.8)
s, t s, C

Moreover, the yielding behaviour of mortar is modelled through a deformation factor and the
interal friction coefficient @. Masonry strength can be calculated with the help of the following
equation:

¢ _ fs,c
m,cC v f
t _m dd| s.c (EQ6.9)
(h, —— +K, dh,,J £ +05...07
m s, t

Where: f, : masonry compressive strength
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f; ¢« tensile strength of stone
Vi Poison’s coefficient of mortar (v,,=0.3 (MGtI), 0.4 (MGr II), 0.5(MGr I1II))
h”: stone height or 20 cm (the smaller value is prevalent)
d: wall thickness
t: joint height
d’= t+t/(tan(45+¢/2))
where: =20 for MGr i
¢=30 for MGr 11
¢=40 for MGr I11
h’: stone height or 10 cm (the smaller value is prevalent)
f; ot compressive strength of stone
Ky: decreasing factor for the maximal cracking strength at the middle of the stone

Eq 6.9 can be represented by the following diagram showing the failure curve of stone:

=0y
A
fg
Stone failure (Eq 6.8)

Failure =

A=

Stress development Z

~ . «— instone S

—
-~
—
.
S~
—
o -~

Compression

Figure 6.17 : Criterion of natural stone masonry after Berndt and Schone [BS 91].

The depth of damaged mortar is calculated as a function of the joint height and the friction angle
of mortar. Berndt gave different values of the friction angle in regards to the mortar quality (from
20° (bad quality) up to 40° (good quality)).

Note: the proposed equation s reliable for one-leaf ashlar masonry if the E-modulus of stone is much bigher than
the mortar E-modulus. However, the equation is not applicable in the case of thick mortar joints.

6.5.1.5. Failure model for one-leaf stone masonry (irregular courses) after Ebner [Eb 96]

Ebner has carried out a series of three experiments related to three types of masonry: two-leaf
walls without filling, three-leaf walls with sand (without mortar) as filling and three-leaf walls with

1. Mortar groups depending on their quality
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an inner layer composed of small ashlars and lime mortar. She also numerically modelled the struc-
ture in order to better understand the results obtained through the experiments. According to
Ebner, there are three possible failure modes of a one-leaf masonry wall under compressive load-
ing:

* the stones fail due to the influence of head joints

* the stones fail due to the incompatibility of deformation at the stone-mortar interface

* the mortar fails

According to her observations, head joints influence the load distribution along the horizontal sur-
face. This also leads to higher horizontal tensile stresses in stone blocks. These stresses may be
determined by using a factor that multiplies the horizontal tensile stresses resulting from the
restrained deformation. This factor essentially depends on the head joint and bed joint thickness as
well as the mortar strength. She then calculated the minimal vertical stress due to the head joints
with the following equation:

y f s, C (HQ 6.10)
s, t
kSF . I(qumS-]C

S,

[+]

Where: fs,r: stone tensile strength (on prism)

G- minimal vertical stress in stone (compressive) (Oy)
f; .t stone compressive strength (on prism)
mg: slope of the stone failure envelope curve (mg =1.0 to 0.5)

Ky factor
K = Ll= sin@ h_m
q 1+sing hS

hg: stone height

tan@: mortar internal angle of friction
h,: bed joint height

Kgp: factor
0.2
=34 —;bS <70mm

1-sing
m |+ sing

SF

bg: head joint width

Seismic Vulnerability of Cultural Heritage Buildings in Switzerland 135



Masonry

The second criterion is linked to the horizontal tensile stress resulting from the restrained defor-
mation at the stone-mortar interface. Ebner [Eb 906] took it into account in the following equation:

f
s, t
— 2 <
%y i fse (EQ 6.11)
Kq+KTF+mS-f—

Where: f: stone tensile strength (on prism)
G,: minimal vertical stress in stone (compressive)
f; o stone compressive strength (on prism)
my: slope of the stone failure envelope curve (mg =1.0 to 0.5)

Ky factor
K = 1= sin@ h_m
q 1+sing h5

hg: stone height
tan(: mortar internal angle of friction
h,: bed joint height
Kepp: factor
1 — sin hm
Kpp = K, +[007-025. —302. M5
TF 1 1 + sing hS

For calculating K;:

A2,

- h . s 2
bgrl hm (tan(p )+hstan30 b =42

a2 = hm'(tamp )+, tan30°
K1: 1ford< bgrl

I<1:2 for bgrl
I{l =1 fOI' d > bgr2

<or=d<or=byy,

The last criterion is about the mortar strength: the minimal vertical stress that can be supported by
the mortar is given by the following equation:

dmin 23
°y "~ °'[2.4-hm-(1—2tamp)] (EQ6.12)

Where: d,,;,: smallest stone width

G minimal vertical stress in stone (compressive) (O)
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tan@: mortar internal angle of friction
c: cohesion

The smallest vertical stress that is obtained with the above equations corresponds to the masonry
failure stress. This value for one-leaf wall is then calculated for the whole cross-section with the

defined failure stress..

i e = [1—1.2 : hTm(l ~2tang)- G})M] -[1 A 'Ibsj oy (EQ 6.13)

Where: f, : failure stress of one-leaf masonry wall
G- minimal vertical stress in stone (compressive) (Oy)
h,: stone compressive strength (on prism)
d: wall thickness
n: number of head joints above or beneath one bed joint
bg: head joint width
I: wall length
c: cohesion
Note: if stone blocks are of different height, each bond must be allowed for.

Ebner [Eb 96] proposed a way to adapt these results for squared-stone masonry to another kind of
masonry, such as the ashlar masonry made up of dressed blocks instead of perfect rectangular ones.
Since the compressive strength of a well-dressed-stone masonry is higher than the one of a simple
ashlar masonry, Ebner proposed to reduce the value obtained for the former in order to get the
strength of the latter.

f
= M, ¢ ssm EQ 6.14
fm, ¢,am o (EQ )
Where: fm,c’am: failure stress of an ashlar masonry

ou: factor (0=3.3)

fm,cssm: failure stress of a square-stone masonry

Note: the stone characteristics must be the same in both cases, as well as the wall dimensions.

It is important to keep in mind that this model for calculating the compressive strength of regular
ashlar masonry, is based on both numerical and experimental tests. It essentially depends on the
mortar internal angle of friction as well as its cohesion (Mohr-Coulomb yield surface). As the defi-
nition of the mortar mechanical properties (¢ and ¢) is a difficult and uncertain task, the applica-
tion of this model is actually complex.

1. This value differs a little bit for small-sized wall; for further information, the reader can refer to [Eb 96].
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6.5.1.6. Discussion about the models

In [Hu 00], the above-mentioned methods are compared through their application to three case
studies (two of a similar masonry type but with different mortars and the third case was an irregu-
lar-course masonry) each corresponding to a sample that was experimentally tested by Warnecke
[Wa 95]. It emerged that though every method gives different values of compressive strength from
the test results, they are all close to each of them.

The determination of the masonry strength by the Eurocodes (EC 6) gives values that are 20% to
33% higher than test results. Once again, the equation allowing us to obtain the compressive
strength of stone masonry was initially developed for and from brick masonry. The equation
terms are then essentially compressive strengths (both of stone and mortar) and consequently
many factors that might influence the mechanical behaviour of stone masonry are simply not
allowed for. However, Huster [Hu 00] wrote that this method could be applied for regular ashlar
masonry with thin joints.

Poschel's method also gives a higher compressive strength (20-80% high). This relation is actually
independent of the joint height and assumes that cracks appear in the middle of the stones; this
assumption requires a cubic stone (in regards to the stone friction angle). The collapse mechanism
consequently corresponds to a state of pure shear; this assumption is actually too restrictive.

Compared to all other above-mentioned rupture models, the one developed by Berndt, according
to Huster [Hu 00], has the best fit with the test results (6-55 % of difference). Not only did this
theory give better results for the stone masonry with a mortar of bad quality, the values obtained
for other types of masonry are also quite good. Moreover, it may be worth noting that the model
was initially set up for ashlar masonry. Contrary to the other models, Berndt's takes into account
important parameters that may greatly sway the strength of masonry, like the joint height (regard-
ing the failure load level), the connection between the stone width and height and the place where
the first cracks appear.

Regarding the results obtained with the SIA 178, the difference between experimental measure-

ment and the method result is more than 100% for the first case! (regular ashlar masonry), while it
reduces to 0 and 6% for both other cases (regular masonry with good quality mortar and irregular
ashlar masonry, respectively).

Ebner’s method has not been applied because the masonry cohesion was unknown.

To sum up, the SIA model is applied in the next chapters since it gives good results for calculating
the compressive strength of masonry.

6.5.1.7. Discussion about masonry strength under compressive loading

* the smaller 1s the angle of internal friction and the slope of the mortar failure envelope curve,
the smaller is the safe bearing capacity.

» mortar thickness has a great influence on the non-linear loss of bearing capacity (mortar failure
is already predominant with thin mortar joints).

* stone height is also a prevalent factor: the larger the depth of course 1s, the larger is the failure
load; this impact 1s amplified for thick joints.

1. Comparison is made with average values.
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6.5.2. SHEAR STRENGTH

Masonry walls can be subjected to shear actions simultaneously with vertical compressive load; this
is especially true during earthquakes. Consequently, the shear behaviour of masonry has been
investigated in several countries for years now. The purpose here is not to make an exhaustive list
with every experimental investigation that was carried out in order to model the structural behav-
iour of walls under shear actions. Only a few ones that are relevant to the study of the old masonry
behaviour under seismic actions are presented here below.

First, scientists focused their research on determining the masonry shear strength based on the
Mohr-Coulomb failure surfaces; however, the beginning of the computer use in the 70 led them to
develop other material failure criteria for numerical implementations. These models were no longer
based on the Mohr-Coulomb’s law but rather on the principal stress block (Figure 6.15).

Scientists originally focused on the application of the Mohr-Coulomb equation on different kinds
of masonries. Many tests were carried out in order to find values for the cohesion (c=1() and the

internal friction term (U or tan®) for diverse types of masontries for they depend on the properties
of the materials used, the form of the test specimens and the loading arrangements. Hendry and
Sinha [HSD 04] proposed the following equation to calculate the shear strength of masonry
according to a Mohr-Coulomb formulation (T = 1,+tan@*0):

T =03+05 0y (EQ 6.15)

Where: 1T: shear strength of masonry
ON: vertical stress
Note: this relationship was found to be valid for values of oxy=2MPa [He 90.

This equation was defined on the basis of a series of tests carried out on full-scale structures built
of wire-cut bricks in 1:1/4:3 lime mortar.

Sinha [S1 67] showed that the initial mode of joint failure represented by the Mohr-Coulomb equa-
tion 1s indeed replaced under a certain pre-compression value by another failure mode: the cracking
through units (bricks/stones). The curve of this mode (tensile failure, see on Figure 6.18) was char-
acterized by Mann and Miller [MM 82]; the shear strength for this mode is:.

N
T =045-f - 1+f— (EQ 6.16)
’ s, t

Where: 1: shear strength of masonry

O\: normal stress
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f, :: unit tensile stress

In [MM 82], a value of 0.033 f, (f, 1s

the unit compressive strength) is 7
given for the tensile strength of sol- &
ids and 0.025 f;, for highly perforated W@

units.

Tensile failure of units

The failure mode changes once again %]

under higher normal stress and cor-
responds then to the crushing failure
of masonry. The envelope curve
given by Mann and Miller 1s shown
on Figure 6.18.

oN ON, ult

Figure 6.18 : Shear failure modes of masonry under vertical compression [He 90].

The other approach is to study masonry shear strength by considering the loading of masonry
through the principal stress block.

In 1980 and 1981, Samaringhe, Page and Hendry
[SPH 81| defined failure surfaces for brickwork
under an orthogonal tensile-compressive = stress.
They applied normal stresses to brickwork speci-
mens with different inclinations in regard to the bed
joint direction.

Page carried out experimental investigations in 1982
[Pa 82] on masonry walls with different bed joint
angles. The loading was either uniaxial or biaxial.
From the test results, Page was able to set up three
failure mechanisms and deduced from them a failure
criterion (see the next figure).

Figure 6.19 : Failure criterion proposed by Page
[Pa 82].

Failure diagrams proposed by Page can be found in Appendix A.4.5.
In the same direction, Ganz and Thiirlimann also carried out similar experimental investigations

on squared masonry walls with sloped bead and head joints (0°, 22.5? and 45° with respect to the
horizontal) [GT 84]. Based on the obtained results, Ganz proposed a failure model for masonry
that is confined by five failure areas (it 1s assumed that the stone does not resist tensile stress and
the mortar cohesion is neglected).

140  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



The failure criterion developed by Ganz can also be described by a two-axis graph:
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Figure 6.20 : Compressive strength as a function of the angle a; proposed by Ganz [Ga 85].

According to Ganz, the failure conditions for unreinforced masonry can be described by five
mechanisms:

I) Tensile failure of stones

2 .
. .—6C cyé() (EQ 6.17)

Xy X

I1) Compressive failure of stones

2 -y
rxy—(cx+fmx)-(cy+fmy)£0 (EQ 6.18)

III) Shear failure of stones

2
Txy—ﬁy'(0y+fmy)so (HQ 6-19)

IV) Shiding failure of stones

2 2
T (c-o, -tang)” <0 (EQ 6.20)

V) Tensile failure in the mortar beds
2 L) )
Txy %" [Ux +2ctan (Z * 2)) =0 (EQ6.21) Figure 6.21 : Ganz’s failure model.

Furthermore, Ganz proposed a way to determine the maximal lateral force (or maximal shear
force) that can be withstood by a squat wall with or without openings. This method is based on the
use of stress fields. He indeed proposed in [Ga 95] three different equations for calculating the
shear strength force as a function of three levels of vertical load.
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It 1s also interesting to note that according to Ganz [Ga 85], the angle of internal friction @is
almost the same for all types of masonry; the value of the internal angle of friction is situated
between 0.7<tan <0.8. Moreover, the ratio f /f . which depends on the type of masonry
(stone, type of bonds, mortar, etc.), ranges from 0.3 to 0.5 for brick and lime masonry. This is con-
firmed by [RGOL 98| in which it is stated that the initial internal friction angle ¢;, assoctated with

a Coulomb friction model ranges from tan ¢;= 0.7 to 1.2 for different unit-mortar combinations;

the residual internal friction angle @, is approximately constant and equal to tan ¢, = 0.75.

Como and Grimaldi [CG 83] used another way to address the problem: they applied the upper
bound theorem instead of the lower bound theorem that has been used for the previously shown
models. The concept of Como’s and Grimaldi’s model is to first define the possible collapse
mechanisms of a wall and then to calculate the minimal multiplier of the collapsing part of the wall
that can lead to a loss of equilibrium. For instance, if we consider the collapse mechanism of a
entire wall, this multiplier factor will be:

A = %%[1—2—3 (EQ 6.22)

Where: Gy vertical stress (due to the wall self-weight)

O: masonry strength (in the case of the self weight, 6}, corresponds to the masonry com-
pressive strength).

H: wall height

T: resultant of the lateral actions
b: wall length

G: wall self weight

In 1993, Vermeltfoort and Rajymakers [VR 93] investigated the shear response of 0.99 m x 0.1 m x
1.0 m (width x thickness x height) walls; some had an opening in their middle (though not exactly
right in the middle) and others were plain. The walls, which were made up of 18 brick courses,
were subjected to a lateral load as well as a vertical one at their top. They obtained interesting fail-
ure patterns (cracks); nevertheless, they did not create failure criteria based on their results.

In 1996, for the first time, the shear strength of natural stone masonry was investigated. Berndt
[Be 906] carried out shear tests on sandstone square-stone and ashlar masonries (bed joints were
either 15 mm or 25 mm thick). It was observed that failure happened by sliding along the bed
joints under a vertical load of 5.5 MPa, while the stone blocks cracked under a higher vertical load.
Because of this observation, Berndt deduced that failure actually occurs due to the incompatibility
of deformation at the mortar-stone interface. Consequently, Berndt’s failure model 1s also based
on this assumption.

Grauben and Simon [GS 01] proposed in 2001 a method for calculating the shear strength of
masonry walls made up of big-size stone blocks with thin joints. Their method is based on the fail-
ure model that was developed by Mann and Miller [MM 82] and is characterized by four failure
criteria (instead of three in the Mann and Mueller’s model).

142 Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



6.6. MULTIPLE-LEAF STONE MASONRY FAILURE: CRITERION

The construction of multiple-leaf walls was introduced by Romans; Pre- and Romanesque builders
reused this technique. Any medieval wall, which is thicker than 50 cm, is generally composed of
three leaves (see chapter 6.3.3).

Contrary to one-leaf walls, the structural behaviour of multiple-leaf walls has been analysed by only
a few researchers. Most of them have essentially focused their research on the flow of forces
amongst the layers as well as between them since it is usually the most important factor in the mul-
tiple-leaf wall strength. The flow has usually been determined by numerical application (FEM) or
sometimes simply by analytical models. In fact, only a few experimental investigations have been
carried out on the shear strength of multiple-leaf walls. Drawing conclusions from the experimen-
tal tests, which might be applied for many other kinds of multiple-leaf walls, proved to be quite dif-
ficult.

6.6.1. DISTRIBUTION OF LOAD WITHIN A MULTIPLE-LEAF MASONRY WALL

As aforementioned, the distribution of loads within multiple-leaf walls sways influences a lot the
wall bearing capacity [Eb 96]. Almost every researcher agrees on the fact that this distribution
depends on the mechanical properties of each leaf, their dimensions (stiffness) [Da 85] and the way
they are connected to each other [PLBA 05], [BFA 91] and [WRB 95].

Dahmann described in [Da 85] the impact of the stiffness of leaves on the loads distribution:

bid b4y 4

| n i

Stiffer Stiffer Inner leaf
outer leaves inner leaf damaged

lal [ |
b

4]
4] |

Figure 6.22 : Distribution of loads as a function of the stiffness of leaves.

1. Itis assumed that the load transfers from one leaf to another; this transfer is ensured either by friction
between leaves or by the stones themselves (resulting in an irregular interface; see the Figure 6.23).
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Unfortunately, the mechanical properties of the layers, such as their stiffness (especially of the
inner leaf) are usually not known. Binda et al. [BFA 91] proposed then to take into account two
limits:

* limit 1: the stone blocks are wider than the
average thickness of the outer leaves (or they
even cross through the inner leaf); conse-
quently, forces are transferred from one leaf to

[rregular interface

another.

* limit 2: every stone block is of similar thick-
ness; in this case, forces can only be trans-
ferred from one leaf to another by friction. It
1s important to note that this coefficient of
friction 1s generally unknown.

Figure 6.23 : Irregular surface that allows a
better transfer of loads within
the wall.

In order to better understand the transfer of forces within multiple-leaf walls, Binda et al. [BFA
91] carried out two numerical studies (FEM) on multiple-leaf walls: in the first model both outer
leaves were connected through rigid links that permitted the transfer of loads. In the second
model, the transfer of load was ensured by the mortar joint between leaves. In the first case,

results showed that there was a transfer of load from the inner leaf to the outer leaves'. This was
not the case for the second model as the joint between leaves was unable to transfer high shear
loads from one leaf to another.

Apart from numerical modelling, experimental investigations have been carried out; they have
shown that the shear strength (at the interfaces) of straight collar joints (regular interface) is mainly
influenced by the stones physical properties, such as porosity that provides a better adherence of
the mortar. Moreover, it was observed that failures were brittle and left the wall with a small resid-
ual strength. The failure of such kind of walls (with regular interfaces) results from the develop-
ment of vertical shear cracks along the connections at the interfaces. In this case, failure appears
by the separation of every leaf at the interfaces. Shear strength values at the interfaces obtained for
straight collar joints are between 0.09-0.17 MPa for a smooth and a hard stone, respectively.

The structural behaviour of keyed collar joints walls (irregular interfaces) is different. The failure 1s
no longer brittle; the stress-strain curve has an elastic part followed by a yielding area. According
to experimental results, the shear strength (at interface) of keyed collar joints walls 1s influenced by
the stone strength, as the cracking pattern depends on the type of stone. For a low E-modulus
stone, damage was observed in outer and inner leaves, while the sample with a high E-modulus
showed cracks only in the inner leaf. Moreover, due to a higher strength and a small adherence
with mortar, cracks went only around the blocks in the inner leaf, without crossing them. In this
case, only the inner leaf collapses. Shear strength values obtained for keyed collar joints vary
between 0.58-0.81 MPa for a smooth and a hard stone, respectively.

1. Outer actions loaded the inner leaf.
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Finally, the experiments carried out showed that horizontal deformation increases when the outer
leaves are disconnected from the inner leaf.

To summarize, if connections at the interfaces are ensured by only vertical joints (straight collar
joints), there is no important transfer of loads from one leaf to another. On the contrary, a better
connection (with keyed collar joints) ensures a transfer of loads within the multiple-leaf walls, as a
function of each leaf stiffness.

6.6.2. DETERMINATION OF THE COMPRESSIVE STRENGTH

Very few researchers have published papers on this topic; these studies have resulted in a few
methods which are presented here.

6.6.2.1. Failure model for multiple-leaf stone masonry after Egermann [Eg 93]

Egermann's failure model, which is limited to regular course masonry, is based on results from the-
oretical and experimental investigations; they are based on the following assumptions and limita-
tions:

* the outer leaves of the samples are made up of brick masonry

* geometry and mechanical properties are similar for both outer leaves

* 1nner leaf with cohesion

 the interface between outer leaves and inner leaf is smooth

* there 1s no deformation in length direction (infinite wall)

¢ lateral deformation is restrained at the wall crown as well as its foot.

* Dboth surfaces, at the crown and at the foot, stay flat

* vertical loading is uniformly distributed at the crown surface

Egermann's recommendations for assessing the bearing capacity can also be used for any kind of

natural stone masonry if the structure of outer leaves approaches the one of brick masonry. For
instance, it could be applied to square stones masonry or to regular ashlar masonry.

According to Egermann [Eg 93], the compressive strength of the inner leaf is increased by the bi-
axial loading (proved by numerical as well as analytical calculations).

Note: this method is based on an efficient interface between leaves.

MODEL FAILURE

Egermann’s model takes into account the strength of each leaf, its stiffness and its dimensions; the
strength (in regard to vertical loads) of a multiple-leaf wall is then calculated with the following
equation:

A i A

S

f =6 0,1 A 0,2.10,2. A

02 A
T R (EQ 6.23)

0,] 1

Where: f: failure strength of a multiple-leaf wall (with two outer leaves)

0,,10r 2: cotrection factor for the failure strength of the outer leaf n (0, 1,2 =0.75 [Eg 94])
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.\’:-\.

olor 2: ground surface of the outer leaf n

fo10r 2¢ failure strength of the outer leaf n

0;: correction factor for the failure strength of the inner leaf (6,=1.3 [Eg 94])
Aj: ground surface of the inner leaf
£’ failure strength of the inner leaf

Failure strength of the outer leaves

Through the correction factors, different structural behaviours of both the inner leaf and the
outer leaves are taken into account. The bearing capacity of the outer leaves 1s diminished due to
the connection with the inner leaf, while the inner leaf capacity is increased because of the bi-axial
compressive loading (resulting from the presence of two outer leaves).

Failure strength of the outer leaves is calculated with the following equation:

f, = fm,c'ak'a(p

(EQ 6.24)
Where: oy : factor for the slenderness

Oy factor for the influence of the loading direction

f,: failure strength of the outer leaf

fo ¢ compressive strength of masonry

According to the author's own words, this equation can be applied only for masonry that is homo-
geneous and well-maintained. However it is possible to use the above equations for an irregular
masonry. The obtained value must be diminished through factors that reflect the exact situation of
the given masonry.

The correction factor for slenderness is defined in regards to the buckling load (if P_.<0.5 Py):

P

_cr
“. = 53p, (EQ 6.25)

Where: oy : factor for the slenderness influence
P, critical buckling load
P: load for compressive failure

Egermann proposed to calculate the critical load with the following equation:

n’07-Eg -1
p - __ stat (EQ 6.26)

cr
L2

Where: L: buckling length

Eqtar: Young’s modulus (E.

=1000*£,, )

stat
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0.7: decremental factor for taking into account the cracked state of the cross-section
P, critical buckling load
I: moment of inertia of the uncracked cross-section

The correction factor for the positive impact due to confinement provided by the outer leaves is
then considered:

Spanning direction parallel to vertical load direction =1
Spanning direction perpendicular to vertical load direction Oy =2

The compressive strength of masonty is calculated by Berget's method [Be 89] (joint core sample):

(EQ 6.27)

1+3.24 |—

Where: £, - compressive strength of masonry
fyric strength of a stone-mortar-stone sandwich according to Berget’s method
t,,: average thickness of joints in masonry
t: average height of stones in masonry
dpg: core sample diameter
Failure strength of the inner leaf

The nner leaf failure strength 1s defined through experiments: Egermann [Eg 93] proposed that at
least five core samples of the studied masonry be made. These core samples must satisfy dimen-
sional criteria; the obtained values are then corrected for the slenderness of the samples. No analyt-
ical method to calculate the inner leaf failure strength is proposed.

6.6.2.2. Failure model for multiple-leaf stone masonry (irregular courses) after Ebner [Eb 96]
The Ebnet's failure model is based on the following assumptions:

* the multiple-leaf wall 1s subjected to compressive loads

* vertical load is distributed into leaves as a function of their deformation capacity

* the failure of outer leaves highly diminishes the bearing capacity of multiple-leaf walls

* the inner leaf stays in the elastic field; there is no yielding

* the influence of slenderness has not been taken into account

* the definition of the bearing capacity of multiple-leaf walls results from the comparison of the
analytically calculated values for natural stone masonry and the values obtained with experimen-
tal tests (carried out on symmetrical multiple-leaf samples).
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As the author underlined it, it must be kept in mind that the recommendations are for one type of
stones, i.e. the sandstone. However, this method can be applied for other stone varieties, but the
results have to be considered with caution.

LOAD DISTRIBUTION IN THE WALL

The distribution of stresses in one multiple-leaf wall can be determined with a spring-model,
whose stiffness corresponds to that of the wall leaves. Consequently, the stiffness values, 1.e. the
Young’s modulus, of each leaf must be known.

Moreover, based on the assumption than the stone’s Young’s modulus is much higher than that of
the mortar, Ebner proposed to calculate the stress distribution with this equation:

E v
E . = Mo m, 0, i (EQ 6.28)

i .+ .
® (Vm,o, i VH,O,I)

Where: E;: Young’s modulus of the outer leaf, inner leaf respectively
E o mortar’s Young’s modulus
Vmoi Part in unit of volume of the mortar in the outer leaves, inner leaf respectively

Vi1 o4 part in unit of volume of holes in the outer leaves, inner leaf respectively

FAILURE MODEL

Ebner [Eb 96] proposed to evaluate the bearing capacity of multiple-leaf walls by the calculation
of the bearing capacity of both outer leaves, with almost the same procedure as the one used for
determining the bearing capacity of one-leaf walls.

To remind, the failure of the outer leaves can result from three kinds of failure, according to
Ebner:

1. Stone failure resulting from horizontal tensile stresses due to restrained horizontal deformation:

Eq 6.10.
2. Mortar failure: Eq 6.11.
3. Stone failure due to the influence of vertical joints: Eq 6.9.

If the studied masonry is irregular, the failure stresses are determined by using average values of

stone and joint dimensions! in a square surface of 1*1 m.

Like for one-leaf walls, if the masonry is made up of ashlar masonry instead of square-stone
masonry (that were used by Ebner for the experiments), a factor (o)should be applied for taking
into account the irregular surface of stones and variation in the thickness of mortar. Then, the
adapted failure stresses are:.

f
_ m,c,ssm (EQ 6.29)

f
m, ¢, am o

1. With average values for joints thickness, stone height, vertical joints thickness and average value of how
many vertical joints there are along horizontal joints.
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Where: f,: failure stress of an ashlar masonry

ou: factor (@=3.3)

fom: failure stress of a square-block masonry

6.6.2.3. Failure model for multiple-leaf stone masonry after Pina-Enriques et al. [PLBA 05]

Pina-Henriques et al. [PLBA 05] carried out compression experiments on multiple-leaf walls made
up of the so-called Noto stone, which 1s characterized by an E;=9000 MPa and by a compressive

strength f; (=19.1 MPa. Amongst the obtained results, it was shown that when both outer leaves

were simultaneously loaded:

* there was a shear failure along connections (interfaces); it was followed by the transfer of the
load to the external elements,

* the strength of the outer-leaves was approximately 45% of the stone strength, while the mnner
leaf is characterised by a compressive strength of 20% of the stone strength. The result is more
or less similar for a harder stone, especially concerning the outer-leaves.

* the outer leaves were brittle,
* the peak load of tested walls is not much higher than the one of each outer leaf,

* the walls with straight collar joints failed because of cracks in the outer-leaves; the inner leaf was
almost undamaged,

* the collapse load of the walls with keyed collar joints was slightly higher than the one of the
straight collar joints walls.

Based on the experiments, they were able to plot the following stress-strain graph:

It can be seen from the previous stress-

strain diagrams (for both types of con- Y T ’ 1 '
nections) that the vertical deformation dell=
of the inner leaf is not similar to that of 60-H O j\ fE AR 4
the outer leaves. Furthermore, the inner T [EEEEE Y e ///‘] . e |
leaf had already yielded as the walls § g // e s
fatled and the global shape of the e iy s’ Pt St
curves seem to be more influenced by g “ gfd/ . . 1
the behaviour of the outer leaves. In S |l T Nﬁ?ﬁ,NIESB'T
consequence, the inner leaf contribu- I ///// - -©- - Exp.NO3 |
tion to the walls strength can be consid- 00l © : . _el'_ Nun'l' 10
ered to be negligible. 0.0 2.0 4.0 6.0
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Figure 6.24 : Experimental and numerical stress-strain curves of two kinds of multiple-leaf
walls [PLBA 05].

Pina-Henriques et al. [PLBA 05] compared the compressive strength obtained by experiments with
values calculated through three equations that consider three possibilities of load distribution
within the walls. They are:
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1. The external load is completely supported by the stiffer elements (outer leaves):

2te
f (EQ 6.30)

f = .
c, W Zte +1; ¢, ¢
Where: f,: compressive strength of the wall
f. c;compressive strength of the external leaves
t;: thickness of external leaves
t.: thickness of the inner leaf

2. The external load is supported by each leaf according to its cross-section:

2t t.
_ € 1 _ :
l?c, W 2t +t, fc. e’ 2t +t, fc,i (EQ 6.31)

Where: f: compressive strength of the wall
fc,czcompressive strength of the external leaves
fc,i:comprcssivc strength of the inner leaf
t;: thickness of the inner leaf

t.: thickness of external leaves

3. The external load is supported by each leaf according to its cross-section and adjusted
through correction factors (according to Egermann [Eg 94]):

2te ti .
—0_-f + 0. -f (EQ 6.32)

f = . .
Cc, w +t. € +t. 1 i
Zte t c,e 2te t; c,i

Where: f_: compressive strength of the wall
f. c:compressive strength of the external leaves
f.jcompressive strength of the inner leaf
t;: thickness of the inner leaf
t.: thickness of external leaves
0;: correction factor for the inner leaf
0.:correction factor for the outer leaves

The results showed that the compressive strength obtained by the first equation is similar to the
experimental results. This comparison highlights that in the case of a straight collar joint walls, the
compressive strength is essentially provided by the outer leaves. It 1s worth noting that the Eger-
mann's equation also gave a good result.
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The compressive strength of keyed collar joints walls 1s slightly higher than the ones with straight
collar joints; in this case, the second equation gave the same value than that obtained by experi-
ments. Therefore, it can be drawn up that the inner leaf augments the compressive strength of the
whole wall when it is connected to the outer leaves. The value given by the Egermann's equation is
only a bit smaller than that obtained experimentally. In fact, Egermann's equation gives either the
same values or values smaller than the ones obtained by experiments. Thus, it can be seen as a
rather conservative way of obtaining the compressive strength of multiple-leaf walls.

6.6.3. DETERMINATION OF THE SHEAR STRENGTH

There is actually no model that permits the calculate of the shear strength of multiple-leaf walls.
However, one can assume first assume that the multiple-leaf wall is compact enough to be consid-
ered as an one-leaf wall. The shear strength can be calculated according to the models shown
within the previous sections (Ganz’s model, for instance).

In case a given multiple-leaf wall turns out to have three cleatly separated leaves, for instance
because of degradation, each leaf must be checked separately: the seismic loads are to be applied to
each leaf for which the shear strength can be defined as for one-leaf walls.

6.7. DEGRADATION

Masonry is considered as degraded when there are cracks or the rock units and/or mortar are in a
bad state. Degradation can be due to either outer actions, such as earthquakes, settlements and bad
weather, or inner actions, such as vault thrust or masonry creep. Degradation can also result from a
combination of both types of actions. For more information about damage to old (historical)
masonry, the reader can refer to [Ma 02] or [MG 92].

Cracks or/and a masonry in a bad state of maintenance can have an impact on the seismic
response of a church. In consequence, the state of masonry must be taken into account when
addressing the church seismic vulnerability.

6.8. DISCUSSIONS AND CONCLUSIONS

Within the first sections, it was shown that Swiss sacred buildings are composed of numerous types
of masonry essentially due to the variety of rocks, the evolution of the building techniques and
periods of art. Consequently, the determination of the compressive strength of the existing mason-
ries (in Switzerland or else where) requires a method or a model that gives the possibility to obtain
this value for many kinds of masonries. In fact, many models (or failure criteria) have been devel-
oped for addressing the compressive strength of masonry (brick masonry and stone masonry). In
particularly, it was seen that the SIA 178 model of Berndt’s model are well adapted to one-leaf
stone masonty.

During the last two decades, the mechanical properties of multiple-leaf walls, which are the most
frequent type of wall in Swiss sacred buildings, have also been analysed. A few reliable models have
indeed been drawn from experimental as well as numerical investigations.
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The structural behaviour of masonry under static and vertical loads has been addressed. However,
the matter of interest when evaluating the seismic vulnerability of sacred buildings is the shear
strength and ductility of stone masonry as well as the in-plane behaviour of one-leaf and multiple-
leaf walls under seismic loads. Ganz’s model can be applied to calculate the shear strength of stone
masonry; however, models based on Coulomb’s failure criterion for determining the shear
strength of stone masonry are very few. In fact, shear strength values of stone masonries are miss-
ing. Moreover, models for determining the shear strength of multiple-leaf walls simply do not exist
or have not been published.

To fill this knowledge void, an experimental investigation is carried out at EPFL on a stone ashlar
masonry wall (composed of sandstone blocks) in order to obtain a value for the shear strength of
such masonry and also study its ductility. Moreover, this testing allows us to validate some models
such as Ganz’s.
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CHAPTER 7

Old masonry: experimental
investigations

7.1. PURPOSE

Masonry is a material whose structural behaviour and in particular
the mechanical characteristics are still not well known. Moreover,
the behaviour of old masonry, which is composed of stone blocks
or bricks generally bonded with lime mortar, is even less under-
stood because of its historical nature (it is indeed difficult to
remove a part of masonry from a cultural heritage building to per-
form experimental investigations). Though old masonry behaviour
under compressive stress has been studied for a few decades, the
shear behaviour of such a kind of masonry has been scarcely

addressed.

Calculation of the seismic response of sacred buildings requires the

knowledge of the shear capacit}fl of old masonry. In fact, very few
experimental investigations were carried out in order to address it
and most of them focused on masonry of common old buildings
(vernacular architecture).

To fill in this knowledge void, experiments to understand the shear
behaviour are undertaken. The flying buttresses of the Lausanne
Gothic cathedral were removed from 2002 to 2008. Also thanks to
the generosity of the technical committee of the Cathedral, about
ten big stone blocks were taken from the cathedral building site for
testing at EPFL. The main element was a part of wall; besides, a
few specimens were made in order to determine the mechanical
characteristics of the stone blocks and of the mortar.

The wall was tested under a static-cyclic lateral loading (static-cyclic
experiment). The expected results were the shear strength of this

1. The flexural failure mechanism is related to wall dimensions and the
axial force; it can be therefore easily calculated.
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wall, the associated hysteresis loop and its maximal displacement (ductility). As only the shear col-
lapse mechanism is of interest, rocking and sliding are restrained by a judicious choice of dimen-
sions and compressive load.

7.2. DESCRIPTION OF THE TEST SPECIMEN

The goal is to simulate the real forces in a part of one-leaf masonry wall, which is made up of well-
dressed sandstone blocks, that is situated at the basis of a wall and subjected to seismic actions.

The test specimen (Figure 7.1) is composed of three parts:
* the masonry specimen consisting of four courses of sandstone (Molasse) masonry
 a supporting course made up of limestone

* 2 reinforced concrete head slab
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Figure 7.1: Test specimen [Fa 07].
The bottom course is 2.1 m long and 0.36 m high, while the masonry specimen is 1.24 m for the
same length; the whole specimen is 0.53 m thick.

The mechanical characteristics of sandstone were obtained by compressive tests on three samples,
whose dimensions were: 0.13 m x 0.3 m x 0.17 m (height x length x width). They are given in
Table 7. 1.

Table 7. 1: Mechanical characteristics of sandstone (Molasse).

Samples | Loading speed ~ Maximum Load Compressive Young’s modulus
[N/s] [kN] strength [MPa] [MPa]
Sample 1 418.2 1650.4 324 1386.1
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Sample 2 1148.8 1598.0 313 1578.8
Sample 3 1089.5 1565.6 30.7 1680.3

Average 31.5 1548.4
Standard- 0.8 149.4
deviation

Bed and head joints are about 2-3 cm thick; since the visible surfaces of stone blocks are not
entirely flat and the corners are not at 90 degrees, the visible joints looked thicker than they really
are in the middle of the sample. The mortar, which is used, is the same as the one used for recon-
structing the new abutments of the Lausanne cathedral. The mortar is composed of dry sand,
hydrated and hydraulic lime as well as a part of silica cement; the whole composition is:

Table 7. 2 : Composition and mechanical characteristics of the mortar (mean values on 3
samples 40 x 40 x 160 mm (according to the EC NBN EN 1015-11)) [Fa 07].

Composition Compressive Tensile bending Young’s Modulus
strength [MPa] strength [MPa] [MPa]
20.0 vol dry sand 0-5 mm grain size
distribution
1.50 vol powdered hydrated lime 9.6 2.4 1993.2

2.00 vol powdered hydraulic lime

1.50 vol silica cement

In order to avoid the crushing of the bottom molasse course, a first course in limestone is placed at
the bottom of the wall; this material is chosen because it is harder than the used sandstone. Moreo-
vet, this situation corresponds to reality: walls made up of sandstones are often erected on a first
course of limestone because of humidity reasons.

The reader who is interested in the construction of the specimen can consult the master thesis of P.
Favez [Fa 07].

7.2.1. TEST SET-UP

The test-set up is composed of:

* test sample

* reaction frame

* post-tensioning bars

* actuators

* measure equipment (displacement sensors, load cell, etc.)

The reaction frame is ensured by double steel frames on each side of the sample that are each com-
posed of six HEB 360 columns restrained by the lab floor. Twelve angle sections (eight C 560/

2700 and four C320/1650) are used to stiffen the columns (Figure 7.2). Every screw is pre-
stressed.
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Each actuator is supported by two angle sections (C320/2060 and C320/1660), themselves fixed
to the angle sections placed above and under it.
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Figure 7.2 :Test set-up [Fa 07] (dimensions in [mm]).

156  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



The upper part of the sample, i.e. the reinforced concrete slab (0.8 m wide, 2.6 m long and 0.16 m
thick), is rigid enough to distribute the post-tensioning action to the sample and the lateral load
applied alternatively at one of its extremities. The connection between the reinforced concrete slab
and the upper molasse course is probably one of the most important parameter for this test
because it must ensure the correct transfer of the applied lateral force to the masonry sample. In
order to guarantee this connection, the bottom surface of the slab is made rough (with a pneu-
matic-drill) and the joint between the slab and masonry is made with an epoxy resin (Stkadur 311)

developed by the firm SIKA SA.

Two post-tensioning bars of 36 mm diameter are used to subject the wall to an axial loading; this
action not only simulates a possible weight of masonry above the sample but it essentially helps
create the shear collapse that we are looking for. A steel section is used to transfer the vertical post-
tenstoning load to the head slab and then to the masonry sample. The bars are placed at mid-length
of the specimen on both sides of the wall. Circular ducts of 112 mm diameter that are placed at
both extremities of the post-tensioning bars prevent any contributions of the bars to the lateral
stiffness of the specimen. Anchoring is provided to the post-tensioning bars by anchor-hinge plate
and nut systems that are placed above the steel section and below the laboratory strong floor (800
mm reinforced concrete). Before the static cyclic test, the bars are alternately post-tensioned in 10
KN increments up to the target force of 125 KN per bar with the help of an hydraulic jack and a
hand pump. Springs are used between the steel section and the anchors of the post-tensioning bars
in order to avoid increments in the post-tensioning force due to elongation of the bars. Each post-
tensioning bar is subject to a force of approximately 130 KN. This is in addition to 64 KN of self-
weight from steel section, concrete slab and masonry wall. This nominal normal force (324 KN)
corresponds to a uniformly distributed compressive stress of 0.29 MPa.

The lateral cyclic load 1s applied by pushing the head slab with two actuators applying a maximum
force of 200 KN that are operated alternately. The quasi-static load is applied manually using a
hydraulic jack and hand pump up to a target force or a target displacement, according to the testing
program. Then the hydraulic flow jack was shut off in order to record the displacement between
deformeter targets while the wall is loaded. During this time the force usually decreased by 15-
20%; the specimen is then gradually unloaded.

7.2.2. MEASUREMENT EQUIPMENT

The test specimen was equiped with several devices as shown in Figure 7.3. Eighteen inductive lin-
ear displacement transducers (numbers 0-17 on the Figure 7.3) measured vertical, horizontal and
diagonal displacements. Vertical and horizontal deformations in bed joints were measured by
catching displacement between deformeter targets (1-24 on the right part of the Figure 7.3). The
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forces in the post-tensioning bars as well as the lateral force at the top of the wall are measured
using three load cells.

<z—§ N—3=> «_zx}s;;—-

(©-@ Inductive displacement sensors
2)-2) Load cells

I-24  Deformeter targets

Figure 7.3 : Measurement equipment [Fa 07].

7.3. TESTING PROGRAM

The typical cyclic loading sequence adopted for the test is shown in Figure 7.4. It consists of a
series of force and displacement-controlled cycles. During the first part (force-controlled) of the
experiment, the force is gradually increased in a fixed loading increment. At each loading stage, the
test specimen is subjected to a complete cycle, 1.e. the force is applied alternately in both direc-
tions. From these force-controlled cycles allowed the maximum elastic displacement of the top of
the wall is determined. In the second (displacement-controlled) part of the experiment, each load-
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ing stage consists of two or three complete cycles. The displacements given in a cycle depend on
the differences in the test specimen behaviour between the first and the second cycle.
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Figure 7.4 : Loading history (horizontal load) [Fa 07].
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7.3.1. TESTING UNFOLDING

During the first three cycles (force-controlled), the force is gradually increased in increments of
approximately 10 KN. At each loading stage, the specimen is subjected to a complete cycle (i.e.
loading in both directions (north-south and south-north).

After these three cycles, the force-dis-
placement curve shows that the elastic
limit has been exceeded; the subsequent REFCE T
loading cycles are displacement-control-
led. The displacement increment is fixed
at 1%o of the wall height (1700 mm), that
is 1.7 mm.

East face; drift 2%

The next four stages are displacement-

controlled, with a drift of respectively 2, 3, _ _
4 and 5 %o of the wall height. %% R R IR R IRER

First cracks occur at 2%o (3.4 mm dis- o

. . cgend:
placement); they appear in horizontal and e DBl A R A NOEE 3 BioRE i ot Tkt etk s
vertical mortar joints as shown in \  crack

Figure 7.5; the lateral load is about 132

KN in the north-south direction. Figure 7.5 : Crack patterns on the sample

under a drift of 2%o.

At the 3%o displacement level (5.1 mm),
diagonal cracks appear in the stone along the
north-south diagonal as shown in Figure 7.6
and in the bed joint between molasse and
limestone courses; the lateral load is about
156 KN in the north-south direction.

L | . Figure 7.6 : Crack patterns on the west
K IKIHKRK IR KIS SRR X X side of the sample for a drift

of 3%o.

Legend:

——— detachment of mortar at stone/mortar interface
N\ crack
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DRIFT 5%o

At a drift of 5% (over the total wall height) the limestone footing transducers indicate that this
course is sliding slightly on the reaction slab (sensor 10 and 11 on Figure 7.3). Although footing
sliding is restrained by iron angles, the measured displacement is important relating to the wall
drift. In consequence, thin aluminium plates are added behind the angles in order to restrain the
specimen base. To compensate for the small increase in the lateral action due to sliding, the test
sample is subjected to two more cycles at this stage after being restrained. A next stage with a wall
drift of 6%o (8.04 mm) is then completed for three complete cycles. However, the thin aluminium
plates are unable to fully restrain the footing layer; the drift is then linked to the molasse part (1.34
m) and no longer to the total height of the sample (1.7 m), for a reason of accuracy. At this point, it
is observed that the specimen is not as loaded as it is in the opposite direction. In consequence, the
wall is subjected to south-north loading through two series of three semi-cycles with 6%o (8 mm)
and 7%o (9.4 mm) drift, respectively (Figure 7.4).

DRIFT 8%0 - 9%o0

The experiment is continued with a further stage of three complete cycles at 8%o relative displace-
ment composed. At the end of the third complete cycle in the south-north direction, a sudden loss
of strength is observed under a lateral force of 208.2 KN and a drift of 11.66 mm (8.8%o). The
drop in lateral force is accompanied by an audible cracking sound. After the next semi-cycle of the
south-north loading direction, cracks appear along the left diagonal (see Figure 7.7).

PP P Yoo g
N . \‘Cut fzu?cidvrtf_t 88 (! i S V=190.3 KN

Legend:
Figllte 7.7 : Crack patterns on the west ~——— detachment of mortar at stone/mortar interface
side of the sample for a Yo orack
drift of 8.8%o.

The test continues with a stage of 9%o (12.06 mm); during the first semi-cycle, cracks widen, espe-
cially those in the bottom course of molasse. Under a load of 207.4 KN (and a drift of 12.62 mm),
a significant cracking sound occurs and further cracks along the north-south diagonal are created.
During the second cycle of this stage a loss of strength is observed in the north-south direction.
After the formation of the diagonal crack, the lateral load (to the left on Figure 7.8) goes down to
183 KN.
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S East face; drift 9.4 %o N

——— detachment of mortar at stone/mortar interface
% crack

Figure 7.8 : Crack patterns after the loss of strength along the north-south direction (first
semi-cycle of the stage 9%o).

A toe crack in the northern side of the limestone course compromises the transducer (number 10
on the Figure 7.3) that is used to measure the relative displacement of the molasse part of the wall.
As the toe crack expands in the southern side, a new transducer is fixed on the eastern side of the
footing to measure the displacement of the whole limestone course which is supposed to behave
as one piece.

A second stage of three complete cycles at 9%o relative displacement is performed to prevent mis-
takes due to the opening of the footing crack at the previous stage. One cycle later, still with a drift
of 9%o, cracks along the failure surface widen and new cracks also appear.

S East face N N West face S

Legend: Legend:
—— detachment of mortar at stone/mortar interface =——— detachment of mortar at stone/mortar interface
N\ ecrack % crack

Figure 7.9 : Crack pattern on both faces at a drift of 10%o..
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After a few cycles of reaching the maximal shear strength in both directions (two diagonal cracks),
the increase of the relative displacement increment is fixed at 2%o because the masonry force-dis-
placement curve enters the softening phase. Cracks that split the blocks at the bottom courses of

the sample are seen to get larger and the separated parts of the split rocks move away during each
semi-cycle.

East face West face

Figure 7.10 : Crack patterns on the east and west faces at the end of the 9% cycles.

East face West face

Figure 7.11 : Crack patterns on the east and west faces at the end of the 11%o cycles.
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Two further stages of 3 complete cycles each at 11
and 13%o relative displacement are completed. As a
stone fall compromises the test safety and also as
there is a beginning of a rocking behaviour around a
plastic hinge at the wall core (the upper part of test
specimen has a rotational motion around that hinge,
Figure 7.12), the test run is stopped at the 13%o rela-
tive displacement stage.

Figure 7.12 : End of the experiment: the hinge
in the middle of the wall is easily
recognizable.

7.4. TEST RESULTS

The main objective of this experimental investigation is to study the shear behaviour of a typical
masonry of sacred buildings. In this case, a square-stone sandstone masonry is chosen; this is rep-
resentative of medium-size and big churches. Sandstone is, with limestone, probably the most fre-
quently used type of stone in construction, in Switzerland.

The global behaviour is studied with a hysteresis loop; it individualises the different stages of the
wall reaction to the lateral wall and the released energy. The shear-loading capacity of such a
masonry and its ductility can also be drawn from the hysteresis loop. Moreover, it defines an ideal-
ised bi-linear curve for the given masonry.
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7.4.1. HYSTERESIS LOOPS

Here below are the complete hysteresis loops of the test according to both sensors (4 and 8 on
Figure 7.13) that are located on both sides of the wall (at the top of the molasse part).
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Figure 7.13 : Hysteretic loops of the test specimen drift.
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WH displ. 2%
WH displ.3%a
WH displ. 4%
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WH displ.6%a
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MH displ .6%0
MH displ . 7%0
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MH displ.9%a
MH displ 9%
MH displ . 11%n
MH displ . 13%n0

South-north
loading direction
>

North-south
loading direction

South-north

North-south

loading direction
k.

loading direction
-l

Notes: WH displacement corresponds 1o a percentage of the whole sample height whereas the MH displacement is

related to the height of the molasse part.

The above part on the graph corresponds to the shear behaviour under south-north directed loading, while the

bottom part corrsponds fo the shear behaviour under north-south

loading.
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Obyviously, both groups (each group being related to each sensor) of hysteresis loops look similar;
the values of displacements vary a little bit since the lateral displacements measured at one side
does not match exactly with the displacements measured at the other side. In the same manner,
and as a consequence of this phenomenon, the loops are shifted differently along the x-axis.

Nevertheless, both graphs display phases in the shear behaviour of the samplel. The first phase,
which spans the start of the test to the point just before failure, is almost linear, at least at the
beginning. The residual deformation is small and little energy is released. Nevertheless, after
reaching a lateral force of 165 KN, the curve is no longer straight when lateral force decreases,
contrary to what happened during the previous cycles. In fact, this phenomenon is due to the clos-
ing of cracks.

250

200

N
r

150 — force-controlled

100 — WH displ. 2%

— WH displ. 3%«

30

South-north
loading direction

— WH displ. 4%0
— WH displ. 5%n

e WH displ. 6%o

Lateral force [kN]

-100 — WH displ. 7%0

direction |

MH displ. 6%

=150

-
«

=200

North-south

-250

loading

5 10 15 20

-5 L1}

Displacement [mm]

=20 -15 =10

Figure 7.14 : Hysteresis loops from the beginning to 6%o relative drift.

