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Abstract

This report summarizes the results of the vulnerability assessment in the framework of the
COGEAR project (Module 1c) dedicated to the city of Visp (Valais, Switzerland). The char-
acteristics of the building stock were first collected and a database was designed to store and
analyze these data. Second, data on 21 typical buildings in Switzerland, including ambient
vibration tests, and analytical models were computed in order to better understand the vulner-
ability of different buildings classes. Fragility curves for unreinforced masonry structures with
rigid slabs are proposed according to a newly developed method. The issues concerning other
building classes are also discussed. Combined with hazard computations performed in the other
tasks of the project, the results of this work will allow to develop risk and scenario maps with
the corresponding possible damages in Visp.
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4 1 INTRODUCTION

1 Introduction

Seismic risk assessment covers a large number of research fields in geology, seismology, geotech-
nics, structural engineering, etc. They provide interdependent analysis tools that need a com-
mon set of parameters. Therefore, a collaborative work especially between geologists, seismol-
ogists and structural engineer is necessary to lead to relevant and coherent methodologies. This
is one of the purposes of the COupled seismogenic GEohazards in Alpine Regions (COGEAR)
project. This report presents the results for module 1c entitled "Vulnerability and risk" led by
IMAC laboratory at EPFL Lausanne. The goal of this module is to define the building stock
of the target city of Visp (Valais) (Task 1c.1) and propose vulnerability functions (or fragility
curves) to characterize the probability of each building class to be damaged for a given ground
motion (Task 1c.2). Therefore, using these vulnerability functions, the hazard results (Mod-
ules 2 and 3) and the tools developed in Module 1, a complete methodology of seismic risk
assessment will be proposed (Task 1d).

Seismic vulnerability assessment in a given area requires previously the knowledge of the
distribution of the building stock. Several attempts to assess and classify the Swiss building
stock have been already been made [Brennet et al., 2001, Belmouden and Lestuzzi, 2005,
Michel et al., 2008]. In any case, on-site surveys have to be conducted in the study-area to
collect data about the constructions. The Visp City is an industrial town located in the Rhone
Valley. It is typical of the Swiss cities in terms of number of inhabitants (about 8000), distri-
bution of the building stock and regarding its position in an alpine valley. This city is located
in the 3b zone of SIA261 design code with a ground acceleration of 1.6 m/s

2, i.e. in the high-
est Swiss seismic zone that can be considered as moderate. Moreover, a microzonation exists
showing large amplifications on the Rhone sediments [CREALP, 2005] compared to the ground
motion on the rock (old city-centre). The major Visp earthquake of 1855 [Fritsche et al., 2006]
(Intensity VIII in Visp) hit severely the city, even if the Rhone valley was not settled at that
time.

In this report, the first part (section 2) describes the building stock found in Visp and large-
scale empirical methods are applied to estimate damages for a given scenario and compare with
the 1855 Visp earthquake. Then, the study focuses on typical buildings studied in the two last
years, including 5 buildings in Visp. The buildings are described (section 3) and the results of in
situ dynamic tests for Visp buildings are summarized (section 4). Reference is made to Michel
et al. [2008, 2009a] for detailed analysis of other buildings. A modelling strategy coupled to
a probabilistic framework is proposed, in order to compute fragility curves of two particular
types: stone masonry structures with rigid floors (M3-2i) and modern masonry structures built
before 1970 (M6c1) (section 5.2).
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2 Building inventory (Task 1c.1)

2.1 Analysis method and data storage

In order to determine the characteristics of Visp building stock, 381 buildings were surveyed.
Data on their geometry, material quality and environment were collected by IMAC in approx-
imately 5 days. These data are related to their seismic vulnerability (material quality, stiff-
ness, etc.), to non-structural elements (chimneys, balconies. . . that could fall on people in case
of earthquake) and to their architecture in order to relate them to a particular building class.
Indeed, Michel et al. [2008] developed a classification of the Swiss building stock with the as-
sumption that buildings of the same classes have a similar behaviour to strong ground motions.
In that case, detailed analysis of each class and the distribution of the classes among the city
allows to fully estimate the seismic risk. The building class according to this typology as well as
to the EMS classification [Grünthal et al., 1998] has been deduced for each surveyed structure.

In order to be retrieved on the COGEAR website, the data are stored in a PostgreSQL
database hosted by a server in the IMAC laboratory that distributes PostGIS (Geographic Infor-
mation System) layers. These layers can be remotely visualized on a GIS software as well as
on the COGEAR portal together with data on seismicity, slope instabilities etc. A layer called
’survey’ contains all the surveyed data (section 2.2). Additionally, estimations of the seismic
vulnerability using empirical methods are directly computed in the database and the results
provided the same way (see section 2.3).

2.2 Distribution of the building stock

Visp used to be a small burg located in a strategic point at the confluence of Saas and Rhone
rivers. Until the end of the XIXth century, many houses were made of wood whereas the houses
of Burgers were made of stone masonry with wooden floors. In 1855, Visp suffered the greatest
earthquake of the last 300 years in Switzerland, with a magnitude estimated to 6.4 and an
Intensity in Visp of VIII on the EMS-98 scale [Fritsche et al., 2006]. In 1909, the Lonza
chemical industry set up in Visp so that the population and therefore the building stock grew in
the direction of the Rhone valley. However, the new buildings are still made of stone masonry.
After 1945, the growth accelerate and the whole Rhone Valley is settled at the end of the 1970s.
The new buildings are made of RC walls or brick masonry walls with stiff slabs. Nowadays,
Visp still has its old city-centre on the rock site and the buildings of the XXth century spread
over the Rhone valley (Fig. 1). The chemical industry buildings of the Lonza company are also
located on the Rhone sediments, but are not studied in this report.

Fig. 2 shows the evolution of the city from the centre to the suburbs. In Visp, the old town
appears clearly on the rock site, whereas the suburbs expanded to the Rhone valley. Most of the
buildings of the city (60%) were constructed after 1945.

The distribution of number of storeys (Fig. 3) is also coherent with history. Most of the
buildings have around 2-3 storeys, 4-5 storey-buildings are also common, and there are only
few high-rise buildings. It may be a general tendency in Switzerland.

The distribution of the main building types is presented in Fig. 4. There are not enough stud-
ied buildings to account for a more refined typology. Masonry buildings account for approxi-
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Figure 1: Development of the city of Visp from 1888 (after the 1855 earthquake) to 1981.

mately 2/3 (63%) of the buildings. A large part of stone masonry structures (approximately 1/2)
are historical buildings of the old city-centre. The other great part of buildings are RC struc-
tures, especially made of shear walls (28%). Excluding some industrial steel structures, we can
also remark the presence of 5% of wooden buildings, related to the construction tradition of the
mountainous surroundings.