A sudden loss of strength happens for a 8%0 MH (Molasse Height) drift; from then on, shear
strength of masonry decreases while its deformation increases (Figure 7.15). Consequently, there

1. Since graphs from both sensors (4 and 8) do not differ much in the phases, only the hysteretic loops
given by the sensor 8 (south side) are dealt with.
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is more energy released in this phase than during the first phase. The phenomenon of cracks-clos-
ing is still recognizable for high lateral loads.
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Figure 7.15 : Hysteresis loops from 7%o to 9%o relative drift.

In the next phase, the upper part of the wall (both upper courses) moves or slides along the bed
joints of the bottom part. Failure planes of the extremity blocks of the second course (from the
wall base) enlarges and separated parts move apart (Figure 7.11). Deformations increase due to the
sliding along the middle bed joint. Also, more energy is consequently released (Figure 7.16).

»
»

South-north
loading direction

MH displ. 9%o

MH displ. 11%e

50
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100

150 o o ——

=200

T
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-20 -15 -10 5 0 5 10 15 20
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Figure 7.16 : Hysteresis loops from 9%o to 11%. relative drift.

The last phase slowly tends to a rocking movement (Figure 7.17); the upper part of masonry begins
to rotate around a masonry core (Figure 7.12). This movement is easily recognizable by its small
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residual deformation when the lateral load decreases down to zero and by the typical s-shape of
the graph when rocking occurs.
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Figure 7.17 : Hysteresis loops at 13%o relative drift.

When rocking is the dominant behaviour under lateral load, the maximal deformation for a con-
stant force depends on the aspect ratio of the moving parts. The test is therefore stopped since
there 1s no interest to proceed to find values depending on geometry.

The above data on drifts can be completed from results obtained with the deformeter targets

(Appendix A.5.2).
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7.4.2. ENERGY DISSIPATION AND STIFFNESS DEGRADATION

The amount of energy dissipation is a valuable result from the analysis of the masonry response
under lateral loads. It gives information on how and up to what extent a given masonry can dissi-
pate the energy transmitted by an earthquake.

The dissipated energy corresponds to the
area withm a 1oad CVCIC (Flgure 7_18); con- Case: 8% relative diSp]ﬂCClT‘lCﬂT

- 78 - 250 = . i +

sequently, the larger the area is, the more 1s |
200 = —

l

the energy dissipated.
A dissipative structure means the energy 0 &
coming from the earthquake is dissipated,
for the most part, through masonry defor-
mation. In consequence, the ductility

demand is lower for such a construction
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a. In fact, the behaviour coefficient also takes into account the over-strength.
Figure 7.18 : Dissipated energy in one loading cycle.

It 1s observed that energy is dissipated essentially after a sudden loss of strength in both directions
(part 3 under chapter 7.4.1; from 7%o0 to 9 %o MH drift in Figure 7.13); experimental investiga-
tions on shear walls with ancient masonry (whose units were in granite) showed similar results [Fa
05]. This sudden dissipation of energy is due to the creation and opening of the whole diagonal
cracks; it increases up to E;,,=4408 | for a 11%0 MH drift. The shear response is characterized by

an increase in the energy dissipation; sliding, which is particular case of the shear behaviour and
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essentially takes place between a drift of 7%o and 9% (MH), shows the higher dissipation of
energy of the test (Figure 7.19).
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f h k
rom a shear response to a rock- 5000 _ %o 1 ispl.
. po. e 5 7%o MH displ. 13%0 MH displ
ing one, results in a .sudfden 4500 159 %0 MH displ. 2
decrease of energy dissipation. — 4000 1
Nevertheless, though it dissipates — 3500 r—{-
: At s vl e 2% WH displ foN
ess energy than shear, a rocking g 3000 T g0, MH displ. | ¥
behaviour reaches higher drifts = 2500 it |
5 !
than shear response. g 2000 £ \ ;
2 oo +
7 g L ‘
5 1500 _.‘
1000 i _)'
9% MH displ.
5000 o= ;
Y T to 11 %o MH displ.
Figure 7.19 : Evolution of the 0
0 E 10 15 20 25 30 35 40

dissipated energy.

Loading cycle

The ratio between the input energy, that is, the energy provided through the lateral load in the
experiment (the energy generated by a given seismic event in reality), and the dissipated energy is
also a valuable tool to indicate the masonry response. More globally, it represents the seismic
response of a masonry structure. The input energy is simply given by the integration of the lateral
load-drift curve, as shown in Figure 7.20.
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Figure 7.20 : Input and dissipated energy for one loading cycle.

The ratio between the input and the dissipated energy increases from the beginning of loading
until the maximal lateral load in one direction (N-§) is reached. After achieving the lateral srength
in the other direction, the dissipated energy abruptly decreases. After failure, the dissipated energy
is close to the input energy; this means the structure in such a state does not store up energy and
then does not collapse. Nevertheless, it must be kept in mind that such a structure is already highly
damaged.
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7.4.3. SAMPLE LOAD-BEARING AND DEFORMATION CAPACITY

The load-bearing and deformation capacity of the studied sample can be defined by the lateral-dis-
placement versus lateral resistance hyteresis loop envelope.
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Figure 7.21 : Envelop curve of the lateral-displacement vs lateral resistance hysteresis

loops.
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In order to easily define both types of capacity, the hysteretic behaviour of the sample that was sub-
jected to a constant vertical load and lateral load reversals, is simplified. The most frequent method
of simplification is to idealise the experimental envelope curve as a bi- or thrilinear relationship [To
99]; a bilinear curve is chosen. First, the following points (limit states) must be defined:

1. the crack limit: appearance of the first significant cracks that change the envelope curve slope

(point defined by H, d.,)

Cr» “CrL

2. the maximum resistance: corresponds to the actual maximum resistance achieved during the test

(H max> d] Ima:s'.)

3. the ultimate state: that 1s, the maximal displacement during test (H g, d a0

Similar to the ideal force-displacement curve of materials, the bilinear envelope is composed of one
linear elastic segment and one yield part (horizontal). The elastic curve, 1s defined by a modulus of
elasticity smaller than the inital slope of the actual envelope curve. It actually corresponds to the
secant stiffness (K.) at the formation of cracks; it can be calculated by the following ratio: K .=

Hcrxdcr :
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Figure 7.22 : Experimental and idealised envelop curves of the lateral-displacement vs
lateral resistance hysteresis loops.

This idealised curve provides a simplified lateral-displacement vs lateral resistance curve of the
tested masonry. This simplified curve is characterized by:

« astiffness (secant stiffness, K)

* the shear strength (H,)

* the displacement capacity (d,, 1,,)

In this case, they are:

o the secant stiffness: K= H /d.1= 51.74 KN/mm; K»,= H_,»/d_»= 49.4 KN/mm (know-
ing that H= 157.55 KN; d_= 3.045 mm ;H_,= 132.86 KN and d_,= -2.69 mm)

crl™

* the shear resistance: H,;;=194.76 KN; H,,=189.85 KN

The ultimate displacement ductility factor (i) is defined as the ratio of d,/d.=H,, . d.. is the elastic
idealised limit. d 1s the ultimate idealised displacement that is the displacement value where the
idealised line intersects the descending part of the experimental curve [To 99].

* the displacement capacity: d,;;=13.9 mm, p,= 3.9; d ,=13.4 mm; p,=3.4
The ratio between the initial stiffness K, and the secant stiffness is: K /K,=106.2/51.7=2.1.
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The maximal shear-loading capacity H, of the idealised curve is determined by allowing for an

equal dissipation of energy for the actual situation (described by the experimental curve) and the
idealised one (described by the idealised curve). H,, 1s then [To 99]:

2A
- 2 eny G
H, = Ke[dmax_ dax K, J {20

Where: H,: maximal shear-loading capacity of the idealised curve
K,: secant stiffness

d,,: maximal lateral displacement (experimental curve)

A,y area below the experimental curve.

7.4.4. SAMPLE SHEAR STRENGTH

If we consider that the whole cross-section of the wall resists the shear force and also that the shear
stresses are uniformly distributed on the section, the shear strength (for an axial force of about 280
KN) of the sample 1s:

115=V1/A=210.95 KN/1.113 m*=0.2 MPa = 1,4=V,/A

In fact, shear stresses are not uniformly distributed on the sample area; consequently, the actual
shear strength of the tested masonry under such conditions of forces must be higher than 0.2

MPal. However, the weakest cross-section (regarding the shear strength) is the area at the interface
between the slab and the wall because the axial force is the smallest within the wall. In conse-
quence, the above approximate values are certainly not far from the actual shear strength of this
masonty.

Nevertheless, the matter of interest is the way to calculate the shear strength as a function of the
axial force, since it depends on it. As mentioned in chapter 6, masonry shear strength depends on
the axial force, the cohesion and the internal angle of friction @; according to Coulomb’s model:
Tgo=c totan@. If the cohesion is zero, a common assumption when calculating the masonry shear
strength, @ is the angle of the resultant with the vertical direction: Tg/c=tan¢ . In case of the given
masonry, that is, a well-dressed masonry with large blocks, this assumption 1s relevant since the
cohesion does not have a great influence on the composite material failure (molasse has no cohe-
sion [Du 69]; ). In the present case, this angle (internal angle of friction) is, in both directions:

@ =arctan(V{/N)=arctan(210.95 KN /280 KN?)=36.9° ; (tanp =0.75)
@,=arctan(V,/N)=arctan(220.11 KN /280 KN)=38.2° ; (tang =0.79)

The above values are interesting but such high values for ¢ are not exactly confirmed by experi-
mental investigations (see Figure 7.23). However, it 1s difficult to compare a calculated angle of

1. In order to determine the shear strength more accurately, the actual distribution of stresses must be
defined by numerical non-linear calculation.

2. The axial force consists of the post-tensioning force, the concrete slab and steel-section dead load.

Seismic Vulnerability of Cultural Heritage Buildings in Switzerland 173



Old masonry: experimental investigations

friction with an angle measured on a sample because the definition of a straight line correspond-

ing to the group of diagonal failure cracks! cannot be accurate (see Figure 7.23). However, the cal-
culated values and measured ones figure within the same range (tang =0.7 -0.79).

What is relevant here is the dispersion of this value: it can vary from tan¢g =0.7 to tan¢p =0.79.
This show one of the main problem of the stone masonry: the dispersion of the mechanical prop-
erties of the stone blocks.

S East face N N West face S

Legend: Legend:
—— detachment of mortar at stone/mortar interface ——— detachment of mortar at stone/mortar interface
N crack \ crack

Figure 7.23 : Measured angles of internal friction.

7.5. INTERPRETATION

7.5.1. SHEAR-LOADING CAPACITY: ANALYTICAL MODELS

Three models are considered: the FEMA, the EC 6 and then the Swisscode V1782

7.5.2.1. FEMA model
1. Shear failure

The maximal lateral load is calculated with this equation:

VR = 067 vyt 1, EQ7.2)

Where: Vp ¢: maximal lateral load (in case of a shear failure)

1. This is due to the fact that stone is a naturally generated material (heterogeneous material with weak
points) and also because the masonry weight changes the stress state according to the height.

2. The maximal loads that are calculated are not design values.
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V4: design shear strength of masonry
l: wall (or sample) length
t,: wall (or sample) height
As a reminder, the values characterizing the sample are:

Vink [0.3 MPa? ty |0:53m ly [21m
N |280 KNP Vg |0.19 MPa hy 1.7 m®

a. Recommended value for masonry made up of plain silico-calcareous bricks [SIA D 0211 05]
b. Post-tensioning, self-weight of the iron section and of the reinforced concrete slab are included

c. It corresponds to the height of the whole sample (including the limestone course)

In consequence, the maximal lateral load that leads to the shear failure is: Vi ¢=177.7 KN

2. Flexural failure (Rocking)

The maximal lateral load 1s calculated with this equation:

1
Flexural failure VR g = 09-N- _

2-hy,

Where: Vp g: maximal lateral load (in case of a rocking failure)

N: vertical load (axial load)

1,: wall (or sample) length
h,,: wall (or sample) height
As a reminder, the values characterizing the sample are:

N 1325KN? hy 117 mb ly |21m

(EQ7.3)

a. Post-tensioning, self-weight of the iron section, the reinforced concrete slab and the sample masontry are inclu-

ded.

b. It cortesponds to the height of the whole sample (including the limestone course)

In consequence, the maximal lateral load that leads to a flexural failure is:

VR r=180.7 KN; nevertheless, if only the height of the molasse part is taken into account (N is

then equal to 314 KN and hw=1.34 m), this value becomes: Vg g =221.4 KN.

Molasse

7.5.3.2. EC 8 model
1. Shear failure

The maximal shear force (shear failure) 1s calculated with the following equation:.

A% =i

R.S ww

Where: Vp g: maximal lateral load (in case of a shear failure)

(EQ7. 4)
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f.q: design shear strength
I',: wall (or sample) length that 1s under compression
hy,: wall (or sample) height

The application of the Eq 7. 4 requires the knowledge of the dimensions of the compressed part
'y, and t,). Considered values are:

N 325 KN? hg 117 mP l, [21m
t, [0.53m £.° |15MPa

a. Post-tensioning, self-weight of the iron section, the reinforced concrete slab and the sample masonry are inclu-
ded.
b. It corresponds to the height of the whole sample (including the limestone course)

c. The stone compressive strength is determined on the basis of comptession tests; masonry compressive strength

is defined according to the SIA V 178.
In consequence, the maximal lateral load that leads to the shear failure is:

Vg =328.2 KN

2. Flexural failure

The maximal shear force (flexural failure)is calculated with the following equation:

l_-N N
Flexural failure V =0 (l —-1.15- W) (EQ 7.5)
w w

w 'm,c¢
Where: Vp g: maximal lateral load (in case of a rocking failure)

N: vertical load (axial load)

l: wall (or sample) length

t,: wall (or sample) height

fim ¢ masonry compressive strength (design value)

hy,: wall (or sample) height

As a reminder, the values characterizing the sample are:

N 1325 KN? hg 117 mP I, |21m
t, |0.53m £.c |15MPa

,C

a. Post-tensioning, self-weight of the iron section, the reinforced concrete slab and the sample masonry are inclu-

ded.
b. It corresponds to the height of the whole sample (including the limestone course)

c. The stone compressive strength is determined on the basis of compression tests; masonry compressive strength
is defined according to the SIA V 178.

Consequently, the maximal lateral load that leads to a rocking collapse is:
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VR =196.2 KN; nevertheless, if only the height of the molasse part is taken into account (Nx is
then equal to 314 KN and hw=1.34 m), this value becomes: VR g pfolasse=240.7 KN.

7.5.4.3. Ganz’'s model

Ganz’s model is based on the concept of the stress fields'.

The maximal shear load that the whole wall (molasse courses and the limestone footing) can resist
according to the Ganz’s model and the Swisscode SIA V178 (tang,,,,=0.72, ¢=0) is V=169.6 KN,
the axial force being N=280 KN (Figure 7.24). This maximal shear load is lower than the
V,=220.11 KN or even V= 210.95 KN that is experimentally obtained.

21m
N=280 KN V=167 KN
| -——
"4
a’r a=35.7"
g | |
0.01 mj i’?. : o
f’.l..(! |
7 |
V=169.6 KN fZ\ AN AN
Pt :

1.0I m
Figure 7.24 : Maximal shear load according to the Ganz’s model for the whole wall.

Since the lateral force is higher than 169.6 KN, it directly transfers to the ground through the iron
angles at the wall extremities. The lateral force no longer passes through the interface between the
ground and the limestone footing; consequently, only the molasse part is loaded by shear. Since the
shear strength of the molasse part was searched for, the aim of this test is reached.

With only the height (for the reason explained here above) and the internal angle of friction modi-
fied, the maximal shear load is 213 KN (Figure 7.25). The choosen value for the angle corresponds

1. For more information, the reader can read the chapter 8.3.3.
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to the internal angle of friction of the rock material (p=38° medium-grained sandstone firmly
cemented, blocks put on their bed face [Du 69]).

X 21m
J=280 KN
2RO RN V=213 KN
| _ | +——
g<_|
o a=3%°
y | 1.34
¥ D24 m
0.009 47 :
47 |
i [
_— \, - \, e S— ——
V=213 KN /\ \/N /\/\
e }
|
Np=12.6KN |
Ny=267.4KN
1.05m
0.1 m u

1.0 m

Figure 7.25 : Maximal shear load according to the Ganz’s model, for different boundary
conditions.

The highest value for the shear force (V=226 KN (f,,,=15 MPa)) is obtained with an axial force
of N= 297 KN (¢=38°, c=0)".
7.5.5.4. Discussion

SUMMARY OF MODEL RESULTS

Table 7. 3 : Summary of the model results.

Units: [m, KN] FEMA EC8 GANZ’ MODEL
h 1.7 1.34 17 1.34 1.7 1.34 1.34
Shear failure  Wires 1777 328.2 3282 | 169.6 213 2262
Flexural failure 180.7 221.4 196.2 240.7 b/ / /

a. Half the weight of the molasse part is included within the axial force.

b. The dash indicates that the given model is not used to calculate the given failure (see the reasons in the above
section).

1. Itincludes the post-tensioning, self-weight of the iron section, the reinforced concrete slab and half the dead load
of the molasse courses.
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With respect to shear failure, the FEMA model is about 15% lower than the experimental values
(21095 KN or 220.11 KN). The shear strength obtained with the ECS8 is really to high. On the
contrary, Ganz’s model gives good estimates that closely match the experimental results.

Regarding rocking failure, good results are obtained with the FEMA and the EC 8 models. The
lateral forces that are calculated for the rocking failure of the whole wall (180.7 KN and 196.2 KN)
corresponds to the beginning of the phenomenon of closing cracks (at the tips of the hysteretic
loops on the Figure 7.14). However, when approaching the maximal shear force (220.11 KN),
there is no sign of rocking failure. This statement indicates that the rocking failure would appear at
a higher level of shear force. Nevertheless, it does not mean that the value obtained by the ECS8 is
more accurate. In fact, since the sample failed by shear, an accurate evaluation of the performance
of the models for rocking failure cannot be made.

7.6. DISCUSSIONS AND CONCLUSIONS

According to the obtained results, it can be stated that the kind of masonry that is tested (square-
stone masonry (regular ashlar masonry)), shows a good displacement ductility compared to com-
mon brick masonry. Based on an idealised curve, this value is situated between p,=3.4 and p,=3.9;

the maximal displacements reached before the beginning of rocking are high: d ,=13.4 or 13.9 mm.

Such drifts of 10%o0 are good compared with what can be reached with common brick masonry.
On the other hand, this type of masonry resists high shear forces and dissipates a lot of energy at
failure because of the sliding along bed joints.

Regarding the approach to calculate the shear strength of such a masonry, the experimental investi-
gation allow us to make the following conclusions. First, the influence of cohesion can be
neglected and the angle of internal friction can be assumed between tang =0.75 and tang =0.79;

these values tend to the internal angle of friction of the stonel. Consequently, the shear strength
could be calculated with the following equation: T¢=0.750,. However, it must be kept in mind that

this equation results from only one test and therefore cannot be generalized. More experimental
investigations must indeed be done in order to calibrate it. This notice also goes for the capacity
displacement.

To sum up the previous statements, the FEMA model gives good results regarding the rocking fail-
ure and Ganz’s model gives the best results for the shear failure.

This experimental investigation on old masonry, which figures among the first investigations of
this kind to have been carried out in the world, gives interesting and useful results concerning the
structural behaviour of such a masonry under cyclic loading. However, another masonry would
have another response under a similar loading that is unknown today but is also of interest regard-
ing the seismic safety of sacred buildings (whose masonry is not necessarily made up of molasse
squared-stones). This statement shows that it is important to carry on further experimental investi-
gations on other old masonries in order to be able to characterize the structural behaviour of each
masonry under seismic loading,

1. This would no longer be the case for masonry with no squared-stones and a lot of mortar.
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CHAPTER 8

Churches: seismic behaviour

8.1. INTRODUCTION

Churches present different structural features compared with com-
mon buildings. Unlike them, their bearing structure is, save for
small churches or chapels, irregular in elevation though generally
regular and very often symmetric in plan. Moreover, on the con-
trary to common buildings, the masses are not concentrated at
floors level but in the walls themselves; vaults are relatively light in
comparison to walls since they are often made up of light materials
like tuff. Timber frameworks are also very light compared to
masonry. As vaults and timber framework constitute the only hori-
zontal structure, there is no real diaphragm effect; walls structural
elements behave then more or less independently from each other
save from walls they are linked to. The only connection between
structural elements 1s their corners; consequently the seismic
response of each structural element depends on their own stiffness,
strength, weight and on the type and quality of their connections to
the other elements. This particularity highlights that the description
of the seismic behaviour of churches has to be done through the
description of the structural behaviour of each wall or part (bell
tower, vaults) and the connections between them.

On the other hand and contrary to common buildings, sacred edi-
fices have a few walls, that make them even more seismically vul-
nerable.

8.2. SEISMIC BEHAVIOUR OF CHURCHES

Since mass 1s essentially distributed in the masonry of walls, there
are no concentrated masses like in common multi-floor buildings.
Consequently, ground acceleration loads the mass of walls in both
directions.
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For instance, if considering an one-nave church with only one apse, the front wall, as a mass, sus-
tained nertia forces in and out of its plane, as well as the lateral walls and the chancel arch.

Seismiciaction Seismic action
Y"“-:.-.:""' - y““‘_n-z""

Figure 8.1: Seismic response in both directions of a simple church with a bell-tower.

As aforementioned, churches have no stiff diaphragm that distributes forces among structural ele-
ments and makes the building behave in a compact way. Instead, masses (walls especially) move
more or less independently from each other (depending on the boundary conditions (tightness of
corners)). Because of this reason, each wall or part of masonry must be dealt with separately. The
analysis of the seismic response of every structural part constitutes the first step of the study of
the churches seismic behaviour; this step is called the local behaviour in this report.

Nevertheless, the closeness of structural parts that are characterized by different stiffness (or nat-
ural frequency regarding the bell-tower) or the double use of a wall area for two structural parts
can result in damaging one or both given parts. This 1s essentially the case of the coexistence of a
bell-tower and a nave wall that can be either the front wall, a lateral wall or the chancel; it can also
be a transept wall in case of more complex churches. In order to prevent damage that can result
from this situation, the second step of the analysis is the study of what is called the global behav-
iout.

The local behaviour, that is, the study of the seismic behaviour of each structural parts (walls, bell-
towers) 1s the first to be treated in this chapter. Moreover, since they composed the most part of
churches, the first structural parts to be dealt with are the walls.

8.3. WALLS

The out-of-plane seismic response of walls is considered first; then comes the in-plane behaviour.
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8.3.1. OUT-OF-PLANE BEHAVIOUR

The impact of the seismic actions on the out-of-plane strength of walls is largely dependant on
their direction. Actions that are inward directed will indeed load walls differently than the outward-
directed ones. Because of this difference it makes sense to dealt with each situation separately.

8.3.1.1. Outward-directed seismic actions: one-leaf walls

When seismic waves subject a given wall Seismi(. foad
out of its plane, it induces inertia forces ?}
perpendicularly to its plane. To counteract =
it, forces can transfer to the lateral walls ..____: /«-.. |
(arch effect; Aq)* and/or directly to the AqQ
1 . s

ground (1-A)q”. Forces transfer to the I —

. [~
ground and to the lateral walls according to
the wall dimension proportions, the quality e G i M
of connection with perpendicular walls, s /
and the presence or not of tie rods or abut- e _{_‘2
ments. B

a. Itis assumed that the arch effect is uniform along the height.

b. If thete is tie-rods along the wall upper edge, the transfer of forces will be different.

Figure 8.2 : Distribution of outward-directed seismic actions within a wall.

Regarding the inertia forces, an important statement 1s made: it 1s assumed that walls behave like
rigid bodies; their spectral acceleration corresponds then the peak ground acceleration. Moreover,
each part of walls sustains the same lateral acceleration.

The transfer of the aforementioned decoupling of forces satisfies the conditions required by the
application of the lower bound theorem of the limit analysis (i.e. actions and inner forces are in
equilibrium and the bending moments are smaller than the yielding moment). It is worth noting
that according to the application of the lower bound theorem, the lateral actions (L.e. the seismic
actions) leading to collapse is actually equal or lower than the real one. Furthermore, the superim-
position of two transfers of forces is based on the assumption that the wall material stays in the
elastic field in every part of the wall, which 1s quite right since masonry resists very few tensile
stresses.
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The purpose is to determine the peak ground acceleration (a,q) that can be counteracted by the

wall.

First, the situation of three orthogonal walls is b _ A
simulated; a given wall (in grey on Figure 8.3) is ] V{ ‘ '\I ’ v
modelled by a beam (with similar characteris-
f_iCS, dj_rnensioﬂs, etc_) with three damper bear- ___ _'_

ings.
It 1s assumed that both corners have similar - o

. . c2 c2
mechanical characteristics. HE ¥

R =

Figure 8.3 : Structural system of one wall that is connected to two orthogonal walls at its

1
corners.

Damper bearings that model masonry corners have no constant characteristics; since they depend
on masonry mechanical characteristics, such as cohesion, they change with the loading force
accordingly. For instance, they can resist up to a certain level of the force; reaching this level,
masonry cracked and the bearing strength decreases down to a lower level of strength
(Figure 8.4)% Having reached this level means a definitive loss of strength; the next cycle (in the
framework of seismic actions), the corners won’t be able to resist a force as high as the one before.

The damper bearings C1, C2 and C3 can also be more or less characterized by a diagram; never-
theless, the value C3 can vary because of the loss of friction strength and the increasing cracking
of the cross-section.

ClL 4 Static coefficient C3 4

Restrained bearin
C2 of friction &

N

Dynamic coefficient .
L of friction
L e 'l _
Real / v Real behaviour
ea v
L A"
behaviour - .{_ R

F F
Figure 8.4 : Stiffness of the damper bearings of the beam that models a given loaded wall.

Though the previous figures show the real behaviour of the bearings, the diagrams will be simpli-
fied: the dynamic coefficient of friction will not be taken into account.

1. The situation on Figure 8.3 corresponds to a front wall made up of a compact and stiff masonry with lateral walls
composed of less good quality.

2. The strength actually does not brutally decrease as shown on the Figure , but more smoothly. This curve of
decreasing strength depends on the masonty type and quality; it is difficult to give a curve matching to every kind
of masonry. Nevertheless, it does not matter to give a perfectly matching curve since only the result (the lower
value) is of interest.
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In [Cr 98], Croci shows that a kind of arch effect can be found in masonry walls that are restrained
at least along two opposite edges (e.g.: (part of) wall between two floors or two lateral walls). More-
over, he wrote that in case the wall 1s restrained along four edges a vault effect might be formed.

Figure 8.5 : Arch effect in one or two directions (vault effect) [Cr 98].

It is assumed that bearings (along edges) do not move.

Based on the aforementioned observations, the bearing capacities of such walls can be determined
using the lower bound theorem of the limit analysis.

ARCH EFFECT WITHOUT TIE-RODS

If connections with lateral walls are

strong enough (or if there are tie-rods Seismic action
: ) A y A
that link the given wall to the orthogo- \%f _I_ Iq V:
: . | X |
nal elements) to resist tensile stresses, i |
an arch can be formed. The connection l I 1 1 I 1 l 1 l I |

must resist the arch components:

gL’

Ny =% EQ8.1)
— : L

H, g_z (EQ8.2)

Figure 8.6 : Arch effect within a wall.

In fact, the formation of an arch under outward-directed actions in the wall requires a strength that
usually cannot be ensured by masonty.

Note: there is no safety coeffecients in the equations bere below.

To create an arch, the bearings must be strong enough, then:

1. Bearing strength along y:

The actions resulting from the formation of an arch must be supported by the connection to the
lateral wall along the section A-A and B-B (if considering only one corner; the process is the same
for the other corner, by symmetry) and also by the transfer to the ground within the corner volume
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with the help of this volume weight. In consequence, the strength by friction (connection) must be
defined as well as the possibility of transferring the load to the ground:

L
H =H +H" >q-% 10 8.3
y Ty Hy=473 (EQ83)

Where: H},_: component of H along the y-axis

H’}__: bearing reaction by friction

H”;: bearing reaction by transfer to the ground
* Friction strengthzz

H' =

w
y 2

“tan@ + ¢ Ap (EQ 84
Where: c: cohesion

H,: component of H along the y-axis

W: weight of the studied part of the corner

q: seismic action

tan@: angle of internal friction

Ag: friction area

It is assumed that the corner is made up of the same materials and has a2 homogenous weight per
unit of volume.

* Possible transfer to the ground (without traction):

o - w. @20 =Qs
Where: c¢: cohesion

H”)_,: bearing reaction by transfer to the ground

W: weight of the studied part of the corner

t: y-cross-section thickness

n: Hg eccentricity

h: height of the given corner part

2. Bearing strength along x:

Like the previous case, the actions resulting from the formation of an arch must be supported by
the connection to the lateral wall (if considering only one corner) and also by the transfer to the
ground within the corner volume with the help of its volume weight. In consequence, the strength

1. Further information about the calculation of the bearing reaction by friction is given in chapter 8.3.1.6.
2. This value corresponds to C1 on the Figure 8.4.
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by friction (connection) must be defined as well as the possibility of transferring the load to the
ground.:

H =H +H" > %lf (EQ 8.6)
Whete: H},_: component of H along the y-axis

H’,: bearing reaction by friction

q: seismic action

L: beam length

a: arch deflection

H”_: bearing reaction by transfer to the ground

* Friction strength:

H' =

w
X 2

tang + ¢ - AF (EQ 8.7)

Where: c: cohesion
H,: component of H along the x-axis
W: weight of the studied part of the corner
tan@: angle of internal friction

Ag: friction area

It is assumed that the corner is made up of the same materials and has a homogenous weight per
unit of volume.

* Possible transfer to the ground (without traction):

w o 2(t/2)
H' = W- == (EQ 8.8)

Where: H”_: bearing reaction by transfer to the ground
W: weight of the studied part of the corner and axial force from the part above it
t: x-cross-section thickness
h: height of the given corner part

There 1s no eccentricity of the arch force along x axis; moreover, the corner inertia force due to
seismic actions is along the y-axis.
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ARCH EFFECT WITH TIE-RODS

This time, connections with lateral
walls are ensured by masonry
strength as well as tie-rods (T'1, T2
and T3 on Figure 8.7). If they are
strong enough to resist tensile
stresses, an arch can be formed.
The connection must resist the
arch thrust components (EQ 8.1
and EQ 8.2).

Seismic action

TR o T
[TTTTTITTT]

Figure 8.7 : Arch effect within a wall subjected to actions out of its plane.

In fact, since the formation of an arch under outward-directed actions in the wall requires a
strength that usually cannot be ensured by masonry; the presence of tie-rods is of prime impor-
tance. The volume of masonry on which tie-rods have an impact, that is, within which an arch can
be formed because of the tie-rods, depends on the area of the tie-rods head.

To create an arch, the bearings must be strong enough, then:

1. Bearing strength along y:

The actions resulting from the formation of an arch must be supported by the connection to the
lateral wall (if considering only one corner; the process is the same for the other corner, by sym-

metry) and also by the transfer to the ground within the corner volume with the help of this vol-
ume weight. In consequence, the strength by friction (connection) must be defined as well as the
possibility of transferring the load to the ground:

Y

H =H +H" +H" >q-
y Ty TR 24

Where: H,: component of H along the y-axis

I—I’,!_,: bearing reaction by friction

rac

H”: bearing reaction by transfer to the ground

H’” : bearing reaction provided by tie-rods’

q: seismic action
L: wall length
* Friction strength:

With EQ 8.4.

(EQ8.9)

1. Further information about the way of calculating the bearing reaction given by tie-rods can be calculated is pro-

posed under chapter 8.3.1.6.
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* Possible transfer to the ground:
With EQ 8.5.

* Tie-rod strength:

H"'y S H"'y’ max - fyie]d ' ATR

Where: H’”,: bearing reaction provided by tie-rods

H™”_ ..« maximal bearing reaction provided by tie-rods

y,max’

f‘.'icl

4 vield strength of steel
Arg: area of the given tie-rod cross-section

2. Bearing strength along x:

(EQ 8.10)

Like the previous case, the actions resulting from the formation of an arch must be supported by
the connection to the lateral wall (if considering only one corner) and also by the transfer to the
ground within the corner volume with the help of its volume weight. In consequence, the strength
by friction (connection) must be defined as well as the possibility of transferring the load to the

ground.:
L2
H, =H_ +H' +H" >1 =
X X X x_ 8-a

Where: Hy: component of H along the y-axis
H’;: bearing reaction by friction
H”_: bearing reaction by transfer to the ground
H’”: bearing reaction provided by the tie-rods
q: seismic action
L: beam length
a: arch deflection

* Friction strength:

With EQ 8.7.

* Possible transfer to the ground:

With EQ 8.8.

* Tie-rod strength:

H'XEH' = A

X, max ryield TR

Where: H_: bearing reaction provided by tie-rods

H” : maximal bearing reaction provided by tie-rods

X,max’

(EQ 8.11)

(EQ 8.12)
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fielg vield strength of steel

Arpg: area of the given tie-rod cross-section
Note: the anchorage strength of tie-rods must be first checked (see EEQ 8.26).
TRANSFER OF FORCES TO THE GROUND

Forces can transfer down to the Wall
ground as long as their resultant stays
within the cross-section in order to
avoid the loss of stability for the wall.
Moreover the wall must resist sliding

and the material must resist the high F—— g a
compressive stresses along the loaded

edge.

The sliding condition is simply linked

mg

to the masonry cohesion and angle of
internal friction:

Q<N-tanp+c-A (EQ 8.13)
Figure 8.8 : Transfer to the ground of actions horizontally loading a wall.

Where: Q: resultant of the seismic action
N: resultant of the masonry weight
tang®: angle of internal friction
c: masonry cohesion
A: ground surface
The loss of stability condition 1s (the cohesion 1s neglected):

o = X = 4L

mg mg

(EQ 8.14)

=l

Where: Q: resultant of the seismic action
m: wall mass
tang@: angle of internal friction
h: wall height
t: wall thickness

Note: the above equation suggests that masonry has an infinite compressive strength; since this not the case, the wall
thickness should be normally shortened in order fo come closer to reality.
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The material compressive strength cannot be exceeded':

2N

S = Tpe Sk (EQ 8.15)

Where: N: axial force; it more or less corresponds to the weight of the corner masonry

b: thickness of the given section

O: stress

c: distance from the cross-section edge to the force application (c=h/2-¢)

f: masonry strength in the given direction
The assumption that under the above conditions, especially regarding the transfer of forces down
to the ground, the wall loses its stability is correct in a static or motionless context. Nevertheless,

earthquakes are cyclic events and the dynamic notion must be allowed. This is done when treating
the out-of-plane collapse mechanisms, i.e. the so-called overturning mechanism (see chapter

8.3.1.5).

8.3.1.2. Outward-directed seismic actions: multiple-leaf walls

If the three parts of the wall are well
(tightly) connected to each other, ie.
compact, and that bearings are enough
strong, an arch can be created as for a

QOuter leaves Inner leaf

\;/\ \ JL Seismic load _3\;\1__

simple-leaf wall. Nevertheless, the bear- |

ings are also composed of three parts | l l J J J lq l l J l | l
characterized by different stiffnesses as !
well as strength. In consequence, the i

[
way of calculations their resistance dif- Bl |-
g e fb_
fers from the one for one-leaf masonry H

walls.

Figure 8.9 : Scheme of the creation of an arch within a multiple-leaf wall.

Globally, four cases may appear:

* the multiple-leaf wall is compact (layers are tightly
connected to each other)

* the interface between the leaves 1 and 2 is loose

* the interface between the leaves 2 and 3 is loose

* both interfaces are loose.

Figure 8.10 : The three leaves of a multiple-leaf wall.

1. A triangular distribution of stresses (perpendicular to the cross-section) is assumed.
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The best situation is when the three leaves are well connected while the worst is probably when
each layer is disconnected from its neighbour. Nevertheless, the in-between situations are quite
bad too. The four situations are illustrated here below:

Seismic
load
)

P mmLLLLL

Figure 8.11 : Four situations of connections between the leaves of a wall.

Assumption: the quality of the interface is the same in the three orthogonal walls.

Globally, the peak ground acceleration that will lead to the collapse of the above presented multi-
ple-leaf wall is situated between two limits:

¢ the wall is compact

* cach leaf is independent from each other

ARCH EFFECT WITHOUT TIE-RODS

It is usually difficult not only to know or to obtain values of the shear strength of the interfaces
between leaves, but also to be certain that the strength value is uniform in the whole surface of the
interface.

Because of this uncertainties, it is proposed to calculate both limits of the given wall strength
according to the process presented for one-leaf walls. This way of doing was also proposed by [Gi1
91].

8.3.1.3. Inward-directed seismic actions: one-leaf walls

As for the previous case, the wall subjected to
inward-directed seismic waves out of its plane
can resist them by transferring the forces to its
lateral edges and/or to the its foot.

As reminder, the static model is the same as for
the previous situation of a wall subjected to out-

ward-directed seismic actions. The model is com-
posed of one beam bore by two fixed and
partially restrained bearings.

-

1

i

¥ ! :

o] : ¢ load
=

=

Figure 8.12 : Distribution of forces within a wall subjected to inward-directed actions.
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ARCH EFFECT WITHOUT TIE-RODS

In this case, there is more probability
that an arch is formed than when the
seismic actions were outward directed,
since the lateral walls can resist the y
component of the thrust. However, the

counteracting of the x component must
be checked.

q | Seismic actions

Figure 8.13 : Arch effect within a wall subjected to inward-directed actions.

One proposes to calculate the bearing strength according to the way presented in the previous sec-
tion.

ARCH EFFECT WITH TIE-RODS

In this case, this is especially the tie- A A
. . . _
rods in the x direction that can bring \ V
< T1 Y T3
more resistance to the wall. >
As the previous case, the equations pre- g i : H
sented in the previous section can also e st
- T2
be applied.
A o~
L -
ANREENEEEN
q | Seismic actions

Figure 8.14 : Arch effect within a wall subjected to actions out of its plane.
8.3.1.4. Inward-directed seismic actions: multiple-leaf walls

Assumptions expressed in the chapter 8.3.1.2 are still valid in this case and can be then once again

applied.
8.3.1.5. Overturning

[f there are no tie-rods nor abutments at a given wall corners, theses edges will constitute the weak
link of the system. That means the cracks will appear there first and then detachment. The whole
impact of the seismic actions (lateral forces) will be then directly led down to the ground thanks to
the masonry weight and the wall becomes and behaves like a rigid block. The forces increasing, the
cross-section on the ground will crack more up to reach the point of stability (gravity centre on the
vertical plan including the turning edge); nevertheless, as the seismic loading is cyclic, to be on the
point to loose stability does not mean 1t effectively. After one cycle that led the wall on the edge,
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the next cycle will bring it back and then forth, etc. At that point, the loss of stability has to be
allowed for from the energy point of view.

Note: the spectral acceleration also corresponds to the peak ground acceleration since it is a rigid block.

This matter has been dealt with by Betbeder [Be 03]; their assumptions as well as results are pre-
sented here below.

Based on the above diagram, the equa-
tion of movement of the above rigid
block overturning around the point O is:

—

I0 8= my - rcos(a—0)—mg-rsin(a—0) (EQ 8.16)

Where: I: moment of inertia of the GA4 i
block (rocking around the
edge O) '

m: block mass
¥: horizontal acceleration (peak 0~
ground acceleration)

Figure 8.15 : Rocking movement of a slender rigid block [Be 03].

The block moment of inertia is: 10:4X3mr2; if we assume that the rocking movement is small and
that the block is slender (small value of o), the previous equation becomes (cos ¢ =cosa =1 and
sinet = o, sin@ =@):

o 3 -_— i —_ o ri
O-1(grand = ~(r-og (EQ8.17)

When the block does not move, i.e. ¢ =0 and the rocking acceleration=0, the impulsion must be
higher than og <y, ag = y being the static criterion for stability.

Starting from this equation, Betbeder studied the movement of rocking block during a period of
time t, assuming that the block sustained a constant horizontal acceleration during a time T (after
this time, the support is motionless). The block was motionless at time t;=0. The EQ 8.17 has

then two solutions, corresponding to both phases of the movement: one for the period of time
between ty and T and a solution for t>T.

The obtained solutions are:

a) For the time from to up to I 0 = ﬁ%(‘:hﬂt— 1) (EQ 8.18)

o) = —
b) For the time from to up to infinity = b+ ¢2 N u2¢ (EQ 8.19)

Where: Q2=(3/4r) (g+ay) and ¢=y/og

Note: the assumption that has been applied to find the second solution is: the second phase of movement is fintshed
when the block reaches its limit of stability, i.e. when the centre of gravity is on a vertical line with the rotating
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edge (0= 6) without speed.
At that point, what may interest us it to compare the support speed (V) and the one that is

required to move the block from its motionless state to its stability limit. This speed, which is spe-
cific to each block, is called the reference speed (v,) by Betbeder. This ratio, called here 1s:

\%
yT S
c= e = v (EQ 8.20)

r
This ratio 1s always higher than 1 because the transfer from the support translation (horizontal
acceleration) to the block rotation is not perfect - there 1s a loss of energy (otherwise ¢ would be
equal to 1). The energy from one movement to another one is not conserved indeed; only the
kinetic moment is conserved. Based on this conclusion it is demonstrated that the support speed
when the block starts rocking is:

v
r

-2,
s ,ﬁ cosa

\% (EQ 8.21)

Ishiyama [Is 82] showed that the maximal speed that a given block can reach at its loss of stability
must be lower than the support speed of a factor k: V<kV, . Based on a statistical survey (calcula-

tions and also experiments), Ishayama gave to k a value of 0.4. If the support speed is converted in
a rotating speed in order to be compared with the block rocking speed, this equation becomes:

2 J2gr(l —cosa)
V<— k-
NE

P (EQ 8.22)
For slender walls, 1.e. ot small, the equation becomes:
1
V<3-a-Jer (EQ 8.23)

Even if the aforementioned procedure 1s related to quite a simple model, especially in what con-
cerns the description of the ground acceleration (seismic actions cannot be so easily modelled by
only horizontal acceleration), it has been proved good by many experimental, statistical, numerical
and theoretical studies.

Here below are two graphs that are taken from one of these studies (experiments using a vibrating
table [ST 99]). Both figures prove that the previous equation tallies well with experimental results:
almost every block that is situated above the criterion given by the equation did not overturn while
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the ones being under the line mostly collapsed. It is worth noting that the vertical acceleration
does not have so much impact on the overturning.

The graphs show the stability of blocks

. . . . 150+ —
with different height (H) and thickness [sesvsesererens
(B) that sustained the El Centro accelero- 120 +ssssssstsssessesossssspfannanancanance
gram, in regards to the overturning col- |
lapse mechanism. g ey

2 I T IR R R R R R R LA RN
. ’ ) B 60 {rrrrrrrrrresannnnns A
I'he cross points show blocks that did not [sossssees Covnns +desessccces
rock; blocks that rocked are described by 30{++++ /A esc0eccscscsccccoolob |
. STV RN RONRORORRORRERORORES
rectangular point. The blocks that col- ceccccccccccsctscccsscccccnsssccce
o . : () . |
lapsed are given by points. 0 150 300 450 600

H (cm)

Figure 8.16 : Stability to overturning moments of rigid bodies subjected to the horizontal
component of the El Centro earthquake [ST 99], [Be2 03].

The line starting from the point 0;0 corre-
sponds to the static criterion while the
equation of the other one is

V=%an_r

At this pomt it is worth noting that when
most blocks collapse, some others with
similar characteristics did not. This fact
highlights the rather random feature of
the ruin resulting from earthquake.

Figure 8.17 : Stability to overturning moments of rigid bodies subjected to the horizontal
and vertical components of the El Centro earthquake [ST 99], [Be2 03].

According to Betbeder, this random feature of the collapse due to seismic events 1s also found for
more complex structures than rigid blocks. Furthermore, he wrote in [Be 03] that it 1s quite fre-
quent to observe buildings, which initially looked very similar, that were differently damaged by
the same earthquake. Nevertheless, there must have been differences between them, either regard-
ing the seismic actions (even for small distance) or regarding the real structure of the buildings.
Furthermore, the successive seismic waves result in more and more damage to the structures (e.g.
mechanical properties of materials and/or assemblies) and a motre damaged structure becomes
more sensitive to smaller change in the seismic demand. Another phenomenon that can lead to
small difference in the structural behaviour of buildings close to collapse 1s the fact that parame-
ters that did not much influence the seismic response at first, can become predominant when the
structure is highly damaged. For instance, the vertical ground acceleration has not a great impact
on the rocking waves of a rigid body if their displacement amplitude is small; this 1s however no
longer the case if they are of great amplitude.
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DISCUSSIONS

In order to define the degree of stability of walls, which are unconnected to perpendicular walls, a
few calculations have been made on different walls. On the below graph, it is showed the peak
ground acceleration required to make walls overturn; three different common thicknesses of walls
that can be found in cultural heritage buildings in Switzerland are considered: 0.8 m, 0.9 m and 1
m.

2117 ) ——Gable width: 0.8 m
| —=— Gable width: 0.9 m
] \ —+— Gable width: 1 m
——Wall width: 0.8 m; overturning
—¥=Wall width: 0.9 m; overturning

—e—Wall width: 1 m; overturning

—
W

—+—Wall width: 0.8 m; overturning, static criterium
— Wall width: 0.9 m; overturning, static criterium

—— Wall width: 1 m; overturning, static criterium

—
=

Wall height [m]

Peak ground acceleration [m/s2]

Figure 8.18 : Peak ground acceleration that leads to collapse (overturning) of simple walls
or gables.

8.3.1.6. Corner strength
The quality of connection at the corners between two perpendicular walls mainly depends on the
following parameters:

* Type of masonry (bonding, stones and mortar)
* Normal force (dead load)
* The presence or not of tie-rods

* State of maintenance of masonry
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If we look at the first parameter, which is related to masonry, the interlocking of quoins is of most
importance: the more they are interlocked, the stronger is the connection.

For instance, the solution A is better Solution A Solution B
than the solution B because the sur-
face of friction that linked both

orthogonal walls is larger”. Obvi-
ously, this surface of friction
depends on the bonding type of
masonry.

a. The solution B 1s rather seldom and must be allowed for a very schematic.
Figure 8.19 : Schema of the friction surface between two perpendicular walls at one corner.

A few examples of masonry quoins that can be found i Switzerland:

Squared stone Ashlar masonry with Ashlar masonry Rubble masonry with
masonty reinforcing quoins reinforcing quoins
| Ly o S 2
== - | .. o1 -

I '|-r ~[ J'_ i 'I! 1 = -
i ,‘I L—..:_— e ii:_ 4 = ol
{ - B “i I I ) ’r

—

z = e - O =
S rf{ 5 S =

Figure 8.20 : Diverse types of quoins as a function of masonry.

Assuming that masonry is in a good state of maintenance and regarding the corners strength, the
squared stone masonry is better than the three other ones. On the contrary, rubble masonry with
reinforcing quoins offers quite a bad quality connection.

In respect to the dead-load, it is clear that the higher the force is, better the walls will be con-
nected. Similarly, the presence of vertical tie-rods (or more frequent: post-tensioning cables) con-
tribute to enhance the friction between the masonry components. Horizontal tie-rods also make
the wall more resistant, especially when the connection of the wall, which is loaded out of its
plane, with the corner is weaker than the one with the perpendicular wall. By the way, it 1s worth
noting that any opening that is close to the corners constitutes a kind of weakness. In such a case,
the failure might occur at the section with the opening instead of the corner section.

ASSESSMENT OF THE CORNER STRENGTH

Either for one-leaf walls or multiple-leaf walls, there are two possibilities that can result from the
out-of-plane movement of one wall that i1s connected to two perpendicular walls:

* the friction force that connects the loaded wall with the corners is not high enough to counter-
act the resulting lateral action and the loaded wall gets separated from the corners
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* the friction force that connects the loaded wall with the corners is high enough to counteract

the resulting lateral action and the loaded wall gets separated from the lateral walls (the quoins
being part of the loaded wall). In such a case and if the quoins are thin, the tensile strength of

stones must also be checked.

A way to calculate the connection strength at the corners of a wall/two perpendicular walls is pre-

sented here below.
1. Simple-leaf walls

On the figure on the right, the
wall along the z axis is subjected
to a seismic action. Its connection
to the perpendicular wall (along x
axis and the z axis) must resist the
force resulting from the out-of-
plane loaded wall. This connec-
tion is made through the friction
surface between elements belong-
ing to both walls, 1.e. the quoins at
the corner (in green in the
Figure 8.21).

Since friction increases with the
normal force, it i1s obvious that
the connection is better at the
bottom than at the top. Similarly,
the wider the surfaces are, the
higher the cohesion and the
stronger the connection are.

Corner

Seismic action

Volume belonging to
both perpendicular
walls

Shear surface

Figure 8.21 : Friction surfaces (ashlar masonry) at the corner between two perpendicular

walls.
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. . The case shown on Figure 8.21
' S under increasing out-of-plane accel-
eration can have two issues: either
= e v — |~ the wall gets separated on its side or
f t T = — on the perpendicular wall one. Of
a ) - course, it depends on the masonry
type as well as quality (especially in
case of heterogeneous masonry) and
on the size of the friction surfaces.
For instance, corners of squared
stone masonty resists better than an
angle with pebbles masonry and a
damaged (erosion of mortar for
example) masonry also counteract
the out-of-plane action to a less
extent than a masonry in a good
state of maintenance.
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Figure 8.22 : Forces generated by an out-of-plane acceleration loading a wall, at a
masonry corner of the same wall.

To answer the first question, that is, are the friction surfaces strong enough to resist the forces
resulting from the seismic action, their strength must be calculated.

For the aforementioned case the reaction force Ry is! 2 (Coulomb’s assumption):
R ZEAZX-c+W-tan(p (EQ 8.24)

Where: R,: bearing reaction along x
A,y sum of the cross-section area of every bound that connect both perpendicular walls
c: cohesion
W: weight of the above masonry (W=H*t**y)
tan( : masonry strength

Assumptions: the vertical surfaces do not contribute to connection due to friction

1. This reaction force is for both sides of the corners.
2. The strength provides by the vertical surfaces is not taken into account since the tensile strength of mortar is zero.
Nevertheless, if there are tie-rods, this contribution can be allowed for, considering then the axial force provided by

the tie-rods
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Calculations show that cohesion 1s the most significant parameter; the bearing reaction can vary
with a factor of 100 whether there is a cohesion or not (or whether cohesion is taken into account
or not). Unfortunately, this parameter is also very difficult to define since it depends on the quality
of mortar as well as the mortar-stone interface that themselves depend on time.