The observation of many buildings allow us to better select typical buildings that can be
studied in a more detailed way (see section 3).
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Figure 2: Distribution of the construction years of buildings in Visp from the survey data.
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Figure 3: Distribution of the number of storeys of buildings in Visp from the survey data.
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Figure 4: Distribution of the building material in Visp from the survey data.
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2.3 Empirical Vulnerability and Risk

Surveys at the city-scale also lead to a first estimation of the seismic vulnerability of the city by
applying so-called empirical methods. These methods were first proposed in the US after the
1971 San Fernando earthquake [Calvi et al., 2006]. They use statistical data of observed dam-
ages to propose vulnerability models based on simple characteristics as the construction mate-
rial, the geometry, the environment, etc. Two methods were selected according to the numer-
ous methods available in the literature and applied to the survey data: the VulneRAlp method
[Guéguen et al., 2007] based on the Italian methods but simplified for the case of Grenoble and
the Risk-UE LM1 method [Milutinovic and Trendafiloski, 2003] developed in the frame of a
European project by Italian researchers [Lagomarsino and Giovinazzi, 2006]. They are both
based on a vulnerability index (VI) that ranges from 0 (not vulnerable) to 100 (very vulnerable)
or 0 to 1. Fig. 5 shows the vulnerability index for the city of Visp. These values are only valid
on average, not for a particular building. Therefore, zones based on the parameters surveyed
in section 2.2 were delimitated. At a first glance, it is clear that Risk-UE and VulneRAlp VI
are not comparable, even if they are scaled the same way. Indeed, this parameter gives only a
relative value of the vulnerability of each structure. The important parameter is the damage for
different Intensity values of earthquake scenario. The results show that city-centre is the most
vulnerable.

(a) (b)

Figure 5: Vulnerability Index (VI) of the city of Visp according to the (a) Risk-UE LM1 and (b) VulneRAlp
methods.

In the empirical methods, a relationship is given between the vulnerability index and the
damage grades for an earthquake of a given intensity (EMS-98 scale). The results for an In-
tensity V III earthquake are displayed on Fig. 6. The average damage grade in the city-centre
of Visp is 3 in both methods. However, for the other zones Risk-UE method predicts lower
damages than VulneRAlp method. This intensity corresponds to the 1855 earthquake for which
historical data are available. Using these data, Fritsche et al. [2006] give an average damage
grade of 3 for the city that was there at that time. However, they showed that many struc-
tures were in damage grade 4 and several structures fully collapsed that is not predicted by the
empirical methods (Fig. 7).

Another sorting method is proposed by the Federal Office for the Environment called OFEV
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(a) (b)

Figure 6: Damage Grades in case of Intensity V III earthquake of the city of Visp according to the (a) Risk-UE
LM1 and (b) VulneRAlp methods.

Figure 7: Damage of the 1855 Visp earthquake reconstructed using historical documents. From Fritsche et al.
[2006]
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step 1 method [Kölz and Duvernay, 2005]. This method, based on risk, aims at sorting buildings
to decide the most critical to study in deep. In this study, the collapse probability (WZ) is
displayed (Fig. 8). On the contrary to VulneRAlp and Risk-UE, its value is not scaled. The
results of this method show a quite different image of vulnerability of the city. Additionally to
the old city-centre, many buildings in the train-station zone i.e. on bad soil-conditions, are also
to be considered in priority.

Figure 8: Collapse probability (WZ) of the city of Visp according to the OFEV sorting method.

The vulnerability and risk analysis at large-scale using empirical methods give a first insight
of the distribution of the vulnerability in a city. However, the results for a given building can-
not be used and more detailed analyses are needed. The comparison with the 1855 earthquake
displays different damages than what is predicted by methods based on Italian data. This also
shows that the particularity of Swiss building stock do not allow the direct use of results from
other countries with different building classes [Michel et al., 2008]. Moreover, hazard is esti-
mated using physical parameters such as spectral acceleration or displacement that cannot be
used in such empirical methods. The available microzonation shows large amplifications in the
Rhone Valley that are therefore not accounted for in these computations. Hence, structures in
this zone are likely to be more damaged than expected in the displayed maps. These results
show that more adapted methods, based on the real behaviour of existing buildings are needed
to really estimate the vulnerability and risk. Therefore, based on case studies, new vulnerability
assessment methods are developed in this report.
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3 Typical buildings

During the last two years of the COGEAR project, data on many buildings were collected to
improve the knowledge on seismic vulnerability of existing buildings in Switzerland. All the
buildings studied during that period of time are summarized in Tab. 1. This report focuses on
several building classes and does not develop studies for all the structures. References for de-
tailed studies are also given in this table.
Two building classes were particularly studied: stone masonry buildings of the 1920s-30s with
RC floors (M3-2i type following Michel et al. [2008]) and clay brick masonry buildings of the
1950s-60s with RC floors (M6c1 type following Michel et al. [2008]). The study of respectively
4 and 3 structures using in situ dynamic tests, numerical and analytical modelling (see section 4
and 5.1) allowed to derive fragility curves for each class (section 5.2). Moreover, mixed struc-
tures of brick masonry and RC walls (RCM type) and individual modern brick masonry houses
(M6ind type) are also presented in this section and in situ dynamic tests of these structures are
developed in section 4. The main issues regarding seismic vulnerability of these classes are ex-
posed. The majority of these structures is located in Switzerland, except two structures studied
during the second SGEB survey after the April 2009 L’Aquila earthquake [Michel and Oropeza,
2009]. Five structures, described in more details, are located in Visp.

# Type Location Name # st. Cstr. date Reference

1 M1 Sion (VS) N.-D. Valère XIth Michel [2009]
2 M1i Visp (VS) Courthouse 3 1699
3 M3-1i Visp (VS) City Hall 3 1900
4 M3-2i Rocca di Cambio (Italy) Saas Fee 3 1942 Michel and Oropeza [2009]
5 M3-2i Sion (VS) Chateauneuf 1 4 1920s Michel et al. [2009a]
6 M3-2i Sion (VS) Chateauneuf 2 4 1920s Michel et al. [2009a]
7 M3-2i Lausanne (VD) Chablais 30 6 1900 Michel et al. [2009a]
8 M6c1 Yverdon (VD) Jaquier 14-16 4 1940s Michel et al. [2008]
9 M6c1 Visp (VS) Litternaweg 7 3 1964
10 M6c1 Visp (VS) Litternaweg 9 3 1959
11 M6c1 Pully (VD) Chamblandes 56 3 1960s Michel et al. [2008]
12 M6c1 Bern (BE) Burgerheim 15 1960s Oropeza et al. [2009]
13 M6ind Monthey (VS) Crochetan 54 1 1940s Michel et al. [2008]
14 M6ind Sion (VS) Ferme Oasis 2 ? Michel et al. [2009a]
15 M6ind L’Aquila (Italy) SS80 79 2 1967 Michel and Oropeza [2009]
16 RCM Delémont (JU) Morépont 2 7 1978 Michel et al. [2009a]
17 RCM Sion (VS) La Butte 7 1970s Michel et al. [2008]
18 RCM Visp (VS) Napoleonstr. 22-26 5 1980s
19 RCM Lausanne (VD) Grey 16-20 5 1970s Michel et al. [2009a]
20 RCM Chêne-Bougeries (GE) Montagne L 7 1968 Michel et al. [2009a]
21 RCM Chêne-Bougeries (GE) Montagne I 7 1968 Michel et al. [2009a]

Table 1: Summary of the study-buildings over the last two years. The last column refers to previous or additional
studies of the corresponding structure.