It 1s possible to increase the friction contribution by grouting inclusion into masonry (increasing

cohesion)1 and/or introducing vertical tie-rods (increasing the vertical force); it is also possible to
put horizontal anchorages in order to enhance the friction on the vertical contact surfaces:

Ry =R, (FZA, e+ W-tang (EQ 8.25)

Where: R,: bearing reaction along y
R,  lateral resistance provided by horizontal anchorages
A, ¢ sum of the cross-section area of every bound that connect both perpendicular walls

¢: cohesion
W: weight of the above masonry
tang : masonry strength

The part of the reaction force that can be taken by the tie-rods depends on their anchorage and on
their strength; the critical part usually is the anchorage. Their strength is generally calculated with
the following equation:

Ry x = " Dg-Ly-tg=mn-Dg-Ly-(c+o-tang) (EQ 8.26)

Where: R, anchorage strength along y-axis
D,: diameter of the anchorage
L: length of the anchorage

c¢: cohesion
G: perpendicular stress
tan@ : masonry strength

It is very important here to keep in mind that no pre-tensioned anchorages can give any resistance
only after a certain deformation of the wall subjected to seismic action. If this part of masonry had
moved after putting the anchorages, which might be due to masonry creep for instance, restraining
them, their resistance can be simply directly added to the resistance by friction of the connec-
tion.Otherwise, their maximal strength must be allowed for only in case of the ultimate state, when
the out-of-plane loaded wall begins to overturn.

The impact of tie-rods must be considered through the definition of an equivalent length (surface)
in order to allow for the distribution of the force within masonry.

1. It is worth noting that this solution has been applied on cultural heritage buildings for years in Switzerland.
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2. Multiple-leaf walls

The assessment of the connection strength at the corner between two perpendicular multiple-leaf
walls is similar to the simple-leaf walls one. In fact, instead of taking into account the friction sur-
faces of one wall, the areas of both outer leaves must be allowed for. The main difference between
simple-leaf walls connection and the multiple-leaf walls one is the middle part, that 1s, the filling,
and also the connection between the inner leaf to the outer ones. However, though this layer can
also be characterized by a cohesion as well as an angle of internal friction, these values are very dif-
ficult (often impossible) to be assessed. It is why, as a simplification mean (but putting the obtain
result in the safe side), the contribution of the middle layer of multiple-leaf walls is not considered
if its mechanical properties are not known.

8.3.2. OUT-OF-PLANE BEHAVIOUR OF WALLS WITH OPENINGS

Compared with plain walls, openings generate weaknesses around them when walls are loaded
either in their plane or out of their plane. However, as stated within the first chapters, masonry
encircling windows (or doors, but to a less extent) can resist the out-of-plane loadingl thanks to
the arch effect. In order to take this resistance into account and to determine the global strength
of a wall out-of-plane loaded, the strips method 1s applied [Hi 75].

In consequence, the main point in the application of such a method is the definition of the strips
configuration in regards to a given loading case, or in other words, to figure out a transfer of
forces corresponding to the actions loading the wall.

Furthermore, this way of proceeding makes possible to assess the evolving of the transfer of
forces and consequently, the damage development.

8.3.3. IN-PLANE BEHAVIOUR

Under lateral loading (seismic actions), the collapse mechanisms of masonry are generally grouped
in two main modes: flexural failure and the shear failure (divided into shear and sliding).

Rocking Shear Shiding

|

Figure 8.23 : Failure modes of masonry walls in their plane and under lateral actions.

Because of the importance of building seismically safe, shear behaviour of masonry walls under
lateral loading has been quite thoroughly addressed for years. For the same reason building codes
of almost every country proposed a way to calculate the strength of masonry walls in their plane.

1. The in-plane behaviour is dealt with in the next section.
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As this does not serve on purpose to dress an exhaustive list of every existing method, only a selec-
tion is presented here below. They are based on models presented under chapter 6. It is important
to keep in mind that the above methods have been developed for common buildings and brick
masonry. Nevertheless, even if their field of application does not correspond to the cultural herit-
age buildings, they could be adapted to them. This is why they are presented in this report.

8.3.3.1. Analytical failure models

FEMA [FEMA 310 98]

The FEMA (Federal Agency Management Agency) proposed four simplified models for calculat-
ing the lateral withstanding of walls in respect to rocking and also to shear; only two models are
taken into account in this section. For the flexural failure, it is assumed that the compression area is
more ot less equal to a tenth of the wall length and also that the structure behaves like a rigid body.

In what concerns the shear failure, the wall strength depends on the sliding strength along the bed
joints.

The associated equations are:
Flexural failure VRA,R = 09" Nyy 57— (EQ 8.27)

Where: Vgg g: design maximal lateral load (in case of a rocking failure)
N g4 vertical load (axial load)
l,: wall (or sample) length
hy,: wall (or sample) height

Shear failure VRd, g =067 vyt -1 (EQ 8.28)

Where: Vpgg: design maximal lateral load (in case of a shear failure)
Vq4: design shear strength of masonry
l,: wall (or sample) length
ty: wall (or sample) height

Note: the value of 0.67 seemed to be more suitable for masonry [ILM 06).

The shear strength of masonry can be calculated with the following equation:

IW'tw

Nxd
Vq = 0.5-10.75- Vmd " (EQ 8.29)
Where: vg: design shear strength of masonry
N4 design vertical load (axial load)

l,: wall (or sample) length
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t,: wall (or sample) width

Vg design shear strength of the bed joints mortar; it corresponds to V,4=V1/
Ym<0.35 MPa

Vk: shear strength of the bed joints mortar

Ym =2 for masonry

EC 8

The Eurocode 8 |[EC 8 04] deals with the rocking failure more precisely than the FEMA does;
instead of assuming the dimensions of the area in compression, the compressive strength of
masonry is involved in the calculations in order to calculate them more accurately. It is once again
assumed that the given wall behaves as a rigid body.

The associated equations are:

1l _-N N
. d d
Flexural failure de, R = ‘; : h\i . (] -1.15- T X fxd] (EQ 8.30)

wow

Where:  Vpgg: Design maximal lateral load (in case of a rocking failure)
N.4: Design vertical load (axial load)
l,: Wall (or sample) length
ty,: Wall (or sample) height
f.q: Design masonry compressive strength (design value)

hy: Wall (or sample) height

Shear failure VRd, g = fq- Tyt (EQ 8.31)

wow

Where: Vpgg: design maximal lateral load (in case of a shear failure)
f.q: design shear strength (design value)
I',: wall (or sample) length that 1s under compression
hy,: wall (or sample) height

The shear strength of masonry can be calculated with the following equation:

NX

lW'tw

=, 0+04" <0.065f (EQ 8.32)

fS d

Where: f o: Shear strength of masonry without vertical load (corresponds to cohesion)

f: Mean compressive strength of masonry

GANZ
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Ganz’s model is based on the lower bound theorem of the plasticity theory: the lateral action must
be sustained by a statically admissible stress field in the wall that satisfies both the equilibrium con-
ditions and the materials strength.
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Figure 8.24 : Internal forces and the related stress fields of a wall, according to Ganz; figure
taken from [La 02].

There are four equilibrium equations:
N =N +N_ (EQ 8.33)

Where: N: Vertical load

N,: Component of N that corresponds to the oblique stress field

N,,: Component of N that corresponds to the vertical stress field
M, =N, e/ *N e (EQ 8.34)
Where: Mj: Moment on the cross-section at a height of h (see Figure 8.24)

+ N, eccentricity at the cross-section 1

€1

e1n: N, eccentricity at the cross-section 1
My = Ny-eyy F Ny -8 (EQ 8.35)

Where: M,: Moment on the cross-section at the wall basis

€5+ N eccentricity at the wall basis
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e>,: N, eccentricity at the wall basis

And for satisfying the equilibrium, the shear force transferred in the oblique stress field is:
V =N, -tana (EQ 8.306)
Then, there are three materials conditions:

N <f -1 - €OS Ot2 (EQ 8.37)

v 2v tw
Where: N,: Component of N that corresponds to the oblique stress field
fy: Masonry strength along the y axis (horizontal)
l,,: Length of the oblique stress field
ty: Wall width

N, S (g —f) - Ly -ty (EQ 8.38)
Where: N,: Component of N that corresponds to the oblique stress field
f: Masonry strength along the x axis (vertical)
f,: Masonry strength along the y axis (horizontal)
It Length of the vertical stress field
ty: Wall width
tano<py = tang (EQ 8.39)
Where: o Angle of the oblique stress field
@: angle of internal friction
With:
by = w28y (EQ 8.40)
by, = 1,-2e, (EQ 8.41)

The maximal lateral load that can be sustained by the wall is then iteratively calculated by increas-
ing or decreasing the applied shear action (Vi4) until one of the above conditions is violated.

SwisSCODE SIA 266, SIA V178
Swisscodes SIA 266 and SIA V178 are based on the model developed by Ganz [Ga 85] for calcu-

lating the maximal lateral force a wall can sustain.

The model applies the lower bound theorem of the plasticity theory: the lateral action must be
sustained by a statically admissible stress field in the wall that satisfies both the equilibrium condi-
tions and the materials strength. Nevertheless, equations in the Swisscode SIA 266 are based on
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the use of charts that were developed for bricks masonry. This fact makes its use not well adapted
to walls in old stone masonry.

DISCUSSIONS

These methods have been developed to calculate the strength of common building walls under
seismic actions. In this case, masses are concentrated on floors and not in the walls themselves. As
this i1s not the case for cultural heritage buildings, the seismic response of walls must be assessed.
The best way to evaluate the structural behaviour of walls (with openings and a uniformly distrib-
uted mass) under seismic loading is the numerical simulation. The results obtained by numerical
calculations are then combined with the methods presented in the previous sections in order to
determine the in-plane strength of walls.

The numerical simulation allows the determination of the flow of forces (stress fields) within a
given structure under different peak ground accelerations. The strength of this structure, which 1s
calculated with the simplified models that are aforementioned, is then compared with the internal
forces generated by chosen peak ground acceleration.

Failure happens when either the compressive strength of masonry 1s achieved or the shear force is
higher than the shear strength determined by Coulomb’s assumption.

Nevertheless, failure happens in places and then does not mean the collapse of the whole structural
element. A large crack that might lead to the collapse of the element is due to a certain number of
small failures. Finally, the collapse strictly speaking of a given element only happens when one or
many parts that separated from each other by cracks fall down.

8.3.3.2. Numerical modelling

In order to find out the real flow of forces under seismic actions in the walls plane, we have
resorted to numerical modelling. In consequence, every part of churches whose in-plane structural
behaviour under seismic actions may have an impact on the seismic vulnerability of given edifices
has been numerically modelled.

Almost every structural element that has been listed in chapter 3.5.1 has been modelled in order to
analyse its structural behaviour under seismic actions. The models have been implemented on one
numerical support: ESA PT developed by Nemetschek, Scia SA.

Results of the numerical modelling have been used for defining the flow of forces, as shown on
Figure 8.48, Figure 8.49, Figure 8.50, Figure 8.51, etc.

DESCRIPTION OF MODELS

Elements: shells

Meshings were automatically generated by the software.

Although the 2D numerical modelling only considers one-leaf walls, it can also be applied to multi-
ple-leaf walls. What differs between them is the treatment of the numerical results, especially in
what concerns the masonry shear and compressive strength.

Thanks to the numerical modelling it has become possible not only to define the flow of forces
under lateral acceleration but also and essentially to obtain the zones where the masonry fail under
a given acceleration. Each model is loaded by an increasing lateral acceleration (by step of 0.5 m/
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s?) and the stresses (o4 0, and T, ) of each node of the mesh are checked with the failure criteria
developed by the SIA V178 for the compressive strength (f,) and Coulomb’s assumption for the

shear strength in order to control if there 1s failure or not.

For obtaining a homogeneous set of results, every initial model (structural part) was composed of
the same type of masonry as well as the material. In order to exploit the results that were obtained
by the experimental investigations, the stone material correspond to sandstone (molasse) and the
mortar has the same mechanical properties than the one used for the test (chapter 7). As reminder,
they are:

SANDSTONE

E=E,=E,= 4497 MPa'

f= 32.1 MPa% £,= 0.5 f, [SIA V178 80].
Self weight: y = 23 KN/m’

MORTAR

E=E,=E,=1933 MPa’

f.=9.58 MPa*

MASONRY

E,=E, = E,= 4497%0.97+1933*0.03=4412.40MPa’
f.= 15.5 MPa% £,= 0.5 £, [SIA V178 80].

Self weight: y = 23 KN/m’
Poisson’s ratio: 0.15

Note: for every structural part the initial thickness is 1.0 m; thickness only have an impact on the weight. Moreo-
ver, the value of the Youngs modulus has no impact on the collapse mechanisms.

8.4. VAULTS: SEISMIC BEHAVIOUR

In respect to vaulted ceilings, barrel-vaults, groined-vaults and cross-vaults are the most frequent
patterns that were used during medieval times to cover wide spans in many sacred edifices.

. This value is taken from [MP 04].

. The compressive strength of sandstone is taken from the compression test carried out at the EPFL (chapter 7).
The Young’s modulus is taken from the compression test cartied out at the EPFL (chapter 7)

. The compressive strength of mortar is taken from the compression test carried out at the EPFL (chapter 7).

. The considered masonry is made of square well-dressed stones; stones constitute 97% of the volume and mortar
3%. The equation is proposed in the Swisscodes [SIA V178 80]. Calculations are in Appendix A. 5.1.

6. The compressive strength of masonry is calculated with the help of the Figure 6.16, chapter 6.5.1 [SIA V178 80].

R
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8.4.1. STRUCTURAL BEHAVIOUR UNDER SELF-WEIGHT
8.4.1.1. Barrel vault

From an engineering point of view, barrel vaults
actually correspond to a succession of arches. In
this way, self-weight is uniformly distributed
along the vault continuous bearings that are the
lateral walls of a nave if considering a church.

In consequence, instability of barrel vaults, in
their plane and for uniformly distributed loads,
can reasonably be addressed as for arches.

Figure 8.25 : Flow of forces within a barrel vault [Mu 04]1.

Note: models deriving from the simple barrel vaull, like the system found in the church in Payerne (barrel vanlt with
arches), bebave structurally the same way.

STRUCTURAL BEHAVIOUR

An arch can be compared to a cable; the only difference between both structures is the way for
withstanding their self-weight: the cable will withstand it by traction whereas the arch will be essen-
tially compressed to counteract its own self-weight. Under the dead load, a cable will take the so-
called chain shape that corresponds to the optimal configuration to counteract the self-weight

loading. Accordingly, the best shape for an arch is also a chain like shapez.

Nevertheless, arches cross-section in sacred edifices
(especially for Pre- and Romanesque edifices) is seldom
a parabola but rather semicircular. In consequence, any
stable arches must contain the chain-like trust line that
result from their self-weight.

Figure 8.26 : Sketch of the trust-line of a semicircular arch [He 95].

Since the trust-line shape does not correspond to the semicircular arch, there are parts of masonry
that are subjected by traction (in cross-sections where the trust-line eccentricity is higher than the
third of the thickness). As masonry cannot resist traction (or very slightly), the situation of the
Figure 8.26 results in the creation of cracks where masonry is subjected to tensile stresses. Never-
theless, such a situation does not correspond to the failure of the arch. The arch of the Figure 8.26
will collapse when its cross-section will be too much cracked at different places to counteract the
trust line generated by the arch self-weight. Based on the assumptions of Heyman [He 95], which
are related to the upper-bound theorem of the plasticity theory, the collapse of the given arch will
be activated when four hinges are created. As reminder, it must be added here, that such an arch is

1. The cross-section of this barrel-vault actually is a parabola whose trust-line exactly corresponds to the cross-section
shape.

2. The chain shape is very close to a parabola which would correspond to the cable shape under uniformly distributed
load. The main difference is the difference of slopes between the chain and the parabola at the bearings. Neverthe-
less, this difference can be neglected for small ratios between the rise and the span.
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statically indeterminate; to make it statically determinate, three hinges are required and collapse
occurs when four hinges are formed.

Note: Heyman'’s assumptions are [He 95, p. 14):
o masonry bas no tensile strength
o stresses are so low that masonry has effectively an unlimited compressive strength
o sliding failure between voussoirs does not occur
I woutd add one more:
o subjected to compressive stress, masonry behaviour is linear-elastic

As said by Heyman, if a given arch or a barrel-vault stands 5 minutes after its completion, it will
stand forever under similar conditions (no decay, no deformation of the bearings). In conse-
quence, such structures collapse under their own weight almost only because of the movement of
their bearings.

According to the this movement, two limits can be
given for the arch of the Figure 8.26: the situation (a)
and the situation (b) on the right-hand figure. As can
be seen, hinges location will obviously be different if
the bearings give way (a on Figure 8.27) of come
closer (b on Figure 8.27). In the cross-sections where
the trust-line is more or less parallel to the intrado or
the extrado, 1.e. also meaning close to them, kind of
hinges are created. At these places, a small part of the
cross-section is subjected to high compressive
stresses, whereas the rest of the section 1s fully
cracked.

Figure 8.27 : Semicircular arch under its own weight, with minimal abutment (a) and
maximal abutment (b) [He 95].

The situation (b) 1s no longer stable while the situation (a) on Figure 8.27 requires two more
hinges; this would be done if the given arch would have been thinner like the arch (b) and (c) on
Figure 8.28.

‘ (a) ‘

Figure 8.28 : Stable semicircular arch (a) and the one with minimum thickness ((b) and

(c)) [He 95].

STABILITY

As aforementioned, arches and also barrel vaults whose cross-section corresponds to a semicircu-
lar arch, require a massive thickness for assuring their stability. The cross-section must be thicker
than R/10, where R is the radius, at minimum, that is, to cover the thrust line under the structure
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dead load. Nevertheless, bearings can spread under the trust and change consequently the trust line
pattern. If the cross-section is exactly R/10 thick, this bearings deformation will result in the col-
lapse of the barrel vault. In order to avoid the failure of arches due to the change of the boundary
conditions (including loading cases), the arch must be thicker than R/10. At this point, it is worth
introducing the concept of geometrical safety factor that was proposed by Heyman [He 96] for
masonry arches. This geometrical factor is related to the arch thickness; it corresponds to the ratio
between the actual thickness and the minimum one (R,/R, ). If this factor were 3 would indicate

that the trust line of the given arch could be contained within the middle third of the actual thick-
ness; it corresponds to the so-called middle-third rule that was an elastic concept concerned with
the need to avoid any tension in the arch cross-section. Safe practical values for the geometrical
factor of safety for arched constructions is indeed about 2 [He 95]; thus, arch cross-section must be
at least thicker than R/5 (which corresponds to the condition (R/6) given by Muttoni in [Mu 04])
in order to assure the arch stability against surimposing loading, asymmetries of bearings or their
settlement.

If a barrel vault was erected according to the aforementioned constructional rules, it can lose under
self-weight, its stability essentially due to the bearings movements (because of settlements or defor-
mations; see the previous section), as aforementioned. The collapse of barrel-vaults under asym-
metrical loading cases can be more or less easily defined; on the contrary, the failure resulting from
the movement of bearings is more difficult to define since the cross-section shape gets also
deformed accordingly. In order to take into account the constant change of shape of the vault
cross-section, complex iterations must be carried out. Barthel [Ba 91] addressed it in his disserta-
tion through a numerical calculation on two kinds of vaults: the first one is considered with the fill

in the vaulting pocket, the second is opened on 55°. Both vaults are uncracked under their own
weight. In addition to the self-weight, a displacement was imposed to the bearing (at the vault foot)
in stages up to 4 mm.

A crack appeared very quickly along the intrado at the crown; then another crack occurred at 40°

from the crown along the extrado!. Nevertheless, further cracks appeared below as the bearing dis-
placement increased. When the horizontal displacement was 4 mm, the main crack (approaching a

hinge) was located at 49.3° from the crown. Barthel theoretically defined hinges as places where
the trust-line is tangential to the extrado or the intrado (that is, eccentricity is e =t/2, where tis the

1. Masonry was assumed to has a certain level of tensile strength (0.6 MPa).
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cross-section thickness), depending on the situations. Nevertheless, as they cannot be achieved
with FEM models, he defined them as being located at places where the eccentricity is the highest.

On the Figure 8.29, the evolving of the

H & kN/m

horizontal force for the 557 vault is shown Hagx® 573
(results for a vault with a fill that is along

40° of the cross-section are similar since
the fill restrains the structure). The above ) K

figure is about a 50 cm thick arch while \ ;/

the bottom figure concerns a thinner - " bmn?
cross-section. wf P

It is interesting to notice that the horizon-
tal reaction of the vaults bearings changes —~+
quite quickly under small bearing displace-

ments. In consequence, H achieves swiftly

a value close to the limit states defined by L a8

Heyman with Hmax and Hmin. H\H\_ 2154 E ‘\
Moreover, the 50 cm thick cross-section is 20 M 0N
more rapidly cracked than or at least as L ’
quick as 25 cm thick arch. This indicates e s e

that a thicker arch is not stronger than a

thinner one.

Figure 8.29 : Change of the horizontal force (H) as a function of the bearing horizontal
displacement [Ba 91].

The definition of hinges by Barthel (see above), that 1s, hinges are located where the eccentricity of
the trust-line is the highest, explained why he was unable to obtain the maximal displacement that
can support the given vault. Moreover, he wrote that the trust-line position as well as the horizon-
tal reaction value does not change up to the maximal lateral displacement of 4 mm.

In respect to the model with fill in the vaulting pocket, the numerical calculations (FEM) gave the
following results:

3,868 m
y M——————————M .00k R=500mn L
g == A D=0,25m =
— -..x__:::\
¢ =43 m N e 98 m 0
\
Stétzlinie - \\L

Figure 8.30 : Flow of forces within an arch with a fill under the self-weight and the bearing
displacement [Ba 91].
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In the field of the abutment, the force from the arch strictly speaking spread in the whole fill; the
stress state 1s no longer unidirectional as within the arch. It can be seen that there 1s one more ver-
tical crack in the fill compared with the crack pattern under dead-load.

The most interesting result here lay in the position of the trust-line at the abutment (just above the

fill limit); it is along the same side than the above hinge (at 47°). In consequence, and contraty to
the trust-line pattern under Hmin, which reached the arch extrado at the abutment (and creating
then a sort of hinge according to Heyman’s assumptions), the trust-line approaches the intrado of
the arch. Though it does not reach it (that would have formed a hinge), it is very close and results
in high deformations.

To conclude, collapse of the vault results from the fall of both parts that are at each side of the
crown due to the opposite movement of both vault bearings.

8.4.1.2. Groin- and cross-vault

Groin-vaults simply result from the intersection of two equal semi cylindrical barrel vaults; the
resulting bay 1s consequently a square in planl; groins correspond then to the square diagonals. The
main problem, which is indeed a stereotomy problem, to erect such a vault is the joint between
webs, 1.e. the groins. Due to the difficulty for cutting the web stones that join at groins, Romans
builders started the construction of groin-vaults by carrying out first masonry arches along the
diagonally of the squared bay. The vault webs were then erected on these arches, which were par-
tially or entirely embedded within the masonry webs [He 95]. On the light of this account, it quite
easy to understand the evolving that led to the creation of the gothic rib-vault that was built after
the same process. The main differences lay in the fact that it is easier and swifter to erect groins
with stones dressed without care that will not be visible because hidden by ribs and the ribs also
had the function of formwork that made the construction of vaults easier and quicker.

Different kinds of groined- and cross-vaults can be found depending on the open-space to cover

and also depending on the location and the era of construction. The main ones are shown here
below:

@ |

Figure 8.31 : Four selected kinds (the main ones) of quadripartite vaults; the cross-vault or
groin-vault(a), the pointed-arch vault (b), vault with dome-webs (c) and
dome-like quadripartite vault [Ba 91].

Though every kind can be found in Switzerland, only the groin- and the cross-vault (without and
with ribs) will be dealt with since this is the most frequent kind erected in Pre- and Romanesque
sacred edifices.

1. Depending on the space to covet, asymmetrical groin-vaults can be found. For instance, the bay plan of vaults in
ambulatory is a parallelogram.
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STRUCTURAL BEHAVIOUR

In the case of cross-vaults with a level soffit, forces
transfer from the webs directly to the groins and/or
the ribs as indicated on the Figure 8.32. In such a
case, lateral walls do not support the webs; as a mat-
ter of interest, this no longer the case for quadripar-
tite vaults with dome webs.

Figure 8.32 : Transfer of forces within cross- and
groin-vaults.

Actually, cross-vaults with a level soffit can be treated, under dead load, as a juxtaposition of
arches whete each arch supports its own weight and carries it down to the groins and/or ribs, as
shown on Figure 8.32. Then, these parts leads the vault weight to lateral walls; the trust-line result-
ing from the vault weight is counteract by the buttresses and the lateral walls.

Regarding the stresses, it must be said that, as in general in masonry, their level 1s low compared
with the stone compressive strcngthl; the ratio 1s about a hundredth. The strength of stone is con-
sequently of no real importance and it is why material used for erecting vault webs is often a light
stone, like tufa, with thick mortar joints. Nevertheless, this no longer the case along the groins
where stresses are concentrated; it s obvious that this sort of creases (considering the assembly of
webs as a whole vault) constitute lines of weakness in the vault. The ribs serve then as a reinforce-
ment; however, it must be said that though they are generally necessary, they are sometimes not

. 12
essential”.

In case of groined-vaults or cross-vaults with a level soffit, transverse arches as well as the
formerets (wall ribs) are only subjected to their own weight.

CRACK PATTERNS OF GROIN— AND CROSS—VAULTS

As already seen with arches, masonry vaults will cracked according to the supports movements; in
a way, vaults will develop cracks in order to accommodate an increased span (orthogonal to the
nave direction, that is north-south). It is worth noting that arches or vaults crack and become then
statically determinate.

1. Level of stresses is just high enough to ensure locking stones together by friction.

2. There are examples of fallen ribs though the vault webs were still standing. It is worth noting that in such a case,
instead of being outside the webs, ribs were formed within them along the creases.
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Since arch and vault patterns do not differ much from each other, cracks will appear almost always
(after the type of vaults) at the same place. P. Abraham [Ab 34| has listed most of them:

* there are cracks along the crown of the west-
east webs.

* there often are the so-called «fzssures de Saboures
[ADb 34], that are located close to the lateral walls
and formerets and also parallel to them. These
cracks are due to the deformation of the vault
bearings. They involve the separation of the
webs from the lateral walls. It is worth noting
that these Sabouret’s cracks are complemented
by other small west-east cracks.

It is important to keep in mind that the cracks at
the crown are kind of hinge lines (which let pass
forces), whereas the Sabouret’s cracks correspond
to an actual separation of masonry (the nave
ground can be seen by someone who is standing
on the vault extrado).

Figure 8.33 : Characteristic cracks in Gothic vaults [Ab 34].

These characteristic cracks, which are essentially due to the movements of the vault bearings, high-
lights the fact that masonry buildings, such as churches, deform and every part of the edifice
accommodates to the changing shape and finds new equilibrium. At this stage, the question is to
define the moment when the equilibrium of vaults cannot be achieved.

STABILITY

Groined- and cross-vaults generate horizontal trust at their four bearings; this trust must be then
either brought down to the ground by the lateral walls weight (usually also with vertical abutments)
or counteracted by flying buttresses. The first situation is more often found in Pre- and Roman-
esque sacred edifices whereas the main nave vaults of every Gothic edifice are supported by flying
buttresses and also the lateral walls. Under unchanging loading case, a groin- or cross-vault can lose
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its stability because of the deformation of movement of its bearings, which are the walls with
either simple abutments or flying buttresses.

Maximal lateral displacement per each

bearing: 2 mm. T
9oL
FE
Figure 8.34 : Regular cross-vaults: oo C / H/gR' = 1,00 {125kN) py. o an
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function of the
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8.4.2. STRUCTURAL BEHAVIOUR UNDER SEISMIC ACTIONS

Concerning the vaults, the main problems come from the out-of-plane deformation of their

springings, that is to say, the opposite walls that support the vaults.

Regarding the transversal behaviour of Seismic acti
. eismic action

the nave, it i1s assumed that the out-of- —_—

plane movements of the lateral walls are

not restrained by vaults (barrel-, groined-

and cross-vaults) (Figure 8.35). In other

words, the seismic response of vaults Initial shape

have no impact on their bearings. Conse- _ ‘

quently, their stability under seismic Deformed shape

actions only depends on the movements

of the opposite lateral walls that consti- |

tute their bearings. [l

The vaults span can increase or decrease m '

according to the boundary conditions of |

the lateral walls that support the vaults. | | '

Figure 8.35 : Transversal seismic tesponse of the nave of a basilica church.

When looking at the vaults of a basilica, the situation will be different for each vault (covering the
low-aisles or the main nave). Consequently, every situations (L.e. as a function of the direction of
the seismic action) for each vault must be addressed.
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8.4.2.1. Barrel vault

According to the results obtained by Barthel [Ba 91], barrel vaults whose cross-section is a semicir-
cle lose their stability when one of its bearings moves away of 2 mm (see the Appendix A. 6). In
consequence, the drift of lateral walls when subjected to out-of-plane actions must be calculated.
The transversal drift corresponds to the difference of the movement of both lateral walls, since
they move away more or less similarly under out-of-plane seismic actions.

8.4.2.2. Groined- and cross-vault

The seismic vulnerability of groined- and cross-vaults is treated as the barrel-vaults one.

8.5. BELL-TOWER: SEISMIC BEHAVIOUR

Compared with other structural parts, as the front walls, bell-towers show a few specificities; they
are slender, quite compact (in respect to their closed cross-section'), tall and walls thickness varies
along the height.

The aforementioned characteristics make the assumption of a uniform lateral acceleration as the
seismic action, which was applied for the other structural parts, no longer valid; such an assump-
tion cannot be accepted for tall and deformable structures, as a bell tower.

Furthermore, especially because of the size, bell-towers must be strong structures in order to resist
their self-weight and the lateral actions, such as wind or seismic waves. It is why, they usually were,
at least in Switzerland, erected independently from the rest of the edifice; in such a case, they are
just put side-by-side with other structural parts.

A bell-tower is a system with a distributed
mass (big walls) and stiffness (cross-section
changing with height). El(z)
L | m(z)
Figure 8.36 : Tower made up of masonty
and virtual displacements
(inspired from Chopra [Ch
00]). i3

ug(t)

The bell tower in the Figure 8.36 has a distributed mass m(z) per unit of height, and flexural rigidity
El(z); the ground excitation (earthquake) is represented by u,(t).

1. Moreover, the cross-section is often reinforced through tie-rods that enhance its compactness.
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The equation of motion for such a structure is:
f(z,1) = -m(z)[u(x, ) + ﬁg(t)] (EQ 8.42)

Where: m(z) : distributed mass along the height
i(x,t) :spectral acceleration
lg(t) : ground acceleration

The resolution of the equation of motion for the generalized SDF system (Figure 8.36) is done
through the application of the principle of virtual displacements [Ch 00]. Moreover, to solve it, the
deformed shape of such a structure must be given; the proposal made by Chopra seems to fit the
deformed pattern of bell towers under seismic actions.

Then the equation of motion becomes:
~Lii_(t) = mg +Kg (EQ 8.43)
=

Where:

m : generalized mass
i(x, t) : spectral acceleration
ﬁg : ground acceleration
£ :lateral displacement
k : generalized stiffness

U g(t} : ground acceleration

L. : factor for the generalized excitation.

Based on EQ 8.43, the natural frequency and the equivalent static forces of the given structure can
be defined:

H

v @r - E@)e
Natural vibration frequency mﬁ B % = 21 (EQ 8.44)
[ @1 - m@)az
0
And
Equivalent static forces fg(z 1) = (:)n2 -m(z) - y(z) - x(t) (EQ 8.45)

Where: ®,: Natural period

¥ (z): Shape function
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Then, the peak value of lateral displacement can be calculated:

- L
5 A

[}
n

X0 (EQ 8.46)

Where: A: Pseudo-acceleration (to be drawn from the design spectrum of the Swisscode SIA 261,
for a period defined thanks to the natural vibration frequency and for a damping C ratio
defined in the code too.

And finally, the internal forces, such as the bending moments and the shear force can be deter-
mined:

z
Bending moment M(z) = l: A _[z -m(z)(y(z))dz (EQ 8.47)
0
And
B z
Shear force V(z) = T-A- [(m(2)y(2))dz (EQ 8.48)
0

Where: A: Pseudo-acceleration (to be drawn from the elastic spectrum).

uy(x=L)

(%) Vol>)

0 V,x=0) 0 Myx=0)

Figure 8.37 : Lateral displacements, equivalent static forces and internal forces of a system
with a distributed mass (tower) [Ch 00].

8.6. CHURCHES: GLOBAL BEHAVIOUR

In respect to what 1s called the global behaviour of a sacred edifice, this is a problem of juxtaposi-
tion of structural parts that are characterized by different natural frequencies. In case of sacred
buildings, this problem mainly occur at the connections between towers, which usually are taller
than the rest of the edifice, and the other parts of the given church that are connected to the tow-
ers. It can also appear between vaults and the front wall and the chancel arch if they are tightly con-
nected to each other or between the front wall and the lateral walls if the former is assumed to be
supported by them.
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Towers dimensions (cross-section and height) make them compact enough to be considered as
MDOF in which the mass of the masonry walls are fictitiously concentrated at different levels.
These characteristics give towers a lower natural frequency than the church wall to which they
might be connected. In consequence, these connecting place will be damaged under seismic
actions.

The concept here is to calculate the equivalent forces resulting from the seismic action and to
apply them on the connected structural parts if it is required. For instance, this is necessary to cal-
culate them if it is assumed when making the local behaviour calculations that such or such struc-
tural part is supported by another one.

8.7. CHURCHES: LOCAL BEHAVIOUR

The out-of-plane and in-plane seismic response of every structural part of a church are dealt with
in the following chapters. The structural parts correspond to the standard units presented under
the chapter 3.5. They are indeed macro-elements.

8.7.1. FRONT WALLS

According to the chapter 3.5.1.6, seven kinds of front walls were recorded among the Pre- and
Romanesque churches in Switzerland. In fact, the structural behaviour (i.e the out-of-plane and
the in-plane behaviour) of five types are dealt with here after; these types are: FW2, FW3, FW4,

W6 and FW7. The other ones are not considered because of:

* W1 actually is a special case of the FW6 type

* W5 is more often found as a transept unit standard and it 1s why it is dealt with under the
chapter about transept units.

With the transept facades and the rectangular apses sides, front walls are the most vulnerable parts
of churches under seismic actions out of their plane.

8.7.1.1. FW2

FW2 corresponds to a type of front wall that can be

often found in Switzerland, especially in small Lw
churches. Consequently, it is generally neither very tall T‘T
nor very wide. /\ _‘FHg
The proposed configuration for openings is not the i i . _‘:I a0
most frequent one; FW2 front walls often have only

one window above the door. H2 i

Propottions ate the following™:

* (HytHp)/L=1-15 Hw ' ' It
[ "
Lt

e Hy=2-3m Hd
« H=12m J

) g g
« H=03L/2-05L, s 1d LA
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a. As reminder, these proportions were drew from a survey on Pre- and Romanesque churches.

Figure 8.38 : FW2 general pattern.

OUT-OF-PLANE BEHAVIOUR

Front walls, which are massive elements, may overturn under seismic actions out of their plane.
This phenomenon can struck the gable as well as the whole wall. In consequence, the out-of-plane
of both the gable and the facade must be checked.

1. The gable:

It is the most simple system
to be dealt with compared Chossraeciinn Static
with the whole facade. The —A system

A-A
gable generally corresponds
to a trangular structure D ‘ H
whose base is assumed to be

restrained. Along the other

edges, the gable can be either A ‘ u

tightly ot loosely connected 7 L : t

to the timber framework.

Figure 8.39 : Static system of a gable.

The timber framework can be either stiff or flexible, depending on its structure; its impact on the
gable will differ accordingly.
To model the timber framework, it is assumed that the system composed of the timber framework

and the covering can be modelled as a SDOF system (see Figure 8.40). In consequence, the mass
of the structure itself and the covering is concentrated into the centre of gravity.

First, the boundary conditions (Le. if the timber
trusses are restrained in the lateral walls or simply

put on them) have to be determined.Then, the O

Miimber framework, covering

mass of the moving structure (roof and timber
structure) and the framework stiffness must be cal-
culated. To calculate the impact force from the tim-
ber structure on the gable masonry, it is assumed
that the covering and the timber structure are
tightly connected together (they form one mono-

Ktimber framework
lithic structure).”
Damper (C1)

Figure 8.40 : SDOF model of the timber "Eﬁvwﬂg (&)
structure.

a. Itis assumed that the timber structure is not cramped to the gable.

With respect to Figure 8.40, the damper 1 corresponds to the horizontal bearing that is assumed as
infinite if the timber trusses are restrained or horizontally fixed in notches dug along the upper
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edge of the lateral walls. The damper strength (C1) corresponds to the friction force whose value
depends on the timber framework weight as well as the coefficient of friction between wood and
masonry.

The stiffness of the spring (K1) is assumed to be infinite if the timber trusses are restrained in
notches; it 1s equal to zero if the timber structure is simply put on the upper edge of the lateral
walls.

The stiffness of the timber framework depends on its structure and assemblies and 1s to be calcu-
lated accordingly. For further information on the seismic response of timber framework, the
reader can refer to [CFL 07].

Once the boundary conditions of the timber structure on the lateral walls are defined, it is the turn
of the connections between the timber framework and the gable to be considered.

There are two possibilities: Situation 1 Situation 2

1. the timber structure is simply put on the gable;

Timber beam i

in this case, there is no difference depending Timber beam

on the wall structure (situation 1). i ﬁ
2. the timber structure is put in a notches (of the i .

gable masonry). The wall structure must be . .

allowed for in this case (situation 2). . .
Note: if the timber beam does not touch the gable wall, the . -

situation is like the situation 2 on Figure 8.41. \/\\ \/‘\
Gable wall Gable wall

Figure 8.41: Two boundary conditions (diagrams of cross-sections) for the beams
belonging to the timber framework.

Case 1: In this case, timber beams have no impact on the gable masonry under seismic actions.
The beams simply slide on the wall; there might be small detachment of masonry due to
friction but no real damage.

Case 2: The second case configuration can seriously damage the gable out of its plan. The wall
must resist the inertia force from the timber framework (simple-leaf wall) (Figure 8.42):

* this force must be lower than the friction strength of the small part of masonry against
which the impact takes place,

« this inertia force from the framework (with the inertia force of the gable) does not make
the gable lose its stability

*in respect to the overturning collapse, the increasing of gable speed due to the move-
ment of the timber framework does not exceed the speed leading to the gable collapse.
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Figure 8.42 : Impact of the seismic response of the timber framework on the gable wall
(one-leaf walls).

Note: The centre of gravity of the tiniber structure differs from the gable one.
Where:

Friction strength:

FI, beami RF = "masonry " A (EQ8.49)
Whete:  Fy peum i inertia force due to the beams of the timber framework
Ry friction strength
T: shear strength of masonry

TA: friction areal

Stability of the gable:

t
ZF| yeami PG, ttw T F1, g NG, g ~me 3 =0 (EQ 8.50)

Whete:  Fy peum i inertia force due to the beams of the timber framework
h i+ height of the gravity centre of the timber framework

F} ot inertia force of the gable wall

g

1. When masonty is in a good state of maintenance, the friction area corresponds to the atea of the notches sides;
howevert, if there are cracks around the notches, the patt that is delimited by cracks might move out of its plane due
to the mnertia force. This case must be allowed for.
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hg o height of the gable gravity centre

m: mass of the gable wall masonry

!
mg--—ZXF 2o h
Then: =2 [, beami "G, fw

EQ 8.51

In case of a multiple-leaf wall, the procedure is quite similar; however, it slightly differs since it
takes into account the strength of the interface between leaves..

Friction strength Stability
] [
I, Beam 1 RF .
X, = EFl,Bl:ami
.}C - FI, g I.
Tlmbc’:;bcam . ] M trast line
FI,Beami =i g r l'l
% Ll
Inner leaf ——, o 1
i Friction strength Stability
' FL Beami [PV FI.B(‘.lmi
Gable wall " - &
~ s A
\\/\ 7 i [it Instable part
- F - -
Outer leaves i “ I’B';;m'* *° | ‘trust lines
. IL,g ‘,/
= Rg = 2
Al L

Figure 8.43 : Impact of the seismic response of the timber framework on the gable wall
(multiple-leaf walls).

As for the one-leaf walls, the state of masonry (cracks and state of maintenance) must be checked
first. In case, a part of masonry might detach from the rest of the gable wall, its out-of-plane sta-
bility under the impact of the inertia force of one (or more) beam must be addressed.

The whole facade:

In what concerns the seismic behaviour of front walls in their out-of-plane direction, it is essen-

tially dictated by their boundary conditions, their dimensions, the windows configuration as well as
the type and quality of masonry.

The out-of-plane behaviour of facades is treated, as shown under chapter 8.3.2, with the strip
method. The idea is to define first a possible transfer of the lateral forces generated by the ground
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movements to the facade bearings. Then, based on the chosen flow of forces'l, the seismic demand
1s compared with the structural element strength.

Usually, the front wall is restrained along its bottom edge and

—4
along the vertical edges (connections with the lateral walls); /\

there can be other bearings, as abutments or tie-rods. Timber .

framework is generally supported by a series of trusses bore by

the lateral walls. Hpg
As an example, the method is applied to a front wall that is | '

shown on Figure 8.44 and whose dimensions proportion (Hy,,. @

wal/ LTorap) 18 about 1:1.

I"]'01'.||
Figure 8.44 : Diagram of a FW2 front wall.

One of the possible flows of forces is shown on the right (Figure 8.45); it fits well the elastic trans-
fer of forces and makes quite easy the calculations of the intern forces.

Such transfer of loads the corners through the cre-

—

ation of an arch is possible only if the masonry 1s dg 4
strong enough to support it. In consequence, this qq 4 . 9q¢ i
will be the first point to be verified. N
The redistribution of the horizontal inertia forces Hp %2 €5
(due to the ground acceleration) is: A is propor- ]_Mq? Toul
tional to Hy /Ly and o to Hy /L, : ' ' fDLq
The strength of parts 1 and 2 is to be calculated Hyq aq4;-¢ 1* 4
according to the way proposed under chapter 8.3. ( l‘”_‘f‘_).q ( [_Of)qi‘ I

} :

I—* L’l'nta] )

Note: the dotted lines correspond to restrained bearings. 0

Figure 8.45 : Possible transfer of forces within FW2 front wall?,

FEach equivalent lateral load, which 1s the mass of the given part of masonry multiplied by the peak

ground accclcrar_ion3, generates by the setsmic acceleration must be transferred either to the lateral
edges (as for q; and qy) or down to the ground (as for q, qi=y 3). It is important to keep in mind
that this flow of forces is only valid in the linear field; when cracks occur at bearings (or some-
where else), the configuration of the forces transfer must be adapted.

This flow of forces is valid for one-leaf and multiple-leaf masonry walls.

Note: this proposal for a transfer of forces is one possibility; it is obvions that other flows of forces can be chosen.

1. It does not mean that the chosen transfer of forces must be the real and exact one. However, the more it fits the
exact elastic transfer, the more accurate it is.

2. The dotted lines correspond to partially restrained bearings

3. Itis assumed that front walls are so stiff that they behave as rigid bodies; the spectral acceleration then becomes the
peak ground acceleration.
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IN-PLANE BEHAVIOUR

The in-plane behaviour of the FW2 type of front wall is treated like the FW?7 type (see below).

Note: the treatment of the types FW3, 4, 5 and 6 is presented in Appendix A 7.1

8.7.1.2. FW7

FW7 actually 1s a special case

of the FW6 type of front wall;

it corresponds to the main

facade of a basilica whose

bell-tower is on the church

west part.

Ht

Proportions are the as for

FWo.

Hg

|

Figure 8.46 : FW7 general pattern.

OUT-OF-PLANE BEHAVIOUR

The fact that the left edge on Figure 8.47 is par-
tially restrained makes a difference with the
transfer of forces that could be found within the
FW6 facade. Otherwise, there is no difference.
This left edge might be not partially restrained
(this would be the case for masonry put side-by-
side with the bell-tower fabric); in such a case,
the transfer would be almost totally different.
Regarding the distribution factors, o is propor-
tional to H,/L, , A to Hy/L.and B to H,/L,.
The strength of these parts is to be calculated
according to the way proposed under chapter
8.3.

Note: the dotted lines correspond to partially restrained.

-—

Figure 8.47 : Possible transfer of forces within FW6 front wall.
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IN-PLANE BEHAVIOUR

When the front wall FW7 is laterally
loaded in its plane, the main problems
occur at its basis. The lateral forces are
transferred down to the ground through
shear within squat parts (as components
1, 2, 3, 5 and 6 on the next figure) and
through bending within slender elements
(numbers 4 and 7 on Figure 8.48).

The flow of forces within the FW7 front
wall has been determined numerically by
linear elastic modelling. A calculation of
the flows of forces for a series of peak
ground acceleration has been made.

Ht

Hg

1
Hr I: Shear

Hd

Lateral loading

Cracks

2
Shear

-

Ld

-

Figure 8.48 : Effects (cracks) and forces within masonry under lateral loading.

In consequence, the shear strength of shear parts must be calculated (by applying Ganz’s method,
for instance) and compared with the seismic demand; similarly, the state of masonry under bending
force must be defined. Furthermore, it must be checked that there is no flexural failure (application

of the FEMA or EC 8 method).

Distribution of axial forces (weight)

N2a

N3a=p4 N3
\4:-543\4 N4b= |34hm l

\-;.. B,ah-'y jh‘ﬁwa5

Nea m\lﬁ \t‘)h B(.[;N() ll\r(Ic:!ﬁﬁcN(;
|
|

Vi

Voal

Distribution of shear forces

FEg, V6

Via=E V1

Vib=gy,V
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Figure 8.49 : Distribution of forces within a FW7 front wall under seismic loading,
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The percentages (B and &) of forces (N or V) are determined thanks to linear numerical calcula-
tions (determination of stress fields), as explained under 8.3.3.2; they can be found on the follow-

ing graphs:

Shear forces percentages:

120
T 100 Vb
e —x=V2b .
e V5b = ~'“‘--~.“':_“I-----—-._.._,__.__‘,_—l—\*'ﬂa
80) = - S S ———— |
. . +
8 V6b % Eulpipui-;
9]
E 60
2
g 4
3 —A—V2a
£ 3 Nl b —x-V3c
g 2 Voic s === === _,_ Vi,
e A =TT %= V6a
id —o—V4a ;:-'.::_;_.::;-_::;._-‘.‘—_\JSa
0 0.5 1 1.5 2 2.5 3 35

Peak ground acceleration [m/s?]

Figure 8.50 : Percentage of V force that transfer through the different parts of FW7 front
wall.

Normal forces percentages:
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Figure 8.51: Percentage of N force that transfer through the different parts of FW7 front
wall.
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Lateral loading
—_—

While the previous calculations are based Lc
on the upper bound theorem of plasticity,
the peak ground acceleration that would
make the front wall FW7 collapse can also Hg

be calculated by the lower bound theorem H5
of plasticity on the basis of the proposed
collapse mechanism (Figure 8.52). Hr

=

T
L
=

13
In fact, it gives the upper limit for the peak '

ground acceleration that would lead to the H2
collaspe defined thanks to the application
of the lower bound theorem (stress fields) Hd 1
of the plasticity theorem. ' H1

Hw

| |

hd ]'Jt T

Ll

I.d Lw

Figure 8.52 : Proposal for a collapse mechanism under a lateral action (left-right directed).
8.7.2. APSES

As seen in chapter 3.5.1.1, there are many kinds of apses. Regarding their structural behaviour
under seismic loading, it can be said that they are usually not the most vulnerable part (neither in
their plane, nor out of their plane), especially for small churches. Nevertheless, the apses, whose
cross-section is rectangular (A4, A5, A6 and A7 types in chapter 3.5.1.1), that have a slender wall
might present a higher seismic vulnerability (out-of-plane and in-plane) than smaller apses. Such
cases can be found in middle to big size churches. The structural behaviour of the apses (out-of-
plan and in-plane behaviour) is analysed the same way as the front walls.

8.7.3. CHOIR

The structural behaviour of the structural components of the choir (out-of-plan and in-plane
behaviour) is analysed the same way as the front walls.

8.7.4. TRANSEPT

The structural behaviour of the structural components of the transept (out-of-plan and in-plane
behaviour) 1s analysed the same way as the front walls. Moreover, the «facade» of the transept has
indeed the shape of a front wall.
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8.7.5. CHANCEL ARCH

The four standard shapes of chancel arches (for their determination, see chapter 3.5.1.2) have
been numerically modelled in order to assess their seismic vulnerability.

8.7.5.1. TAH3

The initial meshing for this standard shape of chancel arch was characterized by:

* main height corresponds to the base length (proportion: 1:1)

¢ all curvatures are a half circle

* Young’s modulus 1s: 4412 MPa

* DPoisson’s coefficient is: 0.15

* Boundary conditions: every nod along the basis is not restrained, only

fixed

« two loading cases: self weight (y=23 KN/m?) and lateral acceleration
as a function of the self weight

Figure 8.53 : TAH 3 standard shape of chancel arch.

IN-PLANE BEHAVIOUR

The dimensions of the original model are
shown in the figure on the right.

Thanks to this numerical model, it has been )
possible to calculate the peak ground accelera- /
tion that leads to different grades of damage for | |
this structural part.

The damage scale is based on the creation of
hinges; after the creation of ten hinges (ten 7\
damage grades), this structure becomes unsta-

ble (for lateral loads) and can collapse later ‘ L
under a certain level.

13.2m

Note: it is assumed that the masonry behaves like a 2 247m
rigid body; in this case the spectral acceleration a 4.66m
corresponds to the peak ground acceleration.

Figure 8.54 : Sketch with dimensions of the original chancel arch TAH 3.

In what concerns the failure modes, the following cases can occur:

* shear failure in one or more pillars
* loss of stability in the arches that support the above masonry
* partial collapse mechanism (8 hinges occurring at the foot and head of each pillar)

* whole collapse mechanism (10 hinges)
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Failure modes were drawn from results obtained by the numerical modelling here below.

Seismic actions are modelled by a load in the
same way than the self-weight but in x-direc-
. Structure
tion.

Boundary condition are modelled by fix bear-
ings (Fx, Fy are restrained; Rz is free) uniformly
distributed along the basis.

Four loading cases were created: self-weight,

Seismic actions —»

seismic actions (lateral load), framework load | a
and the lateral component of the framework
load under lateral actions. Moreover, combina-
tions of the aforementioned loading cases were
also created.

Seismic action is defined as being the weight Boundary conditions
times a constant peak ground acceleration.