3.1 Stone masonry structures with wooden floors (M1, M3-1)

Masonry structures with wooden floors (Fig. 9) are known to be the most vulnerable building
class. These types of buildings are not adequately assessed by the current methods. The wooden
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floors do not ensure a diaphragm effect, therefore out-of-plane behaviour has to be particularly
considered. In situ tests, performed for these two structures, may improve the vulnerability
assessment but adequate methods should be developed in the future.

Building #2 is a bourgeois house built in 1699 for the Burgener family in Visp. It is now the
courthouse. In 1855, the great Visp earthquake (25/07/1855, Intensity VIII in Visp) collapsed its
little steeple. It has not been rebuilt before the 1985-86 restoration. On the left part, arcades have
been filled between the 30s and the 1985 restoration. This simple stone masonry structure is
made of a 3-story part with an attic and a 5.5-story tower (little steeple) containing the stairway
(irregularity in elevation). The two last tower stories have been built in 1985 made of concrete
blocks masonry with good mortar. The masonry quality cannot be seen but the construction date
implies bad mortar. Tower floors are shifted of a half story compared to the floors of the main
part of the building. The floors are made of masonry vaults along the corridors, the arcades
and in the staircase which stiffens the structure and of wood beams in the rooms. After the
quake, tie rods have been added on the structure, especially through the arcades. The large roof
(wood frames) has 2 slopes and 2 little turned-down sides. The cellar is made of masonry vaults
and stands at the ground level at the back of the building because of the ground slope. The
foundation is on the rock.

Building #3 is the City Hall building of Visp, a simple stone masonry 4-story building (the
4th story being converted attics) from the end of the XIXth century. The quality of the masonry
is very good and the wall ties are emphasized at the corner. The floors are made of wood beams.
The ground floor is partially buried in front of the building because of the ground slope. There is
a basement that has not been studied. In addition to the 4 façades walls, two longitudinal walls
with many openings ensure the load bearings also with disseminated transverse walls. Except
the ground slope, the building is therefore regular in elevation and quite regular in plan.

Such as for the building #2, cultural heritage structures may present very complex behaviour.
A study of N.D. de Valère church (#1) in Sion (Valais) using ambient vibrations Michel [2009]
showed that until moderate damages, this structure may behave as a whole with complex modes.
The dynamic behaviour under low vibration may therefore control the seismic demand, at least
for the first damage grades. This may therefore be an approach complementary to mechanical
methods based on the plastic theory [Devaux, 2008]. This is also an ongoing research topic.

Figure 9: Picture of the stone masonry buildings with wooden floors (#1,2,3).
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3.2 Stone masonry structures with rigid floors (M3-2i)

This type is particularly studied in sections 5.1 and 5.2. The rigid floors provide a better defor-
mation capacity since displacement is distributed over the walls and out-of-plane behaviour is
avoided. The whole structure is also slightly stiffer thanks to these floors. The stiff floors are
often added during retrofitting works like recently for building #7. Four study-buildings belong
to that class of buildings (Fig. 10).

Figure 10: Picture of the stone masonry buildings with rigid floors (#4,5,6,7).

3.3 Modern masonry structures built before 1970 (M6c1)

This type (Fig. 11) is also particularly studied in section 5.1 and 5.2. The three first buildings,
with a similar geometry, were already presented in Michel et al. [2008]. They have regularly
distributed URM walls, 3 to 4 RC floors ensuring a diaphragm effect. Their basement is gener-
ally half-buried. Their slightly sloppy roofs with 4 sides are characteristics of this type. They
are widespread in Switzerland and therefore interesting to study in detail.
Particularly buildings #9,10 are similar 3-storey buildings located Litternaweg 7 and 9 in Visp
built respectively in 1964 and 1959. They are 8.9 by 23 m and 8.7 by 22.5 m, respectively
(storey height: 2.6 m). The last storey is a converted attic. The façade and inner brick masonry
walls are 15 cm thick. Building #9 has an additional 18 cm thick transverse firewall but #10 has
more longitudinal walls.

Another structure of this type is studied here (#12) but its dimensions make the comparison
with the three preceding buildings difficult: the Burgerheim tower, a 15-storey building of in the
1960s in Bern. This structure has been studied in the frame of a Master project [Bigler, 2009]
and a journal paper [Oropeza et al., 2009] is in preparation.
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Figure 11: Picture of the URM buildings built before 1970 (#8,9,10,11,12).

3.4 Brick masonry houses (M6ind)

Data on 3 brick masonry single-family detached houses with stiff floors are available but are not
detailed in this report (Fig. 12). This building type may be interesting to study in more detail
in the future since it is widespread in Switzerland. However, the height of such buildings make
them relatively safe to earthquakes in Switzerland.

Figure 12: Picture of the single-family URM buildings (#13,14,15).

3.5 Mixed masonry and RC walls structures (RCM)

This class appears to be broadly distributed across Switzerland (Fig. 13). The difficulty in
the study of these structures is to determine the position of the masonry and RC walls since
plans are seldom available. Their floors are generally cast-in-place RC elements ensuring a
diaphragm effect and their basement RC walls box-section for nuclear protection because of
civil protection requirements at that time. Their roof are flat. These structures are not studied
with the analytical methods in the following. Adapted methods should indeed be developed
and need further research efforts. Indeed, it is not straightforward to account for both RC and
masonry walls.
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One is a 5-storey building (#18) located Napoleonstrasse 22-26 in Visp. It is 15 by 55 m

and divided in 3 modules without joints. The load bearing system is made of both RC walls
enclosing the stairwells and façade brick masonry walls. It has no basement.

Figure 13: Picture of the mixed RC and URM walls buildings (#16,17,18,19,20,21).

4 Dynamic tests on structures

In situ dynamic tests were performed in the structures presented in section 3. These tests allow
to determine the dynamic behaviour of structures under low vibrations. The resulting frequency
values are summarized in Tab. 3. Only tests on buildings of Visp are detailed here.

4.1 Experiment description

Ambient Vibrations

Structures are permanently subjected to ambient vibrations due to:

• ground ambient vibrations in a wide frequency range,

• atmosphere, i.e. wind, at low frequencies,

• internal sources (pedestrians, machines like lifts. . . ), with great amplitudes at well defined
frequencies.