Figure 8.55 : Initial numerical model of TAH 3 structural part.

Masonry is assumed to be elasto-plastic.
Numerical calculations were carried out on the above nitial TAH 3 model.

In order to find out failure modes, the numerical model was subjected to an increasing (by step)
ground acceleration. After the creation of hinges at the foot of one pillar, the initial boundary con-
ditions were changed in order to model the hinge. Precisely, a rigid bar was added at the foot of the
given pillar and this bar was bore by only one fix bearing that was characterized by a certain stiff-
ness in rotation to ensure the correct withstanding,

Here below are presented the results:

The first hinge (on the opposite figure, g
the hinge is situated on the rotation axis) 4

to be created is located at the foot of the

pillar on the right, under a peak ground

acceleration of (.12 g. Then, the pillar on

the left is concerned (0.13 g); more or less - .
directly after the creation of this hinge

(0.135 g), another one is formed at the 0.135 ¢ I bdg 02508 ( 0.15¢

head of the same pillar. At this stage,
there is no collapse mechanisms, even

partial, that is created. This will happen 035¢

only when 8 hinges (it will be partial in

s

this case) are formed. 013g 03g 018g 0.12¢

Figure 8.56 : Hinges that occutred on the TAH 3 structural part.

Nevertheless, the shear failure in the left pillar is the most critical moment since it constitutes the
first important (Le. that results in some damage to the fabric) problem to the structure. At this
point, there is a separation between the chancel arch and the orthogonal lateral wall.
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With respect to the fact that the considered lateral action is cyclic (seismic action), there is also a
certain probability that a same level of acceleration that led to the shear failure in the left pillar also
results in the right one when the direction of the actions is opposite (i.e. right-left).

Furthermore, the stability of the arches must also be checked. The process of construction must
not be forgotten: arches were built on pillars and then, masonry was put on them. In consequence,
a part of masonry (even not the whole part of masonry that 1s above a given arch) is only bore by
arches; a loss of their stability would result then in the falling of the supported masonry.

QUT-OF-PLANE BEHAVIOUR

Chancel arches do not present a high seismic vulnerability out of their plane. This statement dif-
fers when a chancel arch is linked to lateral walls only on one side. In other words, the structure
being on the other side of the lateral walls, usually the apses, is not as tall as the chancel arch. In
such a case, the upper part of the chancel arch (kind of gable) can overturn. Consequently, the
main point to be checked when calculating the out-of-plane response of a chancel arch under seis-
mic loading is the risk of overturning of the upper part.

8.7.6. LATERAL WALLS

As seen in chapter 3.5.1.4, there are mainly two kinds of standard units for lateral walls (LW1,
LW?2): first, the lateral walls of the main nave and secondly, the outward walls of the low-aisles.

8.7.6.1. LWI1

The LW1 unit corresponds to the main nave lateral walls of a basilica. It 1s composed of a series of
arcades surmounted by a series of windows. In case of Romanesque churches, those windows are
quite small.

As reinforcement, there can be pillars on the whole height of both sides of the lateral wall LW1 in
order to reinforce the wall against the vault thrust (if there are groined- or cross-vaults)

Abutments are more frequent when the Front wall T
main nave is barrel-vaulted or covered
: a1 L1 Lw Vertical component
with a wooden ceiling. However, there : b
t1t1  Abutment of vaults thrust

can be no abutments if the church is

e r AMNA M
i\;ﬂerpsr?)l;grtions are related to ones of 1V # . Jl . * . ¢ . L . #
]

the front wall; they are (Figure b):
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a. LW means Lateral wall and FW: Front Wall. In this case, the front wall corresponding to LW1 lateral walls is the
basilica (FW1, FW6 and FW7).
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b. This ratio is smaller for churches with a wooden ceiling than for those covered with cross-vaults.

Pattern of the LW1 lateral wall and the ratio of usual dimensions in Romanesque edifices.

At one extremity of the LW1 lateral wall is the front wall of the church and the chancel arch can be
found at the other extremity. Regarding the above sketch, the front wall and the chancel arch are
perpendicular to the lateral wall.

BOUNDARY CONDITIONS

The boundary conditions of LW1 lateral walls are on one hand the front wall and on the other
hand the chancel arch. In fact, the impact of the boundary conditions on the structural behaviour
of the LW1 lateral wall differs according to the way it is connected to the front wall and the chan-
cel arch.

Note: according to what was stated in previous chapters, vaults and limber framework do not have an impact on the
structural behaviour of the LW'1 lateral behaviour (assumption), except with their self-weight or the presence
of pillars and abutments.

OUT-OF-PLANE BEHAVIOUR

The out-of-plane response of the LW1 lateral wall is determined by the application of the lower
bound theorem of plasticity. As stated under chapter 8.3.2, the strip method 1s adopted.

The main mass is situated just above the arcades; if the main nave is barrel-vaulted, there is also the
mass that comes from the vault and that is transferred into the wall above the windows.

The transfer of forces depends on the boundary conditions and the loading: it differs if the naves
are covered either with cross-vaults (or groined-vaults), a barrel-vault or a wooden ceiling. In fact,
the cross-section is larger on the height above the pillars of the arcades when the main nave is
cross-vaulted.

1. Wooden ceiling or barrel-vault covering
The loading configuration of the W1 lateral wall when the main nave is barrel-vaulted or covered

with a wooden ceiling is given below:
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I
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Figure 8.57 : Loading configuration of a lateral wall LW1 when the main nave is covered
either by a barrel-vault of by a wooden ceiling.

If the W1 lateral wall is restrained within the masonry of the chancel arch and that of the front
wall, inertia forces resulting from the ground acceleration can transfer to the bearings according to
the following sketch.
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Figure 8.58 : Possible transfer of the inertia forces resulting from a seismic acceleration.

Nofe: - the above transfer is a possibility and not necessarily the reality (lower bound theorem of plasticity theory),

- the load coming from the timber beams (ceiling) or from the barrel vault (main nave and low-aisles) as well
as of the timber framework must be taken into account,

- pillars are assumed fo be restrained at their basis,

- numbers correspond to the chronological way for correctly determining every load ;.
The distribution of inertia forces is defined according to experience. Close to the extremities, the
inertia forces get to directly to them; in the centre part, the out-of-plane forces transfer to the
ground.

2. Groined- and cross-vault covering
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The loading configuration of the W1 lateral wall when the main nave 1s groined- or cross-vaulted
is given below:

Timber framework
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-

Figure 8.59 : Loading configuration of a lateral wall LW1 when the main nave is covered
either by groined-vaults of by cross-vaults.

As previously, in case the LW1 lateral wall is restrained within the masonry of the chancel arch and
that of the front wall, inertia forces resulting from the ground acceleration can transfer then to the
bearings according to the following sketch:
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Figure 8.60 : Possible transfer of the inertia forces resulting from a seismic acceleration.

Note: the above transfer is a posstbility and not necessarely the reality (lower bound theorem of plasticity theory),
- the load coming from the timber beams (ceiling) or from the cross- or groined vaults (main nave and low-
aisles) as well as of the timber framework niust be taken into account,
- pillars are assumed o be restrained at ther basts,

- numbers correspond lo the chronological way for correctly determining every load g;
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What differs from Figure 8.58 is that the presence of pillars on the whole height of the wall and
also of bigger abutments than with barrel vault covering of a wooden ceiling. Consequently, forces
resulting from an out-of-plane acceleration first transfer to the pillars and then to the ground.
Only the distribution at vertical edges is different. Moreover, it might happen that there are but-
tresses that help transferring the thrust of the vaults down to the ground; in such a case, the out-
of-plane response will not be same in both directions.

IN-PLANE BEHAVIOUR

The in-plane behaviour of the W1 type of lateral walls depends on the bearings conditions, the
dimensions of the wall, the configuration of the openings and the forces coming from the timber
framework, the vaults (main nave and low-aisles).

In what concerns the Pre-Romanesque and Romanesque sacred edifices, the pillars of the arcades
and the windows generally have a small height. Consequently, the piers (part of masonry between
two windows) are shear loaded while the pillars, even if not tall, must resist a flexural effort
(Figure 8.61).
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Figure 8.61 : Impact of the transfer of the inertia forces to the ground on the LW1 unit.

The distribution of the shear force amongst the piers i1s given by a numerical modelling. Further-
more, it also gives the distribution of the axial force amongst pillars.
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1. Distribution of shear forces:
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Figure 8.62 : Distribution of shear forces within a LW1 lateral wall under seismic loading.

The percentages & of the shear force V are given on the following graphs:
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Figure 8.63 : Percentages of distribution of the total shear force amongst the piers situated

between the windows

Under low in-plane acceleration, the component f is the most loaded pier (about 35 % of the total
shear at the level 1), followed by the piers e, ¢, d, b and a. With a higher acceleration, the most
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loaded pier becomes the c, followed by the e, d, f, b and a (for the definition of the characters, see
Figure 8.62).
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Figure 8.64 : Percentage of distribution of the total shear force amongst pillars.

Though the difference of distribution between the pillars a and f is significant under a low in-plane
acceleration, it notably decreases for higher acceleration. Furthermore, it tends to a uniform distri-

bution amongst pillars.

2. Distribution of axial forces (weight):
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Figure 8.65 : Distribution of axial forces N within a LW1 lateral wall under seismic
loading.
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The percentages B of the axial force N are given on the following graph51:
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Figure 8.66 : Percentage of distribution of the total axial force N amongst the piers
situated between the windows.

The highest percentage of the axial force at the level 1 and under a ground acceleration of 1 m/ 52
passes through the pier «d»; then come the pier «o», «by, «e», «a» and «f». However, this distribution
changes for a higher acceleration; though the piers «d» and «o» are still the most loaded compo-
nents, the «e» element becomes almost as loaded as the piers «d» and «c». Moreover, the axial load
in the pier «f» increases for a higher acceleration while it decreases for the piers «a» and «b».

1. For better readability, the percentages of the four levels are dispatched into two graphs.
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The higher percentage of the axial force is about 20 %.
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Figure 8.67 : Percentages of distribution of the total axial force N amongst pillars.

The most loaded pillar is the number «c» at its top; this does not change with acceleration. In fact,
only the percentage of axial load changes for the piers «f» and «a»; in the former, it significantly
increases with acceleration while it diminishes for the pillar «a». Regarding the base of pillars, the

number «d» is the one that must resist a higher axial force

If every part fails, i.e. the pillars of the arcades fail because of bending and the piers fail due to the
shear force, the following collapse mechanism can be activated.
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Figure 8.68 : In-plane possible collapse mechanism for LW1 lateral wall.
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8.7.6.2. LW2

The LLW?2 lateral walls corresponds either to the lateral walls of a one-nave church or those of the
low-aisles of a basilica. As for the .W1 lateral walls, windows are usually small for Romanesque
edifices; however, they might have been enlarged after the construction.

To transmit the thrust coming from the vaults (groined-, cross- or even barrel-vaults) down to the

ground, there usually are abutments along the wall.

There can be some exceptions if the
low-atsle has a wooden ceiling.
The usual dimensions and dimen-
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a. This ratio is smaller for churches with a wooden ceiling than for those covered with cross-vaults.

Figure 8.69 : Pattern of the LW2 lateral wall and the usual dimensions and dimensional

ratios in Romanesque edifices.

BOUNDARY CONDITIONS

The boundary conditions of the W2 lateral wall are the same as the ones of the LW1 type.

OUT-OF-PLANE BEHAVIOUR

As for the LW1 type of lateral walls, the strip method is applied.

Compared with the LW1 type, the mass 1s more uniformly distributed and 1s not situated high
above the ground. Moreover, the inertia forces resulting from an out-of-plane acceleration transfer
to the ground according to the boundary conditions. For instance, the transfer is different whether
there are abutments or not. In other words, it differs if the ceiling of the low-aisles 1s vaulted or

not.

1. Without abutments (e.g. wooden ceiling):
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Figure 8.70 : Loading configuration of lateral wall LW2 without abutments.
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In such a case, the out-of-plane forces are directly transferred to the ground, except close to the
vertical restrained edges.
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Figure 8.71 : Possible transfer of the forces caused by an out-of-plane acceleration.

Note: - the above transfer is a possibility and not necessarily the reality (lower bound theorem of plasticity theory),
- the load coming from the timber beams (ceiling) as well as of the timber framework must be taken into
decount,

- the wall is assumed to be restrained at its basis and along the vertical edges,
- numbers correspond fto the chronological way for correctly determining every load g,.
2. With abutments (e.g. cross-vaults)
The loading configuration of the outer lateral wall of a low-aisle is given here below:
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Figure 8.72 : Loading configuration of a LW2 lateral wall when the low-aisle is covered by
cross-vaults.

242 Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



When such a system is shaken out of its plane, the resulting forces transferred to the ground
through the abutments, as shown on the next figure:
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Figure 8.73 : Possible transfer of the out-of-plane forces to the ground.

Nofe: - the above transfer is a possibility and not necessarily the reality (lower bound theorem of plasticity theory),
- the load coming from the timber beams (ceiling) as well as of the timber framework must be laken into
account,
- the wall is assumed 1o be restrained al ils basis and along the vertical edges,

- numbers correspond to the chronological way for correctly defermining every load g;.
Once the first cracks appear, the flow of forces changes and the above proposed transfer must be
changed accordingly.
IN-PLANE BEHAVIOUR

In case of Pre-Romanesque and Romanesque sacred edifices, the I.W2 lateral walls are usually
squat and the windows are of small size. Consequently, there is a large part of wall between win-
dows, as shown on the next figure.
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Figure 8.74 : Impact of the transfer of the inertia forces to the ground on the LW2 unit.

Such a configuration of openings causes that, under seismic loading in the plane of the W2 wall,
shear appears in these in-between parts. Thus, the failure of the LW2 lateral wall depends on the
shear strength of those elements.
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In order to assess the value of the shear force that transfers through each pier (Le. an part of
masonry between two windows), a numerical modelling is carried out. This allows us to determine
the amount of the total shear force at one level that goes through each segment as a function of
the in-plane acceleration. Moreover, the distribution of the axial force is also done.

1. Distribution of shear forces:
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Figure 8.75 : Distribution of shear forces within a LW2 lateral wall under seismic loading.

The values of the percentages that correspond to the & of the above figure are given on the fol-
lowing graph.
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Figure 8.76 : Percentage of the total shear force at the level i (i=1,2) that transfer through
each pier (given by a, b, ¢, d, e and f).

The highest percentage of the shear force that passes through one pier is about 26 % (Vle); then,
the shear force is distributed with a percentage of 23 % (V1d), 21 % (Vic), 17 % (V1b), 7.5 %
(V1f) and 6 % for V1a. It shows that the pier that must resist the higher shear force 1s the «e» one.
Both piers of extremities are less loaded; however, since their cross-section is smaller than the
other ones, the resistance 1s also lower.

The above graph highlights that the distribution of the shear force tends to be homogeneous with
higher acceleration. For instance, the &le percentage decreases while the acceleration increases; on
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the contrary, the £1b increases. In fact, under an acceleration of 3m/s2, the shear force is almost
uniformly distributed amongst piers; the value of percentage tends to 22 % for piers b, c, e and d.
The process is the same for the piers a and f, although the percentage of the total shear force is
lower than for the other piers.

2. Distribution of axial forces (weight):
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Figure 8.77 : Distribution of axial forces within a LW2 lateral wall under seismic loading.

The values of the percentages that correspond to the [ of the above figure are given on the follow-
ing graph.
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Figure 8.78 : Percentage of the total axial force at the level i (i=1,2) that transfer through
each pier (given by a, b, ¢, d, e and f).

The trend is the same than for the distribution of the shear force: the piers at extremities are not
too much loaded (though the axial force notably increases on the pier f with acceleration) and the
in-between piers are the most loaded ones. Moreover, the percentage do not significantly change
with acceleration.
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Once every pier has failed, the following collapse mechanism is activated:

Seismic load

-
.

Figure 8.79 : In-plane collapse mechanism for LW2 lateral wall.
8.7.6.3. Discussions

In fact, LW2 1s not as seismically vulnerable as LW1; while LW2 type 1s rather small (or squat), the
lateral walls of the main nave (I.W2) is tall and its mass is concentrated in the upper part. Further-
more, this mass (a plain wall) is supported by a succession of pillars. Since it is the mass that
moves forth and back under seismic actions, this kind of structure is particularly vulnerable.

8.8. DISCUSSIONS AND CONCLUSIONS

As explained in the chapter 8.1, cultural heritage buildings have very different structural features
than common buildings. Consequently, their seismic response 1s different and cannot be treated
alike. The main objective of this chapter has been to give an understanding of the structural
behaviour of sacred edifices under seismic actions.

Based on in-situ observations, it was stated that the structural parts of small and medium-size
churches tend to behave independently from each other [Do 94]. This statement probably consti-
tutes the most important assumption that was put down to address the seismic response of reli-
gious edifices. Then, comes the assumption that it is possible to separately treat the out-of-plane
and the in-plane responses. However, this assumption 1s also made for the treatment of common

buildings.

The application of the theory of plasticity to macro-elements has proven to be efficient and to
give valuable results either for the mn-plane or out-of-plane seismic response. This statement
shows that the seismic behaviour of sacred edifices, though complex, can be addressed in such a
way.

The strip method allows us to obtain the maximal lateral load that can be resisted by the given
structural component and also to determine where a damage can happen and under which ground
acceleration. However, the obtained value 1s conservative since the lower bound of the plasticity
theory gives under-estimated values.
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Because of the presence of openings and of a distributed mass within walls, the in-plane seismic
response of walls has to be dealt with by numerical simulations. Since it was possible to list stand-
ard units for every Pre-Romanesque and Romanesque edifices, the numerical (linear) treatment of
each of them provides a kind of «library» that contains a description (percentage of forces) of the
flow of forces under increasing in-plane acceleration.

The assessment of damage resulting from the interaction between macro-clements can be
addressed when studying the global behaviour of a given edifice.

In what concerns the seismic behaviour of the vaults, the assumption that their movements under
seismic loads have no impact on their bearings must be more thoroughly studied. Moreover, the
maximal lateral displacement of 2 mm per each bearing that can be support ed by the vaults seems
too small and should also be analysed in the future.
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CHAPTER 9

Assessment of the seismic
vulnerability: methodology

9.1. INTRODUCTION

The main purpose of this PhD dissertation is to develop a method-
ology that help engineers and architects to reach a reasonable deci-
sion regarding the seismic vulnerability of sacred edifices.

This chapter is devoted to the methodology; it is shown how the
method is structured and how to proceed to apply it in order to
assess the seismic vulnerability of a given Pre-Romanesque or
Romanesque sacred edifice.

9.2. METHODOLOGY: CONCEPT

This methodology has been developed for small- and medium-size
Pre-Romanesque and Romanesque edifices; or at least regular
structures. Cathedrals are consequently not considered.

According to the conclusions of chapter 5, the proposed method 1s
composed of four steps that are: three levels of study and one for
the diagnosis. This mutli-step approach also looks like to the
method proposed by the Federal Office for the Environment
[OFEV 1 05], [OFEV 2 05], [OFEV 3 05] for assessing the seismic
vulnerability of common buildings.

Before beginning the methodology, a general survey of the sared
edifice 1s carried out in order to identify its main structural features
such as the dimensions, the date of construction, structural trans-
formations, type of masonry and its state of maintenance. In fact,
all the data that are required to carry out the analysis of the struc-
tural behaviour under static and seismic loads must be gathered in
this phase.

The main goal of the first step, i.e. the study, is to determine the
seismic vulnerability of a given edifice. It 1s constituted of three lev-
els with an increasing accuracy and complexity. The first level per-
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mits to sort out the edifices that are not seismically vulnerable. For this step, the method that has
been developed by Lourenco et al.[LR 06] 1s adopted since it has proven to give good results (see
chapter 5.4). The second level of the step 2 is applied only to the edifices that have been previ-
ously described as seismically vulnerable at the level 1. More detailed calculations are carried out;
because of their efficiency, both theorems of the limit analysis are applied; such an application
allows us to obtain two limits that comprehend the real collapse value. The second step results in
obtaining the vulnerability curves for each structural element for both their in-plane and out-of-
plane directions. Here below is a fictitious graph that could be obtained in the end of this step.
Dj

D4 ; A : [ ]

s e R S

2
05 1.0 2.0 30 A4gd [m/s4]

Figure 9.1: Damage grade as a function of the peak ground acceleration.

Note: the damage grades do not correspond to the EMS-98 list (see under Appendix A. 2.1). They are set by the
engeneer or architect who matkes the assessment.

Once the seismic vulnerability of each macro-elements is determined, that of the whole church
must be assessed.

In case of edifices that are too much irregular in plan and in elevation, most sophisticated methods
such as the FEM should be applied to refine the accuracy of the level 2 results; this corresponds to
the level 3 of the method.

After the three steps are done, the rate of risk for a given building must be addressed; this the
diagnosis phase. Calculations permit to obtain vulnerability curves for every part of a given church
and for the whole edifice too. Comparing these results with the maximal peak ground acceleration,
which can be expected in the considered region, it becomes possible to assess the resulting dam-
age and also to set down a list of retrofitting that can prevent the expected damage.
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The whole procedure is summarized on the following diagram:

Pre-Romanesque and Romanesque small- and medium-size churches

STEP1  Study

* Level 1: quick sorting out of seismically vulnerable edifices

Vulnerable  Non-vulnerable — End of
| the procedure

— Irregular structure Regular structure

}

* Level 2: determination of the seismic vulnerability
of selected edifices (application of the lower
bound of the plasticity theory)

Unsatisfactory results ~ Satisfactory results

—— * Level 3: determination of the seismic vulnerability of

selected edifices (application of sophisticated
methods of calculations (FEM))

STEP 2  Diagnosis ;

« assessment of the expected damage
« determination of the possible need for retrofitting

Figure 9.2 : Diagram of the method.

9.3. GENERAL SURVEY

The survey corresponds to the first phase to be done; it somewhat constitutes the basis of the fol-
lowing calculations for defining the structural behaviour of a given edifice dynamic loading. How-
ever, it does not constitute a step of the methodology; it is indeed a precondition for the
application of the method.

During this phase, the dimensions of the structural elements of a given edifice, the state of mainte-
nance of masonry, the exact static diagram and the mechanical properties of materials such as
masonry must be known.
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All these data are gathered according to the following procedure:

1. PLANS, DIMENSIONS

Gathering of every plan concerning the edifice (ground plan, transversal and longitudinal eleva-
tion, cross-section of structural elements, etc.).

2. IN SITU SURVEY

In order to have a more or less detailed description of the state of maintenance of masonry, an in-
situ survey has to be carried out. The idea 1s to detect any kind of loss of strength such as the
crumbling of mortar, the out-of-plumbness of walls, cracks, vegetal organisms (that usually lead to
the crumbling of mortar) and dislocations. Furthermore, the change of masonry (due to upraising
for instance) should also be recorded (see chapter 6.3.5).

The second step of this in-situ survey is the definition of the causes that result in the afore
recorded damage to masonry of the structural elements, like e.g. settlements, masonry creep, bad
weather, age and structural transformations. This step must be carried out carefully since every
kind of damage highlights not only the way the structure behaves but also problems resulting from
external actions such as settlements [MG 90].

3. STATIC DIAGRAM

It matters that the flow of forces within a given edifice is well known before addressing the step 2
of the method. It might be useful to set a static diagram of the edifice.

4. MECHANICAL PROPERTIES

The correct structural behaviour of cultural heritage buildings can be determined only if the
mechanical properties of the materials that constitute the given edifice are well known. At first, the
structure of walls must be determined, that is, the number of leaves. Moreover, the type of the
bonding of masonry must be known (phase 2, in-situ survey) and if masonry is homogeneous or
not (transformations, different types of bonding, etc.). In case of multiple-leaf walls, the quality of
the interface between leaves must also be assessed.

The mechanical properties of masonry such as the compressive and shear strength as well as the
density of rocks must be defined. If there are no experimental results available or that no tests can
be done, the compressive strength (f,, ; and f;,) ;) of masonry can be defined according to the SIA
V 178 [SIA V178 80] (chapter 6.5.1.1), with precaution. The shear strength can be determined
with Coulomb’s equation (chapter 7.5) and the Young’s modulus according to the Swisscode STA
V266/2 (chapter 6.5.1.1).

If walls are composed of three leaves, their mechanical properties can be defined according to the
model of Pina-Enriques et al. [PLBA 05] (chapter 6.6.2.3) and the Young’s modulus according to
Ebner’s [Eb 906] (chapter 6.6.2.2) or Egermann’s.

Note: the thermal characteristics of masonry are not laken into account in this report.

9.4. STUDY: LEVEL 1

The main goal of the first level 1s to sort edifices, i.e. to distinguish the ones that are not seismi-
cally vulnerable from the ones that are. The method used at this level has actually been developed
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by Lourenco et al.; it is based on parameters that are quite easy to obtain as dimensions. Three
indexes are obtained; they correspond to ratios of values that characterized edifices such as walls
area, ground surface of the whole edifice, the weight and the peak ground acceleration that might
subjects it. The indexes are

Index 1 y = = [ (EQ 9.1)

Where:  yy; | is the first index in regards to the direction 1
Ayi | 1s the plan area of earthquake resistant walls in the direction 1

S is the ground surface of the building
In cases of high seismicity, a minimum value of 10% seems to be recommended for historical

buildings [LLR 06].

Note: Index 1 ignores walls slenderness and also mass of the construction. Moreover, after Eurocode 8, walls are
considered as earthqualke resistant if the thickness is wider than 0.35 m and if the height-thickness ratio is
smaller than 9.

A .
Index 2: Vi =t [m?/MN] (EQ9.2)

=3

Where:  v,; | 1s the second index in regards to the direction 1

Ay | 1s the plan area of earthquake resistant walls in the direction 1

G 1s the total weight of the construction

This index i1s somehow the horizontal cross-section of the building per unit of weight.

In case of high seismicity, a minimum value of 1.2 m?/MN seems to be recommended for histori-
cal masonry buildings [Me 98] in [LR 06].

A .

Index 3: Tl et [ (EQ 9.3)

W

Wher  y3; | is the third index in regards to the direction i

Ay | 1s the plan area of earthquake resistant walls in the direction 1
A, | 1s the total area of the earthquake resistant walls
¢ | internal angle of friction

B | is an equivalent seismic static coefficient related to the design ground accelera-
tion

Eq. 9.3 is valid if the cohesion is zero. To ensure the safety of the given buildings, y3; must be
greater than 1.
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If at least one of the indexes does not satisfy the safety criterion, that is, for instance y;; <1.0, the
seismic vulnerability of the analysed edifice must be assessed with the more sophisticated methods
of the level 2.

9.5. STUDY: LEVEL 2

Level 2 1s to be applied only to edifices that have been considered seismically vulnerable in level 1.
It brings more accuracy to the assessment of the seismic vulnerability but the calculations are
more time-consuming than at level 1. They are based on the theory of plasticity; both lower and
upper bound theorems are applied for defining the in-plane strength as well as the out-of-plane
resistance to seismic actions.

As already explained in chapter 8, each edifice should be locally and globally approached. With the
local approach, the seismic vulnerability of each structural parts is assessed. The global approach
of a sacred edifice (seen as a group of macro-elements connected to each other) allows the identi-
fication of the incompatibilities of deformation at connections between two different structural
system (bell-tower and nave, for instance).

9.5.1. DESCRIPTION OF THE STRUCTURE

First, in order to give a basis for the analysis of the local behaviour, the given structure must be
described through standard units (see chapter 3) that correspond to macro-elements.

9.5.2. SEISMIC DEMAND

Swisscode SIA 261 is applied for defining the seismic demand. The procedure is the same as for
common buildings though the spectral acceleration of macro-elements actually corresponds to the
peak ground acceleration. However, no correcting factors (Y¢ or behaviour coefficient) are applied.
The impact of the ground quality is also taken into account as the Swisscode SIA 261 proposes. If
seismic micro-zonage maps exist for the place where a given edifice is placed, they have to be
used.

9.5.2.1. Choice of a suitable peak groung acceleration

For determining the seismic demand, it is proposed to used the design spectrum in the construc-
tion codes. However, at least in Switzerland, the peak ground acceleration in the Swisscodes as
well as the seismic hazard (distribution of areas characterizing the seismic hazard) has been
defined for common buildings. The earthquake of reference is indeed characterized by a return
period of T=475 years. Since the life span of cultural heritage buildings is generally longer than
475 years, the peak ground acceleration given in usual construction codes is not really suitable for
old edifices.

As the seismic demand is an important for determining the seismic vulnerability of buildings, the
chosen value must fit the real situation. Consequently, the determination of a suitable value for the
peak ground acceleration as well as for the seismic hazard in general must be undertaken in the
future.
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9.5.3. LOCAL BEHAVIOUR

The method for calculation 1s based on the application of the plasticity theory. The lower bound
theorem is applied to each macro-element of a church; if required, the upper bound theorem can
be applied in order to have the upper limit of the peak ground acceleration that results in a given
damage of the studied case.

The out-of-plane behaviour of macro-elements (or standard units) is calculated by the application
of the strip methods. Differently, the in-plane response of the studied macro-elements 1s defined
thanks to the «library» of linear numerical simulations carried out for finding the flow of forces
within each standard units recorded in Pre-Romanesque and Romanesque edifices.

Procedures for treating the local behaviour of each macro-element presented in chapter 3.5 are
given in the next chapter. In order to be able to account for the impact of macro-elements on each
other, the following order must be respected. In fact, the seismic response of bell-towers might
have an impact on the neighbour macro-clements such as the front wall or the chancel arch
(depending to which elements the bell-tower is connected to). Then, the front wall can influenced
the seismic response of the lateral walls.
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9.5.3.1. Bell-towers

Because of their slenderness and the impact they might have on the seismic response of other
structural parts, the seismic response of bell-towers must be first analysed. The procedure for
determining the seismic vulnerability of bell-towers is:

Inertia T " .
g > a) Determination of the natural frequency
Flexural rigidity | £

b) Choice of a peak ground acceleration < e

Bending o)
Tower Shear . .o c) Calculation of the lateral displacements [ ‘ / /
moment |
Yoix) | Mo(x) Displa- FEquivalent
[ ‘ \ \ d) Calculation of the shear and the bending moments ™ (.o forces

¢) Comparison of strength with the seismic demand

Rigid body 4# f) Shear crack
) |
‘ No
|
g) Calculation of the peak ground  g) Bending crack — No
acceleration that activates |
the collapse mechanism Yes
| :
h) Bending failure — N, __Decreasing of
| flexural rigidity
Yes

}

i) Type of bell-tower (Ti=1-9)

G1 G2 G3 G4
| | |
i) Shear/bending strength i) Check of the gable's
of the spire tip overturning safety

| |
|

k) Note of the damage on the vulnerability curve

Figure 9.3 : Procedure for defining the seismic vulnerability of bell-towers.

Note: the G1 group comprebends the 15, TG and the T9 types; G2: T1, G3: 14 and T8, G4: 13 and T7.

First, the moment of inertia (I), the flexural rigidity (EI) and the natural period and frequency (o, /
) must be defined for both axis (x, y) of the cross-sections. These values are calculated on the basis
of the following assumptions: the mass is uniformly distributed on the height, the deformed struc-
ture has a (y(z)=1-cos(nz/2L)) shape (chapter 8.5); it is assumed that the heavy self-weight makes
the material stay in the elastic domain and the stiffness is constant along the height.
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Based on the obtained values, lateral displacements and equivalent forces are calculated; from
equivalent forces, it is quite an easy task to find the shear and bending moments. The comparison
between the seismic demand and the strength of the cross-sections allows us to determine the peak
ground acceleration that leads the most loaded cross-section to enter the plastic domain. The crack
can be either due to the bending moment or shear; the aftermath are obviously not the same. In
case of shear crack, the upper part of the structure (that was cut from the below one by the shear
crack) will move like a rigid body.

In case of a bending crack, which is the most likely to happen (according to the observed damage
(chapter 3)), the lateral load and the peak ground acceleration that lead to a loss of 20% of the flex-
ural inertia are reported on a graph (lateral load vs peak ground acceleration). The flexural strength

and natural period are then recalculated with the new inertia (that is 20% less than the initial 011:3)‘1
The seismic demand is once again compared with the structure bending and shear strength; if
shear cracks appear, the aforementioned way must be followed. Otherwise, the lateral load and the
peak ground acceleration that lead to a loss of 50% of flexural inertia are reported.

This process must be followed until a shear or a bending failure happens. The bending failure hap-
pens when, for a loss of 90% of flexural rigidity, the peak ground acceleration leads the rocking
part of the tower, which is considered as being a rigid body, to its loss of stability. According to Bet-
beder, the loss of stability does actually not correspond to the collapse of the tower moving part;
the peak ground acceleration must actually be higher to make this instable part collapse. Neverthe-
less, as the assumptions made for the overturning of plain massive walls cannot be apply for a
tower (whose cross-section 1s composed of four walls), the maximal damage that a tower can sus-
tain in this method is related to the peak ground acceleration that make the tower collapse without
allowing for the cyclic movement generates by an earthquake. In consequence, such a value 1s not
exact and in the safety side.

The setsmic vulnerability of the upper part, that 1s, the tower tip or the gable, must also be checked.

Note: though the walls of bell-towers look like being connected to the masonry of neighbour parts, they often are not.
Moreover, if masonries of two parts are inferconnected, the cross-section of the bell-tower is massive compared
with the thickness of other walls; the difference is too large for cansing torsion in the bell tower. However, this
no longer the case if there are fie-rods that connect tightly the bell-tower to the neighbour macro-element, then,
the strength of the bell-tower to torsion must be verified. The determination of the location of the embedment
can be found by applying the method of ambient vibrations, as shown in a study carried out on the Cathedral
of Strasbourg.

1. From that time on, the flexural inertia is no longer constant along the height; to be exact, the variation of this value
should be integrated as a function of the height.
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9.5.3.2. Front walls

First, the structural behaviour of front walls under seismic loading must be assessed in one direc-
tion, that 1s, for instance, in their plane and then, out of their plane.

IN-PLANE STRUCTURAL BEHAVIOUR

The in-plane structural behaviour of front walls under lateral loading is assessed thanks to the
graphs given under chapter 8.7.1. The proposed procedure is the following:

a) Determination of the front wall type

I

b) Definition of the dimensional ratios: does they fit the model proposed in 8.7.1.2 2

Yes

No —

s o : | ; New numerical
c) Identification of the most shear and bending loaded areas <
| modelling

d) Definition of the masonry compressive and shear strength

¢) Choice of a peak ground acceleration

f) Definition of the shear and axial forces

g) Calculation of the resulting stress fields

h) Comparison of strength with the seismic demand

i) Is the seismic demand higher than the strength ? — No ———2" |
| the forces flow

Yes

j) Note of damage on the vulnerability curve

Change of

; | i . . Chz f
k) Does it lead to the ruin of the front wall — No anet o
I the forces flow

Yes

I) Note of damage on the D vs agd curve

I it y ; ' C
Vulnerability curve (D as a function of agd)

Figure 9.4 : Procedure for assessing the in-plane seismic vulnerability of front walls.

If the given type of front wall does not exist in the list given in chapter 4 or that there is no per-
centages available, a simple numerical modelling should be done.
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Explanations

a) The boundary conditions, i.e. the bearing conditions and the loading configuration must be
determined.

b) To apply the results (the flow of forces) of the model that 1s presented under 8.7.1.2, the dimen-
sional ratios of the given FW front wall must be similar to that of the model in the «library». In
case they are not too much different from the model’s, the percentages given in 8.7.6.1 can be
used. Otherwise, another numerical modelling must be done.

c) Based on the chosen model and its results, the critical points must be highlighted.

d) The mechanical properties of masonry must be calculated and/or measured.
e) First, a low peak ground acceleration should be chosen; for instance, agdzlm/ $%.

f) The flow of forces is defined according to the chosen model; in particular, the shear and axial
force that load the critical elements of masonry must be defined according to the actual masses
of the given lateral wall.

¢, h) Based on the values that are defined in the previous step, the resistance of the critical masonry
parts must be calculated. In chapter 7, it is stated that Ganz’s model (stress fields) is well
adapted to find out the shear strength of a squat wall (or part of wall). Consequently, it is pro-
posed to apply this model. However, if the bending moment 1s high in the studied part, Ganz’s

model gives an approximately strength value!. In such a case, Coulomb’s model can be used,
also giving approximate values but easier to be calculated than that with Ganz’s model. On the
other hand, in the same chapter, it 1s seen that the FEMA model suits well for determining the
flexural resistance of walls or parts of wall. Pillars whit a circular cross-section must be adapted
through the use of an equivalent rectangular area.

1, 1) If the masonry strength (shear or flexural strength) is higher than the forces resulting from the
chosen peak ground acceleration, a new acceleration is to be chosen. On the contrary, if the
forces are higher than the strength of masonry, the corresponding damage must be recorded on
a Dj-agq graph (vulnerability curve). At the next step, with a higher peak ground acceleration,

the positive difference” of percentage of shear force that would have flown within the damaged
part must be dispatched into the neighbour parts.

k) This procedure goes on the same way until the ruin of the front wall is reached.

1. Because of the difficulty to accurately define the eccentricity of the axial force.

2. ie. the difference compared with the percentage of shear force that led to the failure of the damaged part (at the
previous step, with a lower acceleration).
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OUT-OF-PLANE BEHAVIOUR

The out-of-plane seismic response of the gable must be assessed first according to the procedure
presented here below:

a) Determination of the boundary conditions

I |
b) No connection with the timber framework b) Connection with the timber framework
The movement of the dmber framework ¢) Determination of the framework stiffness
has no impact on the gable |
| | |
If very rigid If flexible If very flexible
There is no impact ~ d) Determination of the lateral ~ There is no impact
on the gable force due to the framework on the gable
movement |
=1 1
— » ¢) Choicé of a peak ground acceleration
I

|
. ) ) N
f) Calculatioh of the equivalent lateral forces
i

!
|
| |
I
I
1 I

L)
I
I
I
I

(due to (due to (due to the gable mass and (due to
the gable mass) the gable mass) the framework movement) the gable mass)

| 1 | |
I

f) Comparison of the strength of the gable cross-section with the seismic demand

No — g) Are there cracks ?

Yes

No — h) Does the gable overturn ?

Yes

k) Note of damage on the vulnerability curve

Figure 9.5 : Assessment of the out-of-plane seismic vulnerability of gables.

Note: by no connection, it is meant that the timber framework is simply put on masonry and when the timber beams
are put in notches, it is called in the above diagram a connection. It does not mean that the beams are cramped
fo masonry.

+ multiple-leaf masonry:

The procedure is similar to the previous one, which was adapted for one-leaf tympanums. Never-
theless, since one, two or the three layers of a multiple-leaf walls can overturns, the quality of the
interfaces must be first determined in order to calculate the maximal acceleration that leads to the
loss of stability. Then, the speed that makes the tympanum collapse has also to be determined.
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2. The out-of-plane of the whole front wall is assessed with the following method:

a) Definition of the front wall type

b) Definition of the boundary conditions

c) Definition of a possible transfer of forces «

d) Choice of a peak ground acceleration =~ +————

f

e) Calculation of the equivalent lateral forces

f) Comparison of strength with the seismic demand

g) Are there cracks ? — No
Yes
h) Are there some masonry parts N Change of
= — INO
that can overturn ? the forces flow

I
Yes
I

i) Calculation of the peak ground
acceleration that leads to their overturning

Change of

j) Is it higher than the next step acceleration ?— N -
| the forces flow

Yes

k) Note of damage on the D vs agd curve

1) Is the front wall totally ruined ? — No
| the forces flow
Yes
|

Vulnerability curve (D as a function of a

c gd)

Change of

Figure 9.6 : Assessment of the out-of-plane seismic vulnerability of front walls.
Explanations
a) First, the type of front wall 1s defined (FW,-; _-)

b) Boundary conditions must be defined first in order to set a possible transfer of forces within the
structure. How bearings (front wall edges) are connected to the lateral walls and how strong are

Seismic Vulnerability of Cultural Heritage Buildings in Switzerland 261



Assessment of the seismic vulnerability: methodology

the connections must be defined. Moreover, the presence of tie-rods must be taken into
account.

No particular Abutments Tie-rods Abutments and tie-
boundary condi- rods
tions
.

' SRR -

gt 0

c) Possible transfer of forces 1s defined according to the type of front wall as well as the boundary
conditions. Proposals for the most cases are made under chapter 8.7.1.

. Tttt | ettt

l@l

Figure 9.7 : Examples of boundary conditions.

d) Before the following calculations, a series of peak ground accelerations must be chosen. This
choice will be based on the Swiss code SIA 261 [SIA 261 03], in relation with the seismic hazard
of the area where the given edifice is located. Nevertheless, as aforementioned, the maximal
peak ground acceleration that can be expected in the given area is higher than the value pro-
posed in the Swisscode since a return period of 475 years was chosen for defining the seismic

hazard.

e) The equivalent forces (perpendicular to the wall) are calculated on the basis of what have been
defined earlier; the forces generated by the equivalent forces are calculated too.

f) Shear forces and bending moments are compared with the strength of cross-sections that are
most likely to be overloaded.

2) The above comparison leads to this point: are there cracks? If not, a new cycle with another
peak ground acceleration can be undertaken. On the contrary, that 1s, if there are cracks, the sta-
bility of the separated part (there are actually at least two parts that are separated; what follows
is only about the one that might move) must be checked (h). If the given part does not overturn
under the chosen peak ground acceleration (1, j), a new cycle can begin (with a new value for the
peak ground acceleration and the transfer of forces must be consequently adapted). If the part
can overturn, the corresponding point, that is, a peak ground acceleration and the associated
damage must be noted on the damage vs a,q curve (k).

1) Procedure goes on this way until the front wall is ruined.

262  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



9.5.3.3. Lateral walls

As for front walls, the structural behaviour of lateral walls under seismic loading must be assessed
in both directions separately.

IN-PLANE STRUCTURAL BEHAVIOUR

a) Determination of the LW1 boundary conditions

b) Definition of the dimensional ratios: does they fit the model proposed in 8.7.6.1 2 — No —
Yes

¢) Identification of the most shear and bending loaded areas
| modelling

New numerical

A

d) Definition of the masonry compressive and shear strength

e) Choice of a peak ground acceleration <

A

f) Definition of the shear and axial forces

g) Calculation of the resulting stress fields

h) Comparison of strength with the seismic demand

i) Is the seismic demand higher than the strength ? No
\'lc'ﬁ
j) Note of damage on the Dj vs agd curve
k) Does it lead to the ruin of the LW1 lateral wall — No —Changeof |

| the forces flow
Yes
|

Vulnerability curve (Di as a function of agd)

Figure 9.8 : Procedure for assessing the in-plane seismic vulnerability of the LW1 lateral
walls.

Explanations

a) The boundary conditions, i.e. the bearing conditions and the loading configuration must be
determined.

b) To apply the results (the flow of forces) of the model that 1s presented under 8.7.6.1, the dimen-
sional ratios of the given W1 lateral wall must be similar to that of the model. In case they atre
not too much different from the model’s, the percentages given in 8.7.6.1 can be used. Other-
wise, another numerical modelling must be done.

¢) Based on the chosen model and its results, the critical points must be highlighted.
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d) The mechanical properties of masonry must be calculated. If the whole procedure is followed
and that the inner structure of walls as well as the bonding type are the same as that of the
front wall, the mechanical properties found for the front wall can be reused.

_ . . 2
e) First, a low peak ground acceleration should be chosen; for instance, a,4=1m/s".

od

f) The flow of forces is defined according to the chosen model; in particular, the shear and axial
force that load the critical elements of masonry must be defined according to the actual masses
of the given lateral wall. Furthermore, forces corresponding to the bearing reactions of the
front wall must be taken into account (see global behaviour).

g, h) Based on the values that are defined in the previous step, the resistance of the critical
masonry parts must be calculated. In chapter 7, it is stated that Ganz’s model (stress fields) 1s
well adapted to find out the shear strength of a squat wall (or part of wall). Consequently, it 1s
proposed to apply this model. However, if the bending moment is high in the studied part,
Ganz’s model gives an approximately strength value!. In such a case, Coulomb’s model can be
used, also giving approximately values but better than that from Ganz’s model. On the other
hand, in the same chapter, it 1s seen that the FEMA model suits well for determining the flexu-
ral resistance of walls or parts of wall. Pillars whit a circular cross-section must be adapted
through the use of an equivalent rectangular area.

1, 1) If the masonry strength (shear or flexural strength) is higher than the forces resulting from the
chosen peak ground acceleration, a new acceleration is to be chosen. On the contrary, if the
forces are higher than the strength of masonry, the corresponding damage must be recorded
on a Di‘agd graph. At the next step, with a higher peak ground acceleration, the positive differ-

ence’ of percentage of shear force that would have flown within the damaged part must be dis-
patched into the neighbour parts.

k) This procedure goes on the same way until the ruin of the lateral wall is reached.

1. Because of the difficulty to accurately define the eccentricity of the axial force.

2. ie. the difference compared with the percentage of shear force that led to the failure of the damaged part (at the
previous step, with a lower acceleration).
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B. OUT-OF-PLANE BEHAVIOUR

The out-of-plane seismic response must be assessed first according to the procedure presented
here below:

a) Determination of the lateral wall type

b) Definition of the boundary conditions

¢) Calculation of the outer forces (timber framework, vaults, etc.)

¢) Definition of the wall type (one-leaf or multiple-leaf)

¢) Definition of a possible transfer of forces <

d) Choice of a peak ground acceleration  +———

i

¢) Calculation of the equivalent lateral forces

f) Comparison of strength with the seismic demand

@) Are there cracks ? — No

Yes
h) Are there some masonry parts No Change of
that can overturn ? T the forces flowr
Yes

i) Calculation of the peak ground
acceleration that leads to their overturning

Change of

i) Is it higher that the next step acceleration ? — N :
| the forces flow

Yes

k) Note of damage on the D vs agd curve

1) Is the front wall totally ruined ? — No -
| the forces flow

Yes
|

Vulnerability curve (Di=1-5 as a function of agd)

Change of

Figure 9.9 : Procedure for assessing the out-of-plane seismic vulnerability of the lateral
walls.

As this procedure is the same as that for the front walls, the reader can find the explanations under
the chapter 9.5.3.2.
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9.5.3.4. Chancel arches

As all macro-elements, the seismic response of chancel arch must be addressed in both directions:
in-plane and out of their plane. In fact, the procedures for the in-plane and out-of-plane check are
similar to the ones presented for other macro-elements.

9.5.3.5. Ceilings

The seismic vulnerability of ceilings is treated differently according to their type. However, the
main parameter for every kind of covering is the difference of displacement between the bearings.
When considering the ceiling of the main nave, the vulnerability of the ceilings depends on move-
ments of the LW1 lateral walls while the response of the LW2 walls influences the vulnerability of
the low-aisles ceiling.

WOODEN CEILING

Usually, wooden ceilings are supported by transversal beams. Consequently, their seismic vulnera-
bility depends on the stability of the bearings of those beams. The in-plane seismic response of
lateral walls 1s generally the same since the nave of churches is symmetric. Consequently, only the
out-of-plane movement of lateral walls, which can be different due the boundary conditions, can
cause the loss of stability of the ceiling bearings.

To calculate the seismic vulnerability of the wooden ceilings, the difference of movement between
two lateral walls must not be larger than the bearings length.
BARREL-VAULT

Barrel vaults are particularly vulnerable to different movements of their bearings. According to
Barthel, only a displacement of 4 mm can result in the collapse of the barrel-vault. As for the
wooden ceiling, the difference in the movement of both opposite walls that support the barrel
vault must be assessed.

CROSS— AND GROINED VAULTS

According to Barthel, the case of the cross- and groined vaults are similar to that of the barrel
vault.

9.5.4. GLOBAL BEHAVIOUR

The church as a whole 1s studied.

At that point, the impact of the macro-elements that can load another elements is taken into
account. For instance, bell-towers can have an impact on the front wall, the lateral walls or even
the chancel arch. Also, the front wall can have an impact on the lateral walls.

9.6. STUDY: LEVEL 3

Calculations at this level are the most accurate of the proposed methodology. Seismic response of
a given edifice is defined through the use of numerical simulations (FEM). To be correct and close
to reality, the calculations must be non-linear and must allow for the specificities of the composite
material that masonry is.
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Level 3 is devoted to sacred edifices whose results, that is, the seismic vulnerability, obtained with
the level 2 calculations are not accurate enough compared with the required objectives. It also can
be applied for some parts of the building that are too much complex to only be addressed with the
level 2 models.

When the sacred building is characterized by a complex static system, such as the Cathedral of
Basel, its seismic response, should be analysed through this level 3.

9.7. DIAGNOSIS

This step, which is actually the last one, can be considered as a summary of the three previous lev-
els. Based on the results that are obtained at the level 2 or 3, the following path must be followed:

a) Is the given sacred edifice seismically vulnerable? — No — b) There is no need for retrofitting
Yes

b) Identification of the parts particularly vulnerable

c) Definition of the consequences if nothing is undertaken to retrofit them

d) Is the risk acceptable ? — Yes
|
No
|

— > ¢) Study of the possible/ available means to retrofit them

f) Application of the level 2 or 3 of the method

f) Diagnosis
—— No — f) Has the seismic risk enough decreased ?
Yes

f) End of the method

b) There is no need for retrofitting

Figure 9.10 : Procedure for the diagnosis phase.

9.8. DISCUSSIONS AND CONCLUSIONS

The fact that this methodology is based on four steps is very useful; the first level permits to sort
out the churches that are not seismically vulnerable. Since calculations at this step are quickly made,
it permits a gain of time.

Calculations of the second step are also easy to make because they use simplified models (theorems
of the plasticity theory). However, even if the applied models simplified reality, they proved to give
valuable results. Moreover, the procedures for the assessment of the out-of-plane and in-plane seis-
mic vulnerability are similar for every macro-element. This contributes to the rapidity of execution
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of this method. Nevertheless, if the «library» with the in-plane flow of forces does not contain the
studied standard units or if the proportions are too much different from the existing one (in the
«library»), a new numerical simulation must be carried out. However, since the required numerical
simulation 1s a linear one, it can be rapidly made with a comon FEM software.

If the edifice is too complicate, the level 3 can be applied. Furthermore, 1t can be applied for more
accurate results when the sacred edifice is of prime importance for the building heritage.

When the seismic vulnerability of every macro-element is assessed, their vulnerability curve is
compared with the seismic demand. Every graph put side-by-side gives a good overview of the
seismic vulnerability of the edifice.
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cuarter 10 Application of the methodology

10.1. INTRODUCTION

This section 1s devoted to a case study; the objective is to show how
to proceed with the methodology by applying it to an example that
is fictiious. The edifice is a representative medium-size Roman-
esque bastlica.

10.2. GENERAL SURVEY
1. PLANS, DIMENSIONS

The given edifice is composed of a five-bay main nave and two low-
aisles, each being ended by an semicircular apse. The front wall was
built side-by-side with a bell-tower whose foundations coincide
with the first bay of one lateral aisle. The nave is covered by cross-
vaults, while the semicircular apses ceiling is half a dome.

Figure 10.1 : View of the church.

Here below are a ground plan.
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PLAN

0.2 m

+(0.65 m
3.35m
5m
4m

| ]]05m
17.5 m 2m
20 m

Figure 10.2 : Plan of the church.

The church was built on a rocky ground (soil class A in the Swisscode SIA 261); there is no site
effects.

2. IN SITU SURVEY

The edifice is undamaged; there are no cracks, no damage, no degradation of materials and no
transformations that took place after the building completion.

3. STATIC DIAGRAM

The vertical bearing structure is composed of the lateral walls (LW1 and LW2, x direction) as well
as the front wall and the chancel arch (y direction).

4. MECHANICAL PROPERTIES

The masonry is made up of square dressed stone of molasse; experimental investigations allowed
us to obtain the molasse compressive strength, the masonry shear strength and its displacement
ductility. The masonry compressive strength (fx, fy) of the outer leaves is then defined according
to the Swisscode SIA V178 as the Young’s modulus. These values are:

Table 10.1: Mechanical properties of the given masonry (one-leaf walls)
£ moy [MPa] ‘ £, ma [MPa] ‘ £, ma [MPa] ’ tang [ | E [MPa]
31.5 | 15 | 75 | 075 | 4412

Walls are constituted of three leaves; the compressive and shear strength of the multiple-leaf walls
are:

Table 10.2: Mechanical properties of the multiple-leaf walls:

fx, filling [MP’L‘] | fx, ma I—I\H)a] ‘ fy, ma I—I\Ipa] ‘ tan® ['] ‘ E D‘ﬂ)a]
31.5 | 15 ‘ 7.5 ‘ 0.75 \ 4412

Assumption: masonry is similar and of constant quality every where in the edifice.
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10.3. STUDY: LEVEL 1

As a first look at the seismic vulnerability of the given edifice, the index method that has been
developed by Lourenco et al., is applied.

10.3.1. INDEX 1

IN X-DIRECTION

Px=Agx/S=35.61/249.9=0.14>0.1

Where:

* A, 1s the ground area of the resisting walls in x-direction

 Sis the ground surface of the edifice.

IN Y-DIRECTION

N

=Ay/S=21.5%/249.9=0.086<0.1

10.3.2. INDEX 2
IN X-DIRECTION

%)

= Ayx/G=35.6/11.72[MN]=3.04 >1.2°

Where:

Ay 18 the ground area of the resisting walls in x-direction

G i1s the structure self-weight.

IN Y-DIRECTION

%)

"_.:A“,\,XGZZLSM 1.72 [MN]=1.8 >1.2

10.3.3. INDEX 3
IN X-DIRECTION

x— Ay/ Ay Ftan(@)/ f=35.6/57.1¥0.4/0.16=1.56 >1.0
Where:

Ay 1s the ground area of the resisting walls in x-direction
Ay, 1s the ground area of every bearing walls

tan((p) 1s the tangent of the internal angle of friction; a value of 0.4 1s proposed by [LR 06] and
corresponds to the ECS.

P is a factor for allowing for the ground acceleration; in this case, it is B=0.16 (a,q=1.6 m/s;
Zone 3b, SIA 261, ground category: A).

As simplification for the calculation, the apses shape is assumed to be rectangular.

. As simplification for the calculation, the apses shape is assumed to be rectangular.

The maximal value of 1.2 is proposed for places characterized by a high seismicity.
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IN Y-DIRECTION
Vs y=Agy/ Ay tan(@)/ f=21.5/57.170.4/0.16=0.94 <1.0

10.3.4. DISCUSSIONS
Table 10.3: Summary of the index values:

Y1x [ ‘ Y1y [ Yax [m*/MN] ‘ Yoy [m?/MN] ‘ V3 -] ‘ Y3y [
0.14 \ 0.086 3.04 \ 1.8 \ 1.56 \ 0.94

According to the obtained values (71 ,75), the given edifice is seismically vulnerable in its y-
direction, that is, perpendicular to the vessel axis. Although this conclusion is not confirmed by
the second index, this church is considered as seismically vulnerable since there are two indexes
that do not satisfy the required value.

Based on these conclusions, the church seismic vulnerability is checked through the application of
more sophisticated methods.

10.4. STUDY: LEVEL 2

10.4.1. DESCRIPTION OF THE STRUCTURE
}"L
X
W2 TAH3

T o] %
AR

rw L NG\

W2

Figure 10.3 : Application of the characterization method on the given church.

Church part | Units Comments
Hast side Al (3x) The east side is composed of three half-dome-shaped apses.
Chancel arch | TAH3 (1x) There is one unit that shares the east side of the church.
LW2  (2x),
Nave LW1  (2x), | The whole nave is covered by cross-vaults.
CE4 (14x)
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Front wall FW7 (1x)

The bell-tower had existed before the construction of the rest

Tower T3 f the church.

10.4.2. LOCAL BEHAVIOUR

Following the description of the edifice, a first global understanding of the seismic response must
be done. In particular, the structural parts that might influence the seismic behaviour of other parts
must be identified. In respect to the given example, the bell-tower can damage other structural
parts because of its natural frequency is different.

10.4.2.1. Bell-tower

The bell-tower was built independently from the rest of the church. Masonry of the front wall, the
north lateral wall and the transversal structure of the nave is only put against the masonry of the
bell tower; there is no tight connection between the tower and the rest of the church.

3D VIEW, PLAN AND ELEVATION

3D view Cross-sections Elevations
- Section 1-1 Fast/ North/

e . West face South face

1 / . Y43.825m
3im Il E j ()(]5 m +m

ey - Ts]

B N e E,‘.! 0.70 m

o ) E 0.80 m
3m Im I . | Section 2-2 0.90 m

T i 3.825m
4m — 0.6 m -T_t-

27 & 109m
=1 - ‘
4355 m “_""‘_':1’.;2—5 m )

4.325

Figure 10.4 : 3D view, cross-sections and elevation of the tower.
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DEFINITION OF THE NATURAL FREQUENCY

The tower properties:
East/ North/

In y-axis: 13.21 m*,

Height: 13 m* West face  South face
Cross-sectional area: A=9.55 m> P 2m | /\
: ; : 3m m
Mass per unit of height: m=21954 Kg° sias .
X ) ] 3m 1 1 n
Second moment of area (moment of inertia): e .
3m
In x-axis: 15.88 m*. 4m T 2' 2'
T I N
H—H H

Flexural rigidity:

w60
weee

w60
w60
w60

In x-axis: 7.07 Nm?=.4

w 6z0C

In y-axis: 5.88 Nm?Z.

a. The gable does not take in the global movement.
b. The cross-sectional area 1s calculated with a mean thickness.

. The weight per unit of volume is: y=23KN/ m’.

g

d. The flexural rigidity is assumed to be constant on the height of the tower, though it is not right.
Figure 10.5 : Model (cantilever) of the tower.

The natural period is:

In x-axis: @,=38.85 rad/sec.

In y-axis: @,=35.43 rad/sec.

Then, the period and the natural frequency are:

In x-axis: 7,=0.16 sec; f,= 6.18 sec !

In y-axis: 7,,=0.18 sec; f,= 5.64 sec’!

Contrary to design calculations where a new building must resist a peak ground acceleration
defined by building codes, the idea here is to find the peak ground acceleration that leads to the
edge of the elastic domain. The lateral acceleration is then defined thanks to the elastic spectrum
given in the SIA 261 [SIA 261 03]; the foundation ground (rock) belongs to the category A, the
viscous damping level is fixed to 3% for unreinforced masonry (see [PP 92]). The elastic lateral
acceleration becomes:

Se=2.5-agd-s-q for Tg<T<Te

Where :

¢ a,qis the peak ground acceleration

a
&
S a factor for taking into account the ground quality (for category A, S=1)
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* 1 is a correcting coefficient depending on the viscous damping ratio.

i
= |—L _ = 1125055
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RESULTS:
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Figure 10.6 : Vulnerability curve of the bell-tower.

The out-of-plane behaviour of the gable is given on the following graph:

agd [m/s2]
Overturning of the gable around its basis

LT TR ————" .~
2, 1
Tt 7
: 3 [ ke : ;

/+ Limit of stability

4 T / : ’
/o '
/- !

¥ T / ~ Envelope curve

/ : i
/ : :
2 “F / '

1.5, fe=ss=s ¢— Cracking of the

3 P cross-section at the basis

% E
Dy D) D3 Dj

Figure 10.7 : Vulnerability curve of the gable.

Note: the limit of stability corresponds lo the moment the resultant goes out of the cross-section.
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10.4.2.2. Front wall

The front wall plan:

5.0m 1
25m
| 0.65 m
—
1.5m . 25m
I: - K
Il m |
5m
. &
1.0m
=
. 2.0m
25m i
1.5m
l
b
| | 8.68 m |

L.5n 1.0 m

Figure 10.8 : Plan of the front wall.

OUT-0OF-PLANE BEHAVIOUR
1. Out-of-plane response of the gable

It is assumed that the masonry (multiple-leaf) is compact; furthermore, the rosace is far enough
from the basis cross-section of the gable and the cracks it can generate (in-plane response) have
no influence on the gable out-of-plane response.

a) Boundary conditions: restrained along the basis
b) There is no connection with the timber framework of the nave (beams are put above masonry).
c) Calculation of the equivalent forces and the resultant eccentricity:

According to the calculation, the peak ground acceleration that make the resultant go out of the

cross-section is: 2,4=3.8 m /s? ; after Betbeder, the peak ground acceleration that would lead to
the overturning is: g4~ 5.5 m/ s2. Tt is worth noting that the gable cross-section is cracked
under an 254 of 1.2 m/s°.

2. Out-of-plane response of the whole facade

The front wall is of FW7 type.

With respect to boundary conditions, there are neither tie-rods, nor abutments.

Only the outward-directed seismic forces are considered (most defavourable case).

The distribution of forces (o, P, etc.) is defined according to the dimensions of the given areas.
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The chosen transfer of forces is the following:

5
25m A, :
{ ¥ | 0.65m
= e agy i A
1.5m ; -$ . sm : ] 25m
e y Fely s —_—
11 m : — |"Ef-;\ ._
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1.0m

+
1.5m

Figure 10.9 : Chosen transfer of forces within the FW7 front wall of the case study.

According to the above transfer of forces, the creation of hinges is observed along the edges of the
parts 1, 2, 3, 4, 6 (the left edge) and 9 under a small out-of-plane acceleration (agd<0.05 m/sz).
These hinges change the transfer of forces.

Then, a few parts get separated (detachment) from the perpendicular walls; this is the case for the
part 2 (agq=0.082 m/s%), 9 (agg=0.085 m/s°), 4 (agg=0.1 m/s%) and 6 (along the left edge; a,9=1.15

2 .
m/s%). At that time, another transfer of forces must be allowed for.
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Figure 10.10 : Transfer of forces within the FW7 front wall of the case study after a out-of-

plane acceleration of 1.15 m/ 2.

Note: the bold continued lines mean a hinged edge; the thin continued lines mean a detachment (crossing crack) and
the dotted lines still mean a restrained edge.

Since the boundary conditions of the gable changed, its stability must be checked once again: if
the vertical edges of part 1 and 4 can resist the lateral bearing reactions, cracking would occur
under an out-of-plane acceleration of 0.8 m/ s%, while the lost of stability happens for an accelera-
tion of 2.57 m/s”. This upper part would collapse under an acceleration of 4.54 m/s”.

Quick further calculations show that the vertical edges of parts 1 and 3-4 can no longer resist the
action coming from the out-of-plane response of the upper part (gable and part 2): they get com-
pletely cracked (detachment of the parts 1, 3 and 4). The transfer of forces changes then.

On the contrary, parts 5 and 8 vertical edges still resist the lateral forces coming from the parts

above them. First, the cross-section gets cracked (a,q=0.3 m/sg) and the edges of parts 5 and 8

finally detached from the lateral walls (a4= 0.8 m/ s%).

From then, the whole facade is free to move out of its plane and, from an engineering point of
view, behaves like a cantilever (restrained along its basis). The basis cross-section gets cracked
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under 2,4=0.2 m/s”, the resultant goes out of its for a 2,4=0.6 m/s (loss of the facade stability); it
collapse under a peak ground acceleration of a,4=2.2 m/s” (according to Betbeder).
agd [m/s2]
3 —+
Overturning around cross-section B-B
/

L e 2 )

Envelope curve_ -~

2 + Z
Detachment of front wall |
along edges of parts 2,9,3,6 1
1 __.{, “and then 4 and 1 Lossof stabilicy
0.8 |-Aeeeeas ® _ (cross-section) B-B
0.6 4 ot iy 4 -
0.2 03 "'::::::.',-__-._E.___-,I/ Cracking along cross-section B-B

Dl Dz D3 D4 D5 DG D;j

Cracking along the  Detachment of front wall
cross-section A-A  along edges of parts 5 and 8

Figure 10.11 : Out-of-plane vulnerability curve of the front wall.

Note: the cross-section A-A is situated at the gable’s base whereas the cross-section B-B is at the base of the whole
Jagade.

What is shown on the above figure is that a peak ground acceleration of 1 m/ s? is first required to

cause the first damage D1 that is the detachment of a few edges. Then, if the peak ground acceler-

ation is greated than 1 m/ 5%, all the following damage, except D6, will happen. However, if this is
not the case, that means that at the next cycle, the peak ground acceleration must be greater than

0.3 m/s> to cause damage D2. This information is valuable in the context of a cyclic loading like
earthquakes. Moreover, this also indicates which parts could be reinforced first in order to enhance
the level of the first damage to a given edifice.

IN-PLANE BEHAVIOUR
1. Shear strength

The proportions correspond to the model. According to the percentages given under
chapter 8.7.6.1, the following safety factor are obtained:

Table 10.4: Safety factors for the strength to shear of the parts 1, 2 and 3 (Figure 8.48).

Parts agd=1 m/s> agd=2 m/s> agd=3 m/s? agd=4 m/s?
1 3.9 2:5 1.9 1.4
2 54 3.0 21 1.6
3 51 3.0 2.0 15
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In consequence, part 1 will fail before both parts 2 and 3. However, this will probably not happen
in Switzeralnd since the required peak ground acceleration is great.

2. Strength to bending moments

The parts that might be damaged because of a high bending moments are parts 4 (to the left of
the door) and 7 (to the right of the window). Once again, graphs of Figure 8.50 and Figure 8.51 of
chapter 8 are used; applying the FEMA equation for rocking failure, the safety factor for these

three sections is (for an ayq of 3m/s%):

o Part4:3.8

e Part7:2.3

Once again, if we assume that the distribution of forces will be still the same under higher ground

accelerations, then a rocking might appear in part 7 for an agq of 7m/s>.

10.4.2.3. Lateral walls

The main nave walls are of 1.\W1 type; there is the front wall at one extremity and the apses at the
other. Moreover, in respect to the boundary conditions, since the naves are covered with cross-
vaults, the arcades pillars go forth up to the vaults springings.

The LLW1 units:

0.65  0.65
e —
|
e
.
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o 8.5
B
4
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17.5 l
4
! !
hd hd
3T 3.4

Figure 10.12 : Plan of the main nave lateral walls.
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Low-aisles lateral walls are of LW2 type:

203 0.65 2.75

-
>

Figure 10.13 : Plan of the low-aisles lateral walls.

OUT-OF—-PLANE BEHAVIOUR

The lateral walls of the main nave are dealt with at first; the treatment of the low-aisles walls fol-
lows.

1. Lateral walls of the low-aisles
2.03 0.65 2.75 Frp=43 KN FypA2=332 KN
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Figure 10.14 : Actions loading the low-aisles lateral walls.
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The transfer of forces is:
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Figure 10.15 : First choosen transfer of forces for the low-aisles lateral wall.
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1. First, the q; load 1s calculated; in every case, as masonry does not resist any bending moments,
. . 2.

the edges are directly cracked for a small out-of-plane acceleration (2,4<0.01m/s”). In conse-

quence, the resulting transfer of forces 1s different.

At that point, a quick calculation shows that parts at the wall extremities cannot resist more than

the horizontal thrust resulting from an arch (in part 2) created under an a,4 of 0.02m/s?. At that

moment, the only way to keep a constant thrust is to increase the arch rise; doing so results in the
cracking of the vertical edge at the extremity under a slightly higher acceleration.

The resulting transfer of forces is:

2.03 0.65 2.75 F =332 KN
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Figure 10.16 : Resulting transfer of forces after a peak ground acceleration of 0.02 m/ s2.

Based on the assumption that the bay walls at the extremities can no longer counteract the g3 arch
horizontal thrust since they are cracked, parts 3 get detached from the part 4 under an acceleration

of 0.4 m/s”. The transfer of forces changes and becomes:

2.03 0.65 2.75 Frp=4.3 KN FypA2=33.2 KN
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Figure 10.17 : Resulting transfer of forces after a peak ground acceleration of 0.4 m/ %

282  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



The loss of stability of parts 1 and gl happens for an acceleration of 1.36 m/s?, while it would

5
overturn under an agq of 3.3 m/s”.

agd [m/s?]

33 e °
=l ()x-’crtumiﬁg around
3 cross-sections A-A and B-B
2 4 Cracking along '
cross-section B-B . i
P Loss of stability
i froenpemasssnssnaend ®  (cross-sections A-A, B-B)
i / |
1.36 [---mmmmmmmmmmeoees gt g L ;
LT Cracking along ~ Detachment of parts 3

Cr()ss-sestiun A-A  along the vertical edges
. | i [
5 e :

jo gt
Dy D D3 Dy Ds Dy Dy

N
\ Detachment of part 2 along the vertical edges

Detachment of parts 1 and 1' along the vertical edges

Figure 10.18 : Vulnerability curve (out-of-plane) of the LW2 lateral walls.

Note: the cross-sections A-A and B-B are situated at the base of the facade (they correspond to the abutments cross-
section and the cross-section of the normal wall.

IN-PLANE BEHAVIOUR

1. Shear strength

A simplified approach of the method that i1s proposed under chapter 9.5.3.2 1s used: the maximal
chosen peak ground acceleration is directly applied. Proportions of the model in the dibrary» cor-
respond to the given structural component. As flexion forces are lower than shear, only the resist-
ance to shear must be checked. According to the percentages given under chapter 8.7.6.2, the
following safety factor are obtained:

Table 10.5: Safety factors for the resistance to shear of the piers between windows.

Parts a,9=1 m/s? agg=2 m/s? agq=3 m/s? az=4 m/s?
a 18.1 8.4 52 3.9
b 12.0 2.2 3.3 2.5
c 10.0 4.8 X2 24
8.7 4.5 3 2.2

1. The loss of stability of parts 1 and 3 (in the middle)
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f 15.2 8.8 6.4 4.8

2. Lateral walls of the main nave

According to the methodology (see chapter 8), the next step is the calculation of the outer forces,

such as the timber framework dead load!, the wooden ceiling load and the vaults self-weight.
206 0.5

Fpp=8.6 KN
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1.5 |F =325 KIN Vg f 4
Fnm=32-5 KN * Al :}l 'LJ ‘l - *
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Lp 1y
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Figure 10.19 : Vertical forces on the main nave lateral walls?.

1. No other actions, such as snow for instance, are taken into account.
2. The longer lateral wall is considered here; however, though there one bay less in the opposite lateral wall, the trans-
fer of forces does not change.
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The initial transfer of forces is (choice):
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Figure 10.20 : Chosen inital transfer of forces.

1. Calculation of o and q

Note: since the resisting bending moment is very low, the edge is quite quickly cracked and the transfer of forces is

changed.

Ly i

0.65  0.65

Figure 10.21 : Resulting transfer of forces after a very small out-of-plane acceleration
(agq<0.01m/s?).

2.Calculation of q5: go= my*a; +q;’

Where q;'= (1-@) q1%(2¥1.04)/2.7"
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3. Calculation of q3: g3= my*a; +q4’
4. Calculation of q4: qu=my*a; +q,*2.07+aq*1+q5*2.07

agd [m/s?]

g} [EsEEosStostosstosTreaty
: ; . A
i} Overturning around the */ |
4 8¢ /
cross-section A-A 4 |
£ g
I
% ep /o
/ :
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2 T the vertical edges, (middle) |
1.5 frmmmmmmmmm e 5
Detachment pf( parts 2 along
1 T the vertical edges, middle parts
17 % (f — / ——f----4----@ Limitof stability
8‘09 L ----8 | i | (cross-section A-A)

Dy Dy D3 Dg Dg Dg Dy
\ N Detachment of parts 3 along
Detachment of parts 1 the vertical edges, (extremities)
and parts 2 (extremities) along
the vertical edges

Figure 10.22 : Vulnerability curve (out-of-plane) of the LW1 lateral walls.

Note: the cross-section A-A1 is situated at the base of the LW'1 wall.
IN-PLANE BEHAVIOUR
1. Shear strength

The proportions correspond to the model. According to the percentages given under
chapter 8.7.6.1, the following safety factor are obtained:

Table 10.6: Safety factors for the resistance to shear of the piers between windows.

Parts agq=1 m/s? agg=2 m/s? agq=3 m/s’ agq=4 m/s>
a ; : - -

b 46.9 4.9 6.8 5.1

C 5.7 2 22 1.6

d 9.6 3.7 3.3 2.5

e 4.5 2.6 2.1 1.6

f 3.0 2.6 1.6 1.2

1. Simplification with a distribution of the q1 load on the field 2; this simplification is correct when the window is not
too wide.
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2. Flexural strength

agd [m/ 52|
.
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Figure 10.23 : Vulnerability curve (in-plane) of the LW1 lateral walls.

10.4.2.4. Chancel arch
OUT-OF—-PLANE BEHAVIOUR

The main problem regarding the out-of-plane seismic response of the chancel arch is the gable;
this is the only part to be checked.

55 pesvswewuasvsuaiy o
<

5 + Loss of stability !
4 1 t
B! et reans ® — Limit of stability
3+ o
! i E
1.3 [==s ® — Cracking at the base

il ! of the gable

0 D1 D> D3 Dj

Figure 10.24 : Vulnerability curve (out-of-plane) of the TAH 3 chancel arch.

IN-PLANE BEHAVIOUR
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According to the Figure 8.56, the following damage curve as a function of the peak ground accel-

eration can be set down:
agd [m/s?]
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Figure 10.25 : Vulnerability curve for the in-plane seismic response of the TAH 3 chancel
arch.

10.4.2.5. Apses

A check of the timber framework showed that every component is well tight to each other; appar-
ently, there will be no problem of hammering due to rafters incorrectly connected to the rest of
the framework. In consequence, the given semicircular apses are not seismically vulnerable.

10.4.2.6. Vaults
MAIN NAVE

According to the chapter 8.4.2.2, the seismic vulnerability of cross-vaults depends on the move-
ment of opposite walls. The movement of these walls is influenced by the flow of forces, i.e. the
position of the resultant. In fact, the deformation grows larger since the resultant of inertia forces
gets out the central third until reaching the cross-section edge. When the resultant gets out of the
cross-section, the wall loses its stability. However, for the seismic loads are cyclic it does not mean
that the wall 1s going to fall. However, at this moment, the drift of the wall can be very large.

According to [Ba 91|, cross-vaults fall down when their opposite bearings get away of 4 mm. In
the case of the W1 lateral wall, it means that the angle of deformation at the basis of the wall
must be of 0.01 degree which is almost nothing. However, both opposite walls, if the shape and
the boundary conditions are the same moves in the same way since they are parallel. Consequently,
if they move together, there will not be a difference of drift. This situation can change when the
resultant of inertia forces is out of the cross-section because the movement is not necessarily the
same between the opposite walls. Therefore, a difference of 4 mm in the drift between the bear-
ings can appear since this moment on.

When referring to the graph with the damage curve as a function of the peak ground acceleration
that loads the wall out of its plane (Figure 10.22), the resultant gets out of the cross-section for an
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. 2 . . . .
acceleration of 1.5 m/s”. Consequently, according to the aforementioned assumptions, vaults of
the main nave are at risk since this moment on.

LOwW-AISLES

In the case of the low-aisles, both opposite walls (one being a LW1 lateral wall and the other a L\W2
wall) have not the same shape. Consequently, their out-of-plane drift is not the same too. Accord-
ing to this statement, the vaults of low-aisles are more vulnerable than that of the main nave. In the
present case, they become clearly vulnerable when the resultant in the W1 lateral wall is out of the
cross-section while it is still not the case in the LW2 walls. As for the cross-vaults of the main nave,

. 7}
they become vulnerable from an out-of-plane acceleration of 1.5 m/s”.

It is assumed that cross-vaults are not seismically vulnerable when the lateral walls are loaded in
their plane by a moderate ground acceleration.

10.4.3. GLOBAL BEHAVIOUR
Problems at the connections between the tower and:

* the front wall

* the nave transversal structure

can appear. However, these incompatibilities of deformation are difficult to be assessed. In fact, it
constitutes a topic to address in the future. However, it can be assumed that for moderate peak
ground accelerations, such as in Switzerland, theses incompatibilities have not much influence on
the damage of the whole church.

When the front wall is loaded out of its plane, it results in loading the lateral walls (W1 and L.W2)
in their plane. This overloading must be added to the in-plane loading determined under
chapter 10.4.2.3.

Front wall y

- —_— b
0.65 0.65
R —
Il Q=735KN
- —_—
1.5 T
Q=45 KN
-+ —
3 .
Q=19 KN o
4
17.5
}
l l
T T
3.7 3.4

Figure 10.26 : The lateral wall LW1 supports the reaction forces of the front wall when it is
loaded by seismic load in the y direction.

These forces make diminish the safety factors of the shear resistance of the piers (Table 10.6) of

. 2 .
0.1; even for an acceleration of 4 m/s”, that has no impact. Because of the above result and also
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because the safety factors for the LW2 lateral wall (Table 10.5) are high, the effect of the reaction
forces of the front wall (when moving in the y direction) is not addressed.

The impact on the flexural resistance is no greater. The limit of stability is reached under an accel-

. gt el W . . . .
eration 0.05 m/s~ lower than it was without taking into account the impact of the front wall. In
fact, the loss of not of safety is not important.

10.4.3.1. The whole church
THE BELL-TOWER:

agd |m/5‘2] agd |m/52|
11.7 Overturning of the gable around its basis
B e . = 5
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'  Jl ~ i
1+ I AR s , :
' . H /1 Limit of stability
Envelope curve : | 4. T /0 ! ’
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Dy Dy D3 D4 Dy Dy D Do D3y D

Figure 10.27 : Comparison of the vulnerability curve of the bell-tower and the gable’s with
the seismic demand.

First, it can be seen that the gable i1s not seismically vulnerable. Under a peak ground acceleration

of 2.2 m/s?, that leads to the overturning of the whole front wall, the gable is only cracked at its
basis. The resultant of inertia forces is out of the central third of the cross-section. However, in
what concerns the bell-tower, the cross-section at the basis is highly cracked; the cross-section
would loose 80% of the initial stiffness. Nevertheless, though the amplitude of the movement
under the seismic loads is great, this will not result in the collapse (overturning) of the tower.
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THE FRONT WALL:

The seismic demand (agd=1.6 m/
s2) will not cause the collapse of
the front wall (overturning of the
whole facade). However, it can be
seriously damaged: the facade will
be detached from the lateral walls
and the bell-tower.

According to the results obtained
for the in-plane direction, no
important damage will happen.
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Figure 10.28 : Comparison of the vulnerability curve (out-of-plane) of the front wall with

the seismic demand.

THE LW2 LATERAL WALL:

The LW2 lateral wall shows a small
seismic vulnerability. Only the parts
close to the vertical edges would be
cracked under the seismic demand
(an out-of-plane acceleration of
(agd=1.6 m/s2). However the other

parts would not be hurt.

According to the values obtained for
the in-plane resistance of the LW2
lateral wall, the safety factors would
be for each piers (between windows)
under an out-of-plane agd=1.6 m/s2:

FSa=13.3;  FSb=8.6;  FSc=7.4;
FSd=6.6; FSd=6.3 and FSe=12. They
are all higher than 1.
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Figure 10.29 : Comparison of the vulnerability curve (out-of-plane) of the LW2 lateral wall
with the seismic demand.
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THE LW1 LATERAL WALL:
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Figure 10.30 : Comparison of the vulnerability cutve (out-of-plane) of the LW1 lateral wall
with the seismic demand.

THE CHANCEL ARCH:

According to the obtained results, the agd [m /s2]

chancel arch is not vulnerable out of its
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plane. \
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Figure 10.31 : Comparison of the vulnerability curve (in-plane) of the chancel arch with the
seismic demand.

As aforementioned, the cross-vaults of the main nave and the low-aisles could be highly damaged

and even collapse under the peak ground acceleration of 1.5 m/ s%.
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10.5. STUDY: LEVEL 3

It is not necessary; results are satisfactory.

10.6. DIAGNOSIS

In the previous chapter, it is stated that almost every macro-element would be moderately damaged
(cracking of the cross-section at the base of the element). However, the most damaged parts are
the front wall (out-of-plane) and the W2 lateral wall out of its plane too. However, LW2 is less
vulnerable than the front wall.

Since the front wall would collapse under a higher ground acceleration than the one given in the
Swisscode SIA 261, it 1s a priori not necessary to retrofit it as a emergency case. However, the col-
lapse acceleration not so far from what you could expect for earthquakes whose return period is
higher than 475 years. Therefore, it would be recommended to reinforce the front wall against the
out-of-plane collapse. A1 priori, the easiest way to proceed would be the use of tie-rods.

The cross-vaults might also be damaged for the design peak ground acceleration; a retrofitting
could be envisaged.

For the other macro-elements, it must be kept in mind that they can be moderately damaged even
if they do not collapse. The question for them is: do we agree that this church would be moderately
damaged or not? If yes, there no need for reinforcement. On the contrary, if no damage 1s accepta-
ble, a solution of retrofitting must be given.

10.7. DISCUSSIONS AND CONCLUSIONS

The proposed method allows us to obtain not only the seismic vulnerability of a whole church, but
it also permits to define which parts of such and such macro-element are vulnerable and the rea-
sons. This is a very valuable tool for deciding which kind of retrofitting must be used and in which
extent.
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CHAPTER 11

Discussions and future work

As mentioned and shown in the chapters 1 and 4, sacred buildings
in Switzerland are at risk for earthquakes. However, no studies have
been carried out on their seismic vulnerability. On the contrary,
after the Friuli earthquake (1976), European countries, especially
Italy, took notice of the fact that their cultural heritage buildings
were at risk. Therefore, research has been made on the develop-
ment of methodologies that allow engineers and architects to assess
their setsmic vulnerability. The most important of the existing
methodologies were dealt with in chapter 5. While efficient and
applicable in certain cases, in general, they are based on damage
observed on different cultural heritage buildings than the Swiss
ones. For structure (configuration of structural parts) and masonry
can differ a lot between countries, a new procedure that is more
adapted to the Swiss building heritage has been developed. How-
ever, this methodology could also be applied to cultural heritage
buildings elsewhere than in Switzerland. Only the standard units
should be changed according to the structural patterns found in the
respective countties.

Some results from previous research on this topic, such as the
macro-elements approach, are used as input for the developed
methodology presented in this thesis. The multi-level structure of a
few existing methodologies 1s also adopted for the present method.
Also, one method that presents many advantages such as speedy
evaluation and valuable results was adopted for the first level. This
enables a rapid selection of the seismically vulnerable buildings.

Because of the numerous kinds of different cultural heritage build-
ings, an homogenous group had to be chosen first. Since religious
edifices, such as churches, constitute the most important category
of cultural heritage buildings in Switzerland, it was chosen, though
containing different types of structure. In this category, the Pre-
Romanesque and the Romanesque edifices form an homogeneous
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group from a structural point of view. Consequently, the present methodology is particularly
adapted for such kind of edifices though it can also be applied for sacred buildings from other
eras. However, since they might have other structural characteristics, this method should be
extended in order to be applicable for other types of churches such as Gothic and Baroque edi-
fices. This task is indeed part of the future work list.

To study every Pre-Romanesque and Romanesque sacred edifice in Switzerland, a list of standard
units 1s drawn up. These units actually correspond to macro-elements and are essential for the
study of the seismic response of given edifices. As aforementioned, this list should be completed
in the future in order to adapt the present method to other architectural types, such as Gothic or
Baroque. Moreover, a data base with good quality plans and profiles of Swiss sacred buildings
should be created.

The approach by macro-elements has proven to be efficient and correct for small- and medium-
size churches [La4 04]. Its application to such types of edifices is correct because the structural
components are not too highly interconnected to each other. This 1s indeed not the case of many
cathedrals. However, based on the aforementioned explanation, this approach could also be
applied for large-size sacred edifices whose structural components are not linked through many
connections. Consequently, the present method could also be applied to large-size religious build-
ings only if the above condition (the presence of a few connections between structural compo-
nents) is satisfied.

While the first level consists in separating the buildings that are seismically not vulnerable from
those that are vulnerable, the second level gives quantitative results on the seismic vulnerability of
previously selected buildings. Contrary to other methods, the ground acceleration that makes the
edifice (or a part of it) collapse is not the only sought-after parameter. The evolution of damage 1s
indeed of prime importance, especially in Switzerland since the seismic hazard is qualified as mod-
erate (chapter 1). Therefore, the damage that can happen under low ground acceleration such as 1

2. = . . o o
or 1.6 m/s~ is also important. Moreover, the determination of the evolution of damage gives clear
indications on the part(s) that might be damaged and where retrofitting should be inserted in
order to diminish the seismic vulnerability of the studied edifice.

The approach by macro-elements is linked to the corollary that macro-elements behave independ-
ently from each other. Since religious edifices have no rigid diaphragm to ensure a compact behav-
iour under seismic loading, this assumption is a priorz valid. Moreover, masonty can resist only a
low level of tensile stresses and that highest stresses usually (depending on the global shape of the
edifice) appear at corners. Nevertheless, the stiffness of the horizontal diaphragm that vaults may
generate should be addressed in the future for it might modify the application of the approach by
macro-elements.

Furthermore, the seismic response of vaults must be one of the future work since they certainly
constitute one of the most vulnerable parts of the structure of sacred buildings under seismic
actions. Also, their impact on the seismic response of the supporting walls (usually the lateral walls
and abutments) is to be more deeply studied than it is in the context of this PhD thesis. In fact, a
lateral displacement of 4 mm to cause the collapse of barrel-, groin- and cross-vaults should be
verified. Such future work would fulfil a clear void of knowledge in this field; there are indeed no
published research that deals with the seismic response of vaults.
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The impact of the timber framework should also be more deeply addressed within the framework
of future work.

The methodology is based on the assumption that there is no interaction between movements
along the two perpendicular directions; however, it is not always true. The methodology should be
completed in that direction. Also, the interaction between the ground and the building is not taken
into account, as it 1s in Swisscodes; however, this aspect must be addressed.

The application of the theory of plasticity to macro-elements has proven to be efficient and to give
valuable results either for the in-plane or out-of-plane seismic response. This statement shows that
the seismic behaviour of sacred edifices, though complex, can be addressed in such a way.

Regarding the out-of-plane seismic response, the strip method allows us to obtain the maximal lat-
eral load that can be resisted by the given structural component. Also, it permits to determine
where a damage can happen and under which ground acceleration. However, the obtained value 1s
conservative since the lower bound of the plasticity theory gives under-estimated values. Because
of the presence of openings and of a distributed mass within walls, the in-plane seismic response of
walls has to be dealt with by numerical modelling in order to obtain the flow of forces (stress fields)
within a wall. Since it was possible to list standard units for every Pre-Romanesque and Roman-
esque edifices, the numerical (linear) treatment of each of them provides a kind of «library» that
contains a description (percentage of forces) of the flow of forces under increasing in-plane accel-
eration. It becomes then possible to treat every Romanesque sacred edifices by consulting this
library. However, if proportions of the studied parts do not correspond to the proportions of the
related structural parts in the «library», a new modelling must be carried out.

Contrary to walls, the seismic response of bell-towers was studied by applying an elastic method.
This approach suits more such slender structures because they cannot be considered as rigid bod-
ies as it 1s for walls. Bell-towers are characterized by a natural frequency and the study of their
structural behaviour must consider this feature. However, the loss of stiffness under seismic
actions should be addressed in the future in order to increase the accuracy of the method. In this
context, it would be interesting to carry out a wide testing program for applying the ambient vibra-
tions method in order to build a data base with natural frequency of bell-towers. This would permit
to better understand the structural behaviour of such structures under seismic actions.

Another important subject that must be dealt with in the future is the choice of the peak ground
acceleration for the calculations. As aforementioned in the previous chapters, the peak ground
acceleration that is given for common buildings (which 1s found in most building codes) is not suit-
able for cultural heritage buildings whose life span is really different from this of common build-
ings. The determination of the seismic vulnerability of religious edifices highly depends on this
value and on the seismic hazard (distribution of areas) indeed.

Though based on all the aforementioned assumptions and simplified models, the level 2 gives rea-
sonable and valuable results. They are valuable since they permits to obtain the type of damage
expected for different levels of ground accelerations and also the location. This information is par-
ticularly useful for defining required reinforcements, if needed.Furthermore, once the adapted
reinforcements are chosen, the level 2 procedure is to be once again applied.

In case the results from level 2 are not satisfactory or if its application is not possible because of
irregularities, it is proposed to numerically study the given edifice (FEM). However, the application
of such a method must be made very carefully because the structural behaviour of masonry 1s diffi-
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cult to simulate numerically. An elastic model, which models a whole edifice (3D model), can give
valuable results only under very low ground acceleration. In fact, once some parts of masonry
enter the non-linear domain, such kind of elastic models are no longer valid. Furthermore, since
masonry takes only negligible tensile stress, the boundary conditions of the structure of a sacred
edifice can change quickly and invalidate the previously used model. However, such kinds of mod-
els can give valuable results if the modelling is accurate and the results are carefully interpreted.

The proposed method to assess the seismic vulnerability of Pre-Romanesque and Romanesque
sacred buildings gives interesting results. Nevertheless, it should be applied to other edifices, and
particularly, to existing ones that were damaged by seismic events. This would help refining the
methodology, in particular in what regards the vaults seismic response and its impact on the out-
of-plane behaviour of the lateral walls (that bear them). Furthermore, the structural behaviour and
the arches collapse mechanisms of the arcades (lateral walls) and of the chancel arches have to be
dealt with through the use of a sophisticated software with which the interaction of voussoirs with
the above masonry can be treated.

With respect to stone masonry, it exists a few models that have been developed to define its
mechanical properties. The model proposed in the Swisscode V178, proved to be accurate when
applied for the analytical determination of the shear strength of the tested specimen, which is pre-
sented in chapter 7 through the Ganz’s method. Nevertheless, if that model would be still exact
for other kind of masonry (especially in what regard the shear strength), remains a question that
has to be answered by carrying out many experimental investigations (of the kind that was made in
chapter 7) on other kinds of stone masonry.

298  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



CHAPTER 12

Conclusions

Methods for assessing the seismic vulnerability of common build-
ings are not suitable for sacred buildings because of many reasons.
On one hand, the structure of common buildings are really differ-
ent from this of religious edifices and on the other hand, the fabrics
also differ. Masses are indeed differently distributed (concentrated
masses in common buildings vs more uniformly distributed masses
in sacred edifices) and the structural components, which resist the
seismic forces, are also differently distributed. Consequently, a
methodology for religious buildings must be created.

In this report, a methodology for assessing the seismic vulnerability
of cultural heritage buildings has been developed. This method i1s
specifically adapted for Pre-Romanesque and Romanesque religious
edifices in Switzerland. However, it could be applied to other types
of edifices, such as Gothic or Baroque sacred buildings, and also to
cultural heritage in other countries with a few modifications.

The methodology takes into account structural characteristics that
can be found in every Pre-Romanesque and Romanesque edifices,
especially in Switzerland. Moreover, the three-level configuration of
the method makes it possible to first sort out the sacred buildings
that are seismically vulnerable. This can significantly speed up the
assessment process. Then, only the edifices that are assessed as
being vulnerable are studied more deeply with the models proposed
in the levels 2. When parts of the given building are structurally
very complex or if the structure of the whole edifice is complicated,
a numerical model can be created; this corresponds to the last level.

This new methodology is based on the strength of the structural
component rather than on deformations that tend to be more used
in the field of earthquake engineering nowadays. However, the
structural behaviour under seismic loading of old masonries 1s still
not well understood, in particular the displacement curve as a func-
tion of the shear load. Consequently, it was given up setting up a
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methodology based on deformations. Future work is indeed needed in this research field.

With respect to the structural behaviour of masonry, an experimental investigation was carried out
at EPFL in order to obtain information on the seismic response of an old masonry. This is indeed
one of the first times that such experimental investigation on an old masonry is performed in the
world. The high displacement ductility and shear strength of the tested masonry (ashlar masonry
with regular courses made up of large sandstone blocks) are promising results in regard to the seis-
mic response of such kind of masonry. In order to be able to assess other types of fabrics, the
panel of tested masonries should be extended.

The creation of this methodology raised the problem related to the choice of the peak ground
acceleration. In fact, it is proposed in the present method to apply the maximal peak ground accel-
eration defined by design spectrum for common buildings. Nevertheless, as 1s the case in Switzer-
land, this peak ground acceleration was defined for an earthquake with a return period of T=475
years. Since this period of time is shorter than the life span of many cultural heritage buildings, it 1s
no longer correct. Consequently, more accurate values for the peak ground accelerations to be
chosen for the assessment of the seismic vulnerability of cultural heritage buildings must be
defined.

It 1s worth reminding that this methodology allows architects and engineers to address the struc-
ture of cultural heritage buildings and not the movable goods inside the edifices.

To sum up, the method that is presented in this report permits to assess the seismic vulnerability
of Pre-Romanesque and Romanesque sacred buildings within a reasonable amount of time. More-
over, it makes it possible to determine the evolution of damage due to earthquake, that is, which
damage to expect at which place and for which ground acceleration. This valuable information
can be then used to define accurately which reinforcement should be used and where. Results
obtained with this method efficiently help diminishing the risk of sacred buildings for earthquakes.
Though this methodology permits to locate the damage and the ground acceleration for which the
given damage can happen, this PhD work does not include a description of the available reinforce-
ment today. This topic should be addressed in the future.
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cHAPTER 14 Symbols

Roman upper case

A area

Awxy plan area of earthquake resistant walls in the direction x and y.
A, plan area of all earthquake resistant walls.

D damage

E Young’s Modulus

Young’s Modulus for masonry

Em

S masonry Young’s Modulus (vertical (x) axis)

Es stone Young’s Modulus

E. o mortar Young’s Modulus

E,; Young’s modulus of the outer leaf, inner leaf respectively (multiple-leaf wall)
F force in general

G weight of the whole structure

H, maximal shear-loading capacity (idealised curve)
I second moment of Inertia

I seismic intensity according to the EMS

Io epicentral intensity

K correcting factors in general

K. secant stiffness

K, initial stiffness

M bending moment

N normal force
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Symbols

n* v

normal force transmitted through vertical or inclined stress strut
critical buckling load

resultant of the seismic action

ground surface of the whole building

spectral acceleration

spectral displacement

period

shear force

average of the vulnerability index (LLagomarsino’s method)
average value and maximal standard deviation (LLagomarsino’s method)

average value diminished by the maximal standard deviation (Lagomarsino’s
method)

vulnerability index
maximal lateral load (in case of a shear failure)

maximal lateral load (in case of a flexural failure)

Roman lower case

a

s T s T o =]
0 o3
o

g

ah

[y ]

\"}H"

mH" NH"
s

K]

(ﬂ'-'\

-

)

g

s T o
o

B

o]

m,c,am

o]

m,c,ss$m

B”'ﬁ

t

]

314

acceleration

peak ground acceleration

cohesion
natural frequency

compressive strength of the wall

compressive strength of the external leaves
compressive strength of the inner leaf

tailure strength of the outer leaf (multiple-leaf wall)
stone compressive strength

stone tensile strength

failure strength of a multiple-leaf wall (with two outer leaves)
design shear strength (EC 8)

masonry compressive strength

failure stress of an ashlar masonry

failure stress of a squared-stone masonry

masonry tensile strength
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fnxof frx  compressive strength of masonry perpendicular to the bed joint

fny OF finy compressive strength of masonry parallel to the bed joint

e specific compressive strength of masonry (5% fractile)

e mortar compressive strength

frocp mortar compressive strength on prism

fwFK strength of a stone-mortar-stone sandwich according to Berger’s method
g gravity acceleration

s by length of the vertical and inclined stress strut

q seismic action

Greek lower case

o angle of inclination

0Ly, factor for slenderness [Eg 93]

Ol factor for the influence of the loading direction [Eg 93]
B equivalent seismic static coefficient related to the design ground acceleration
d drift

Y specific weight

(0] internal angle of friction

K parameter that controls the slope of the curve; given in [La4 04].
A collaspe multiplier

HA displacement ductility

Up mean damage grade

Vi Poisson’s coefficient of mortar

\Z design shear strength of masonry

61,07 principal stresses

0,0y stress in x- and y-direction

oN normal stress

Tyy shear stress

T shear strength

0, correction factor for the inner leaf [PLBA 05]

0. correction factor for the outer leaves [PLLBA 05]

® circular frequency
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Symbols

Abbreviations
DPM Damage Probability Matrix
EMPA Institute for the Testing of Buildings Materials
EMS European Macroseismic Scale
EPFL Federal Institute of Technology Lausanne
FEMA Federal Emergency Management Agency
MDG Mean Damage Grade
MDOF Multi Degree Of Freedom
SDOF Simple Degree Of Freedom
STA Swiss Society of Engineers and Architects
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cuarter 15 Glossary

Word Explanation

Abutment A masonry mass which recetves the thrust of an arch, vault, or strut.

Ambulatory 1. Passageway around the apse of a church, or for circumambulating a
shrine.
2. Covered walk of a cloister.

Apse Usually semicircular or polygonal, often vaulted recess, especially the termi-
nation of the sanctuary end of a church.

Arcades A series of arches supported by columns, piers, or pillars, either freestand-
ing or attached to a wall to form a gallery.

Arcatures An ornamental, miniature arcade

Arris or groins

Ashlar masonry

Baptistery
Barrel-vault
Basilica

Bay

J

Bell tower

Arris 1s an architectural term that describes the sharp edge formed by the
intersection of two surfaces.

A squared block of building stone.

A building or part of one wherein the sacrament of baptism is adminis-
trated.

A masonry vault of plain, semicircular cross-section supported by parallel
walls or arcades.

Form of the early Christian church: a central nave with clestory, lower-aisles
along the sides, with a semicricular apse at the end.

Within a structure, a regulatly repeated spatial element defined by beams or
ribs and their supports.

A tower in which a bell or a set of bells 1s hung,
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Glossary

Bond header,
bondstone,
throughstone

Buttress

Campanile

Capacity curve

Cell
Chancel

Chancel arch

Chapel
Chevet

Crossing
Cupola
Diaphragm

Displacement
capacity
Ductility

Extrado
Fabric

Flying buttress

Formeret

Fragility curves
Gable

Groin-vault or
groined-vault

Haunches (vaults)

A bond header extends the full thickness of a wall.

An exterior mass of masonry set at an angle to or bonded into a wall which
it strengthens or supports.

A bell tower, especially one near but not attached to a church or other pub-
lic building.

Or push-over curve. Curve representing the total shear force acting on a

structure as a function of the lateral deflection at the top of the structure or
element.

A small enclosed cavity or space.

The sanctuary of a church, including the choir; reserved for the clergy. Is is
often enclosed by a lattice or railing,

Arch which, in many churches, marks the separation of the chancel from
the nave or body of the church.

A place of worship that is smaller than and subordinate to a church.

An apse having a surrounding ambulatory; usually opens into three or more
chapels which radiate from the apse [Ha 77].

In a church, the place where the nave and chancel cross the transept.
A small dome set on a circular or polygonal base or resting on pillars.

Horizontal structural element that ensure the distribution of the inertial
forces to the vertical structural elements (walls) that can resist lateral forces.

Maximal dispalcement that can be reached by a structure under given
forces.

Ability of a structure to maintain its strength without significant degrada-
tion once its yield point is undergone.

The exterior curve or boundary of the visible face of the arch.
A structural material, such as masonry or timber.

A characteristic feature of Gothic construction, in which the lateral thrusts
of a vault are taken up by an arch and transferred then to a pier.

Or wall rib. One of the ribs against the walls in a ceiling vaulted with ribs.

Functions describing the probability of a building to reach or exceed a par-
ticular damage grade under a particular spectral acceleration.

A triangular, usually ornamental architectural section, as one above an
arched door or window.

A compound vault in which barrel-vaults intersect, forming arises called
groins.

The middle part between the crown and the springing of an arch.
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Headstone
In- and out-bond

Intrado

Intensity

Keystone

Lesenes

Low-aisles or
atsles
Narthex

Nave
Pendentive

Presbytery, pres-
byterium

Purlin

Rib
Rib-vault
Roof rafters
Sacristy

Shrine

Spire

Steeple

Stereotomy

Stonework

Tambour

Transept

The central wedge-shaped stone of an arch that locks its parts together
(Keystone).

In masonry, a bond formed by headers and stretchers alternating vertically,
especially at corners, as by quoins.

The mner curve or face of an arch or vault forming the concave underside.

Evaluations of the perceived loacl effects of an earthquake on the environ-
ment.

In masonry, the central voussoir of an arch.

Or pilaster strip. Same as pilaster mass but usually applied to slender piers
of slight projection; in medieval architecture and derivatives, often joining
an arched corbel table.

The space flanking and parallel to the main nave.

The narthex of a church is the entrance or lobby area, located at the end of
the nave, at the far end from the church's main altar.

The central part of a church, extending from the narthex to the chancel and
flanked by aisles.

One of a set of curved wall surfaces which form a transition between a
dome (or its drum) and the supporting masonry.

The actual sanctuary of a church beyond the choir and occupied only by the
officiating clergy [Ha 77].

One of several horizontal timbers supporting the rafters of a roof

A curved structural member supporting any curved shape of panel.

A vault in which the ribs support (partially or fully) the web of the vaults.
One of the sloping beams that supports a pitched roof.

A room in a church housing the sacred vessels and vestments; a vestry.

Receptacle to contain sacred relics; by extension, a building for that pur-
pose.

A top part or point that tapers upward; a pinnacle.

Any slender pointed construction surmounting a building; generally a nar-
row octagonal pyramid set above a square tower [Ha 77]

A tall ornemental structure; a tower, composed of a series of stories dimin-
ishing 1 size, and topped by a small pyramid, spire or cupola.

The art of cutting stones.

Masonry construction in stone. Preparation or setting of stone for building
or paving.

A circular or polygonal wall supporting a dome or cupola.