Considering the necessity for Operational Modal Analysis, i.e. under ambient vibrations, to
have a white noise input, ground ambient vibrations is the only beneficial loading. It results
from large-scale oceanic and atmospheric conditions at frequencies below 0.5 Hz, local meteo-
rological conditions (wind and rain) at frequencies around 1 Hz and human activities (industrial
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machines, traffic. . . ) at frequencies above 1 Hz [Bonnefoy-Claudet et al., 2006]. In addition to
this quasi-stationary signal, natural or anthropogenic transients can affect the stationarity of the
signal and should not be used in the analysis.

Material

Simultaneous recordings in several points of all the structures was possible thanks to the mate-
rial of the Swiss Seismological Service (SED) and the Seismic Risk team of LGIT Grenoble. For
buildings #2,3,9,10 and 18, the recordings were digitized using Quanterra Q330 stations with
Lennartz 3C 5 s sensors synchronized by GPS. During the post-earthquake survey in L’Aquila,
we used only one Quanterra digitizer and a Lennartz 1 s sensor. The other structures were
recorded using a Cityshark 2 station [Chatelain et al., 2000] allowing the simultaneous record-
ing of 6 triaxial sensors. Two sets of sensor were used depending on the study: 6 Lennartz 3D
5 s seismometers for buildings 5, 6, 7 (2 times) and 16 and 4 Lennartz 3D 1 s for buildings 7 (1
time), 14 and 19 to 22.

Position of recording points

Tab. 2 summarizes the number of points recorded in each structure and in free field. A total of
212 points in structures and 17 points in free field have been recorded.

Courthouse Ambient vibrations were recorded in 10 different points of this structure and a
point in free field during 30 min. One point at each storey in the staircase were recorded and 2
additional points at the second floor to estimate torsion.

City Hall Ambient vibrations were recorded in 9 different points of this structure during
18 min, 3 points at each upper floor (2 at the last floor) and one at the ground floor.

Litternaweg 7,9 Ambient vibrations were recorded in 8 different points of each structure
during 36 and 25 min, respectively, as well as 1 point in free field next to Litternaweg 7. It
corresponds to 1 point at each story and 3 points at the last floor.

Napoleonstrasse 22-26 Ambient vibrations were recorded in 15 different points of this struc-
ture (2 datasets with a reference point in the stairway #26 at the 4th story) during 33 and 46 min.

4.2 Processing techniques

Spectra

The easiest way to obtain modal information from ambient vibration recordings is to estimate
their spectra. We calculate here the Power Spectral Density (PSD) spectra, using the Welch
[1967] method. We first select 50% overlapping time windows of 8192 samples using an anti-
triggering Short Time Average Long Time Average (STA/LTA) algorithm in order to use only a
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# Building Points in the structure Free field points

1 N.D. Valère 33 1
2 Courthouse 10 1
3 City Hall 9 0
4 Saas Fee 1 0
5 Chateauneuf 1 14 1
6 Chateauneuf 2 1 0
7 Chablais 30 16+29+13 0+1+1
8 Jaquier 14-16 14 2
9 Litternaweg 7 8 1
10 Litternaweg 9 8 1
11 Chamblandes 56 11 0
12 Burgerheim 25 1
13 Crochetan 54 5 0
14 Ferme Oasis 7 0
15 SS80 79 1 1
16 Morépont 2 24 1
17 La Butte 8 2
18 Napoleonstr. 22-26 15 1
19 Grey 16-20 18 0
20 Montagne L 21 1
21 Montagne I 18 1
22 Grey 22 13 0

Table 2: Number of recorded points in the study-structures.

stationary signal. Then, the Fourier Transforms of these Hamming windows are averaged and
squared. These 42 s windows at 200 Hz, correspond to a frequency precision of 200/8192 =

0.025 Hz. The peaks in the spectra can be either due to ambient loading, internal sources or
structural modes. Very sharp peaks can be removed from the interpretation since they are due to
undamped motion that cannot be structural modes. The proposed evaluation of the uncertainties
on the peak position in the spectrum does not include epistemic errors, but only the uncertainties
due to the windowing process in the spectral estimation.

Frequency Domain Decomposition

In order to extract the modal parameters of the structure (resonance frequencies, damping ratios
and modal shapes) from ambient vibration recordings, the Frequency Domain Decomposition
(FDD) method [Brincker et al., 2001b] was used in this study. This rather simple modal anal-
ysis method allows a real system analysis, i.e. a decomposition of complex modes including
torsion, even if they are very close as generally the case in buildings. The three basic assump-
tions of this method are a white noise input, a low damping and orthogonal close modes. The
first assumption can cause some troubles in case of bad foundation soil, whereas the method is
generally robust enough. The two last assumptions are generally well verified in buildings. The
first step of this method is to calculate the PSD matrices for each dataset. For this purpose, the
method explained above is used for each couple of simultaneous recording channels. Given that
18 channels are recorded simultaneously, the size of these matrices is 18x18 for each frequency.
The second step is to perform the singular value decomposition of these matrices. Only a lim-
ited number of modes (frequencies fk, mode shape vectors {Φk}) have energy at one particular
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frequency f , so that the greatest part of the singular values are close to 0. The first singular val-
ues, averaged over the recorded datasets, are displayed Fig. 14 for building #22 as an example
and called FDD spectrum. Brincker et al. [2001b] showed that the magnitude of the first singu-
lar value gives a peak for an f value corresponding to a resonance frequency fk. Furthermore, if
in the vicinity of f , if there are only one or two geometrically orthogonal elements, the first two
singular vectors are proportional to the modal shapes. In practice, buildings are often equally
stiff in both longitudinal and transverse directions so that the first modes in each direction are
very close together, including often torsion coupling. Moreover, this method can be enhanced
[Brincker et al., 2001a] to select the complete mode “bell”, including frequency and damping
ratio, by comparing the mode shape at the peak to the singular vectors at the surrounding fre-
quency values. The Modal Assurance Criterion (MAC) [Allemang and Brown, 1982], i.e. their
correlation coefficient, is used for this purpose. A point with MAC value with the peak greater
than 80% is considered as still belonging to the mode “bell”, even if this point is located on the
second singular value. The bell is then the Transfer Function of the single degree of freedom
(SDOF) system representing the study-mode so that an inverse Fourier Transform leads to the
Impulse Response Function (IRF) of the mode. The logarithmic decrement of the IRF gives the
damping ratio and a linear regression of the zero-crossing times gives the enhanced frequency.
A decision as to whether or not a peak is a structural mode can be taken by considering the
extent of the mode “bell”, the damping ratio and the shape.

Additionally, we made geometrical computation on the structural modal shapes in order to
quantify the effects of torsion and soil-structure interaction. Each shape has been modelled as
a 1D (rigid floors) 3 degrees-of-freedom system (X and Y drift and rotation). For that purpose,
the centre of rotation is needed. We assumed here that it was located at the centre of the building
but a sensitivity analysis on its position can give the uncertainties on the results. The ratios of
the 3 DOF at the last floors for the building point with the greatest eccentricity are calculated to
estimate the proportion of torsion in the mode (coupled mode).
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Figure 14: Average FDD spectrum of the recordings in building #2 (Courthouse).

Soil

In addition to reference information about the ground vibrations for Transfer Function estima-
tion for example, ground ambient vibration may also deliver information on soil properties. The
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Horizontal to Vertical Spectral Ratios (HVSR), or Nakamura technique [Bard, 2008] is able at
some extent to detect the resonance frequencies of soil layers that may produce site amplifica-
tion in case of earthquake. The square root of the PSD spectra have been smoothed using the
Konno and Ohmachi [1998] technique with a coefficient b equal to 40.

4.3 Interpreted Results

Only buildings located in Visp are interpreted here. For the other results, see Michel et al.
[2009a].

Courthouse (#2)

The FDD spectra (Fig. 14)) are quite clear and show well the resonances of the structures.
However, a lot of undamped peaks, especially at 2.49 Hz but also at 4.31, 4.54, 4.97, 5.55, 7.03,
7.84, 8.08 Hz coming from the human activities can disturb the peaks interpretation. The first
structural mode of the Courthouse is the longitudinal bending mode at 5.16± 0.02 Hz (Fig. 15).
It can be considered as pure bending even if slight transverse and rotation have been calculated.
The modal shape shows that the upper part of the tower is much more flexible than the lower part
of the building because of the great amplitudes of the last floors. The estimated damping ratio is
incredibly low (0.8%). It could be the result of the tower sharpness. The relative displacement
of the foundation is found to be less than 1% of the top motion, i.e. negligible as supposed
before. The second structural mode, very close from the first, is the first transverse bending
mode at 5.41 ± 0.02 Hz. It is pure bending and has the same characteristics as the previous
mode. The damping ratio may be a bit larger at 1.3%. The soil-structure interaction is, as
well, close to 0. The second bending modes can be found at 8.9 ± 0.1 and 9.2 ± 0.1 Hz.
Their decomposition is not parallel to the main directions of the building. The first is more
transverse (2/3 transverse, 1/3 longitudinal) and the second more longitudinal (2/3 longitudinal,
1/3 transverse). The relative displacement of the foundation is still found to be negligible.

The frequency ratios between the second and the first resonance frequencies are between 1.6
and 1.8 whereas simple beam models give results between 3 (pure shear) and 6.3 (pure bending)
so that these simple models that apply well to reinforced concrete (RC) structures are not valid
for masonry buildings with wooden floors. A more exotic mode can be found at 18± 1 Hz, the
first vertical mode of the building, i.e. a “breathing” mode of the masonry walls.

Without any seismic computation, it is easy, looking at the modal shapes, to understand
with the little steeple of the Courthouse collapsed during the Visp earthquake. This elevation
irregularity implies very large drifts at the tower top and this part can be ruined quickly. The
building has however quite high resonance frequencies (around 5 Hz) and is therefore relatively
stiff. The very low damping found is probably linked to the sharpness of the tower, whereas
the damping of the main part of the building could be higher. It should however be taken into
account in the seismic analysis.
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City Hall (#3)

The first structural mode of the City Hall is the first transverse bending mode at 6.48± 0.03 Hz

with a damping ratio of 1.5± 0.4%. It can be considered as a pure bending mode (Fig. 15) even
if a slight torsion component exists. The modal shape looks like a simple bending beam as found
generally for the masonry wall buildings. The second structural mode is the first longitudinal
bending mode at 7.7 ± 0.2 Hz. It is a coupled mode (2/3 bending, 1/3 torsion). The damping
estimation is approximately the same as the previous mode but undamped peaks disturb the
computation. This is a very stiff and regular structure. The transverse direction, as suggested
by the geometry, is the most flexible direction and therefore the most vulnerable to earthquakes.
We found a torsion component in the longitudinal direction, which means an eccentricity of
the centre of rigidity in the transverse direction but it should not be important for the seismic
assessment because of the high frequency of the longitudinal mode.

Litternaweg 7 (#9) and 9 (#10)

The spectrum of building #9 does not show clear peaks because of the low signal-to-noise ratio.
Transfer functions have been calculated to estimate the resonance frequencies. The first trans-
verse mode (Fig. 15) at 4.6± 0.4 Hz is slightly coupled with torsion. The relative displacement
of the foundation is estimated at 15 ± 5% of the top motion. The first longitudinal mode at
approximately the same frequency 4.6 ± 0.3 Hz is also coupled with torsion (15-30%). The
relative displacement of the foundation is of the same order of magnitude ( 10%). The modal
shape of the transverse mode is more in shear indicating that the horizontal stiffness dominates
the vertical stiffness, whereas the longitudinal mode is more in bending, indicating the pre-
dominance of the vertical stiffness. The low quality of the spectrum did not allow estimating
damping ratios.

The building #10 shows the same features as building 6 except that its first modes are not so
close at 4.4 ± 0.1 and 5.1 ± 0.1 Hz, respectively in the transverse and longitudinal directions.
Moreover, these modes are pure bending and not coupled with torsion.

Napoleonstrasse 22-26 (#18)

As for buildings #9 and 10, only transfer function estimations could give the resonance fre-
quencies of building #18. The transverse bending mode at 4.7± 0.1 Hz is slightly coupled with
torsion (Fig. 15). The longitudinal mode at 5.96±0.05 Hz is strongly coupled with torsion. The
relative displacement of the foundation at this frequency is large, about 30%, but not reliable.

4.4 Discussion

The study-buildings are of very different building classes but general conclusions can be made.
Concerning the frequency values, Michel [2007] estimated a frequency-height relationship for
RC wall buildings in Grenoble and Nice (France). The resulting equation is T = 0.013 ∗H ±
0.08. The first longitudinal and transverse frequencies of the study-buildings are displayed in
Fig. 16 regarding this equation. All the structures may belong to the distribution found for RC
wall structures. The greatest difference comes from the first mode of the Burgerheim tower
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Figure 15: Estimated modal shapes of the first longitudinal and transverse modes of Visp buildings #2, 3, 9, 10 and
18.
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# Building # st. 1st Trans. 1st Long. 1st Tors. Coupling

1 N.D. Valère 2.58 4.08 No
2 Courthouse 3 5.41 5.16 No
3 City Hall 3 6.48 7.7 No
4 Saas Fee 3 8 6.9 11 Slight (Long.)
5 Chateauneuf 1 4 4.78 6.73 8.5 Strong (Long.)
6 Chateauneuf 2 4 3.5 5.5 Strong (Long.)
7 Chablais 30 (final) 6 3.26 3.41 4.74 Slight (Both)
8 Jaquier 14-16 4 5 5 Unknown
9 Litternaweg 7 3 4.6 4.6 Slight (Both)

10 Litternaweg 9 3 4.4 5.1 No
11 Chamblandes 56 3 6.47 5.77 7.6 Strong (Both)
12 Burgerheim 15 1.22 1.73 2.21 Strong (Both)
13 Crochetan 54 1 10.0 12.5 17 Slight (Both)
14 Ferme Oasis 2 5.8 5.5 No
15 SS80 79 2 10.5 8.55 12.6 No
16 Morépont 2 7 4.24 4.09 4.90 Slight (Trans.)
17 La Butte 7 3.52 3.7 3.81 Slight (Trans.)
18 Napoleonstr. 22-26 5 4.7 5.96 Strong (Long.)
19 Grey 16-20 5 6.38 4.51 No
20 Montagne L 7 3.72 3.29 No
21 Montagne I 7 2.93 3.15 Slight (Long.)