The transverse portion of a church crossing the main axis at a right angle
and producing a cruciform plan.
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Glossary

Truss
Tuf or tufa

Tympanum
Vulnerability
curve

Web

A rigid framework, as of wooden beams or metal bars, designed to support
a structure, such as a roof.

A rock composed of compacted volcanic ash varying in size from fine sand
to coarse gravel.

A similar space between an arch and the lintel of a portal or window.

Curve defining the expected damage as a function of an lateral motion
input (e.g. the ground acceleration).

Portion of a ribbed vault between the ribs.
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CHAPTER 16 Appendices

A. 1. SWISS PRE-ROMANESQUE AND ROMANESQUE EDIFICES
A. 1.1. A BRIEF DESCRIPTION

A.1.1.1. WESTERN SWITZERLAND
Romanesque Switzerland, its western part
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Figure 16.1 : Pre-romanesque and Romanesque edifices in Western Switzerland [Me 96]
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Appendices

A. 1. 1. 2. EASTERN SWISTZERLAND

Romanesque Switzerland, its eastern part
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Figure 16.2 : Pre-romanesque and Romanesque edifices in Eastern Switzerland [Me 96].
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A. 1. 1. 3. SOUTHERN SWITZERLANL
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Figure 16.3 : Pre-romanesque and Romanesque edifices in Southern Switzerland [Me 96].
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A. 1. 1. 4. SOUTH-EASTERN PART OF SWITZERLAND
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Figure 16.4 : Pre-romanesque and Romanesque edifices in South-eastern Switzerland [Me

96].

A. 1.2. ARCHITECTURAL ACCOUNT

The purpose of this chapter is to give an overview of the architecture development throughout
time. The present thesis deals with Pre-Romanesque and Romanesque sacred edifices, knowing
that this period of time extends from the beginning of Christianity up to the second half of the

19 century. In order to set it in historical context, it is also complemented by a historical (mainly
related to Christian history) account.

The following section is divided into homogeneous periods of time from an artistic standpoint.

A. 1. 2. 1. BEGINNING OF CHRISTIANITY

In the 29 century, even if prohibited by Roman authorities, the Christian faith propagated from
Rome through the main roads of the Roman Empire which linked the principal handcraft and
business centres. The business centres in the Swiss geographical area were: Aventicum (Avenches,
the capital of Helvetia), Augusta Raurica (Augst, close to the current city of Basel) and Geneva
(Geneva). Christians were persecuted until the Edict of Milan, which was signed by the Emperor
Constantine in 313 and which ensured freedom of worship to Christians. Christianity settled in

Switzerland in the end of the Roman Empire; it 1s attested that bishoprics already existed in the 4th

and 5T centuries. The first Episcopal cities were: Chur, Vindonissa, Augusta Raurica, Basle,

Avenches, Yverdon, Martigny, Nyon and Geneva [Sc 71].
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In the end of the 47 century, the migration of nations in Europe began. The Goths attacked the
Roman Empire on the ground of the future Italy; to riposte, the Roman generals gathered all the
available troops along the attack front. Consequently, the defence line along the Rhine was aban-
doned and never again provided. The relationship with Rome stopped with the north-eastern
region of Helvetica whereas it went on with the future Western and Southern Switzerland as well as
the Rhetia. It lasted until 476 when the Western Roman Empire collapsed under the attack of
Ostrogoths. After Romans, Theodoric the Great, King of the Ostrogoths, beat Odoacer, King of
the Hunnic, in Ravenna in 493. This city became the capital of the Ostrogothic kingdom of Italy as
well as the cultural metropolis of Italy during the first Middle Age centuries. In 540, the Emperor
Justinian I invaded Italy and conquered Ravenna, which became the seat of the Byzantine govern-
ment in Italy. The construction of the San Vitale Basilica was finished in 547.

The year 568 witnessed another Germanic invasion of Italy, by the Lombards this time, a West
Germanic people originally settled along the Danube. LLombards were less mterested in Roman
administration than Theodoric had been, and Italy became administered by the Germanic law (the
Lombards). However, they never came to rule the whole Italy as Theodoric had done before them.
They only established authority over discontinuous patches of Italy while the Byzantine Empire
exerted control over the other parts, including Rome and Ravenna. In the end of the 6t century,
the Lombards went north to the valley of the Ticino.

To the north of Italy, other Germanic tribes also settled, after a few devastating raids, in the future

Swiss territories in the 5™ century. Burgundians, who came from the west, was stopped on their
way by Roman armies and settled then in the western part of the present Switzerland in 443. They
were keen to adopt the Gallo-Roman culture they found, learned Latin, forgot their German lan-
guage and became Christians. They converted to Roman Catholicism in 515. After the rapid break-
up of Roman power, they set their capital in Lyon. At the same time, another Germanic people, the
Alamannen, was infiltrating Switzerland in little groups, settling far from the Roman towns in small
villages. There was no mixture with the indigenes culture and they stuck to their German language
and mentality while Celtic and Roman indigenes gathered themselves inside Roman fortresses.

Frankish tribes invaded the north of the present France. Unlike Theodoric of the Ostrogoths, and
the Visigothic kings, the Frankish leader Clovis (and thus many of his subjects) converted to
Orthodox Christianity eatly on. This facilitated the fusion of the very separate entities of German
and Roman societies into a single new civilisation, unseen in the Ostrogothic or Visigothic king-
doms. Moreover, this conversion highly contributed to make the Christianization of Europe
progress. Clovis, who founded the Merovingian Dynasty in the beginning of the 6 century, rapidly
extended its Empire borders. For instance, Sigismond, the King of Burgundians was defeated in
534 by Franks while the Alamannen were already under their domination.

A 1.2.1.1. Sacred edifices

The first Christian sacred edifices were not influenced by Roman temples; they adopted the basilica
(built for the Roman public manifestations) pattern because their buildings had to be a place where
people could gather for worshipping, as Roman basilicas had been before. The basilica was divided
into naves separated by two ranges of arcades; there was also often a small room (barrel-vaulted)
where the judges sat. This room was called an apse. This architectural configuration became the
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prototype for the first Christian churches. When the terrain at disposal was large enough, the basil-
ica was aligned along the west-east direction.

From this time onwards, the basilica shape became one of the two fundamental patterns of

churches for many centuries (until the end of the g c.). The other essential Christian architec-
tural type, was the square, octagonal or circular construction. This was predominant mainly in the
Byzantine areas. This shape was probably inspired by small Roman graves or public baths.

The most famous Christian building, which
dates from the beginning of Christianity and
still standing, is probably the basilica of San '- .

Vitale in Ravenna (547), whose construction m{_mlmm‘m’; g R
had begun under the reign of Theodoric the " .| |
Great in 532. ; ‘ i

|

The octagonal pattern of baptisteries came
from this architecture; the baptistery of Riva
San Vitale in the canton of Ticino, which dates

to the 5 century, 1s the only example of this
architecture still existing in Switzerland.

Figure 16.5 : Outer view of the basilica San Vitale in Ravenna (532-547).

The period of Germanic invasions was synonymous with fear and precariousness in the bordering
regions of the Roman Empire such as Switzerland. It became difficult to find good workers,
money and the motivation to build sacred edifices. Consequently, wide edifices were very rarely
built as has been proven by ground excavations; the basilicas, like those found in Geneva (bisho-
pric), with more than one nave were exceptions (Figure 16.7). In the end of Antiquity, the one-
nave small edifice with poor-quality masonry, one simple two-slope roof and an apse at one end
was the most widespread sacred building. This kind of building was long the archetype of the first
Christians' oratory in countryside [SS 79].

It is assumed that sacred edifices were erected at the same place than previous pagan buildings.
For instance, in Geneva, the Saint Madeleine's church was built on the foundations of a temple
dedicated to Maia. Moreover, it was also frequent to find a church erected on the foundations of a
Roman villa.

Construction of most sacred edifices were financed by bishops or kings, in order to worship one
or more Saints, whose relics were kept in the sanctuary of the edifice. These sacred buildings
attracted pilgrimages from pious people throughout Europe for worshipping many Saints. In
Switzerland, a notable example is the church in Saint Maurice (Sion bishopric) where relics of the
Theban legion were venerated.

Swiss territory was divided into a few bishoprics, which corresponded to the previous configura-
tion of the Roman states [SS 79]. The early Christian landscape seems to have been composed of
cathedrals (Episcopal seats) and parish churches. The abbey churches came later; during the 4th
and the 5" centuries, monks were still nomads or sometimes already organised in small communi-
ties, living in groups.
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EPISCOPAL CHURCHES

In 340, an Episcopal church was erected in Augst (foundations of an Episcopal church were found
in the present Kaiseraugst church ground) that was composed of a long nave and an apse with lat-
eral appendixes; there also was a baptistery (Figure 16.6).
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Figure 16.6 : Episcopal seat in Augst around 340 AD [Ho 88].

At the same time, the Episcopal seat in Geneva had two cathedrals (one for the bishop and where
the sacraments were performed and the other for the faithfuls), basilica shaped, 30 m long, with a
baptistery in-between (Figure 16.7). Chur also had an important ecclesiastic complex [Ho 88]. A
similar building complex was found in the Tenedo castle in Zurzach; both churches were probably
built around 400 [Sc 71]

Figure 16.7 : Episcopal seat of Geneva around 400 AC [Ho 88]

Legend: A | Cathedral F | Appendices
B | Baptistery G | Episcopal castle
C | Atrium between both edifices H | Episcopal chapel
D | Recently built cathedral I | Roman villa fence
E | Reception hall
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The episcopal edifices, which were made of masonry, were of small dimensions. The nave, which
was a sort of large room whose ceiling was made up of visible beams (wooden ceiling), was fin-
ished at one end by a semi-circular apse; a chancel arch separated the nave from the apse. The
entrance was usually situated at the west whereas the apse was built toward the east. This shape
was actually the archetype of many future churches.

Though many sacred buildings were erected during this period in Switzerland, the only edifice
built at this time which is still standing; is the baptistery of San Vitale in the Ticino (500).

PARISH CHURCHES

Beside Episcopal edifices, which were built in most important cities of that time, many smaller
churches were built throughout the countryside, like in Commugny, Corsier, etc. To build them,
parts of masonry taken from previous Roman villas or fortresses were generally used. They usually

had a simple rectangular nave finished by a narrower semi-circular apse, like in Schiers, Zillis and
in Schaan (Liechtenstein) [Sc 71].

After the collapse of the Roman Empire, Germans invaded the centre of Europe and in 537 [Sc
71], the Swiss region was under the Merovingian Kingdom.

A. 1. 2. 2. MEROVIGIAN PERIOD

The Merovingian Dynasty,

which started with Clovis, B Merovingian kingd 0 100 200 miles
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Figure 16.8 : Merovingian kingdoms and its tributary regions [www 1].

A 1.2.2.1. Sacred edifices
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At this time, sacred edifices were still built (and also belonged to) by sovereigns or bishops. Moreo-
ver, they were endowed with goods by their founder. Founding lords frequently required a tithe for
the use of goods they put at disposal of the clergy.

Merovingian period was also characterized by the coming of missionary monks. In this framework,
two Irish monks played an important role in the Christianization of Switzerland: Saint Columban
and Saint Gall. The former (543-615) founded monasteries in the Frankish kingdoms as Luxeuil
(Vosges), from where his monastic rules rapidly spread throughout France. Because of political
conflicts with bishops and Merovingian kings, including disagreements over the date for the cele-
bration of Easter, Saint Columban moved south into Italy around 612, passing by Switzerland.
Saint Gall (550-645), who was Saint Columban’s disciple, joined him on his way to Frankish
Empire (from Ireland). After founding Luxeuil in France, they set off to Alemania, went to Zurich,
Tuggen and Arbon, where they built a monastery in an old Roman castle. While his master went on
to Italy, Saint Gall stopped i the Steinachtal where he founded the future foyer of the Christian
culture in Alemania, 1.e. Saint Gall’s abbey.

Beside the bishoprics of Basel, Chur, Geneva, Lausanne and Sion, a new diocese was created in the

end of the 6 century: the diocese of Constance. This newly created diocese was under the arch-
bishopric of Mainz protection. Under the archbishopric of Besancon, Lausanne was influenced by
the Burgundian culture, as also was Basel, although to a less extent. The archbishop of Milan
wielded a certain power on the southern area of the present Switzerland (since Ticino was invaded
by Lombards in 568) as well as on the bishopric of Chur. The dioceses of Sion and Geneva were
influenced by the Savoy and the Provence (Vienne) archbishopric, respectively.

However, due to its geographical situation, Rhetia was more or less separated from the Lombards’
influence and also from the Frankish culture (though it was linked to the Franks Empire in 539)
and kept their Roman traditions. Moreover, a noble family (Victorids) appropriated both spiritual
and political powers in Rhetia and ruled over it from 550 to 775. The diocese of Chur broke up
from the archbishopric of Milan and joined the one of Mainz in 843.

Except the baptistery of Riva San Vitale, no sacred buildings from this age survived because of
abandon, destruction by humans, deterioration over time, etc. Furthermore, according to literature
and vestiges [SS 79], it seems that the Merovingians’ art of building was fair and the constructions
were not durable.

A. 1. 2. 3. CAROLINGIAN PERIOD

During the period from 400 to 800, Western Europe was dominated by small kings, dukes and
noblemen. In fact, Frankish and Burgundian kings had limited influence. In the beginning of the

8rhc., Charles Martel (688-741) was the leading member of one of the most important aristocratic
families within the Frankish kingdom. In the Merovingian world, the aristocracy got a certain
immunity from royal authority, creating a system where power was not wielded by kings, but rather
by regional aristocratic families led by dukes. Chatles Martel had come into power as a Mayor of
the Palace, who acted as an advisor to the king on behalf of the aristocracy. By the 8™ c.. he had
amassed such a large support base that he was the recognised acting leader of the Franks though he
did not have the title of a king. Moreover, he maintained a strong army of heavily armoured caval-
rymen through a system of vassalage. A vassal's absolute allegiance to Martel would be reciprocated
with an estate and wealth (often taken from subdued rivals or enemies). This relationship of mutual
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responsibilities between vassals and lords formed the fabric of social interaction among the higher
class of European society in the Middle Ages. Regarding religion, Charles Martel also supported
the spread of the hierarchical, Roman form of Christianity in the Frankish kingdom, which had
been strengthened by Anglo-Saxon missionaries from Ireland, as aforementioned. The highly cen-
tralized nature of the Roman form of Christianity was in Martel's favour, especially as he could
extend his ruling influence by designating his supporters as bishops within the Church.

Eventually, Martel's son, Pippin II1, used this blossoming relationship with the papacy to formally
obtain the title of king (in addition to the practical power of king that he inherited from his father)
and finally supplanted the last of the Merovingian Dynasty in 751. This seeking of papal approval
set a precedent in Europe for the Church's involvement in the recognition of royal power, which
had been until that time a secular mixture of noble birth and military prowess.

Charlemagne (747-814), the 3% of the Carolingian line, not only inherited the Frankish kingdom
(768), but also influenced the whole of Europe through his strong (and long) leadership of the
Carolingian Empire.

He organized an administra-
tion based on counties all over
Western Furope. Charlemagne
subdued and absorbed the
Aquitainians, Bavarians, Lom-
bards, Avars, Saxons, and the
Spanish in Catalonia. When
Lombardy was linked to the
Holy Empire in 774, the Swiss
region was geographically in the , : Tours
heart of the great Empire; m CHARLEMAG
among others, this increased
the importance of the Alpine
passes. From then on, the Swiss s m
territory became a sort of grav-
ity centre of the Carolingian
culture, which is proven by the ot
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Figure 16.9 : Map of Charlemagne’s Empire after 800 AD [www 2].

In terms of governance, the vassalage system Martel had employed still continued. At the regional
level, counts with close personal bonds of allegiance to Charlemagne presided over estates and the
courts of the county. The relative autonomy granted to the counts was balanced by visiting royal
delegations composed of other counts and bishops, called missi dominici. This network of ruling
aristocrats and missi who were personally tied to the king set 2 model of governance for the latest

leaders of the Middle Ages.
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Charlemagne's rule was also closely tied to the Church. Rather than unifying the vast kingdom
through the imposition of Frankish traditions and laws, Charlemagne tried to hold the kingdom
together through religion. To do so, he set up a strategic network of palaces (which were the proto-
type of castles) and especially of abbeys throughout his Empire as well as along its borders such as
along the Alps. It 1s worth noting that abbeys (derived from the Roman castrum and villa; it was as
much a fortified town as a kind of colony), which were built along pilgrimage roads, were actually
the foundation of the Romanesque civilization [Mo 72].The Roman form of Christianity that the
Frankish kingdom had adopted was hierarchical and therefore extremely well suited to be aligned
with a centralized system of government.

Moreover, Charlemagne was allied with the papacy in such a way that on Christmas in the year 800,
he was crowned Emperor by the pope in St. Peter's Basilica in Rome. Considering the significant
role Christianity played in Charlemagne's kingdom, it is not surprising that Charlemagne reformed
his clergy. In the few centuries before Charlemagne's rule, Frankish monasteries had degraded,
such that the clergy had little education and the monasteries were no longer recognised as institu-
tions of learning. Also, other centres of learning, which were separated from the Church, had also
disappeared, resulting in a deplorable state of education.

In an effort to reform the Frankish clergy, Charlemagne supported a variety of educational pro-
grams within the royal court under the charge of a man called Alcuin of York. The best minds from
all over BEurope, including those from England, Ireland and Italy, were brought to the Frankish
court to set a new and strong educational program. In the monasteries of Saint Gall and Fulda,
Charlemagne supported the establishment of schools. Hence, with these educational reforms, the

Carolingian Renaissance was ushered into the gth century.

The reform of education was in some ways part of the clergy reform: education was being
reformed in order to reorganize the clergy. In parishes, the clergy was trained to perform the Chris-
tian rituals in a standard and unified form. At monasteries, the Benedictine version of monasticism
was encouraged as the established form (it became the Empire monastic rule in 817), and the
knowledgeable clerics were cultivated in order to effectively serve both the Church and the Frank-
ish government. Besides spiritual education and teaching, monks helped to clear the forests, to
plant vines and they also introduced new processes in agriculture. In 747, the monastery of Saint
Gall abandoned the monastic rule of Columban and instead adopted the Benedictine rule.

Whereas the Frankish scribes had salvaged old Roman texts and on their basis, developed their
own culture of education of their own, Carolingian art was characterised by a fresh synthesis that

combined traditions from both Roman and Batbarian worlds. In the late 8 century, Charlemagne
commissioned a palace complex to be built in Aachen, and the Chapel at the Waters became the
centrepiece of this architectural complex. This chapel is probably the most famous example to
illustrate the combination of Roman and Barbarian worlds.

A 1.2.3.1. Sacred edifices

Under the Carolingian Reign, Europe came through a relatively peaceful period which was good
for an architectural renewal. Although Roman techniques were still applied, the original Roman
model of a basilica for the church was abandoned for new architectural shapes.

In fact, the Empire’s emblem became the cathedral which was designed to show the union between
temporary and spiritual powers. The shape of Cathedrals was based on the famous plan of Saint
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Gall (presented at synods in 817 or 818), given by the bishop of Basel (Haitto) to Gozbert, who
wanted to erect a cathedral at Saint Gall's hermitage place: it was characterized by a westwerk
(with the Emperor tribune), a Carolingian feature that symbolized the Imperial power. The basilica
had then a nave whose extremities were composed of apses, a choir area and a transept with a lan-
tern-tower. The nave became then the link between the Episcopal seat and the Emperor's. Moreo-
ver, this edifice had to be the church for monks, pilgrims and laymen. To sum up, it represented a
sort of universal edifice that pre-dated the Middle Ages cathedrals. The crypt was also a typical
Carolingian feature, where the Saints relics are conserved and worshipped. Pilgrimages in the
beginning of the Middle Ages were almost always undertook for worshipping tombs and relics. In
Switzerland, Saint Maurice, where the Theban legion's relics were conserved, was a spiritual point
of convergence in the Empire.

In comparison, Lombard cathedrals (or Duomo) were simply composed of a nave leading to a
transept surmounted by a lantern-tower and then a chancel. This kind of edifice was erected
within the city precincts and a square was always built in front of them [DS 96].

Amongst the main Carolingian build-
ings, the Palatine chapel in Aachen (790-
805, designed by Eudes from Metz)
must be quoted. This edifice, which was
a part of Charlemagne's palace, was cov-
ered by a cupola with two levels of gal-
leries surmounted by an octagonal
lantern-tower, like the church in
Ravenna (532-547) [DS 96].

Figure 16.10 : 3D and inner view of the Palatine chapel [www 3].

This building, which had been built upon the remains of Rome and the glory of the Frankish king,
housed the three strands that composed the fabric of medieval Europe - the Christian religion,
Roman traditions, and Germanic leadership.

The Carolingian churches in Switzerland were usually composed of a nave with three apses.
Famous example still standing are the convents of Mistail and of Mustair in Rhetia (8rh c). Itis
worth noting that foundations of many great Swiss sacred buildings date from the Carolingian
period like the Fraumiinster of Ziirich, the cathedral of Saint Gall or the abbey of Saint Maurice.
The church of Spiez and both first pre-medieval churches of Romainmotier were also beautiful
examples of buildings from this time. An interesting fact is that all the aforementioned edifices
show diverse architectural influences. Switzerland, at that time, was at the centre of Charlemagne's
Empire, which was in the midst of Artistic currents and was also a place of cultural exchanges and
trends. Nevertheless, it must be also said that its Alpine geography prevented a complete mixture
of styles.
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A.1.2. 4. HIGH MIDDLE AGES

Upon Charlemagne’s death in 814, his only surviving son, Louis, became the king of Franks and
the Emperor. When the Emperor Louis himself died, a civil war erupted amongst his sons Lothar,
Charles the bald and Louis II for the throne. This conflict was finally solved in 843 by the treaty of
Verdun that split the Holy Empire into three parts: western (France), central (Lorraine-Burgundy-
Italy) and eastern (Germany). So Switzerland was then split between Burgundy and Germany for a
while. But soon the central Empire decayed and around 900 the German king had seized control
over Burgundy and Italy. From an economical and social point of view, this was a difficult and dan-
gerous period in Switzerland.

The legacy of Charlemagne’s purpose, that is, the extension of the Empire borders as far as the
Roman borders were at the Western Roman Empire apex, was resumed by the Saxon kings after
the victory of Henry I on the Hungarians in the end of the first millennium. His son, Otto I, was
crowned in 962 as the Emperor of the Holy Roman Empire in Aachen by the dukes of Frankish,
Lorraine, Swabia (Alamannic southern Germany) and Bayern. Otto I settled the feudal system that
helped to organise the political structure. Since then, civil wars stopped and peace made its way in
Europe.
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Figure 16.11 : Map of the Holy Roman Empire in the 12! century [www 4].
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While other German dukes quarrelled with each other about power within the German Empire,
the traditional disinterest or even aversion of the Alamannen to national organisation deprived the
Swabia dukes of support (Alemania was a part of the Swabia dukedom). Consequently, they played
a minor role in Southern Germany as well as in Switzerland. The power in Alemania was actually
exercised by counts rather than by dukes; several counts, namely those of Habsburg (North-east-
ern Switzerland), Kyburg (midland), Toggenburg (Turgau) and Zihringen (midland), gained
remarkable influence in Switzerland during the Middle Ages. Nevertheless, most of the dynasties
were extinct by the end of the Middle Ages. Western Switzerland was under the influence of the
Burgundian Kingdom and, as in Alemania, counts tried to extend their territories: for instance, the
counts of Savoy had interests in the cantons of Vaud and Geneva, whereas the counts of Gruyere
were interested in Freiburg,

Amongst them, the counts of Habsburg were probably the most ambitious. Starting from a castle
in Northern Switzerland they had acquired territories in Austria and also tried to acquire the herit-
age of the counts of Kyburg, Zihringen and Toggenburg;

Regarding Arts and architecture, this political and economical situation was stable enough to lead
towards an Artistic renewal after the long interruption due to political troubles after Charle-
magne’s reign. People were once again able to make long journeys and pilgrimages throughout
Europe without problems; this situation was also favourable to cultural and economic exchanges
as well as new artistic curtrents.

A 1.2.4.1. Sacred edifices

In parallel to the political development of the Holy Roman Empire, the monastic societies also ini-
tiated a reform. After a period of inactivity, the abbey of Cluny wanted to break free from the pro-
tection of the Emperor and noblemen; the abbey obtained it and the abbey was only under the
pope protection in 910. The main abbot was elected without any bishops or laymen opinion.
Moreover, the prior of the congregation monasteries only had to obey the main abbot of Cluny.
They built many monastic communities throughout Europe and also many existing communities
asked for joining them; at its apogee, Cluny's monastery had 1500 convents under its control. The
first monastery that belonged to Cluny in Switzerland was Romainmotier.

Eastern Switzerland was influenced by the abbey of Hirsau, which was the most prestigious mon-
astery united with Cluny. The abbey of Schaffhausen (The all Saints’ church, 1150) is probably the
most famous example of the architecture from Hirsau. The monastery of Cluny had a great influ-
ence on society of that time; at its peak, the community began the construction of the biggest edi-
fice of Christianity (5 naves, 8 towers, 2 transepts and one narthex). However, it has never been
finished.

The power and wealth of Cluny softened the initial principles of the Benedictine monastic rule. In
1115, to counteract what he thought to be a decline of the Benedictine rule, Bernard de Clairvaux
and other monks founded a new monastic order: the Cistercians. At Bernard's death, 343 abbeys
were under the Cistercian protection. In 1153, the abbey of Bonmont was founded in Switzerland,
then came Lucelle in Eastern Switzerland and finally Canobbio in the Ticino. About 30 abbeys

and Cistercian convents were founded in Switzerland between the 12 and the 13™ centuries.

The creation of new monastic orders and their growth in the 1 1¢h century resulted in building a lot
of sacred edifices [Fr 93]. Romanesque period actually corresponds to an era of revival of Art and
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growth in Europe. Nevertheless, building techniques as well as the configuration of sacred build-
ings did not differ a lot from the ones applied during the Carolingian era, which were inspired from
Roman techniques [CVLR 82]. Romanesque architecture derived from the Antiquity and the ten
books of De Architectura [Vi 05] were the architectural and technical basis out of which the new
style arose.

At this time, scholars belonged to the ecclesiastic society. The supervision of building sites and the
construction were the prerogative of the regular clergy only; the abbots and monks were becoming
great builders. Moreover, they were the first to be able to directly adapt the shape of sacred build-
ings to the liturgy, space and light requirements.

Benedictine rule made monks adapt the configuration of sacred buildings especially for liturgy. On
the contrary, Cistercian order implemented specific rules for their buildings: masonry was not
whitewashed, the floor was just covered by paving stones and the naves had to be barrel-vaulted. It
is worth noting that since the construction of the first edifice, pointed-arches were applied to
arcades, windows and vaults. It must be said that Cistercian builders were particularly skilled in
construction in comparison with other orders.

In the 11 century, political stability made possible an economical and social growth. The multi-
plicity and diversity of the first Romanesque edifices followed two main artistic currents: the first
one, which is the direct legacy of the Carolingian past, can be found in the Holy Roman Empire
(Central and Northern Europe), and the second is a more rustic and widespread current in North-
ern Italy, Catalonia, Provence and in the Rhone and Saone valleys. While in the north they used
wood for the ceiling of their edifices, the southern countries covered the edifices naves with stone
vaults (direct legacy of the Christian churches in Ravenna). It 1s worth noting that the Kingdom of
Burgundy, which was situated between the north and the south, was influenced by both the Carol-
ingian and the southern architectural style.

The plans, though different all over Europe, had similar features due to liturgy. Most churches
adopted the basilica configuration. The Carolingian basilica was enlarged and the new architectural
style added an area between the chancel and the area for the lays: the transept. The basilica was
broadly composed of one or three naves, transept, lantern-tower, towers, crypt, and chancel with
choir and sometimes an ambulatory; there was sometimes also a narthex. The chancel ground was
often slightly raised above the nave floor, which was also sometimes the crypt ceiling. Whereas the
chevet had a semicircular cross-section at the beginning of the Romanesque era, it became flat
towards the end (premises of Gothic style [CVLR 82]). It is worth noting that only a few parts of
the church were vaulted at first; later, the whole edifice was vaulted and then the cupola placed on
the transept crossing appeared too. The west entrance was sometimes concetved, as in the areas of
the Holy Roman Empire, as a space independent (the westwerk) from the rest of the church and
was flanked by towers (Carolingian legacy). Windows were quite small, except in buildings whose
covering was a timber framework; the outer side of walls was ornamented by lesenes and arcatures.
The first Romanesque edifices in Switzerland were erected in the beginning of the 11th century.
Western Switzerland was one of the first regions influenced by the Benedictine (Cluny) and the Cis-
tercian orders and their monastic reforms. Romainmotier and Payerne abbeys, which were under
Clunisian influence as soon as the 10 century, set up a large network of smaller congregations in
this part of the country. This contributed to the introduction of new building techniques such as
the stone vaults and the Clunisian stone sculpture.
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The first signs from the Cistercian reform in this area appeared in the 12t century; the abbey
churches of Bonmont and Hauterive are good examples.

It 1s worth noting that the edifices that were completely erected during the Romanesque period

were few and those which are still intact today are even fewer. In fact, many great buildings, such
as the cathedrals of Geneva, Lausanne, Basel, Chur or the Grossmunster in Zurich wete built in
many stages and only the first one was Romanesque. Other Romanesque (or Pre-Romanesque)
edifices have been transformed since their completion.

A. 2. OBSERVED DAMAGE

A.2.1. EMS-98

A.2.1.1. DAMAGE SCALE

Intensity ([EMS-98

Description

Not felt |

a) Not felt, even under the most favourable circumstances.
b) No effect.
c) No damage.

Scarcely felt 11

a) The tremor 1s felt only at 1solated instances (<1%) of individuals at
rest and 1n a specially receptive position indoots.

b) No effect.
c) No damage.

Weak III

a) The earthquake 1s felt indoors by a few. People at rest feel a swaying
or light trembling.

b) Hanging objects swing slightly.
¢) No damage.

Largely | IV

observed

a) The earthquake is felt indoors by many and felt outdoors only by
very few. A few people are awakened. The level of vibration is not
frightening. The vibration is moderate. Observers feel a slight trem-
bling or swaying of the building, room or bed, chair etc.

b) China, glasses, windows and doors rattle. Hanging objects swing.
Light furniture shakes visibly in a few cases. Woodwork creaks in a
few cases.

c) No damage.
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Strong V a) The earthquake is felt indoors by most, outdoors by few. A few peo-
ple are frightened and run outdoors. Many sleeping people awake.
Observers feel a strong shaking or rocking of the whole building,
room or furniture.

b) Hanging objects swing considerably. China and glasses clatter
together. Small, top-heavy and/or precariously supported objects
may be shifted or fall down. Doors and windows swing open or
shut. In a few cases window panes break. Liquids oscillate and may
spill from well-filled containers. Animals indoors may become
uneasy.

c¢) Damage of grade 1 to a few buildings of vulnerability class A and B.

Slightly dam- VI a) Felt by most indoors and by many outdoors. A few persons lose
aging their balance. Many people are frightened and run outdoors.

b) Small objects of ordinary stability may fall and furniture may be
shifted. In few instances dishes and glassware may break. Farm ani-
mals (even outdoors) may be frightened.

¢) Damage of grade 1 is sustained by many buildings of vulnerability
class A and B; a few of class A and B suffer damage of grade 2; a
few of class C suffer damage of grade 1.

Damaging | VII a) Most people are frightened and try to run outdoors. Many find it
difficult to stand, especially on upper floors.

b) Furniture is shifted and top-heavy furniture may be overturned.
Objects fall from shelves in large numbers. Water splashes from
containers, tanks and pools.

¢) Many buildings of vulnerability class A suffer damage of grade 3; a
few of grade 4.

Many buildings of vulnerability class B suffer damage of grade 2; a
few of grade 3.

A few buildings of vulnerability class C sustain damage of grade 2.
A few buildings of vulnerability class D sustain damage of grade 1.

Heavily dam- | VIII a) Many people find it difficult to stand, even outdoors.
aging b) Furniture may be overturned. Objects like TV sets, typewriters etc.
fall to the ground. Tombstones may occastonally be displaced,

twisted or overturned. Waves may be seen on very soft ground.
¢) Many buildings of vulnerability class A suffer damage of grade 4; a
few of grade 5.

Many buildings of vulnerability class B suffer damage of grade 3; a
few of grade 4.

Many buildings of vulnerability class C suffer damage of grade 2; a
few of grade 3.

A few buildings of vulnerability class D sustain damage of grade 2.
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Destructive

a) General panic. People may be forcibly thrown to the ground.

b) Many monuments and columns fall or are twisted. Waves are seen
on soft ground.

c) Many buildings of vulnerability class A sustain damage of grade 5.

Many buildings of vulnerability class B suffer damage of grade 4; a
few of grade 5.

Many buildings of vulnerability class C suffer damage of grade 3; a
few of grade 4.

Many buildings of vulnerability class D suffer damage of grade 2; a
few of grade 3.

A few buildings of vulnerability class E sustain damage of grade 2.

Very destruc-
tive

c) Most buildings of vulnerability class A sustain damage of grade 5.
Many buildings of vulnerability class B sustain damage of grade 5.

Many buildings of vulnerability class C suffer damage of grade 4; a
few of grade 5.

Many buildings of vulnerability class D suffer damage of grade 3; a
few of grade 4.

Many buildings of vulnerability class E suffer damage of grade 2; a
few of grade 3.

A few buildings of vulnerability class I sustain damage of grade 2.

Devastating

¢) Most buildings of vulnerability class B sustain damage of grade 5.

Most buildings of vulnerability class C suffer damage of grade 4,
many of grade 5.

Many buildings of vulnerability class D suffer damage of grade 4; a
few of grade 5.
Many buildings of vulnerability class E suffer damage of grade 3; a
few of grade 4.
Many buildings of vulnerability class F suffer damage of grade 2; a
few of grade 3.

Completely
devastating

XII

¢) All buildings of vulnerability class A, B and practically all of vulnera-
bility class C are destroyed. Most buildings of vulnerability class D,
E and F are destroyed. The earthquake effects have reached the
maximum conceivable effects.

Table 16.1 : EMS-98 damage scale [EMS 98].

Note: the single intensity degrees can include the effects of shaking of the respective lower intensity degree(s) also,
when these effects are not mentioned explicitly.
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A. 2. 1. 2. DAMAGE CLASSIFICATION FOR MASONRY BUILDINGS

Classification of dammage for masonry buildings

Grade 1: Negligible to slight damage(no structural damage,
slight non-structural damage).

Hair-line cracks in very few walls.
Fall of small pieces of plaster only.

Fall of loose stones from upper parts of buildings in very few
cases.

Grade 2: Moderate damage (slight structural damage, mod-
erate non-structural damage)

Cracks in many walls.
Fall of fairly large peiuces of plaster.

Partial collapse of chimneys.

Grade 3: Substantial to heavy damage (moderate structural
damage, heavy non-structural damage)

Large and extensive cracks in most walls.

Roff tiles detach. Chimneys fracture at the roof line; failure of
individual non-structural elements (partitions, gable walls).

Grade 4: Very heavy damage (heavy structural damage, very
heavy non-structural damage)

Sertous failure of walls; partial structural failure of roofs and
floors.

Grade 5: Destruction (very heavy structural damage)

Total or near total collapse.

Table 16.2 : EMS-98 classification of damage on masonty buildings

A. 2.2. QUOTATION FROM THE RED BOOK OF BASEL CITY

,,Man soll wissen, dass diese Stadt durch das Erdbeben zerstort und zerbrochen wurde; keine
Kirche, kein Turm und kein Haus aus Stein blieb heil, weder in der Vorstadt noch in den
Vorstadten, sondern wurden groBtenteils zerstort. Auch fiel der Burggraben an vielen Stellen ein.
[-..]...brach Feuer aus in der Nacht und dauerte die folgenden acht Tage an, sodass niemand dem
Erdbeben zu widerstehen getraute noch mochte. Die Stadt innerhalb der Ringmauer brannte bein-
ahe vollstindig ab...*
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A. 2.3. DAMAGE RECORDED AFTER THE 1946 EARTHQUAKE (EPICENTRE:
SIERRE, SWITZERLAND)

AIGLE

The seismic event seriously damaged the church and the bell tower; both need to be restored
quickly [Sion ArB].

ALBINEN

The church was seriously damaged by the severe earthquake of Friday, January 25, 1946. Whereas
the chancel was specially hit, the rest of the church was not too much damaged. according to the
priest Andermatten, if the sacristy would not have been built, the chancel south side would have
overturned and made the vaults collapse along. The old stone vault was still in the chancel,
whereas the ceiling nave was replaced by a lighter vault in 1911.

Letter written by the parish priest, Mr Andermatten, to the bishop of Sion, January 28, 1946 [Sion
ArB].

ARDON

In 1524, an earthquake caused the tower collapse. A new tower was erected according to the plan
designed by Ulrich Ruffiner (1480-1544).

The church and its bell tower were especially hit after the seismic event of 1946 [Ga 96]. The
tower spire was cut four meters below the cross; the upper part was moved that resulted in hol-
lowing the masonry spire on two sides. Thanks to the timber framework, it did not break down.

CHALAIS

The spire of the bell tower was damaged; the seismic event seriously damaged the church and the
bell tower; both need to be restored quickly. It would seem that the earthquake caused the fall of
the spire tip [Cha ArP].

CHAMOSON
The bell tower was damaged (L.Pflug).

CHIPPIS

After the shock (January 25, 1946), the tower spire was damaged and its tip was horizontally
cracked 6 m below the top and slided 30 cm aside [Chippis BP]. The tip was broken during the
first motion and however did not fell down. The plaster vaults were cracked and plaster covered
the nave pews. Repair began in April 1946. Nevertheless, in May 30, two strong shakes of 3 sec-
ondes struck again the region (Magnitude on the Richter’s scale: 6; Ayent [ECOS 02]). This time,
the whole spire was highly cracked and was about to fall down. Inside the church, the vault next to
the organ was sagged and its south half part was highly cracked.

June 1, 1946, some parts of plaster detached from the vault and after a noisy cracking from the
tribune place (and a strong upwards shake (7)), the vault fell down slowly. Suddenly, the whole
vault collapsed with a terrible noise; every pew was broken as well as the lustre and the candelars.
CONTHEY

The church was highly damaged in 1946: according to human memories, the tower got too
cracked to ring the bells and the vaults were so highly cracked that they collapsed two weeks later.
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The whole church was destroyed in 1947 and a new building was erected somewhere else in the
town. Nothing is remaining; it is presently the churchyard.

GRONE

The earthquake of 1946 resulted in the falling down of the spire tip of the Grone bell tower. The
church was restored in1947 [Ar 95].

LENS

The bell tower of the parish church of Lens is repaired in 1948, after the earthquake of 1946 [Arch
prio Lens].

MASSONGEX

The church in Massongex was also damaged by the 1946 seismic event. According to the priest, the
walls seemed to wobble along their basis; he also had the impression that the edifice was collapsing.
The church had already sustained bad weather and soil settlements and there were cracks on the
walls and the vault (the vault was no longer well connected to the walls). The earthquake enlarged
them; the covering with roughcast was no longer enough and rapid reinforcement was required

[Arch Bish Sion].

MIEGE

On October 22, 1946, it was decided to reinforce the east wall which had been cracked by the
earthquake. In 1958, a survey of the vault was carried out in order to assess its stability since it was
highly cracked by the 1946 seismic events [Ston ArC].

MONTANA

The 1946 earthquake (January 25) resulted in a few small cracks along the vault and the walls. One
stained-glass was partially damaged and three were split. Two big stones from the spire tip of the
tower fell down [Mon ArP].

RANDOGNE

The chapel main edifice was 9.85 m. long and 5 m. wide; the vault was 6.2 m high. The saint sepul-
chre edifice was 6.55 m. long and 3.85 m. wide; the vault was 5.65 m high. It was written that the
edifice walls were damp [Cr 03]. When the bishop visited the chapel in 1861, he wrote that it was in
a bad state of conservation. In 1908, the edifice was restored. In 1946 [Cl 50], the chapel was still in
a bad state and it was recorded that the vault of the sacristy was in such a state that the pilgrims
were frightened to enter in.

In 1946, the chapel was highly damaged by the earthquake. The front wall was split into two parts
by a wide vertical crack, whereas both twin vaults were highly cracked and the rock itself (floor)
was damaged [Cl 50]. Damage even reached the building basis. In 1947, the damaged building was

destroyed and in 1953, the new one consecrated.

SEMBRANCHER

After the 1946 earthquake, the spire of the bell tower had to be repaired and a pillar had to be
added to each gothic window of the bell tower.
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SIERRE

The tower roof of the church Our-Lady of the Moor was hollowed and the rest of the church was
highly cracked. It is worth noting here that the ground soil is of bad quality (alluvium).

SION
Cathedral of Sion:

The spire of the bell tower was like cut and the upper part moved of about 20 cm aside.
Collegiate of Valere:

According to [Bl 46], the collegiate sustained serious damage resulting from the earthquake
occurred in 1946. They are serious enough to threat the structural safety of the edifice. They
cracks probably existed before the shake and this might merely have enlarged them. Except the
apse, every part of the church is in a bad state. The nave aisles were, compared with the whole
structure, highly damaged; there were longitudinal (lateral?) cracks along vaults. The arch tympa-
num on the outer sides, like the arch bands, presents a sort of detachment from the pillars and
walls. This deformation was so important that a voussoir (close to the keystone, the 3rd one actu-
ally) detached from the arch, fell down and broke a corner of the Jube. A large and vertical crack
was observed beneath the first timber beam crossing the nave (Ist bay, southward) (where
exactly?). Besides, the vaults of this first bay are also cracked. Alike, the cage of the stairs up to the
organ tribune 1s also cracked. The first part of the north aisle presents a large fracture on its outer
wall and the arch band 1s broken. The arch wall which contains the Rose (at the intersection of the
nave with the transept) is completely detached and the rose partially fell down. On the contrary,
the north transept, which had a barrel vault, better faced the seismic displacement than the aisles;
a transversal crack was yet observed. Although the crossing resisted in its centre, there was a
detachment along the arch which divided it from the south transept. The south transept (which 1s
actually the sacristy) is seriously damaged. The thin wall between the south aisle and the transept
was fractured, the remplage of one window was broken and finally, the vault detached towards
(where?) the crossing,

The chapels that flanked the nave also suffered from the earthquake. The arch and the vault of the
south one (above the sacristy) were fractured. The wall against the choir of the north chapel had a
large fracture.

To sum up: the cracks direction in the aisles vaults and the fall of the rose highlighted that the
aisles were no longer well tight up to the nave structure and this one is no more laterally sup-
ported. The church was merely getting opened like a fan; if it had gone on, the vaults would have
collapsed.

A. 2.4. DAMAGE RECORDED AFTER THE 1976 EARTHQUAKE IN FRUILI (ITALY)
A.2.4.1. SANTO STEFANO A CESCLANS

The church of Santo Stefano a Cesclans was situated to the north of the region of Gemona del
Friuli and Venzone, at about 15 km from the epicentre of the Tolmezzo earthquake. It was built

on a rock peak that was made of compact conglomerate (conglomerato del Tagliamento) and sur-
rounded by layers composed with fragments detached from the conglomerate.
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Archaeological survey showed tracks of a church anterior to the church, which was damage by the
earthquakes in 1976, and that was erected during the 9th century. The last edifice, which collapsed
because of an earthquake, was built in the 16th century.

STRUCTURAL CHARACTERISTICS

The church was made up of a central nave with two
aisles, an apse, an appendix leaning against the right
lateral wall and a campanile connected to the front
wall. There were also lateral arches (between the cen-
tral nave and its aisles) as well as a chancel arch
between the nave and the apse.

The edifice is about 12 m wide and 8 m high; the
campanile is 6 m taller than the rest of church. There
were no vaults in stones.

Figure 16.12 : Plan of the church Santo Stefano a Cesclans.

OBSERVED DAMAGE

Figure 16.13 : Observed damage to the fabric of the church after the main (left) and second
(right) seismic event.

1. The front wall
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The main seismic shock was at the root of the first cracking of the front wall; after the second
tremor, the facade totally collapsed like a major part of the church (likely due to the fall of the
campanile upper part on the church).

After the main shock:

e There was a vertical fracture right at the con-
nection between the front wall and the cam-
panile, along half of the height. This split
went across the fagade down to the upper
left corner of the door and after passing
through the door lintel, crossed again the
facade and finally reached the ground.

e The right part of the wall was seriously dam-
aged by diffuse cracking (right-hand figure).

Figure 16.14 : Front wall damaged by the main seismic shock occurred in May 1976.

2. Nave walls

Like the front wall, the nave walls were still standing after the main seismic shock but did not resist
the second earthquake.

Note: as no information was available about the damage following the second seismic event, only the damage resulted
[from the main shock is presented.

There was a fracture right at the connection of
the wall with the concrete cord (along the upper 1
edge of the lateral wall) that started from the R 7 - F\s
front wall and ended at the chancel arch. Moreo- N \ 0~ |]I
ver, splits, which were close to the edge bound N U
with the front facade as well as with the chancel il

arch, were observed. \:k

Figure 16.15 : Outline of the damage observed on the lateral wall (right one) of the nave.

3. Lateral walls

Every part of the lateral walls was still standing after the first seismic event, save a wall belonging
to the sacristy. Following the second event, only the left lateral wall still remained while the oppo-
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site one was completely destroyed (the sacristy included). As there was information only about a
part of the right wall, this is the only one dealt with.

Cracks concentrated within the middle
part of the lateral and chapel walls were
observed. There also was a split along the
joint of the lateral wall with the chapel
structure. A part of the outer leaf of the
lateral wall, just beneath the cord at the
corner with the front wall, fell down too.

Figure 16.16 : Observed damage to the right lateral wall after the seism of May 1976.

A complete wall of the sacristy broke down; it did not bring along the cord, which was on the wall
upper edge, but the corner with the lateral wall of the sacristy. The connection of the chapel
masonry with the sacristy fabric was actually rather mediocre.

4. Chancel arch

The chancel arch belonged to the structural components that were still standing after both seismic
events.

The masonry of the arch was separated from the
cord. The fabric being on the sides of the arch
were fractured by oblique cracks going from the
intrados to the upper angles of the wall. Only a
small part of masonry, close to the arch keystone,
fell down. On the contrary, the headstone
remained in place, being well attached to the cord.
Some of the dressed stones alongside the arch
intrados also fell down too (figure to the right).

|

=1

Figure 16.17 : Chancel arch after the main seismic shock in May 1976.

5. Apse

The state of damage changed a lot before and after the second seismic shake: the walls of the apses
cracked during the main seism shock and the second event caused the fall of the wall parts that
were previously separated from the rest of the fabric.

Following the main seismic shock, the parts of the apse wall making an angle with the lateral walls
were split by clean cracks, which were mainly situated along the upper edge of the walls (separation
between the cord and masonry); such cracks were also observed along the polygonal part of the
apse. There were also cracks parallel to the ground at about 1 m high.

The second seismic event resulted in the collapse of the structural parts that were already separated
by cracks from the rest of the masonry after the main seismic shock. Both opposite walls were then
hollowed by the tumble of a big part of their own fabric.
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It 1s worthy noting that the cord did not break down, even after the second earthquake. The left
lateral wall presented two distinct fractures: the first one was vertical and went from the annexe
wall up to the cord, while the second split had its root at one of the lower corners of the window

and ended at half the height of the same appendix (see next Figures).

After the main shock of May: After the seismic event in September:

Figure 16.18 : Damage observed on the apse after both seismic tremors.

6. Campanile

After the main seismic shock:

A part of the cell collapsed and then only a small section
remained to support the structure above the cell. On the
opposite side, an independent behaviour between the upper
part and the lower one of the cell was observed: the upper part
displaced out of its plan while the lower part did not moved.

There was also an oblique crack that crossed both first vertical
segments of the tower (from the ground); according to [Do
94], it might be due to a twisting action and influenced by a
discontinuity created during the construction.

Following the second seismic event, only the first three seg-
ments were still standing (see Figure 16.13).

Figure 16.19 : Campanile after the main seismic event.

DAMAGE MECHANISMS
1. Front wall
After the main seismic shock:

The vertical split between the front wall and the campanile, which was actually a detachment, was
likely due to the different oscillations of both structural bodies (front wall and campanile). These
latter disconnected, they certainly hammered against each other. As the lower part of the front
wall was embedded in the foundations, the hammering phenomenon caused the formation of a
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diagonal crack starting from the lowest point of the vertical crack at the connection between the
front wall and the campanile.

The other cracks were also due to the same phenomenon of hammering between the front wall and
the campanile. The diffuse cracking was probably influenced by the poor masonry quality.

After the second seismic event:

As the second shake totally destroyed the front wall, it is only possible to make assumptions about
the mechanism of failure. Then, although the fracture across the wall was large and went through
the wall on its width, it seems likelier that the front wall collapse resulted from the fall of the upper
part of the campanile onto the church.

Note: the connections between the elements of foundations had certainly played an important role within the mecha-
nisms of damage, it is actually neither known how the foundations were nor how were the connections between
them and the front wall.

2. Nave walls

The horizontal fracture at the cord foot was certainly promoted by the timber trusses movements
(hammering phenomenon) during the earthquake, if it was not the origin of the damage. The
cracking within the corners region was probably due to the connection with the orthogonal walls
(the front wall and the chancel arch).

3. Lateral walls

The configuration of the cracks and deformations, i.e especially concentrated within the central
part of the wall with oblique fractures going up to the wall corners and with out-of-plane displace-
ments, was typical of a wall connected at both horizontal edges (upper and lower edges) with rigid
bodies (membrane-like structural behaviour). In this case, these latter clearly corresponded to the
foundations along the lower edge and the cord along the upper extremity.

The collapse of the sacristy wall had its root likely in the weak connection with the chapel and the
miss of cohesion of the masonry (the sacristy was built after the chapel construction).

4. Chancel arch

The observed cracking mainly resulted from the seismic in-plane movement. It also seems that the
fabric of the triumphal arch was actually quite well bound to the cord since the cracked parts of the
masonry were still attached to it after the seism event (like the keystone). This is also confirmed by
the cracking configuration that encompassed oblique cracks (see on Figure 16.17).

5. Apse

The damage observed on the walls of the polygonal part of the apse was probably influenced by
discontinuities inside the fabric, caused by previous transformations. The fractures in the lateral
walls of the apse certainly resulted from lateral movements partially restrained by the appendix.
CONCLUSIONS

This church damage allows highlighting the following points:

e A restrained wall, even partially, along the upper and lower edges might suffer an out-of-plane

movement (membrane-like structural behaviour) and then cracked especially on its middle part.
The cord put along the upper edge of walls contributed to partially restrain them.
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¢ The discontinuities or changes of stiffness inside the masonry, which might be caused by struc-
tural transformations, often resulting in fracturing the fabric. This was the case, in respects with
the Santo Stefano a Cesclans church, between the sacristy building and the chapel wall.

e The hammering action from the roof rafters laid on a concrete cord seems to lead to the
detachment of the cord from the underneath masonry (lateral walls of the central nave).