Table 3: Fundamental frequencies (Hz) of the study-buildings.
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(#12). It is strongly coupled with torsion and lead to a much greater period than other structures
of the same height. This may also be due to masonry walls that are more flexible than RC
walls. On average, masonry structures are mostly in the upper part of the distribution, i.e. more
flexible than the relationship valid for RC structures.

The study of stone-masonry structures with RC floors shows that rigid floors eliminate in-
ternal deformations of the slab but may let torsion develop if eccentricities exist. Moreover, the
RC floors rigidify noticeably the whole structure (approximately 40% in stiffness for building
#7).

The shape in height of masonry structures cannot be easily compared to standard beams
(cantilever or shear). Walls provide generally a large vertical stiffness leading to a cantilever
beam behaviour but RC floors make the horizontal stiffness comparable to vertical stiffness.
For RC structures there is even a wider range of possibilities. Very weak directions such as the
longitudinal direction of long buildings may even show a shear behaviour.
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Figure 16: Periods of the study-buildings as a function of building height compared to the relationship found on
RC wall structures with its standard deviation. Grey and black stand for masonry and RC structures, respectively.

Plus and cross symbols stand for transverse and longitudinal directions, respectively.

4.5 Opportunities of permanent instrumentation

Currently, no building is instrumented in Switzerland on the contrary, for example to California
(hundreds of instrumented buildings by the CSMIP) or France (3 instrumented buildings by
the national strong motion network http://www-rap.obs.ujf-grenoble.fr). The
building instrumentation can follow different objectives:

• structural health monitoring, i.e. following the dynamic properties of structures due to
natural variation and damage

• earthquake recordings for a better understanding of the structural behaviour under earth-
quake

Currently, no masonry structure is instrumented across the world, whereas they are the most im-
portant in Switzerland. It would be necessary to record earthquakes in such structure to better

http://www-rap.obs.ujf-grenoble.fr
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constrain the model used in seismic analysis. Therefore, it is proposed to instrument a masonry
structure on bad soil condition such as building #9 or 10. Moreover, Fig. 17 shows that the
noise level at the top of the structure is enough to be recorded by an Episensor acceleromtric
sensor [Clinton, 2004]. To produce this figure, the recordings have been processed following
McNamara and Buland [2004] implemented in Matlab (equivalent of PQLX software). There-
fore, the permanent recordings could also be used as structural health monitoring, despite the
limited height of the building.

Following this recommendation, a temporary accelerometric station was installed in the
neighborhood of these structures by the Swiss Seismological Service in the frame of the CO-
GEAR project, before additional fundings can be found to instrument the structure.
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Figure 17: Spectrum of a top floor noise recording in transverse direction in building #9 (Litternaweg 7) in red and
comparison with Episensor resolution (dashed black line) and the high and low noise models (solid black lines).

4.6 Implications for earthquake engineering

Ambient vibration measurements give the real dynamic behaviour of structures under low vi-
brations. This behaviour is depending on structural properties (geometry, material properties...)
but is also affected by environmental parameters such as temperature, soil-structure interaction,
by the participation of non-structural elements, etc.. Clinton et al. [2006] showed that the vi-
bration frequency of the Millikan Library in California changed of ±4% due to environmental
parameters. Moreover, Hans et al. [2005] showed that light non-structural elements such as
windows, light partition walls, etc. accounted for 2 to 4% in the resonance frequency of RC
structures. They also showed that heavy precast facade elements of masonry infill panel had a
great importance in the total frequency of theses structures, up to 20%. In a model, even refined,
some of these factors are not taken into account (non-structural elements...) first because it is
time-consuming and second because they do not participate to the lateral resistance in case of
strong earthquake. When comparing to ambient vibration results, the modeller has to be aware
of all the assumptions he made.

Moreover, it has been shown by many authors that the resonance frequency of structures
decreases when amplitude increases first in the elastic and then the plastic domain. In the
latest, this frequency drop is due to increasing damage. In earthquake engineering assessment,
the key-parameter is the elastic frequency, i.e. the frequency before the drop due to damage.
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Michel et al. [2009b] showed however that a frequency drop due to non-linearity mainly in
the structural elements (and not the non-structural elements) occurs and depends mainly on
vibration amplitude. For unreinforced masonry structures, Michel et al. [2009b] estimated a
1/3 frequency drop up to the elastic limit. This may not be the same for stone masonry or RC
structures but it gives an idea of the difference between ambient vibration results and models
used for earthquake engineering purposes. In any case, the resonance frequency in models must
always be smaller than the one found under ambient vibrations. It is however hardly smaller
than the half of it. It should again be reminded that for force-based approaches, a conservative
estimation is a higher frequency (lower period), whereas for a displacement-based approach, a
smaller frequency (higher period) should be preferred.

Modal shapes do not suffer major variations in the elastic domain. Even damage detection
is very hard using this very robust parameter. Therefore they can really be compared to models,
taking the assumptions on the model into account. The only problem is that, under ambient
vibrations, all the fastened elements participate to the stiffness (precast elements, infill panels,
thin joints may not work. . . ) whereas under earthquake their connection may break easily.

There are however no evidence that damping ratio found in ambient vibration experiments
can be used for earthquake engineering. Research is going on in this topic.

In conclusion, the real behaviour of structures under earthquake is not very different from
ambient vibration behaviour and they can be used to validate model when taking all the above
parameters into account. The comparison between ambient vibrations and earthquake engi-
neering models can been done using the 1/3 reduction. It should however be noticed that the
comparison led to significant differences for building #16 that could not been explained yet.
This would be due to a better quality of brick or the presence of more RC walls than expected.
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Figure 18: Frequency drop relationship found for clay masonry with the 80% confidence interval.
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5 Derivation of fragility curves (Task 1c.2)

5.1 Modelling

Section 2 showed that empirical methods were not enough to study the vulnerability of exist-
ing buildings and that we should account for the physics of structural dynamics. Experimental
data collected in section 4 showed what were the important features of dynamic behaviour of
existing buildings. In order to assess the structural vulnerability, models to estimate earthquake
response and performance of structures are needed. Moreover, inelastic studies for vulnera-
bility assessments should be computed a large amount of times and therefore remain simple.
Analytical formulations should therefore be preferred. In this section, buildings of the M3-2i,
i.e. stone masonry structures with rigid floors and M6c1, i.e. modern masonry structures built
before 1970 (low-rise) classes are studied.

The proposed modelling is based on the work by Lang [2002] adapted to URM structures.
This is a non-linear static procedure accounting for an elastic perfectly plastic model of each
wall of the structure. The capacity curve is considered to be the sum of the capacity of each
wall. The proposed method provides improvements in some of the most important parameters
of seismic assessment: the elastic displacement and the fundamental period. Different strength
estimations and ultimate drift prediction formulations are also considered. These parameters
have a significant influence on the capacity curve.

The elementary capacity curve (each wall) presents a simplified bi-linear behaviour and it is
determined by three parameters: the strength of the wall (VRd), the elastic displacement at yield
(∆y) and the ultimate drift (δu). These curves are computed with respect to the displacements at
the top of the building and the corresponding forces. During the plastic behaviour, it is assumed
that these deformations occur at the first story.

Lang [2002] proposes to estimate the strength of a wall following the stress-field theory
depending on the design strength of the masonry orthogonal and parallel to the mortar bed, the
wall length, the thickness of the wall, the normal force and the height of zero moment (h0).
Despite the theoretical basis of the precedent formulation, a scatter in the prediction of strength
of masonry walls remains [Fehling et al., 2007, Magenes et al., 2008], thus the Eurocode 6
[European Committee for Standardisation, 1995] formulation is also considered. An additional
parameter is introduced: the shear strength under zero compressive stress fvk0.

An improved approach for computing ∆y and based on the principle of virtual work was
used [Oropeza et al., 2009]. ∆y is generated by the lateral displacement of the walls under a
shear load and the impact of rotation of these walls at each storey. It is expressed as a function
of the total height of the wall, the height of the pier, the factor form for wall with a rectangular
cross section and the effective bending and shear stiffness.

Lang [2002] uses a linear interpolation of few tests results for estimating ultimate drift as
a function of the normal stress σn, and geometrical parameters such as the height of piers and
the length of walls. However, when the experimental database of URM walls is extended, one
finds a significant scatter. Therefore, another simple formulation [Michel et al., 2009a] based
in a more extensive study of experimental test is proposed. In addition to consider the same
parameters used before, it accounts for the strength of masonry fxd and the boundary conditions
h0.
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An improved methodology for estimating the fundamental period was used and the results
successfully compared to the ambient vibrations. Oropeza et al. [2009] provide a coherent
approach for computing T from a modified elastic displacement ∆y using the Rayleigh quotient.
Indeed, it was shown that significant differences for mid- and high-rise buildings can be found
when Lang [2002] is used.

5.2 Fragility curves

Currently, vulnerability (or fragility) curves constitute a common representation of vulnera-
bility. These curves represent the probability of exceeding each damage grade considering a
given level of loading. As it is done generally in the literature [FEMA, 2003, Milutinovic and
Trendafiloski, 2003], the curves are modelled by cumulative log-normal distributions defined by
a median and a standard deviation. The median represents (in short) the most probable displace-
ment for which the damage grade is reached and the standard deviation integrates the intrinsic
variability of the phenomena as well as the uncertainties in the computations.

Selected parameters

In this study, the loading is represented by the elastic spectral displacement at the frequency of
the structure for a 5% damping. Other parameters may be found in the literature such as Inten-
sity, but this parameter is not really relevant for analytical modelling, Peak Ground Accelera-
tion (PGA), etc. The current displacement-based methods (e.g. Milutinovic and Trendafiloski
[2003]) use the inelastic spectral displacement, i.e. related to the displacement at the top of
the structure, because this parameter is a natural descriptor of the capacity curves. However,
its computation while performing a scenario requires the seek for the performance point for
the given demand using either the capacity spectrum method [Comartin, 1996] or the EC8 ap-
proach [CEN, 2004, Fajfar, 1999]. In these methods, the fragility curves are given together with
capacity curves necessary for this computation. The choice in this report is to use the elastic
spectral displacement by including the EC8 method in the computations of the fragility curves.
Therefore, the fragility curves can be straightforwardly used with an elastic response spectrum
as an input. Veletsos and Newmark [1960] showed that in average, the inelastic displacement
was greater than the displacement of the corresponding elastic system for low periods. This
displacement value is therefore converted to the displacement of the equivalent elastic system
using Fajfar [1999] relationship (Eq. 1, Fig. 19).
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This has an impact only for DG greater than 3 (plastic domain) and for structures with an elastic
period lower than Tc taken as 0.5 s in this study. For greater periods, equal displacement rule
applies and therefore the elastic and inelastic displacements can be considered as equal [Fajfar,
1999]. The use of other parameters such as PGA is not natural for such a static displacement-
based method.
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Figure 19: Difference between the inelastic displacement (used as abscissa of the fragility curves in current meth-
ods such as FEMA [2003]) and the elastic displacement (used in method 2) following Fajfar [1999] method. From

Fajfar [1999].

Qualitative and quantitative damage grades definitions can be significantly different [Hill
and Rossetto, 2008]. The damage scale that is used here is the EMS-98 [Grünthal et al., 1998]
damage scale having 5 grades: Slight, Moderate, Substantial to heavy, Very heavy, Destruction.
The definition of these grades is however based on visual observation in the EMS-98. Their
physical definition is based on analytical formulations adapted from Lang [2002]. For this non-
linear static procedure, improvements on the estimation of damage grades compared to Lang
[2002] is also proposed. On one hand comparisons with Michel et al. [2008] showed that first
analytical DG from Lang [2002] are quite conservative. On the other hand, last DG are deeply
related to δu estimation. The elastic displacement has a significant impact on the damage grade
values. In this study, first damage grade definitions were modified.

Since the fragility curves are derived in spectral displacement, one of the main parameter
was the height of the structure, which is easy to determine in a large scale study. Therefore,
fragility curves of each type are derived for each possible number of storeys, in our case for 3
to 5 storeys, corresponding to mid-rise structures [FEMA, 2003, Milutinovic and Trendafiloski,
2003]. These structures are the most common in Switzerland, especially for the studied classes
of buildings. An example of the influence of the number of storeys is presented on Fig. 20. It
shows that structures of 3 storeys may already collapse whereas structures of 5 storeys are still
not slightly damaged. Frequencies of these structures are also much different.

Models used

The objective of the study of typical buildings is to characterize building classes. The wall
distribution of each study-buildings and generic distributions of normal load and height of zero
moment are considered. Only the most sensitive direction of each building is used here, whereas
the other direction could be representative of other buildings. It is questionable whether the two
directions should be used or not, depending on architecture considerations.