¢ When two building parts are side-by-side, but not linked (like the campanile and the front wall),
this generally causes the cracking of both bodies part.

A. 2. 4. 2. SANTO STEFANO DI VALERIANO

The church of Santo Stefano di Valeriano was situated in the south of Tolmezzo at about 17- 18
km from the epicentre. The ground, above which was located the church, was composed of two
layers: the upper one being made up of old alluvium (about 17 m thick) and the lower one was old
alluvium compacted.

STRUCTURAL CHARACTERISTICS

The edifice encompassed a rectangular nave pro-
longed by an apse ending with a polygonal wall, two
annexes (one along each lateral wall), a sacristy and a
campanile. The apse was separated from the nave by
a chancel arch. The nave and the apse ceilings were
actually made up of cross vaults (slightly drawn on
the next Figure) in brickwork.

Figure 16.20 : Plan of the church Santo Stefano di Valeriano.

The roof was supported by the lateral walls of the nave through timber trusses and towards the
apse through trusses composed of timber rafters and metallic tie. The roof structure of the apse
took in three trusses and three rafters. The church size was about 17 m x 26 m per a height of 11
m (campanile excluded).
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OBSERVED DAMAGE

There 1s information only about the damage caused by the seismic event occurred in May 1976;
what happened after the second tremor is not presented in [Do 94| and there was even no picture

Globally, half of the
roof collapsed as well
as half of the upper
part of the Campanile,
the cross vaults and a
big part of the wall
belonging to the apse
perimeter.

Figure 16.21 : Observed damage on the church Santo Stefano di Valeriano.

1. The front wall.

The main damage was situated at the gable level: a quite
big part of brickwork tumbled down. The bottom edge
of the fallen part seems also to be the start of many verti-
cal cracks (there was also a vertical crack close and paral-
lel to the right corner edge). The left part of the wall was
crossed by crack that started from the gable upper edge,
close to the connection with the campanile, down to the
ground.

Figure 16.22 : Front wall damaged by the main seis-
mic shock occurred in May 1976.

The pre-existing and already repaired crack, which fol-
lowed the right corner of the facade, reappeared and was
enlarged (moreover it cut the wall on its whole thickness).
A large crack (on the whole thickness) appeared along the
right corner of the front wall but on the lateral wall face.

Figure 16.23 : Pre-existing crack enlarged during the
second seismic event of Sept. 1976.
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2. Lateral walls.

A long part of the cord in conrete fell down (the phenome-
non also appeared on the opposite side) and also resulted in
damaging the masonry underneath. One third of the cord
was still standing after the earthquake. The other types of
damage were more of cracking kind.

Figure 16.24 : Outline of the damage on a lateral wall.

3. Apse

The most serious damage concerned a large
fraction of the upper part of the polygonal
wall (about the half). Moreover, the fall of
these elements promoted the dislocation of
the outer wall part. The cord and the roof
structure yet remained in place.

There were many splits around the windows
that begun at the angles, corners on the lateral
parts of the apse and their surroundings

Figure 16.25 : Damage observed on the apse after the earthquake.

4. Campanile

The most severe damage was the collapse of a
big fraction of the superior part of the bell
tower. There was a vertical crack that crossed a
face of the campanile, which was parallel to the
principal face of the church, and the front wall
of the church (down to the ground). This crack
followed the discontinuity between the quoins
and the rest of the masonry in the campanile
face.

Figure 16.26 : Failure of the upper part of the campanile.

DAMAGE MECHANISMS
1. Front wall

As the gable fabric was not connected to the roof structure, its upper edges were free to move and
behaved like a cantilever. It was then fractured at its foot and the gable fell down. The crack that
started right at the connection place with the campanile would seem to be due to the hammering
of the campanile on the upper left corner of the front wall and also likely to a discontinuity within
the foundations. The other diagonal cracks were merely due to the flow of shear forces within the
front wall.
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The enlargement of the pre-existing crack highlighted the behaviour of a split structure (the
detached parts behaved almost independently from each other). The large crack appeared along the
right corner might be due to independent movements of the corner part of the fabric, as well as of
the lateral wall itself.

2. Lateral walls

The fall of the cord was certainly due to the fall of the upper part of the campanile on the roof of
the church.

The part of the wall towards the apse (presenting a diffuse kind of cracking) and the large crack
close to the corner with the front wall were probably due to the independent oscillations of the lat-
eral wall and the other structural parts (front wall for the crack along the corner on the front wall.

3. Apse

The failure of a major part of brickwork would seem to start at the connection with the sacristy and
to occur by an out-of-plane mechanism where the maximal displacements appeared in the middle
of the wall.

4. Campanile

The fracture pattern of the upper part was such that it seems highly probable the tower experi-
enced a twisting action under the earthquake (May 1976) [Do 94]. This phenomenon was also con-
firmed by the detachment of few quoins along the four angles.

The fracture, which passed at the upper corner of the front wall, actually began right at this point
since it resulted from the hammering of both buildings (bell tower and church) on each other.

CONCLUSIONS

¢ The campanile experienced a torsion action; it means that it was enough connected to the nave
body to displace the shear centre of its section.

e Although the campanile was quite well bound to the nave body, its oscillations were not similar
to the structural response of the front wall and they consequently hammered each other

¢ The metallic ties linking both opposite sides in the campanile structure at 5 m high appeared to
be actually quite efficient

e The cross vaults failed mainly because their supports moved from their initial position

¢ Before the earthquake, it would seem that the front wall was already injured along its corner
with the right lateral wall; it existed there a vertical crack indeed.

¢ The gable of the front wall behaved like a cantilever structure, as it was confirmed by its failure
(which was also helped by the miss of connection with the roof structure); the lateral walls also
behaved in similar way as confirmed by the fractures along their corners with orthogonal walls

¢ According to the vertical cracks on the lateral walls along the corners between the lateral walls

and the front wall, the front wall response to the earthquake appeared to differ from the lateral
walls one

¢ A big part of the apse broke down because of the detachment of the masonry from the cord
and certainly also because of the presence of the sacristy building,
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A. 2. 4. 3. DUOMO DI VENZONE

Venzone is small town situated to the northeast of Udine at about 7-8 km of the epicentre.

STRUCTURAL CHARACTERISTICS

The dome (also called San Andrea's church), whose construction was finished in 1338, was com-
posed of a central nave crossed by a transept, a chancel with an apse and two chancel aisles with an
apse 1n each, sacristy, appendices along the lateral walls and two towers.

The edifice was about 27 m width, 48 m long and around 19 m high.

As only information about the front wall was available, the facade of the north transept with its
campanile, the facade of the south transept with its tower, the chancel apse, the lateral walls,
annexe buildings and the chancel arch are not presented.

OBSERVED DAMAGE
There 1s information only about the damage caused by the earthquake occurred in May 1976; what

happened after the second tremor is not presented in [Do 94] and there was even no picture

A

.

Figure 16.27 : Obsetrved damage on the duomo di Venzone after the 1976 seismic event.

1. The front wall.

The following paragraph describes the damage
observed after the main seismic shock.
Although there is no information about what
happened to this facade after may 1976, it might
have totally collapsed after the second seismic
event occurred in September.

The pebbledash entirely fell down and let the
masonry totally exposed.

Figure 16.28 : Front wall damaged by the main seismic shock occurred in May 1976.
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The fabric being above the door tympanum also collapsed and the main fractures followed the
cracks that existed before the seism. Vertical cracks could also be observed on the perpendicular
walls, close to the front wall, within 1 m.

2. Facade of the north transept and north tower.

There was no information about this part of the structure after the earthquake of September 1976,
but only after the earthquake occurred in may 1976. Nevertheless, I saw on a picture of the apse
ruins in late September that there was no serious aggravation of the damage on the bell tower as
well as the side-by-side facade. The assessment of the damage caused by the main seismic shock of
May 1976 1s based on only two pictures and cannot be hence very exact, nor exhaustive.

The pre-existing failure between the
upper right corner of the facade and the
portal corner was enlarged.

Figure 16.29 : North side after the ear-
thquake.

The perpendicular walls were crossed by a vertical large crack, which seemed to go through the
front wall roof (both slopes).

From outside From inside

Figure 16.30 : Separation of the front wall belonging to the north transept.

According to [Do 94], the bell tower presented vertical cracks along its east face (toward the apse).
3. South transept facade and south tower.

The south facade of the transept totally collapsed during the main seism shock of May, although
the roof structure was yet still standing afterwards. According to [Do 94|, the front wall broke all
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along the windows perimeter and the door lintel. This fracture went on at the same height in the
tower walls and after crossing the south face. The tower collapsed quite entirely..

After the main shock of May: After the second shock of September:

Figure 16.31 : East side of the dome after each seismic tremor.

4. Chancel apses

All the apses survived (though seriously damaged) the seismic event occurred in May 1976. The
damage was situated especially in the upper parts of the apses where small parts of the outer part
of the wall fell down on the south apse, for instance. The piers were also slightly cracked in their
height. Nevertheless, the piers must have been more damaged or even slight (in appearance)
cracks may promote collapse of this kind of piers, since it remained quite nothing after the second
seismic event. Following the second seismic event, it was noted that the piers (belonging to the
apse of the central chancel), which were still standing, were dismembered in their lower part.

DAMAGE MECHANISMS

1. Front wall

The connections with the roof structure being not strong enough to resist the earthquake (the
gable was then free to behave like a vertical cantilever), the upper part of the facade broke down in
a way according to the anterior damage (old displacements or deformations, miss of connections,
etc.).

The way the portal broke down, which was a clear separation of two independent masonry parts,
indicates that it was built after the front wall.

The Vertical cracks, which co e observed on the perpendicular walls, close to the front wa
T'he Vertical ks, which could be ob d the perpendicul Ils, close to the front wall,
might have been promoted by the roof structure, but not necessary, and then enlarged as well as
prolonged towards the ground by the transversal (west-east) movements of the front wall.

2. Facade of the north transept and north tower

The enlargement of the pre-existing failure between the upper right corner of the north facade
and the portal corner was probably due to the difference of oscillations between both parts of the
structure, which leaded to a kind of hammering of both parts on each other.

3. South transept facade and south tower.

The collapse of the south facade of the transept was probably due to an overturning mechanism
(out-of-plane); the wall then took along parts of the brickwork belonging to the transept lateral
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walls. The apse piers became certainly independent of each other and behaved like vertical cantilev-
ers (not well restrained in the ground) during the second seismic event.

4. Chancel apses

The collapse of the apses might be promoted by the collapse of other structural elements like roof
parts, walls, etc. For example, the roof of the south aisle chancel apse collapsed because of the
overloading due to the south tower material that fell down on the apse roof.

Following the main seismic shock, the piers of the central chancel apse, which were still standing,
were dismembered in their lower part that likely shows a problem with the basement.

CONCLUSIONS

¢ The gable of the front wall behaved like a cantilever and took along a part of the wall that was
beneath itself, certainly because this latter was likely not well connected to the rest of the face
(difficult to assess).

e Few parts of the portal that belonged to the front wall collapsed according to pre-existing cracks
[Do 94].

e The parts of the lateral walls being close to the front wall were damaged by vertical cracks that
were supposed to result from the lateral movement of the front wall.

¢ On the south walls, quite every upper part of the appendices collapsed; this seemed to be prob-
ably due to the combination of the roof rafters hammering against upright structure and the
being (and in respects to the position of each one) of gothic windows.

¢ The south face of the transept quite totally collapsed; the limit of the failure began at the west
side at the level of the upper edge of the side-by-side appendix, went on according to the win-
dows shape and then continued on the tower south facade.

e The north face of the transept was cracked by hammering with the side-by-side campanile and
separated from the transept body by a fracture that came across the building in parallel to the
face. The main differences between both transept facades were: presence or not of windows and
shape of the side-by-side tower.

A. 2. 4. 4. DUOMO DI GEMONA

The Duomo di Gemona is located in the same town as the church of Santa Maria del Fossale, that
is to say, at the foot of the Alps, on an alluvium ground.

This famous roman-gothic edifice was consecrated in 1337 (its construction had began about fifty
years before). At this date, the dome was composed of three naves separated by two lines of col-
umns and of one rectangular presbyter. Since the consecration date until nowadays, the dome has
encountered many structural transformations, including repairs, adjunctions, modifications and
experienced disastrous events like earthquakes.

STRUCTURAL CHARACTERISTICS

Just before the Tolmezzo earthquake, the Duomo di Gemona was composed of one central nave
with two aisles, a presbyter with apse, a sacristy and numerous chapels situated along the lateral
walls of the aisles. The present dome was actually built up on the foundations of a previous roman
church, the Santa Maria della Pieve.
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From the front wall to the apse, the cathedral was about 50 m long and it was about 30 m wide
(from the Cappella di SS. Sacramento (5) to the Cappella della beata vergine (11)).

ettt
012345 10m 3

Figure 16.32 : Plan of the Duomo di Gemona.

Note: numbers 1, 2, 3,4, 5,6, 11, 12, 13, 14, 15 are chapels; number 9 is the sacristy. The axis of the nave is
West-East.

This dome, like the Duomo di Venzone, has not been as well described by Doglioni et. al. [Do 94]

as the three other churches were. Consequently, the description of structural characteristics is not

very exhaustive.

It seems worthy highlight-
ing the miss of regularity
in the dome geometry, as
you can see on the next
Figure. - i = - W m '

Figure 16.33 : Vertical plan of the dome of Gemona.
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OBSERVED DAMAGE

There is information only about the damage caused by the seism event occurred in May 1976; what
happened after the second tremor is not presented in [Do 94] and there was even no picture

The Duomo di Gemona was actually highly
damaged by the Tolmezzo earthquake: all its
right part was indeed quite demolished (enclos-
ing three chapels and the sacristy), as well as the
apse roof and the campanile. The tip of the
main facade also tumbled down. Moreover,
almost every wall was cracked and the columns
of the main nave remained deformed, even
after the restoration

Figure 16.34 : The Duomo di Gemona after the second seismic event in September 1976.

1. The front wall.

Few cracks were observed around the
roses, but these latter were not seri-
ously damaged. On the contrary, the tip
of the facade turned around a horizon-
tal axis, which was located just above
the main rose and was formed during
the main seismic shock, and then fell
down after the second seismic event.
There was no other serious damage
recorded on the front wall.

Figure 16.35 : Front wall damaged by the main seismic shock occurred in May 1976.

Though the masonry of the lateral walls, including those of the aisles and those of the central nave,
was not similar to the front wall fabric, the observation of the damage seems to indicate that the
connection between these structural components was quite efficient (efficient enough to resist the
Tolmezzo earthquake; according to [Do 94|, there were many metallic ties between the front wall
and the lateral walls). Concerning the bound between the roof structure and the front wall, it was
almost inexistent.

2. Lateral walls

As already mentioned, the lateral walls on the left side of the dome were more slightly damaged
than those belonging to the right part, and far from. The lateral walls on the right side, as well as
the chapels bound to, were actually almost totally destroyed, save the walls above the line of pillars
and the presbyter right wall.
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According to the pictures taken after the earthquake, the columns of the central nave were no
longer verticals after the earthquake. It is actually unknown whether they were originally vertical or
not.

3. Lateral chapels and sacristy

The sacristy and the chapels, which were situated along the right side of the dome, partially or
completely collapsed.

As there s little information about the damage experienced by the appendices on the left side of
the dome, save a picture of the Cappella dell'Annunziata , the chapels being on the right side are
mainly dealt with.

Chapels 13-15 (cappella del Cristo, della pieta and del Battistero):

These three chapels totally
broke down: nothing remained
even after the main seismic
shock save small parts of the
walls close to the ground.

The timber wvaults also broke
down.

Figure 16.36 : Collapse of the aisle buildings.

South door:

The wall encompassing the south door was partially destroyed: it let only the doorframe with the
surrounding arcades and a part of the window structure. The breaking, which was oblique, began
close to the eleventh chapel, circumvented the arcades, cut the circular window and stopped at the
intersection with the perpendicular wall of the appendix 12.

The appendix 10 a:

The roof totally disappeared, as well as the part of the right aisle wall related to the appendix. The
fracture edge was horizontal along the transversal wall and cut the window.

The cappella della beata vergine degli angeli (11):

In this case, only the roof and the part
of wall of the right aisle broke down;
the lateral wall of the chapel was yet
highly cracked, especially around the
bull's-eye window and above the high
window.

Figure 16.37 : Rest of the cappella della beata vergine degli angeli.

The appendix 10:
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The roof, the shared wall with the right aisle and the part of wall related to the sacristy collapsed.
Moreover, there were cracks that started from the windows corners (belonging to the lateral wall).

Sacristy (9):

From the sacristy building, only the masonry parts of the first floor outlived the earthquake. The
fracture edges followed the windows lintel in the lateral wall and the sacristy ceiling everywhere
else. The part of fabric connected to the appendix 10b yet remained not demolished.

The pinnacle obviously fell down and very likely on the sacristy roof.

4. Apse

The roof was completely destroyed, like the embat-
tled part of the wall and the fabric around the win-
dows was cracked, especially at their top.

Before the main seismic shock the apse wall was in a

quite bad state of decay and was also passably
cracked.

Figure 16.38 : Interior of the duomo di Gemona f i
after the seismic event occurred 7:%!'1}; A
in September 1976. RN R =
5. Cupola

The cupola was still standing after the second seismic shake and there is no picture at disposal to
assess any state of damage.

6. Campanile

After both seismic events, the campanile broke almost
completely and only 10 m of structure remained after
the earthquake

Figure 16.39 : Campanile after the seismic event
of September 1976.

MECHANISMS OF DAMAGE
1. Front wall

The fall of the facade tip was certainly due to the miss of connection with the roof structure that
hammered against the facade and accentuated the out-of-plane displacements due to the cantilever
structural behaviour of the gable. It is very interesting to note that the rose, which was just below
the axis of failure (and below the level of trusses tie), was not damaged.

2. Lateral walls
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Seeing the miss of information, relevant mechanisms of damage that might have occurred cannot
be established. Nevertheless, it may be possible that the hammering caused by the rafters of the
roof structure contributed to the destruction of the dome external lateral walls.

3. Lateral chapels and sacristy
Chapels 13-15 (cappella del Cristo, della pieta and del Battistero):

The collapse of these chapels was likely due to the hammering of the roof structure against the lat-
eral walls (of the aisle as well as of the chapels).

The appendix 10 a:

Once again, the collapse seemed to be partially due to the hammering of the roof structure on the
walls.

The cappella della beata vergine degli angeli (11):

The mner face of the lateral wall (configuration of the pebbledash plates) showed cracks resulting
from a shear mechanism.

The appendix 10:

The damage configuration does not look like being issued from any hammering between the
chapel and the appendix, nor with the sacristy.

4. Apse

The state of decay and cracking before the earthquake highly contributed to the failure, since the
limits of some fractures corresponded to the pre-existing cracks.

5. Campanile

According to [Do 94], the collapse of the bell tower began at its top at the windows level (in the
cell). The fabric around the windows, which looked like piers, would have been fractured at their
top and foot and would have then moved towards outside in pair with the fabric beneath them
(which was also cracked).

CONCLUSIONS

"The front wall tip behaved like a cantilever, since it had no connection with any lateral structure
(like the roof structure for instance). However the front wall survived the earthquake quite with-
out severe injuries; it was due to many metallic ties that were put between the front and lateral
walls during the last transformation that took place before 1976.

¢ Quite every appendix was damaged; this phenomenon was certainly due to the discontinuities
created following their construction (that necessarily corresponded to the destruction of parts
belonging to the previous fabric).

¢ The roof of the aisle totally broke down; it 1s difficult to establish if the roof structure was at
the root of the failure of the aisle walls (that supported it) or if it broke down following the col-
lapse of the supporting walls.

¢ In the case of the appendices, the roof rafters probably hammered the vertical structure and
promoted their collapse.

¢ The failure limits of the apse roof followed actually the pre-existing cracks.
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¢ The columns of the nave (supporting the arcades) would seem to have moved during the earth-

quake and it would seem that they remained slightly inclined after the tremor. However it is not
known whether they already had an angle with the ground before the earthquake or not.

A. 3. EXISTING METHODOLOGIES

A. 3.1. RISK-UE: CORRECTING FACTORS

1. The first part helps collecting general data, such as the name and the place as well as data related
to general points of seismic emergency, such as frequency of use and accessibility to emergency

exits.

Name of the building
Address

Period of construction
Prevalent period
Ownership

Type of use

Frequency of use

Crowding of immediate surroundings

Accessibility to emergency exits

Table 16.3 :General information about a given edifice; taken from [La4 04].

When transformations led to the present structure

Public, private, church-owned, etc
Residential, offices, library, etc

Daily, weekly, occasionally, etc

Yes/ No

Difficult, good, excellent, etc

2. The second part contains the main factors that may influence the seismic vulnerability of the

given typology of edifices such as the plan regularity and the height of walls.

General parameters Vi
Central -0.02
Plan regularity: nave typology One 0
Three 0.02
Section regularity: sailing facade/ raised | Yes 0.04
elements No 0
Included -0.02
Position Additions 0.02
Isolated 0
Yes 0.04
Domes, vaults
No 0
Low (H<6m) -0.02
Height of lateral walls Medium (6m<H<12m) 0
High (H>12m) 0.04
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Table 16.4 :Specific vulnerability parameters for churches; taken from [La4 04].

3. The obtained values are then changed according to modifier scores that account for the state of
preservation, the damage level, etc.

General parameters Vi
Bad (worst) 0.04
State of preservation/ maintenance Medium 0
Good -0.04
Severe 0.04
Damage level Light 0.02
Null 0
‘ ) Yes 0.02
Atrchitectural transformations
No 0
] ] Yes -0.02
Recent interventions
No 0.02
] Yes 0.05
Masonry quality
No 0
Ridge 0.04
Site morphology Sloping 0.02
Flat ground 0
Plan regularity depending on the typology
Section regularity depending on the typology
Position depending on the typology

Table 16.5 :General vulnerability parameters; taken from [La4 04].

A. 3.2. LOURENCO’S METHOD: APPLICATION

P.B. Lourenco et al. have developed a methodology to assess the seismic vulnerability of churches
in Portugal; it is based on three different simplified safety indexes: in-plane area ratio (I;), area to

weight ratio (I,) and base shear ratio (I3). The methodology was applied to a sample of 58 Portu-

guese churches and the results showed that quite valuable information can be obtained from this
simplified method. By extension, they also concluded that simplified methods in general give help-
ful information about the seismic vulnerability of churches.

A. 3.2. 1. APPLICATION TO THE OLD CHAPEL IN VISPERTERMINEN

INDEX 1: Ay/S
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Where A, 1s the area of the walls in the considered direction and S is the whole ground area of the

church.
For this church, based on the schema on Figure 5.15, = 156.3 m2.

Note: the real plan is unknown; the above schema bas been reconstituted according to archive texts [St 94].
On x and supposing a thickness of 0.85 m, A, = 35.7 m?; on the y axis, Ay, 1s 13.43 m>.

The index 1 is then: v (=0.23 and y; ,=0.09. It is worth noting that, according to the method, the

values must be higher than 0.1 (according to [LR 06]) to indicate that the building is safe regarding
the seismic vulnerability. It means that the surfaces of resisting walls must be higher or equal to
10% of the whole ground surface of the edifice. Furthermore, this way of calculation is essentially
about the in-plane seismic response.

Discussion

Results indicate that the chapel is seismically relatively unsafe on the y axis (the ground surface is
wider in comparison with the transversal resisting walls). This fact proves more or less to be cor-
rect since the main facade does not exist any more and the transversal wall of the apse is crossed
with a large crack. Nevertheless, it must be kept in mind that the aforementioned damage was not
necessarily caused because of a weak in-plane resistance.

It is seems worth noting that regarding the resistance on the y axis, index 1 reaches a value equal to
or higher than 0.1 with a thickness of 0.9 m; as it might be possible to find such a thickness, the
church might be also safe on y axis. This result shows that, in this case, an index of 0.9 does not
necessarily indicate that the building is really seismically unsafe since a very slight change in dimen-
sions can give a different result.

INDEX 2: Ay,/G

As a reminder: G is the weight of the whole structure (walls, vaults/ceiling and covering).
Assumptions:

e masonry (limestone masonry) weight per unit of volume: 25 KN/m3 (SIA 260)

e vault masonry (limestone tuff masonry) weight per unit of volume: 20 KN/m3 (SIA 260)

* roof weight per unit of surface: 1.25 KN/m2 (0.75KN/m2 for the tiles and 0.5 KN /m?2 for the
framework; values based on [SIA 261 03])

e the inner structure looked like the reconstituted one.
The index 2 is then: y;(=3.88 and v, ,=1.54

In both directions, the indexes are higher to 1.2, which is indicated as the bottom limit in [Me 98]
for old masonry buildings. According to index 2, the building is seismically safe in both directions.
However, as ¥,  is rather close to 1.2, it tends to the result obtained with the first index. Neverthe-

less, a value of 1.2 could be reached by adding a mass of 300 tons, which is quite high and is almost
impossible to be covered by the incertitude in dimensions.

On the other hand, the inner structure (vaults) was certainly different from the reconstituted one;
in this way, the indications given by this index have to be carefully handled.
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Discussions

Although the ground surface was wider in comparison with the transversal resisting walls (index
1), it 1s not the case of the weight. It can be said that the chapel might have been too wide but not
too heavy in regards to the resisting walls ground surface.

INDEX 3: AWI/AW* TAN(9)/B
Assumptions:

e tg(PB): 0.4 (¢p=22°); proposed value in [LO 05]

e zero cohesion

Index 3 21 (a44=0.06 g) Z3b (254=0.16 g) a59=0.2 g
i 4.77 1.79 1.43
Y3y 1.9 0.71 0.57

Under a peak ground acceleration of a,3=0.16 g (Area Z3b, in [SIA 261 03]; return period of 475
years), index 3 on y-axis is already lower than 1. This result means that the chapel is on its trans-
versal axis quite highly vulnerable to dynamic loadings.

A calculation has been carried out for a peak ground acceleration of 0.2 g (according to specialists,
this might have been the peak ground acceleration that hit the chaple in Visperterminen during
the 1855 earthquake).

If a same calculation is carried out with a value of tg(B): 0.72 [SIA V178 80], the index value along
y-axis 1s equal to 1. Even if it is not under the value level of 1.0, it more or less confirms the fact
that the chapel might be highly damaged on its transversal axis.

RESULTS SUMMARY
Index 1: y;,=0.23 and y; , =0.09.

Index 2: y,, =3.88 and y,, =1.54

Index 3:
Index 3 71 (ag4=0.06 g) Z3b (a5q=0.16 g) ag9=0.2 g
Y3x 4.77 1.79 1.43
V3, 1.9 0.71 0.57

Both indexes 1 and 3 show that the chapel 1s seismically vulnerable on its y-axis. As aforemen-
tioned, index 2 is exact only for the reconstituted plan and elevation that do not exactly represent
the chapel real structure.

DISCUSSION

Compared with the damage observed on the chapel, it must be said that the aforementioned
results seem to more or less match the reality. The transversal parts are indeed either highly dam-
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aged (transversal wall in the apse) or simply does not exist any more (main facade). However, it is
difficult to say whether these transversal walls were damaged or destroyed because of their weak in-
plane resistance or not. Furthermore, it must be added that the vertical crack in the transversal wall
in the apse does not look like an in-plane failure. It seems rather due to horizontal-vertical shocks
caused by the timber framework. This cause, which can be allowed for as a local one, was indeed
put down after the 1855 earthquake. According to the same source, the doose» framework was at
the basis of the damage.

Otherwise, the fact that the indexes do not take into
account the irregularity (in plan and in elevation) of
the building is also a disadvantage. In the church,
the impact of the chancel arch on the transversal
seismic response 1s not considered. The presence
and position of windows is also forgotten though it
might influence the seismic resistance of a building
(indexes only allowed for walls surface at the
ground). Moreover, the shape of the existing north-
west wall, which is like cut along the bottom level of
the windows, makes think that the out-of-plane
response was of importance. This 1s also not taken
into account in Lourenco's method since it allows

for only the building in-plane seismic response.

Figure 16.40 : View of the still existing north-west wall.

Furthermore, it must be said that the close other chapel, whose shape 1s more or less like the stud-
ied chapel, was damaged after the seismic event of 1855 but not destroyed. In consequence, there
no particular reason that both structures were so different to behave so differently under seismic
actions. In this case, the different quality of soil might be an explanation. However, this impact is
not taken into account in this method.

To sum up, this method gives tools to assess the global seismic behaviour of the structure; accord-
ing to what has been mentioned, it can give quite a good assessment of the general structural
response under seismic actions. Nevertheless, it did not give a realistic appraisal of the seismic vul-
nerability of the given building.
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A. 3. 2. 2. APPLICATION TO THE COLLEGIATE CHURCH OF VALERE

INDEX 1: Ay/S

The ground surface of the collegiate church of Valere 1s S= 915.42 m>,

9.5m
y ¢ 532m

1.05m

w /i

we'L

Figure 16.41 : Plan of the colegiate church of Valére, Sion.

Assumptions:
e Tower wall that includes the staircase 1s assumed to be as thick as the tower opposite wall

. Apse length for the Awy corresponds to the y length component

Two calculations have been made; in the first one, the gain of resistance that might be provided by
the pillars ground surface 1s not taken into account whereas it is accounted for in the second cal-
culation.

| Awm?l | Ayl | x| T
124.5 76.9 0.14 0.08
154.4 106.8 0.17 0.12

Without the gain provided by the pillars

With the gain provided by the pillars
Discussion

As a first result, the indexes show that, as for the chapel in Visperterminen, the transversal direc-
tion 1s more vulnerable than the lateral one. This is not really surprising since it is well known that
the cross-shaped churches are transversally more flexible.

It 1s also interesting to see that in case the pillars contribute to its seismic response, the building is
no longer seismically vulnerable in its transversal direction. The matter-of-fact there is: could the
pillars provide a certain strength under seismic actions and to which extent?
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Nevertheless, if it is accounted that the collegiate is transversally vulnerable, it 1s worth wondering
which part of the church is the most vulnerable (the main facade, the transept, the tower, the apse).

INDEX 2: Ay,/G
Assumptions:

e Masonty (limestone masonry) weight per unit of volume: 25 KN/m3 (SIA 260)

e Vault masonry (limestone tuff masonry) weight per unit of volume: 20 KN/m3 (SIA 260)

* Roof weight per unit of surface: 1.25 KN/m2 ((J.?SKN/m2 for the tiles and 0.5 KN/m? for the
framework; values based on [SIA 261 03].)

¢ Organ weight: 1 ton

¢ 4 bells in the tower; weight for one bell: 500 Kg

e Weight per unit of surface of each floor of the tower: 3.5 KN/m2 (estimation based on the
SIA260)

e The pillars ground surface has been taken into account.
The index 2 is then: y, (=1.4 and y,,=0.97
Discussion

Index 2 shows that there might be a problem in the transversal direction. Nevertheless, a paramet-
ric study has shown that the value of index 2 is highly (and almost only) depending on the masonry
weight per unit of volume; for instance, in case the masonry weight per unit of volume is lower
than the initial value of y=25 KN/m?, the index goes up to y,=1.2 (for y=20 KN/m’). It is
worth noting here that the value of masonry weight per unit of volume has been chosen according
to the Swiss code 178 and on the basis of assumed homogeneous walls. It is obvious that reality is
different and the above value of index 2 cannot be in consequence the exact value; it 1s only an
approximate value. On the other hand, the chosen value for the masonry ¥ 1s certainly close to its
real average value.

It must be written that the calculation of the weight of a complex church is not only highly time-
consuming but also not completely reliable since it is difficult to deduce the weight of every part by
only basing the calculation on plans and elevations.

INDEX 3: AWI/AW* TAN(S)/B

Assumptions:

o tg(B): 0.4 (¢=22°); proposed value in [606]

e zero cohesion

Index 3 21 (a44=0.06 g) 23b (a54=0.16 g) ag9=0.2 g
V3.x 3.94 1.48 1.18
Y3,y 2.73 1.02 0.82

According to this index, the collegiate, which is situated in the zone 3b (Swiss code 260), tends to
be seismically vulnerable in its transversal direction. Under a peak ground acceleration of 2,4=0.2g,

Seismic Vulnerability of Cultural Heritage Buildings in Switzerland 367



Appendices

the collegiate is clearly vulnerable along the y-axis; on the other hand, it also tends to be vulnerable
on the longitudinal axis.

Discussion

The values of index 3 have been defined while the gain of resistance provided by the pillars was
taken into account. In case this gain is not allowed for, the index 3 shows a certain seismic vulner-
ability on x-axis under a peak ground acceleration of 2,4=0.2g whereas along the y-axis, the value

goes down to y3 ,=0.82.

RESULTS SUMMARY

Aim?d | Ay ? | x| Ty
Without the gain provided by the pillars 124.5 76.9 0.14 0.08
With the gain provided by the pillars 154.4 106.8 0.17 0.12

Index 2: 7, =1.4 and v, =0.97

Index 3:
Index 3 71 (ag4=0.06 g) Z3b (254=0.16 g) a59=0.2 g
V3% 3.94 1.48 1.18
Y3y 2.73 1.02 0.82

The three indexes show that the collegiate is seismically vulnerable on its y-axis and might suffer
quite high damage under the seismic actions defined for the hazard zone 3b. As the values of
indexes 1 and 3 are close or equal to the level value, it cannot be said that the collegiate is clearly
vulnerable; nevertheless, in this kind of limit cases, it might be reasonable to undertake a few inter-
ventions (like reinforcing masonry; enhancement of tg(¢) for index 3) in order to keep the colle-
giate safe in case of a seismic event.

Note: in regard 1o the index 1, the exact value ts probably situated between both values (0.12 and 0.08).

DISCUSSION

Like the chapel in Visperterminen, the collegiate of Valere seems to be seismically vulnerable
mainly along its transversal axis. Nevertheless, it does not really match the damage observed after
the 1946 earthquake.

Otherwise, same notices as for the chapel in Visperterminen have to be made. Moreover, regard-
ing the collegiate structure (three naves, transept, tower), which 1s different from the chapel in Vis-
perterminen, it must be added that the method do not take into account the impact of the
transversal and lateral arches and walls (that divide the three naves). In regard to the structure, the
miss of regularity (in the three directions) is of great disadvantage.

Moreover, as the collegiate was built about 8 centuries ago, the state of maintenance of the
masonty is an important point to consider, as the reconstructions (structural and/or material addi-
tions or changes) and the impact of reinforcements (tie-rods, etc.).
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A 3.2.2.1. Plan of the Italian churches

SANTA MARIA DELL FOSSALE: PLAN

137:m 499 m
| L L
, o L
0.5m %! —
B SS
17 4 | Oy
9.6m | 1.92 ok i J B
L — X p]l

0.56 m
Figure 16.42 : Plan of Santa Maria del Fossale, with dimensions (the plan is taken from
[Do 94]).

1.78

7.37 m

Figure 16.43 : 3D view of Santa Maria del Fossale, with dimensions (the plan is taken from
[Do 94]).
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SANTO STEFANO A CESCLANS

26.02 m

9.6 m

21 T
4.62m

Figure 16.44 : Plan of Santo Stefano a Cesclans, with dimensions (the plan is taken from
[Do 94]).

10,42 m

19.4 m
3.12m

Figure 16.45 : 3D view of Santo Stefano a Cesclans, with dimensions (the plan is taken
from [Do 94]).
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SANTO STEFANO DI VALERIANO
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Figure 16.46 : Plan of Santo Stefano di Valeriano, with dimensions (the plan is taken from

[Do 94]).

Figure 16.47 : 3D view of Santo Stefano di Valeriano, with dimensions (the plan is taken

from [Do 94]).
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DUOMO DI GEMONA
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Figure 16.48 : Plan of the Duomo di Gemona, with dimensions (the plan is taken from
[Dr 87]).

A. 3.3. RISK-UE METHOD: APPLICATION
A. 3. 3. 1. APPLICATION TO THE CHAPLE OF VISPERTERMINEN

A 3.3.1.1. Level 1

Since the chapel was highly damaged after two successive earthquakes: 1755 and 1855. It 1s inter-
esting to see the difference of assessment in both cases.

BEFORE THE SEISMIC EVENT OF 1755

Note: the following information is linked fo the chapel when it was in use and more precisely before the seismic event

of 1755.

Name of the building
Address

Period of construction
Prevalent period
Ownership

Type of use

Frequency of use

Waldkapelle (Chapel in the forest)
1730-1740

1730-1740

? (probably to the parish of Visperterminen)

Mass, pilgrimage

Weekly essentially
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Crowding of immediate surroundings No

Accessibility to emergency exits Good (there were at least three exits; they were
however quite small)*

a. Since the given building has not been used for years (about 150 years), the above description is of no prevalent interest.

Table 16.6 :General information about the chapel in Visperterminen.

Vi
Central -0.02
Plan regularity: nave typology One 0
Three 0.02
o _ B _ Yes (?) 0.04
Section regularity: sailing facade/ raised elements
: ) No 0
Included -0.02
Position Additions 0.02
Isolated 0
Yes 0.04
Domes, vaults
No 0
Low (H<6m) -0.02
Lateral alls height Medium (6m<H<12m) 0
High (H>12m) 0.04
Table 16.7 :Specific vulnerability parameters for the given chapel.
Vi
Bad (worst) 0.04
State of preservation/ maintenance Medium 0
Good -0.04
Severe 0.04
Damage level Light 0.02
Null 0
‘ ) Yes 0.02
Atrchitectural transformations
No 0
) ] Yes -0.02
Recent interventions
No 0.02
] Yes 0.05
Masonry quality
No (?) 0
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Ridge 0.04
Site morphology Sloping 0.02

Flat ground 0
Plan regularity depending on the typology ?
Section regularity depending on the typology ?
Position depending on the typology ?

Table 16.8 :General vulnerability parameters for the given edifice.
The total of the modifier scores is: Vitotal=0.06

The vulnerability index results then from the sum of all the values: Vi= Vi* + Vi total=0.89
+0.06=0.95.

The expected damage grades for different seismic intensities (EMS-98):

I \ VI VII VIII X

iy (EMS-98) ‘ 1.58 2.36 3.18 3.86

The value of for the church typology is B =3 (given value).

Note: no hints are otven to assess the corrector factor for the irresularities in plan, in elevation and in position (Table
& ) 44
16.8). In consequence, no value has been defined for them.

BEFORE THE SEISMIC EVENT OF 1855
The above tables give:

Note: the chapel had been damaged after the earthguake of 1755 since then it was almost no longer used.

Vi

Central -0.02
Plan regularity: nave typology One 0

Three 0.02
L ‘ . _ Yes (?) 0.04
Section regulatity: sailing facade/ raised elements

No 0

Included -0.02
Position Additions 0.02

Isolated 0

Yes 0.04
Domes, vaults

No 0

Low (H<6m) -0.02
Lateral walls height Medmum (6m<H<12m) 0

High (H>12m) 0.04

Table 16.9 :Specific vulnerability parametets for the damaged chapel.
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Vi
Bad (worst)? 0.04
State of preservation/ maintenance Medium 0
Good -0.04
Severe 0.04
Damage level Light 0.02
Null 0
Architectural transformations Yes 002
No 0
Recent interventions Yes 002
No 0.02
) Yes 0.05
Masonry quality No ) 0
Ridge 0.04
Site morphology Sloping 0.02
Flat ground 0
Plan regularity depending on the typology ?
Section regularity depending on the typology ?
Position depending on the typology ?

a. Walls were, according to written sources, highly cracked.

Table 16.10 : General vulnerability parameters for the damaged edifice.

The total of the modifier scores is: Vitotal=0.14

The vulnerability index results then from the sum of all the values: Vi= Vi* + Vitotal=0.89

+0.18=1.07.
The expected damage grades for different seismic intensities (EMS-98):

I \ VI VII VIII X

up (EMS-98) ‘ 2.16 2.98 3.71 4.24
The value of for the church typology is B =3 (given value).
A 3.3.1.2. Level 2

This level corresponds to the level 2 of Lagomarsino's method; please, see A 3. 4. 1.
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A. 3. 3. 2. APPLICATION TO THE COLLEGIATE CHURCH OF VALERE

A 3.3.2.1. Level 1

Note: the following information is linked to the chapel when it was in use and more precisely before the seismic event

of 1755.
Name of the building Collegiate church of Valere
Address -
Period of construction Around 1300.
Prevalent period ?
Ownership ? (probably to the parish of Visperterminen)
Type of use Museum, organ concerts
Frequency of use Daily
Crowding of immediate surroundings No
Accessibility to emergency exits Medium (the room is separated into two patts by a
jube)
Table 16.11 :General information about the collegiate of Valere.
Vi
Central -0.02
Plan regularity: nave typology One 0
Three 0.02
Section regulatity: sailing facade/ raised elements Yes 0.04
’ No 0
Included -0.02
Position Additions 0.02
Isolated 0
Domes, vaults Yes 0-04
No 0
Low (H<6m) -0.02
Lateral walls height Medium (6m<H<12m) 0
High (H>12m) 0.04
Table 16.12 :Specific vulnerability parameters for the collegiate of Valere.
Vi
Bad (state in 1946) 0.04
State of preservation/ maintenance Medium 0
Good -0.04
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Damage level

Architectural transformations

Recent interventions

Masonry quality

Site morphology

Plan regularity
Section regularity

Position

Severe

Light

Null

Yes

No

Yes

No (?)

Yes

No (?)

Ridge

Sloping

Flat ground

depending on the typology
depending on the typology
depending on the typology

Table 16.13 :General vulnerability parameters for the given edifice.

The total of the modifier scores is: Vi,total=0.24

0.04
0.02

0.02

-0.02

0.02

0.05

0.04
0.02

e

The vulnerability index results then from the sum of all the values: Vi= Vi* + Vi total=0.89

+0.24=1.13.

The expected damage grades for different seismic intensities (EMS-98):

I \ VI

VIII

1y (EMS-98) ‘ 2.47

3.93

The value of for the church typology is B =3 (given value).

Note: once again, no hints are given lo assess the corrector factor for the irregularities in plan, in elevation and in
posttion (Table 16.13). In consequence, no value has been defined for them.

A 3.3.2.2. Level 2

This level corresponds to the level 2 of Lagomarsino's method; A 3.4.1.2.

A. 3.4. LAGOMARSINO'S METHOD: APPLICATION

Only the results of the method second level are recorded hereafter. The first level index has been
dealt with in the previous chapter (Risk-UE). As reminder, both methods have been developed by
LLagomarsino et al. and both first levels are similar.
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A. 3. 4. 1. APPLICATION TO THE OLD CHAPEL IN VISPERTERMINEN

The shape of the chapel in Visperterminen has been drawn thanks to the information found in
[LR 006]. The below presented scheme is the fruit of a few assumptions. Among them, the follow-
ing ones can be listed:

e It is written that the chapel was built according to the plan of the «three kings» church in Visp;
in consequence, they must have been similar though the chapel must be smaller,

e It also probably looked like the nearby chapel that survived both shaking events.

Figure 16.49 : 3D view of the chapel in Visperterminen.

MATERIALS PROPERTIES

The values of materials have been defined according to the SIA 260; walls are made up of quite
heavy ashlar limestone masonry whereas the vaults are in lighter material, maybe in tuff.

The weights per unit of volume of both materials are:

Walls 25 KN/m?>
Vaults 20 KN/ m3

MACRO-ELEMENTS

According to the method that has been developed by Lagomarsino et al.,, the chapel has been
divided into macro-elements, which are:

¢ the main facade,
¢ the nave (lateral walls),

¢ the chancel arch,
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e the apse.

Y,

Facade
asdy

Nave/ Lateral walls

Plan 3D view

Figure 16.50 : Plan and overview of the old chapel in Visperterminen.

ASSUMPTIONS
e It was allowed for that there 1s no portal,
¢ The framework is made up of trusses that are supported by the lateral walls (for the apse: every

wall supports the framework),

The results from the Level 1 calculations are the same as the ones calculated under the first level of
the Risk-UE method. In regard to Level 3, no FEM analyses have been made for the moment. This
step is a very sophisticated one and it was not the main interest of this report to carry out numeri-
cal modelling. This will be made in a next future.

A 3.4.1.1. The main facade

The real facade of the chapel in Visperterminen is actually unknown since it collapsed long ago; no
pictures or engravings could have been found. As for the whole chapel, the below presented
scheme is base on the few aforementioned assumptions.

Moreover, we assume that there were no horizontal tie-rods that helped tightening the lateral walls

to the facade.
2m /\
1.5m
1Tm
6m
l l 25m
(|
|. 1.5m
2 7.9m L

Figure 16.51 : The main facade of the old chapel in visperterminen; thickness: 0.85 m.
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According to the damage Lagomarsino et al.[L.a 06] observed on churches after seismic events in
Italy, the following collapse mechanisms were taken into account:

1. CAPACITY CURVE OF THE OUT-OF-PLANE BEHAVIOUR OF THE FACADE

According to the possible out-of-plane collapse mechanisms presented under 5.2.3, the following

ones have been analysed:

A, \/T\ )y W N
N

O
il . B i I Il _-l_l__l‘_ _rl'_l_

Tympanum overturn- Tympanum over- Overturning of the Overturning of the
ing (horizontal yield- turning (oblique whole facade upper part of the
line) yield-lines) facade
Note: the overturning part is hatched and the yield lines are indicated by doted outlines; the plain lines correspond to
cracks.

ASSUMPTIONS

¢ the tympanum (top of the main facade) does not support the framework,

¢ the tympanum is as thick as the facade,

¢ there was probably one opening above the main door and two on each side; the positioning of
each window has been assumed,

¢ there is no particular link between the facade and the lateral walls (tie-rods for instance)

¢ in calculations (especially for the gravity centre), the openings areas have not been taken mnto
account,

e calculations have been carried out according to the theorem of the virtual works; moreover it is

assumed that the rigid block turns around one point.
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RESULTS

According to the dimensions showed in Figure 16.51, the capacity curves of the three possible out-
of-plane collapse mechanisms of the facade are:

Out-of-plane behaviour of the facade: capacity curves

0.7
4
0.6 ——'I'ympanum overturning (horizontal yield-line)
8- Tympanum overturning (oblique yield-line)
05 —+—‘agade overturning
——=Overturning of the upper part of the facade
—_ @
=]
w 04
g
RS
= 03
7]
0.2
0.1
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Sd [m]

Graph 1: Capacity curves of out-of-plane behaviour of the fagade.

Where:
S, ultimate horizontal displacement; recorded on Sd axis; it is equal to half the thickness, i.e.,
in this case, 0.425 m.
S, corresponds to the spectral acceleration; in this method (based on the assumption of

rigid blocks), the spectral acceleration is equal to the peak ground acceleration.

Regarding to graph 1, the tympanum overturning through the creation of two oblique yield-lines is

i % 2
the less probable because of the high value of the spectral acceleration (about 6.3 m/s”) requested
to initiate the mechanism. The whole facade overturning seems to be less favourable since the

z ~ 2. . . . i
needed spectral acceleration (Sa=1.4 m/s”) to activate the overturning the facade is very small. It is
worth reminding here that the ground acceleration due to an earthquake in the canton Valais has

r & i g = g 3 i i
been defined as being 1.6 m/s”. (Swiss Seismological Service).
In regard with the tympanum overturning, the spectral acceleration that is required to activate the

collapse mechanism is quite high (around Sa=6.5 m/ 52); this result is probably not realistic since it
1s known that this part is one of the most vulnerable under seismic actions. This is generally due to
the impact of the framework lateral beams that hammer the tympanum. In this case, the method
might give an unrealistic value.

Note: the first point of every curve corresponds to a kind of «crackings point of masonry (so-defined by 1agomarsino
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et al.); it is the starting point for the rigid block behavionr of the wall (or part of wall).

2. CAPACITY CURVE OF THE FACADE IN-PLANE BEHAVIOUR

The collapse mechanisms that are taken into account:

)y -

.——-)
. >

1. Shear collapse and over- 2. Shear collapse and over- 3. Shear collapse in the bot-
turning of both halves of the turning of a facade part tom part of the facade and
facade. (oblique crack). overturning of every rigid

block.

ASSUMPTIONS

e There is no particular link between the facade and the lateral walls (tie-rods for instance)

¢ In calculations (especially for the gravity centre), the openings areas have not been taken into
account,

e Calculations have been carried out according to the theorem of the virtual works; moreover it

1s assumed that the rigid block turns around one point.
e The multiplier (that corresponds to the spectral acceleration in these cases) has been calculated
according to [G1 93].

RESULTS

According to the above schemes, the capacity curves of the three possible (in respect with the list
of collapse mechanisms given by Lagomarsino et al.) in-plane collapse mechanisms (shear mecha-

nisms) of the facade are:
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In-plane behaviour of the fagade: capacity curve
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Graph 2 : In-plane seismic response of the facade of the chapel in Visperterminen.

In the three situations, the spectral acceleration that is required to activate the in-plane mechanisms
1s quite high regarding the peak ground acceleration that could be measured in Switzerland.

The results show that the in-plane collapse of the facade due to seismic actions is not very realistic;
nevertheless it might be a cause of indirect out-of-plane collapse. The cracking configuration of the
facade, which would result from the in-plane seismic response, should be dealt with the same tools
previously used to assess the seismic out-of-plane response of the facade. However, this iterative
calculation would considerably increase the number of collapse mechanisms.
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A 3.4.1.2. Lateral part of the church: the nave

The collapse mechanisms that are taken into account:

Nave covered by vaults:

il

Overturning of the upper Global overturning, Overturning of one lateral
parts. wall.
Note: the above schemes are taken from [La 06].

The seismic vulnerability of vaults has been taken into account through the treatment of the trans-
versal seismic response of the nave. Since the method does not proposed any way to deal with the
seismic vulnerability of groined or rib-vaults, as there probably were in the chapel, the vaults are
modelled as being barrel-shaped.

ASSUMPTIONS

e it has been assumed that there were two ranges of prominent pillars (one along each lateral
wall) and that the vaults came up from them (like in the «Three Kings» church in Visp),

e the weight due to framework and covering (slates) has been taken into account (loading case:
own weight); the load has been defined according to SIA 261,

e possible vaults fillings have not been allowed for,

e the vaults shape has been assumed as a barrel vault with a radius of 2.95 m,

e the position of hinges has been assumed (1/4 1, V2 L, % L; L is the vault span),
e the vault is 0.25 m thick,

e cvery part of the model turns with the same angle,

e it has been assumed that the whole model collapsed when one part got unstable.
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Overturning of lateral walls: capacity curves
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Graph 3 : Capacity cutves of the overturning of lateral walls, chapel in Visperterminen.

According to the graph 3, the most probable collapse mechanisms are the global overturning at
first and then the one-pier overturning. Both require a spectral acceleration (Sa=1.15 m/s2 for the
global overturning and Sa=1.31 m/s2 for the one-pier overturning mechanism) that might be
clearly achieved in case of an earthquake in Switzerland.