In order to derive a probabilistic framework, the variability of certain parameters such as
the material properties, and their impact on strength estimations and ultimate drift are studied.
Hence, the masonry compressive strength fxd can be defined as a random value following a
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Figure 20: Example of resulting fragility curves for DG 1 (dashed lines) and DG 5 (solid lines) between 3 (light
grey) and 5 (black) storeys.

log-normal distribution. Therefore, all the parameters related to this value follow the same
random distribution, such as fyd, the elastic modulus Em, the shear modulus Gm. Similarly, the
tensile strength ft, the shear strength under zero compressive stress fvk0, the effective stiffness
r =

EIeff

EI =
GAeff

GA , and the ultimate drift δu also follow a log-normal distribution.

Finally, a significant amount of computations need to be performed (about 500) and one
obtains log-normal median and standard deviation for the DG. The number of computations
depends on the convergence of the obtained results.

Results

M3-2i class In the stone masonry with stiff floors class (Fig. 21), the weak direction is gener-
ally the transverse one since the length of the building is correlated with the length of the walls
(box). The frequencies of building #6 and 7 are in good accordance with ambient vibration
experiments at yield whereas there are large differences for the two other buildings. The major
issue is the material characteristics that are very uncertain. However, ambient vibration value
gives still a higher boundary for the frequency value since frequency can only decrease when
amplitude increases. Therefore, building #4 is too stiff in the model. The difference of a factor
of more than 2 in stiffness between ambient vibrations and modelling for building #5 is also not
realistic. The model is therefore too flexible. In conclusion, stone masonry is very difficult to
model for earthquake engineers.

The first damage grade occurs for 0.4 to 1.2 cm depending on the number of storeys. The
second damage grade occurs for displacements of 0.4 to 1.4 cm, which seems realistic. For the
third damage grade, the method predicts values between 0.6 and 1.8 cm. DG 4 and 5 are gen-
erally found between 1.1 and 2.6 cm. It is low for low-rise buildings because of the correction
due to the plastic displacement. Indeed, these structures are very high frequency and therefore,
a small elastic displacement leads to large inelastic displacements.

The DG values vary significantly with the number of stories. However, the damage grades
are very close one another for a given number of storeys indicating a low ductility. This is
due to the value of the ultimate drift computed using the various methods and to the fact that
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all the plastic displacement is affected to the first storey. This fragile behaviour may be over-
conservative.

M6c1 class For this building class (Fig. 21), the results are in good accordance concerning
the resonance frequencies of the structure between the ambient vibrations and the modelling.
They are much more reliable because the material properties are better known. The results in
terms of fragility curves are however very similar to the previous results.
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Figure 21: Proposed fragility curves for masonry buildings with stiff floors of 3 to 5 stories.

Comparison with other methods To be compared with other methods, fragility curves for
buildings of 3 to 5 stories mixed, corresponding to mid-rise structures in FEMA [2003], Mi-
lutinovic and Trendafiloski [2003], are also derived and shown in Fig. 22. In this figure, the
parameter in abscissa is the inelastic spectral displacement so that it can be directly compared
with FEMA [2003] and Milutinovic and Trendafiloski [2003].
The conclusion here would be that the computations are not very sensitive to the input parame-
ters used but that the results are more depending on the basic assumptions of the method itself.
Work is still needed especially to constrain the ultimate drift.

Class Storeys f µ1 β1 µ2 β2 µ3 β3 µ4 β4 µ5 β5

M3-2i 3 4.07 0.4 0.53 0.4 0.55 0.6 0.59 0.8 0.50 1.1 0.50
4 3.03 0.6 0.51 0.7 0.51 1.0 0.53 1.1 0.48 1.5 0.49
5 1.72 1.2 0.48 1.4 0.45 1.8 0.45 1.9 0.44 2.6 0.45

3-5 2.96 0.7 0.67 0.8 0.68 1.0 0.69 1.2 0.61 1.6 0.60

M6c1 3 4.28 0.4 0.45 0.5 0.44 0.6 0.47 0.7 0.40 0.9 0.41
4 3.20 0.6 0.43 0.8 0.39 0.9 0.41 1.0 0.37 1.4 0.38
5 1.84 1.2 0.44 1.4 0.34 1.8 0.35 1.8 0.34 2.4 0.36

3-5 3.09 0.7 0.63 0.8 0.58 1.0 0.60 1.1 0.55 1.5 0.55

Table 4: Characteristics of the fragility curves for the building types depending on the storey-number (resonance
frequency f in Hz, median µ in cm and standard deviation β) according to the proposed method.
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(a) Risk-UE M3.3M class
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(b) Proposed method M6c1 class 3-5 stories
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(c) HAZUS URM M class

Figure 22: Fragility curves of URM class with stiff floors from 3 to 5 floors (M6c1) as a function of the inelastic
spectral displacement and picture of a typical example.
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5.3 Discussion for other building classes

The results for two classes showed that neither Risk-UE nor HAZUS provide adapted fragility
curves for Swiss masonry structures.
The proposed method can be easily used with the one-family modern masonry houses (M6ind)
and mixed RC and masonry structures (RCM). The corresponding fragility curves will be com-
puted in the future.
For masonry structures with wooden floors (classes M1 and M3-1), Risk-UE results seem to
be very conservative. The proposed method cannot be directly applied in this case. Especially,
the distribution of the height of zero moment will be much different. The walls may behave
independently and therefore the distribution of shear forces may be difficult to compute. The
frequencies may be obtained using the ambient vibration data.
Concerning the RC structures, they should not be very different from what exist in the US or
other European countries. However, a comparison between the European and the US litera-
ture shows tremendous differences (Fig. 23). Future studies must decide which curves are best
adapted to the Swiss building stock.
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(a) Risk-UE RC2M Pre-code class
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(b) HAZUS C2M Pre-code class

Figure 23: Fragility curves of RC shear wall class from 4 to 7 floors from European and US literature.

5.4 Performance of two study-buildings in their environment

It is interesting to estimate the damage that would occur for the study-buildings in case of the
elastic displacement demand in the SIA261 code occurs. These results for buildings #9 and 10,
for which a microzonation is available [CREALP, 2005] are displayed in Tab. 5.
The microzonation leads to a demand up to approximately 1 cm. The probability of collapse for
such a scenario is very high (approximately 50%).
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# Building Zone Soil Sd P1 P2 P3 P4 P5

9/10 Litternaweg 7/9 Micro. Rhone 0.9 95 90 80 60 40

Table 5: Probability of damage (P in %) for the displacement demand (Sd in cm) in the SIA261 code for Litter-
naweg structures.
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6 Conclusions

This work contributed to increase the level of knowledge on vulnerability of Swiss buildings,
especially in the city of Visp. The distribution of the building stock in Visp was investigated
and stored in a GIS database. Ambient vibration recordings in different structures were per-
formed for characterizing the dynamic behaviour of these buildings. They are necessary to
validate modelling that use very uncertain input parameters for such structures. A new mod-
elling method is proposed and used to compute the fragility curves of masonry buildings with
stiff floors. The results are much different compared to HAZUS and Risk-UE and they showed
the need for particular assessments, especially for masonry structures.
The proposed fragility curves as well as the building distribution may be used to compute earth-
quake scenario for Module 1d.
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