It has to be said that the collapsed mechanism has been forced, that is to say, the position of hinges
has been defined in advance. It is almost certain that the collapse multiplier that has been calculated
above is not the lowest ones. Nevertheless, the calculated one could not be too far from the real
solution. Moreover, regarding the assumptions of the method, the obtained value would be more
or less close to the real value.

A 3.4.1.3. Chancel arch

The assumed dimensions of the chancel arch:

Note: to simplify the calculations, the upper part of the [0.5m

chancel arch opening has been assumed as being a

. ; : - 25m
round arch radins with a radius of 2.5 m.
6m
3m
7‘_,'[. 1 [
1.45m 5m 1.45m
I I3
7.9m
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The collapse mechanisms that have been taken into account are:

Overturning of both pillars Overturning of one pillar

ASSUMPTIONS
the arch shape has been assumed as a barrel arch with a radius of 2.5 m,

¢ the chancel arch is no support for any framework and covering,

¢ the position of hinges has been assumed (the middle part is cut symmetrically with 30° from
the vertical),

e cvery part of the model turns with the same angle,

e it has been assumed that the whole model collapsed when one part got unstable.

RESULTS
Overturning of the chancel arch: capacity curves
0.35
L
0.3 ——T'wo-pier overturning
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&
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Graph 4 : Capacity curves of the chancel arch; chapel in Visperterminen.
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According to the graph 4, the activation of the one-pier collapse mechanism 1s the most probable.
Nevertheless, the required spectral acceleration is higher than the peak ground acceleration due to
the possible earthquakes in the canton Valais.

A 3.4.1.4. Apse

The assumed dimensions of the apse are:

6m

A9

3.14
m 3m

Figure 16.52 : Sketch of the chapel in Visperterminen apse.

The collapse mechanisms that have been taken into account are:

Figure 16.53 : Collapse mechanism that has been dealt with.

The first mechanism is in fact the collapse part (hatched part in Figure 16.53) that overturns along
x direction; in the other mechanism, the same part overturns in y direction. This collapse mecha-
nism was dealt with since this pattern was observed in situ (with the structure in ruins).
ASSUMPTIONS

¢ the collapse lines are vertical and situated in the middle of each apse part,

¢ the horizontal component of the action due to rafters does not load the walls.
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RESULTS

Apse overturning: capacity curves

0.08

Sa [unit of g]

0.06 ¢

0.04
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—¢— Overturning on x .

=@ Overturningony
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Graph 5 : Capacity curves of the apse overturning; chapel in Visperterminen.

The required spectral acceleration to turn
around y-axis (i.e. on x-axis) is smaller than the
one needed for the turn around the x-axis. This
result might seem logical when looking at the
apse geometry; nevertheless, it does not exactly
match reality since the apse turned more around
x axis than around y axis as the calculations indi-
cate.

0.3 0.35 0.4

0.45 0.5

Figure 16.54 : View of the apse of the chapel in Visperterminen.

Otherwise, both values of acceleration are rather small and indicate then that this part was seismi-
cally particularly vulnerable. This result is indeed completely right.
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A. 3. 4. 2. APPLICATION TO THE COLLEGIATE OF VALERE

Plan of the collegiate of Valere (schema):

95m

53.2m 5

w/i
we'l

Figure 16.55 : Plan of the collegiate of Valere, Sion.

MATERIALS PROPERTIES

The values of materials have been defined according to the experience; walls are made up of ashlar
limestone masonry whereas the vaults are in lighter material, maybe in tuff. The walls are made up
of two leaves whose middle part is filled in with rubbles and mortar.

The weights per unit of volume of both materials are:

Walls 25 KN/m>
Vaults | 20 KN/m?

In absence of further information, it has been assumed so.

MACRO-ELEMENTS

According to the method that has been developed by Lagomarsino et al., the chapel has been
divided into macro-elements, which are:

L ]

three facades (the main one, the nave facade and the transept facade),

the nave/ lateral walls
the chancel arch,
the apse,

the tower
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Figure 16.56 : Plan of the collegiate of Valére.

The results from the Level 1 calculations are the same as the ones calculated under the first level
of the Risk-UE method. In regard to Level 3, no FEM analyses have been carried out for the
moment. This step 1s a very sophisticated one and it was not the main interest of this report to
think of numerical modelling. This may be carried out in a next future.

A 3.4.2.1. Macro-element: facade

The collegiate of Valere has three walls than can be described as being a macro-element: facade.
The first one is the gable wall; it seems to have been built later than the main body of the church.
The second wall is actually the main facade of the building even though it was concealed later with
the gable wall. The last part of the collegiate to be dealt with as a facade macro-element is the

southern wall of the southern transept.

Sl o il
27m
1.97m]
g 25 miO — =
o 2 b
el 3 & = -
i FE w [
o 3 |3
| ¥ i
A ¥
17m T 6.5m
Gable wall Main facade Transept «facade»

1. CAPACITY CURVE OF THE OUT-OF-PLANE BEHAVIOUR OF THE THREE FACADES
1. Gable wall

The out-of-plane collapse mechanisms of the gable wall are: the tympanum and the whole facade

overturning,
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1. Overturning of the upper part (tympanum) 2. Facade overturning

Though there is actually no real tympanum, this case has been taken into account because of the
side-by-side building that might more or less restrained the wall at the position that is 4.13 m high
from the ground. This limit (4.13 m high) also corresponds to a change of the wall thickness; the
real out-of-plane behaviour of the gable wall is certainly between both cases.

Note: the gable wall is 1.07 m thick up to 4.13 m high; it is 0.7 m thick in the upper part.
ASSUMPTIONS

e there are no tie-rods between the gable wall and its lateral walls,

e the covering and framework weight has not been taken into account,

e the impact of the openings has not been taken into account.

Seismic Vulnerability of Cultural Heritage Buildings in Switzerland 391



Appendices

RESULTS
Out-of-plane behaviour of the gable wall: capacity curves
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L
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Graph 6 : Capacity curves of the out-of-plane behaviour of the gable wall; collegiate of
Valere.

Though the tympanum is less thick than the bottom part of the entire gable wall, the whole facade
s more vulnerable under dynamic actions and the collapse mechanism is activated with a low
value of spectral acceleration. Moreover, the required multiplier is even under the pea ground

acceleration defined in the Swiss code (Z3b= 1.6 m/sg).

Note: there are almost certainly tie-rods that connect this gable wall to the lateral ones.
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2. Main facade

The out-of-plane collapse mechanisms of the main facade are: the tympanum and the whole facade

overturning,

13.5m
weet
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1. Tympanum overturning
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2. Tympanum overturning
(vield-line at a lower level)
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3. Tympanum overturning
(oblique yield-lines)

The fourth out-of-plane collapse mechanism is the overturning of the whole facade.

Note: the facade is asymmelric in regards fo its middle vertical axis.

ASSUMPTIONS

¢ the main facade does not support any weight due to the nave framework,

e there are no tie-rods that link the main facade to the nave lateral walls,

¢ the weight due the organ is not allowed for.
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RESULTS
Out-of-plane behaviour of the main fagade: capacity curves
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Graph 7 : Capacity curves of the out-of-plane behaviour of the main fagade; collegiate of
Valere.

The most seismically vulnerable part (in its out-of-plane behaviour) is the whole facade; this quite
an astonishing result since the tympanum is the highest part and then is likely to be damaged at
first. However the multiplier value to activate the tympanum out-of-plane collapse mechanism
(collapse mechanism 2) is not much higher than the facade one. Furthermore, the tympanum is
reinforced at its basis with vertical and horizontal iron strips that indicate it had already to be rein-
forced in the past. In this case, the impact of a possible hammering of the framework lateral
beams should be investigated.

Note: as for the gable wall, the main facade is almost certainly connected to the lateral wall through tie-rods.

3. Transept wall

According to the assumption that the window has no .
impact on the out-of-plane collapse mechanisms, the only
one collapse mechanism that is taken into account is: the
whole facade overturning. E
:3'

6.5m

394  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



ASSUMPTIONS
e the transept facade supports the weight due to the nave framework,
e there are no tie-rods that link the main facade to the nave lateral walls,

e the impact of the openings has not been taken into account.

RESULTS

Out-of-plane behaviour of the transept wall: capacity curves
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Graph 8 : Capacity curve of the transept wall; collegiate of Valére.

On the above graph, it can be seen that the transept facade 1s seismically highly vulnerable. Moreo-
ver, the graph shows that the framework has a negative impact on the value of the spectral acceler-
ation that activates the out-of-plane mechanism. Once again, since this wall has already
experienced seismic event that were characterized by higher peak ground acceleration, it must be
well connected to its perpendicular walls.

2. CAPACITY CURVE OF THE IN-PLANE BEHAVIOUR OF THE THREE FACADES
1. Gable wall

According to Lagomarsino et al., a possible in-plane col- <4
laspe mechanism is the creation of an oblique crack fol-

lowed by the in-plane overturning of the upper half part
of the wall.

96m

17 m
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Note: it is worth reminding bere that the presented scheme only approximately represents a collapse mechanism that
can really happen.

ASSUMPTIONS
¢ the impact of the openings has not been taken into account,

e there is no particular links between the gable wall and the lateral walls.

RESULTS

In-plane behaviour of the gable wall: capacity curve
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Graph 9 : Capacity curve of the shear mechanism of the gable wall; collegiate of Valere.

As it can be seen on the previous graph, the required spectral acceleration to activate the mecha-
nism is quite high. Moreover it can be said that just only because of dimensions this collapse
mechanism is almost impossible to be activated.

2. Main facade

The 1n-plane collapse mechanisms of the main
facade are: the tympanum and the whole facade
overturning.

There 1s only one visble opening that can have
an impact on the mechanisms; it is why no
other in-plane collapse mechnisms are taken

27m

17.3m

weLl

into account.

Note: the facade is asymmetric in regards to its middle vertical axis.
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ASSUMPTIONS
¢ The impact of the openings has not been taken into account,

e There is no particular links between the gable wall and the lateral walls.

RESULTS

In-plane behaviour of the main facade capacity curve
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Graph 10 : Capacity curve of the shear mechanism of the main fagade; collegiate of Valére.

Once again, as for the gable wall, the required spectral acceleration to activate the mechanism is
quite high.

3. Transept facade

Like the gable wall, there is mainly one in-plane collapse B
mechanism that can be allowed for and it is the follow-
ing one. It corresponds to the creation of an oblique
crack followed by the in-plane overturning of the upper
half part of the wall.

14.7 m

6.5m
Note: the facade is asymmelric in regards to its middle vertical axis.

ASSUMPTIONS
e the impact of the openings has not been taken into account,

e there is no particular links between the gable wall and the lateral walls.
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RESULTS
In-plane behaviour of the transept facade: capacity curve
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Graph 11: Capacity curve of the shear mechanism of the transept facade; collegiate of
Valere.

The shear collapse mechanism of the transept wall might be activated under a spectral acceleration

of 2.3 m/s>.

DISCUSSION

The in-plane collapse mechanisms proposed in the given method do not exactly correspond to
shear collapse mechanisms. The failure is indeed a shear failure but the mechsism of collapse is an
overturning around one edge. Moreover, the seismic motion that is required to result in such a col-
lapse must be larger, at least for the given front walls and transept facade, than the peak ground

accleration that can be expected in Switzerland.
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A 3.4.2.2. Lateral part of the church: the nave

The cross-section of the nave is com-

posed of three naves; both side aisles
are surmounted by a massive buttress T /\ 1
that rather looks like a wall. There is a .
small opening (door to go from one bay el o 4 4
after the other) under the ceiling of ° - 3 |=
each side aisle. The wall above each arch - cg» N
of the main nave does not go up to the .
roof ridge. L 0oy
& EE 6.74 m E.EE
M O o - NW o
o N o — N O
17 m
One collapse mechanism had to be cho-
sen in order to calculate the collapse i .
multiplier that is required to activate the
mechanism. According to the surveys c
carried out by Lagomarsino et al., the & “m"
following mechanism has been individ- el = | =
uated: - w | a
3 3
EEE g74m EE E
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The seismic vulnerability of vaults has been taken into account through the treatment of the trans-
versal seismic response of the nave.

ASSUMPTIONS
e the weight due to framework and covering (slates) is not supported by the transversal part of the
nave; the nave walls support this weight,

e the position of hinges has been assumed,

e the rib-vaults have been modelled as barrel vaults,

e the vaultis 0.25 m thick,

e cvery part of the model turns with the same angle,

e the buttresses have been included within what it is called the transversal structure of the nave,

e it has been assumed that the whole model collapsed when one part got unstable.
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RESULTS
Overturning of lateral walls: capacity curve
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Graph 12 : Capacity curve of the in-plane overturning of the transversal structure of the
collegiate of Valere.
The spectral acceleration that would lead to the activation of the above mentioned collapse mech-

. . ) . . . . . . .
anism is about 2.5 m/s”. Regarding the seismic hazard in Switzerland, it seems rather impossible
to be activated without site effects. Nevertheless, the first damage might occur under a peak

ground acceleration of 1.7 m/s?, which could happen.
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A 3.4.2.3. Chancel arch
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Figure 16.57 : Plan of the chancel arch

19.9m

To the left of this structural part is the tower. It has not been included in the chancel arch part
because the masonry of both parts is actually separated; both parts were just built side-by-side.
Nevertheless, the shape of this part looks rather weird; it is difficult to exactly know if it could be
partially included or not. On the contrary, the transept west wall has been included in the so-called

chancel arch part.

LLagomarsino’s method proposes no collapse mechanisms for such sacred edifices because it 1s lim-
ited to one-nave churches. However, in [La4 04], an example with a three-nave chancel arch is given
and the following mechanisms was chosen on the basis of this example.
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Figure 16.58 : Collapse mechanism of the chancel arch.

|

EEE & E

gy ¢ W 7'1m ~ o c>
19.9m

Seismic Vulnerability of Cultural Heritage Buildings in Switzerland

401



Appendices

Note: this structural part can be found twice in the collegiate: between the nave and the crossing and between the
crossing and the nave.

ASSUMPTIONS

¢ the weight due to framework and covering (slates) is not supported by the chancel arch; the
nave lateral walls support this weight,

e the position of hinges has been assumed (this is the most important assumption),
e the vault s 0.25 m thick,
e cvery part of the model turns with the same angle,

¢ it has been assumed that the whole model collapsed when one part got unstable.

RESULTS

Overturning of the chancel arch: capacity curves
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Graph 13 : Capacity curve of the chancel arch overturning; collegiate of Valére.

The results show that this part of the structure might be seismically highly vulnerable.

It must be kept in mind that the chosen collapse mechanism is of great importance because the
collapse multiplier depends on it. If the collapse mechanism is not correct (and this probably the
case for the chancel arch), i.e. too unfavourable, the collapse multiplier is lower than the value for
the real mechanism. The upper bound theorem gives either the right value for the collapse mecha-
nism of a structural part (which also correspond to the lowest value of collapse multiplier given by
the Static theorem) or a higher one. This is actually the Achille's heel of the method; nevertheless,
the upper bound theorem is easier and less time-consuming than its counterpart, the Static theo-
rem. The problem is that its application to «easy» structures is rather safe, even if we obtain a
higher collapse multiplier (i.e. not exactly the real collapse mechanism) for a structural part than
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the real one because they normally could not be too much different. This is no longer the case with
quite complex structures like this chancel arch part.

To sum up, this structural part might be vulnerable though not necessarily to such an extent.

A 3.4.2.4. Apse

2.41m|
3.97m
2.72m

B

A

Plan and dimensions View in elevation

-

The collapse mechanisms that have been studied (they were chosen on the basis of Lagomarsino’s
method, but they are not given in it):

1. Crenels overturning 2. Part of the apse walls overturning

ASSUMPTIONS

¢ the collapse lines are vertical and situated in the middle of each apse part,

e the horizontal component of the action due to the rafters is taken back by the framework.
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RESULTS
Overturning of the apse: capacity curves
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Graph 14 : Capacity curves of the overturning of the crenels and of horizontal strips
belonging to the apse; collegiate of Valere.

The apse seems not to be too much vulnerable. This fact is confirmed by the damage survey car-
ried out by L. Bondel in July 1947.

404  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



A. 3. 4. 3. BELL TOWER

View (schema) of the tower in elevation Collapse mechanism that has been studied.

ASSUMPTIONS
¢ the framework is constructed in the way to induce no horizontal components on the masonry,

¢ the covering with the framework moves with the below masonry in one block.

RESULTS
Overturning of the bell tower: capacity cutve
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Graph 15 : Capacity curve of the overturning of the upper part of the tower.
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As more or less expected, the tower is rather safe regarding this collapse mechanism. Neverthe-
less, 1t might be worth studying the required spectral acceleration to activate a shear mechanism
just below the covering.

A. 3.5. AUGUSTI'S METHOD: APPLICATION
A. 3.5. 1. APPLICATION TO THE OLD CHAPEL IN VISPERTERMINEN

The estimation of the collapse probability of each macro-element is dealt with at first; the
obtained results are then used to calculate the collapse probability of the whole church.

Note: both kind of evaluation have been carried ont according to the way proposed in [Au 01] and [Au 02].
ASSESSMENT OF THE COLLAPSE PROBABILITY OF EACH MACRO-ELEMENT

1. With respect to the present ruins still standing in Visperterminen, the most significant collapse
mechanisms are for each macro-element:

the tympanum (top of the main facade) does not support the fram
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Note: the hatched surface correspond the part that collapses due to the mechanism.

2. By means of the limit analysis (upper bound theorem and application of the theorem of virtual
works), nominal values of the seismic coefficients Cij are obtained.

All the assumptions made for the application of the method of Lagomarsino et al. are also made
for this method application. A few more have been made because of the method particularities.

ASSUMPTIONS

¢ the overturning of the facades and tympanums has been calculated by taking into account a part
of the wall that was in high compression (triangular distribution of stresses) instead of one theo-
retic point (as in the Lagomarsino's method). In this case, the compression strength of masonry
was assumed to be 20 MPa,

e for other collapse mechanisms, this compression part has not been taken into account and the
rotation point has been idealized in one point.

3. The probability density functions fcij of the seismic coefficients Cij are defined (Ci) have been
assumed to be normally distributed [Au 01] and the coefficient of variation (c.o.v) i1s estimated
on the basis of the number and significance of the geometrical and mechanical parameters con-
sidered under step 2. and also of their uncertainties
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Table 16.14 : Seismic coefficients and their combined probabilities for three different level

of ground acceleration.

Mechanism — Macroelement  E[C, ] oY P, P; P;
(a,=0.06 g) (a=0.19) (a=0.16 g
1a 1 0.244  0.375 0.018 0.054 0.175
1b 1 0.39 0.375 0.0084 0.0201 0.0566
2a 1 1.27 0.390 0.0021 0.0039 0.0102
2b 1 0.632  0.465 0.0098 0.0193 0.0379
3a 1 0.51 0.325 0.0024 0.0058 0.0164
3b 1 0.504  0.390 0.0067 0.0145 0.035
4a 2,3 0.33 0.450 0.0204 0.05 0.11
4b 2,3 0.626  0.315 0.0013 0.003 0.0083
4cl 2,3 0.23 0.345 0.015 0.052 0.2
7 2,3 0.115  0.375 0.12 0.37 0.86
11a 4 0.27 0.375 0.0154 0.04 0.14
11b 4 0.33 0.375 0.011 0.028 0.083
12 a 5 0.09 0.390 0.195 0.62 0.97

Note: bold numbers indicate the most probable collapse mechanisn.

4. For given earthquake intensities, the collapse probability Pj of the jth macroelement is calcu-
lated; in the case of the chapel in Visperterminen, Pj (j=1-5) is calculated according to the fol-
lowing schemes:

Front wall
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RESULTS

Macroelement Collapse probability (P), a,~0.06 m/s° (), a,~0.1 m/s (PJ,),2 a,,=0.16
m/s

Facade (1) 0.017 0.044 0.11

Nave (2, 3) 0.13 0.39 0.87

Chancel arch (4) | 0.015 0.038 0.129

Apse (5) 0.195 0.62 0.97

ASSESSMENT OF THE COLLAPSE PROBABILITY OF THE WHOLE EDIFICE

1. The critical and non-critical macro-elements have to be individuated at first. In the case of the
old chapel in Vipserterminen, it is assumed that every element 1s critical since the collapse of each
of them involve the failure of the structure. The logical diagram of the old chapel in Visperter-

minen is:
3-nave
1-fagade left wall 5-apse
2—r§1ve - 4—ch\:;r1ccl - !
right wall arch

Figure 16.59 : Logical diagram of the old chapel in Visperterminen.

2. The collapse probability of the whole building is given in 5.21.

DISCUSSION
According to the graph 16, the whole chapel would have a probability of 1 to collapse under a peak

ground acceleration of 1.6 m/ s that characterized the zone 3B where is situated V Isperterminen
[STA 261 03]. Since the chapel collapse has been defined through the logical diagram (that meant:
the chapel collapses if the nave or the facade or the chancel arch or the apse collapses), this result 1s
correct. Though it is also quite right in respect of the present ruins of the chapel, it seems to be
overstated because the chapel was not so damaged after the 1755 earthquake; it got so damaged
only after the 1855 earthquake. It 1s worth noting that the method gives no possibility to take into
account the initial state of maintenance of the edifice; the above graph must correspond to both
states: before 1755 seismic event and before 1855 earthquake. In this sense the method, as well as
the second level of the method of Lagomarsino et al., presents a great disadvantage.

The apse 1s the most setsmically vulnerable part of the chapel; it 1s followed by the nave (lateral
seismic response), the facade and then the chancel arch. With respect to the ruins and in regarding
the already cracked chapel before 1855, it 1s quite right except for the facade. Since there is nothing
that is still standing at the place of the facade it can be deduced that it was moderately or highly
damaged after the 1855 earthquake. Since the collapse multiplier has been calculated according to
the assumption that the facade did not idealistic turn around one point but a surface, this value is
maybe too much conservative or on the other hand, the other ones (collapse multiplier of the nave,
apse, etc.) are too much unfavourable. This assumption is indeed more realistic than the idealistic
movement around one point; however the definition of the compressive strength as well as the sur-
face of compression is quite delicate and makes the result more uncertain.
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The low seismic vulnerability of the chancel arch seems to be quite right with respect to the ruins.

To sum up, though the valuable results obtained, it must be kept in mind that the chapel was
already damaged in 1855, when it was struck by an earthquake. This must have had an impact on
the seismic response of the chapel but no ones of the applied methods give the possibility to con-
sider it.

A.3.5.2. APPLICATION TO THE COLLEGIATE OF VALERE

The evaluation of the collapse probability of each macro-element is dealt with at first; the obtained
results are then used to calculate the collapse probability of the whole church.

Note: both evaluations have been carried out according to the way proposed in [Au 01] and [Au 02].
A 3.5.2.1. Assessment of the collapse probability of each macroelement

1. With respect to the present ruins still standing in Visperterminen, the most significant collapse
mechanisms for each macro-elemenst are:

1a; Gable wall (A) 1a; Main facade (B) 1a; Transept wall 2a; Gable wall (A)
,/J/ 1 £ |
T o = £ 3 |
E‘ > = EI
I. m ‘L | 17 m
2a; Main facade (B), 2a; Main facade (B), 2b; Main facade (B), 4a
Tympanum 1 Tympanum 2 Tympanum 2
E 4 E 4 £ Beams cross-
&) LA Pl 2 > ! . sections
— s —— o [T
= 25m|( 25m| - oy — e
a + ) H— s —
g 2 3 la € 812 F o |2
3 ¢ 3 d ‘I
i m v
17m

410  Seismic Vulnerability of Cultural Heritage Buildings in Switzerland



4cl 4c2

Note: the hatched surface correspond the part that collapses due to the mechantsm.

2. By means of the limit analysis (upper bound theorem), nominal values of the seismic coefficients

Cjj are obtained.

As for the application to the chapel in Visperterminen, all the assumptions made for the applica-
tion of the method of Lagomarsino et al. are also made for this method application. A few more

have been made because of the method particularities.

ASSUMPTIONS

e the overturning of the facades and tympanums has been calculated by taking into account a part
of the wall that was in high compression (triangular distribution of stresses) instead of one theo-
retic point (as in the Lagomarsino's method). This assumption seems more reasonnable. In this
case, the compression strength of masonry was assumed to be 20 MPa (based on the figure 6.16,

[SIA V178]),

e for other collapse mechanisms, this compression part has not been taken into account and the

rotation point has been idealized in one point.

3. The probability density functions fcij of the seismic coefficients Cij are defined (Cij have been
assumed to be normally distributed [Au 01] and the coefficient of variation (c.o.v) is estimated
on the basis of the number and significance of the geometrical and mechanical parameters con-

sidered under step 2. and also of their uncertainties
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Table 16.15 : Fragility functions (collapse probability vs. hotizontal load coefficient) of the
macro-elements and the whole collegiate.

Mechanism — Macroelement E[CJ 0.0 P; P, P,
(a=0.0620) (a= =0. 19) (a=0.162)

1a 1A 0.25 0.375 0.018 0.053 0.17
2a 1A 0.34 0.390 0.012 0.03 0.08
1a 1B 0.097 0.375 0.15 0.528 0.954
2a 1B, Tymp.1 0.92 0.390 0.004 0.007 0.013
2a 1B, Tymp.2 0.47 0.390 0.003 0.017 0.039
2b 1B 0.21 0.465 0.046 0.113 0.29
4a 2,3 0.47 0.450 0.012 0.027 0.06
4cl 2,3 0.15 0.345 0.039 0.16 0.42
4c2 2,3 0.7 0.345 0.002 0.005 0.006
7 2,3 0.25 0.375 0.017 0.05 0.16
11b 4 0.07 0.375 0.35 0.87 0.996
12a 5 0.22 0.390 0.026 0.074 0.23
la 8 0.17 0.375 0.04 0.14 0.45

4. For given earthquake intensities, the collapse probability Pj of the jth macro-element 1is calcu-
lated; in the case of the collegiate of Valere, Pj (j=1-8) is calculated according to the following
schemes:

Gable wall Main Facade
PI a
Pla.—\ N
me p,, Paa CPies —Pj=18
P2aa m% P,
Pavnn
Nave Chancel arch
Pact p _
) :I— Pic ! ind P Pj=4
Pac2 Pj=23
Apse Transept
Pi2a— Pj=5 P1a Ps
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RESULTS

Macroelement Collapse prob. (P), a,,/3=0.06 m/s’  (P), a,/g=1.0 m/s (P’,/),z a,,/g=1.6
m/s
Gable wall (1 A) 0.017 0.044 0.11
Facade (1 B) 0.14 0.48 0.86
Nave (2, 3) 0.027 0.08 0.22
Chancel arch (4) 0.35 0.87 0.996
Apse (5) 0.026 0.074 0.23
Transept (8) 0.04 0.14 0.45

ASSESSMENT OF THE COLLAPSE PROBABILITY OF THE WHOLE EDIFICE

1. The critical and non-critical macro-elements have to be individuated at first. In the case of the
old chapel in Vipserterminen, it is assumed that every element 1is critical since the collapse of
each of them involve the failure of the structure. The logical diagram of the collegiate of Valere
1s:

1-gable
1-main 3-nave  Wall(4)
| facade (B) left wall - 5-apse |
I e el e el e I
I.?—nave O 4-chancel
right wall 8-transept  arch

wall
Figure 16.60 : Logical diagram of the collegiate of Valere, Sion.

2. The collapse probability of each subsystem composed of macro-elements working in parallel is
evaluated through Eq 5.10, where Pk corresponds to the collapse probability of each branch k of
the subsystem,

3. The collapse probability of the whole building is to be found in the Figure 5.22.

DISCUSSION

According to the graph 17, the whole collegiate would collapse under a peak ground acceleration

of about 1.2 m/s*. The most seismically vulnerable part of the collegiate is the chancel archy; it is
not surprising since the chosen collapse mechanism is the same than the one chosen for the appli-
cation of the Lagomarsino's method. Obviously, the same notes have to be made regarding this
result; though the chancel arch is probably seismically vulnerable, this result is certainly overstated.

The main facade is also highly vulnerable under seismic actions. Come after the transept wall (out-
of-plane mechanism), the apse, the nave (transversal collapse mechanism) and the gable wall.

Except the chancel arch, it can be seen that the other parts are particularly vulnerable in their out-
of-plane direction; this concerns especially the main facade and the transept wall (the south one
since the north one is side-by-side with the tower).

The apse and the nave (transversally) seem to be the less vulnerable in case of a seismic event; at
least in case of an undamaged structure, which is not really the case.
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A. 4. MASONRY

A. 4.1. GEOLOGY OF SWITZERLAND: A BRIEF DESCRIPTION

Switzerland can be geologically divided into 13 areas (Figure 16.61). Though geographically quite
homogeneous, rocks of the Jura Mountains are to be divided into 2 unities from a geologically-tec-
tonically point of view. The former, which is called the «Folded Jura» (number 3 in Figure 16.61),
is characterized by formations with folded layers dating from Tertiary time. The second unity 1s
named «Tabular Jura» (number 4 in Figure 16.61) and i1s made up of flat slabs as its name tells us.
Though we can found gneiss in the second unity, rocks that can be exploited there are essentially
limestone-marl alternations from the Jurassic formation. The eastern section enclosed the oldest
banks (Triassic up to Malm) whereas the youngest (Dogger up to Cretaceous) are situated to the
west.

Between Jura Mountains and the Alps, there is the Molasse basin which is composed of the flat
(number 1 in Figure 16.61) and the sub alpine Molasse (number 2 in Figure 16.61). Molasse basin
components, which results from the erosion of the Alps, are gravels, sands and clay more or less
consolidated to form conglomerates, sandstones and marls. The basin 1s divided into four forma-
tions (each characterized by typical types of rocks) that were created at four different eras under
two different conditions of sedimentation. However, though presenting a few differences regard-
ing their components and compaction degree, Molasse enclosed more or less strong sandstones
and also shell limestones. The main differences between sub alpine and flat Molasse layers regard
the porosity and the strength. Furthermore, unlike the sub alpine Molasse, the flat one is not
crossed by splits [Ha 42].

North Alpine foreland basin, whose rocks are constituted of limestones, marls, marl schists, dolo-
mites, sandstones, breccias, conglomerates and clay schists, was divided into two main zones
because of the different way of the creation of their rocks. The Helvetic area (number 5 in
Figure 16.61), which spreads over a large part of the north alpine foreland basin, is composed of
many nappes. Amongst them, there are the nappes of Glaris, Blimisalp, Diablerets and the Dent
de Morcles'. It is worth noting that the nappes follow the west to east axis of the Helvetic zone. As
this, Romanic zone also encloses limestones and matls essentially; however, their creation was dif-
ferent than the one of the Helvetic nappes rocks. Furthermore, after F. de Quervain [Qu 34], this
zone 1s difficult to describe with accuracy because formations (different rocks and creation eras)
are intertwined.

Central massif corresponds to a part of the Alps whose rocks have not sustained big thrusts but
only accumulations (aufstauen), ground rising (Hebung) or splitting here and there; moreover,
crystalline rocks show almost vertical schistosity. Those rocks are actually part of an old forma-
tion, older than surrounding areas. In detail, central massif is composed of four parts: the Aar's,
Gotthard's, Mont Blanc's and red sharp peaks' massif. The former is mostly made up of a granite
zone in sandwich between (northward and southward) schists and gneiss areas; all crystalline
stones are older than the Triassic era and have been from slightly to strongly modified trough the
Alps creation. The Gotthard' massif, to the south of the Aar's massif, is made up of mica-gneisses
and feldspath-gneisses often with intrusions of Amphibolites and Serpentines. At a few places,
granite blocs can also be found. Due to Alpine tectonic, Gotthard's massif rocks are at many
places metamorphic. The central part of the Mont Blanc's massif is made up of granites; along
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both sides, we find schists and gneisses with, like in the Gotthard's massif, Amphibolites and
Quartzite (Quarzporphyren) intrusions. In the whole massif, metamorphism is clearly visible. Mas-
sif of the red sharp peaks is essentially made up of diverse types of little-metamorphic granites,
gneisses, hornblende rocks (Hornfelsen) and mica-schists.

All the Southern Alps are gathered under what is called the penninic area; for the most part, it
encompasses wide gneiss banks that can be horizontal, little-sloping or sometimes sloping. This
area 1s to be divided into an upper and a bottom formation. The second encloses a large range of
thick gneiss banks (resulting from granites metamorphism) with mica-gneiss and Amphibolites
intrusions. Amongst the most well-known, there are the gneisses of the Levantine valley, the Ver-
sazca valley and of the Maggia valley. The upper formation can be essentially found in the Valais,
between the Saint Bernard's pass to the Mont Rose's massif. It essentially consists of diverse kinds
of gneisses, mica-schists and green schists; it also presents a wide area with sandstones and clay-
schists dating from the Carboniferous era. The highest penninic bank, which is called the Dent
Blanche's bank and composed of granite-gneisses as well as diorite-gneisses (close to mica-
gneisses), can be found at the top of many 4000 peaks of the Alps. Eastward, canton of
Graubiinden 1s mainly covered by the Adula and Mishabel banks; both are made up of gneisses. In
front of those banks and also at a few places between them, there are sedimentary rocks from the
Triassic, the Jurassic, the Cretaceous as well as the Tertiary eras; banks can be either a few meters
thick or more than 1000 m tall. Except Triassic sediments, which resulted in Quartzite, dolomite
and marble (from limestones) often come with Rauhwacken and Gypsum rocks, rocks are similar
as the ones belonging to the northern alpine foreland basin. Is seems worth noting the important
schists of Graubiinden that resulted from the metamorphism of rocks during the Jurassic up to the
Cretaceous era.

The ground of the Eastern Alpine region (number 11 in Figure 16.61) nappes (the Errgroups,
Albula groups and Bernina groups) has a crystalline core of old eruptive rocks as Granites, Dior-
ites, Quartzite-Diorites, Monzonites, Syenites and Gabbros-Diorites that 1s surrounded by gneisses,
Mica-schists and Mesozoic sediments. At the upper level, we find the Campo banks as well as the
Silvretta banks that are composed of complex gneisses and of diverse sediment formations.

The underground of the area called "Southern Alps" (number 12 in Figure 16.61) is made up of
Gneisses, Mica-schists and of basic rocks as Amphibolites, Gabbros and Peridotites that, in the
region of Ivrea, raised up close to the surface. Above those basis formations, we can find banks
made up of carbonated rocks created from the Perm to the Cretaceous eras, going trough Triassic
and Jurassic periods. In consequence, Limestones, Marl-schists, Dolomites and Conglomerates can
be found in the Southern Alps region.

The 13th region in Figure 16.61, the Bergel's massif, is essentially composed of Mesozoic sedi-
ments. However, what characterize him are the numerous intrusions of Granites and Tonalites at
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the Alps creation. Finally, it 1s worth noting the latest geological formation: the Quaternary, which
has resulted from Alps erosion; it can be mainly found in valleys bottom, along rivers shores.

¢ 0 2 30 40 S0km

[E—E———-

Figure 16.61 : overview of the geologist areas in Switzerland [Ha 42].

Legend:
Flat Molasse 2 |Sub Alpine Molasse 3 |Folded Jura
4 |Tabular jura 5 [North alpine foreland basin (hel- 6 |[North  Alpine foreland
vetic nappes) basin (Romanic nappes)
7 | Aar massif 8 | Gotthard massif 9 [Mont Blanc and red sharp
peaks massifs
10 | Penninic unit 11 |Eastern alpine region 12 |Southern Alps
13 | Bergel massif
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Figure 16.62 : main quarries in 1942 [Ha 42]

Legend:
Nrin the Rock type Canton Quarry/ Place
previous
fegure
A 1 Aar Granite Bern Hasli valley
1 Uri Reuss valley
B 2 Mont-Blanc Granite ~ Valais Monthey, Martigny
C 3 Granite-Gneiss Tessin Leventine valley (upper)
2 Tessin Leventine valley (middle)
5 Tessin Leventine valley (under)
6 Tessin Verzasca valley
7 Tessin Maggia valley
8 Tessin Centovalli
9 Graubtnden Hinterrhein
10 Graubinden Val Poschiavo
10 Graubtnden Engadin valley
D 11 Gneiss-Quartzite Averser valley
E 12 Serpentine Graubtnden Poschiavo
12 Un Hospen valley
13 13 Verrucano Saint Gall Murg, Mels
13 Graubtinden llanz
G 14 Gravel Marble- Wallis Sembrancher
schists
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H 15 Gravel limestone Central Switzerland ~ Matt,  Kehrsiten,  Rozloch,
(Under Cretaceons) Hergiswil, Brunnen
16 Central Seewen
Switzerland
16 Glarus Mollis, Nafels
16 Saint Gall Quinten, Weesen, Obet-
Toggenburg
16 Bern Balmholz (Lake of Thun)
I 17 Valangin Limestone ~ Bern Ringgenberg (Lake of Brienz)
K 18 Echinoderm Wallis Collombey
Limestone
18 Vaud Villeneuve (Arvel)
L 19 Green sandstone Saint Gall Buchserberg, Sevelen
19 Nidwald Beckenried
M 20 Schilfsnstein (reed Aargau Gansingen
sandstone)
20 Schaffhausen Schleitheim
N 21 Triassic Limestone ~ Vaud Saint-Triphon
O e Calc silicate rock Tessin Castione
P 23 Flysch sandstone Glarus Matt-Sernf valley
23 Fribourg Plasselb, Zollhaus
23 Bern Mitholz-Kander valley,
Schwarzenburg-Gurnigel
23 Obwald Alpnach
23 Uri Attinghausen, Bolzbach
23 Wallis Massongex, Illiez wvalley, Saint

Gingolph
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Q 24 Compact Limestone Vand Yverdon, Sainte-Croix
24 Neuchatel Valangin, la Chaux-de-Fonds
24 Bern Pruntrut, Bienne-Biel,
Reuchenette, Neuveville
24 Basle (countryside) Laufelfingen
24 Solothurn Solothurn
24 Aargau Baden, Riimikon
24 Schaffhausen Schaffhausen, Hemmenthal
24 Zurich Dielsdorf
R 25 Oolithic Lime Jura Laufen
Sandtone
25 Solothurn Balsthal
25 Basle (countryside) Muttenz
S 26 Porous Limestone Neuchatel Saint Blaise, Hauterive
T 27 Granite Sandstone Saint Gall Uznarberg, Saint Magrethen
27 Schwyz Buchberg
27 Zug Lothenbach-Zugersee
U 28 Lime Sandstone Saint Gall Ebnat, Krummenau, Schinis
(Appenzell stone)
28 Schwyz Buchberg
28 Fribourg Echarlens, Corbiéres, Attalens
28 Vaud Chexbres
|29 Platy Sandstone Saint Gall Rorschach
29 Schwyz Bich
29 Lucerne Rooterberg, LLucerne
W 30 Muschelkalksteine Aargau Wiirenlos, Magenwil,
(shell Limestone) Othmarsingen-Dottikon
30 Neuchatel Seiry (Estavayer-le-lac)
30 Saint Gall Staad
X 31 Bern Sandstone Bern Krauchthal, Bolligen,
Ostermundigen
Y 32 Fine- grained Saint Gall Herisau, Degersheim
Conglomerate
32 Zurich Riiti
Z 33 Lime Tuff Saint Gall Butschwil, Mosnang, Libingen
33 Graubunden Surava, Lenzerheide
33 Nidwald Oberdorf
33 Fribourg Corpataux
33 Wallis Saxon, Sembrancher
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A. 4.2. TYPES OF STONES

Stones are usually classified in regards to the way they have been created; one generally distin-
guishes amongst three groups: volcanic, metamorphic and sedimentary rocks.

Types of stones used for construction in Switzerland ranges from limestone, sandstone and gran-
ite to gneiss and even marble, which has been mainly used as stone facing.

In respect to the mechanical properties of stones, it can be roughly written that: they usually have
a very low resistance under tensile load; it 1s actually so a small value that it is generally considered
null. The mechanical behaviour is from far better under compression than under traction; never-
theless, considering a plane stress within the compression-tensile stress domain, the resistance is
higher than only under traction or in the tensile-tensile stress domain. Nevertheless, either under
traction or compression, rocks have a brittle mechanical behaviour, which means that collapse
occurs suddenly without any kind of yielding before rupture.

Under loading, rocks behave elastically at first up to a certain load, where micro-cracks parallel to
the action direction appear at the stone-mortar interface. Micro-cracks get bigger as the force gets
stronger until reaching the strength of masonry and finally the collapse. Once micro-cracks begin
to form, the mechanical behaviour enters in its non-linear phase. The collapse occurs more or less
quickly after entering into the plastic phase, depending on the rock ductility.

LIMESTONE

Limestone was probably one of the first rock types to be used in Switzerland either by Celtic (Hel-
vetians) people, Roman or even before them. There are quarries, which were already exploited in
Roman times, that still exist nowadays. Nevertheless, for 2000 years, many quarries have been
opened and many of them have also been closed; in the beginning of the 20th century, only about
ten quarries were still exploiting limestone.

Limestone used in the stone masonries belonging to the Swiss building heritage came from three
geological formations: Triassic, Jurassic and Cretaceous. Limestone of Castione: called black gran-
ite, this limestone 1s made up of many diverse coloured minerals that make him looks like granite.

The mechanical properties of the aforementioned rocks will be found under A 4.3.

SANDSTONE

The geological Tertiary formations in the middle country and also in the Jura Mountains, which
were essentially composed of Molassic sandstone, were exploited a lot for building. Most of
churches, cathedrals and public buildings were erected with sandstones coming from this Tertiary
formation.

The mechanical properties of the aforementioned rocks will be found under A 4.3

GRANITE AND GNEISS

Granite and gneiss are found in the Alps area; to the north, Aar granite is exploited in Gurtnellen,
Wassen and Goschenen. In Eastern Switzerland, there are many places where granite 1s exploited;
it is worth noting that other eruptive rock, the serpentine, is quarried in Pontresina. To the south,
each valley of the Tessin has its own granite type: the granite-gneiss of the Leventina valley
(Lavorgo, Giornico, etc.), the Riviera granite-gneiss (Biasca, Osogna, etc.), the Verzasca granite
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(Lavertezzo, Brione, etc.). Finally, in Western Switzerland, the Mont-Blanc granite is quarried in

Monthey-Collombey.

A. 4.3. MECHANICAL PROPERTIES OF THE MAIN STONES USED FOR THE CONS-

TRUCTION IN SWITZERLAND

Values can be found in the Appendix 3 of the Swisscode [SIA V178 80].

A. 4.4. DEFINITION OF THE THICKNESS

The wall thickness can be calculated through the equation:

H/8 H/10 H/12

—_—

HHHJHIHH
T e———
IHHHLIIHH
=
X
HHHILHHH

Figure 16.63 : method to define thickness of isolated walls.

After the isolated walls, Rondelet also
dealt with the ones connected to lat- |]

eral walls. In this respect, he pointed o ¥
. . 0=
out that if a wall is kftera]ly suppgrted = />‘ c.
by two other walls, it can be thinner _J. ‘
than an isolated wall though as stable 1 N i
as the latter. Mathematically he pro- s= L g % |H
. . BD :
posed the following equation:
A 4
I D"
‘ L

Figure 16.64 : method to calculate the thickness of connected walls.
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Where:
L Wall length
H Wall height
BD =vH? + I Diagonal length
Yii Coefficient linked to H in order to obtain the wall thickness in
respect to the each lateral connection.

Compared with the equation that give the possibility to calculate the wall thickness (s= H), the fac-
tor of correction is then: B'=1./BD* f3; in consequence, if the wall is not isolated, B'<p.

In his article II, Rondelet dealt with the topic of the walls thickness of tall basilicas. Compared to
isolated walls, they required thinner walls since the framework efficiently helps containing them.
Nevertheless, such action decrease with the nave width and Rondelet proposed a way to calculate
it, based on several surveys he did on churches. According to him, if the lateral walls of a nave
have no other connection than the roof timberwork, the wall thickness will be a twelfth of the
height, reduced according to the nave width with the same equation developed to allow for the
distance between the lateral walls.

bo=Hs/12 + H;/24 - b=bg-L/BD
(0.77) (0.42]
+ . v

bo=H/12 (1.15) -

AN

b=bo-L/BD

H
(13.85)f

N ! L (8.90) B

L (8.90)

Figure 16.65 : Method to calculate the thickness of basilicas walls.

In case there are low-aisles whose timberworks lean against the main nave walls, these latter thick-
ness corresponds to a twelfth of the vertical dimension from the low-aisles timberwork up to the
main nave timberwork with a twenty-fourth of the lower part of the wall and once again reduced
according to the nave width.
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A. 4.5. DIAGRAM OF FAILURE OF MASONRY UNDER DIFFERENT STRESS LAO-
DING; AFTER PAGE

Ange Unlaxial Tansion | Cehar Ratos Uniaxll Sompression
. 3
9 |

Figure 16.66 : Failure of masonry under different loading conditions; according to Page [Pa
92].

A. 5. SAMPLE: NUMERICAL CALCULATIONS

A. 5.1. DEFINITION OF THE YOUNG’S MODULUS OF THE MASONRY WITH
MOLASSE BLOCKS, ACCORDING TO THE SIA V178:

HXIZHS (volume of the stone part in %)+E_ (volume of the mortar part in %)
Eg: 4497 MPa*
E_: 1933 MPa’

The voulme of the stone part is: Vs=(1.3454—0.035)*0.53*2.1—?*0.01*0.34*0.5321.45 m’

1. x corresponds to the x-axis (vertical).
2. Value defined by wave velocity [MP 04]
3. Value experimentally defined [Fa 07]
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The voulme of the mortar part is: Vm=3.5%0.01%0.53*2.1+7+0.01%0.34%0.53=0.052 m’

The volume of the whole part: VI'= 1.345%2.1%0.53=1.5 m’
Then, the volume in %: for the stone part: 96.7 % and the mortar part: 3.3%
E.=4497*0.9674+1933%0.033=4412.4 MPa

4. Bed and head joints are 1 cm thick; the bed joints between the molasse part and the limestone layer is consider for a half.
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A. 5.2. RESULTS FROM THE DEFOMETER TARGETS
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Figure 16.67 : Results obtained with the defometer targets [Fa 07].
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A. 6. FLOW OF FORCES WITHIN A BARREL-VAULT
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Figure 16.68 : Flow of forces wihtin a barrel vault [Ba 91].
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A. 7. SEISMIC RESPONSE OF STANDARD UNITS

A. 7.1. FRONT WALLS

A.7.1.1. FW3

Contrary to FW2, FW3 1s not frequently
found in Switzerland; it actually constitutes a
part of narthexes that can be found in
Romanesque Burgundian edifices.

The proposed configuration with six openings
is one possibility; in fact, it is the same pattern
than the narthex of the abbey church in Pay-
erne.

Proportions are the following:

e H/L=075-1

e Hy=2-3m

e H,=12m

Figure 16.69 : FW3 general pattern.
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As aforementioned, front walls may overturn under seismic actions out of their plane. Neverthe-

less, there is no gable on this type of front wall; only the overturning of the whole facade must be

consequently checked.

Whole facade

One of the possible flows of forces is shown on the Figure 16.70: there are three columns where

equivalent lateral forces are directly transfered down to the ground thanks to the masonry self-

weight and six sections where they are horizontally transfered by arch effect.

It must said that another flow of forces where
there is no horizontal transfer could also be pos-
sible and may make the calculations less time-
consuming; however, this easier transfer of
forces does not give the possibility to determine
under which ground acceleration the front wall
will get separated from the lateral walls along the
vertical edges.

Note: the dotted lines correspond to partially restrained
bearings.
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Figure 16.70 : Possible transfer of forces within FW3 front wall.

The in-plane behaviour is treated as for the FW7 standard unit.

A.7.1.2. FW4

The FW4 type of front wall is essentially found as a part of
Westwerk facade, like on the Basel cathedral or the
«Fraumunster» in Zirich.

The component itself can be characterized by a certain seis-
mic vulnerability (due to its own structural behaviour under
seismic loading); nevertheless it is more vulnerable because
of the movement of the adjacent structural components.
The proposed configuration for openings is quite frequent
one, though it might have no window but a door instead.
Proportions are the following:

o H,/L=23; H,/H;=12516;
e Hy=12m

H,/L= 1525

Figure 16.71 : FW4 general pattern.
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This kind of front wall is quite slender and might overturn when no longer connected to lateral
components. As the previous case, there 1s no gable and consequently, only the overturning of the

whole fagade must be consequently checked.
Whole fagade

One of the possible flows of forces is shown on the
Figure 16.70: there are four columns where equivalent lat-
eral forces are directly transfered down to the ground
thanks to the masonry self-weight and two sections where
they are horizontally transfered by arch effect.

It must be said that another flow of forces where there is no
horizontal transfer could also be possible and may make the
calculations less time-consuming.

In this case, A is proportional to H,/L, and o to Hy/L,
The strength of the part 2 is to be calculated according to
the way proposed under chapter 8.3.

Note: the dotted lines correspond to partially restrained bearings.
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Figure 16.72 : Possible transfer of forces within FW4 front wall

The in-plane behaviour is treated as for the FW7 standard unit.
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A.7.1.3. FW6

FW6 corresponds to the most wide-
spread type of front wall in Switzerland;
it is basilicas front wall.

The proposed configuration for open-
ings is not the most frequent one (win-
dows can be taller and wider).

Usual proportions are the following:

e IL=15-21a

e H.=0.75-1.5Lt

e H,=0.4-0.6 Ht

e Rosace radius varies as a function of
the main nave width

¢ The main door height varies as a
function of the aisles height.

Figure 16.73 : FW6 general pattern.

OUT-OF-PLANE BEHAVIOUR

One of the possible flows of forces is
Due to

the
equivalent forces of the upper part
transfer first to the lateral edges.

In this case, o is proportional to H_/
(0.5L.-0.5Ly) and P to Hjy/L.
A=H,/L,
can be calculated according to the way
proposed under chapter 8.3.

shown on the Figure 16.74.

patricular boundary conditions®,

and

. The strength of these parts is

Note: the dotted lines correspond to partially
restrained bearings.
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a. The walls of the main nave do not stop at the top of the aisles roof; it go down a bit further (arcades level).

Figure 16.74 : Possible transfer of forces within FW6 front wall.

The in-plane behaviour is treated as for the FW7 standard unit.
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A. 8. SEISMIC HAZARD IN SWITZERLAND
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Figure 16.75 : Seismic hazard in Switzerland for an earthquake with a return period of
T=475 years (Swiss Seismological Service).

Fach zone, which describes a different seismic hazard, is characterized by a peak ground accelera-
tion that are:

e zone 1: agdZO.G m/s>
e zone 2: 3gd=1.0 m/s>
e zone 3a: agdZI.S m/s>

e zone 3b: agd=1.6 m/s>
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