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Résumé - Cet article se concentre sur I’application de la méthode de l’indice de vulnérabilité
sismique pour les batiments en maconnerie chainée (MC). Ce type de structures est connu pour étre
vulnérable aux tremblements de terre car, en pratique, il ne répond pas aux normes parasismiques en
vigueur. A cet effet, une analyse empirique est appliquée aux batiments en magonnerie chainée afin
d'évaluer cette catégorie de batiments selon le code parasismique algérien (RPA 99 version 2003). La
méthode est appliquée & une base de données de 215 batiments situés dans la ville d'Alger expertisés
apres le séisme de Boumerdes (Mg. 6,8) qui a touché I'Algérie en 2003. Pour ce faire, les parametres
de vulnérabilité les plus importants influencant le comportement global de ce type de structures sont
identifiés. Ensuite, trois classes de vulnérabilité (A, B et C) sont proposées pour exprimer I'état de
chaque paramétre de vulnérabilité dans chaque classe de vulnérabilité. Ainsi, des facteurs de
pondération sont attribués a chaque paramétre afin de calculer I'indice de vulnérabilité et de classer les
batiments étudiés selon une classification proposée. La méthode a été insérée dans un programme
Delphi. Ce programme appelé « Vulnerability Index Program » est dédié¢ au calcul de I’indice de
vulnérabilité pour plusieurs types de structures. Un systeme d'information géographique (SIG) est
utilisé comme outil pour visualiser les résultats obtenus afin d'atténuer le risque sismique des
batiments de la ville d'Alger.

Mots - clés : Indice de vulnérabilité, Séisme, Batiment en magonnerie chainée, Analyse empirique,
Risque, Dommage.

Abstract - This paper is focused on the application of a seismic vulnerability index method for
strengthened masonry buildings (SM). This kind of structures is known as being vulnerable to
earthquakes as it does not comply with the seismic code in practice. With this purpose, an empirical
analysis is applied for strengthened masonry buildings, in order to assess this category of buildings
according to the Algerian seismic code (RPA 99 version 2003). The method is applied to a database of
215 buildings located in Algiers city and investigated after the Boumerdes earthquake (Mg. 6.8) which
affected Algeria in 2003. To do this the most important vulnerability parameters influencing the global
behaviour of this type of structures are identified. Then three vulnerability classes (A, B and C) are
suggested to express the state of each vulnerability parameter in each vulnerability class. Therefore,
weighting factors are assigned to each parameter in order to calculate the vulnerability index and
classified the investigated buildings according to a proposed classification. The method was
implemented in a Delphi program and applied to 215 buildings located in Algiers city. This program
called “Vulnerability Index Program” is dedicated to the calculation of vulnerability index for several
types of structures. A Geographic Information System (GIS) is used as a tool to visualize the obtained
results, in order to mitigate the buildings seismic risk in Algiers city.
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1-Introduction

Algeria, which is located in a seismic
zone, contains old urban nuclei that do not
comply with the current seismic code.
However, some macro vulnerability studies
were elaborated and applied to Algiers city [1,
2], Boumerdes [3] and Blida city [4 - 6]. These
studies targeted the existing buildings such as
the unreinforced masonry (URM), reinforced
concrete structures (RC), steel structures and
lifelines such as roads and bridges. The present
study deals with the vulnerability index method
and applied to SM buildings, which are
common in Algiers city. Several studies have
been conducted using the vulnerability index
method (VI). The method was improved and
applied to different cities. The vulnerability
parameters may influence the global behaviour
of masonry buildings change from different
suggested methods [7, 9 - 13, 15, 16]. On the
other hand, some case studies have been
elaborated targeting typical buildings [8, 14,
17]. In this method, parameters that may have
an influence on the global seismic behaviour of
SM buildings are identified. Then three
vulnerability classes (A, B and C) are defined
determining the state of each vulnerability
parameter [18]. The weighting factors are
determined using the empirical method. This
method is based on a database of 100 buildings
located in Algiers, which is situated in the
highest seismic zone (Zone 3) [19]. The
database has been established after the
Boumerdes-Algiers earthquake magnitude 6.8
in 2003 [20].The first Algerian earthquake
regulations RPA was elaborated in 1981 after
the major earthquake of EI Asnam (Chlef) Mg.
7.1. Then the RPA was revised in 1983, 1988,
1999 and in 2003. On the other hand, in 1981 a
data sheet was created just after the earthquake,
and never has been updated. For this purpose, a
new data sheet for the SM structures has been
established in order to make the in-situ
investigation and the building’s classification
according to the vulnerability index (VI). This
data sheet has been implemented in a numerical
program, to make easy and accurate the
investigation of SM structures. Lastly, a
Geographic Information System (GIS) is used
to assess SM buildings and help to show which

area are most vulnerable to future earthquake.
Therefore, the method is applied to a database
in which 215 SM buildings has been
inventoried in Algiers city.

2- Vulnerability Index method (V1)

The VI method is based on four
important steps: [18, 21 - 24]
* First step: Selecting parameters influencing
the seismic vulnerability of SM structures
* Second step: Defining vulnerability classes
* Third step: Assigning weighting parameters in
each class
* Fourth step: Calculation of the VI and
structure classification.
These steps are explained in the following
paragraphs.

2.1- Selecting Parameters

Some influencing parameters on the

structural response of SM buildings to seismic
event were identified based on bibliography and
statistical analysis based on the experience
feedback in Algeria. Therefore, fourteen
parameters have been identified in order to
assess the seismic wvulnerability of SM
structures.
These parameters are Wall connections, seismic
capacity, type of soil, steel’s ductility, steel
joints, horizontal diaphragm, maodifications,
plan regularity, elevation regularity,
maintenance conditions, ground conditions,
pounding effect, roof and details.

2.2- Defining Vulnerability Classes

Three  wvulnerability  classes  are
considered: A, B and C. The class A shows that
the parameter is consistent with the seismic
code in use. The class C shows that the
parameter is not consistent with the seismic
code, while class B corresponds to an
intermediate situation.
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2.3- Defining Vulnerability Classes

An empirical analysis is used to define
weighting parameters. The weighting factors
have been obtained from seismic experience
feedback and their direct influence on the
global resistance of SM structures. A database
of 100 SM buildings located in Algiers city has
been used to determine factors assigned to each
vulnerability parameter [20].

2.4- Calculation of VI and Structure
Classification

To calculate the VI an equation is given
based on the suggested strengthened masonry
(SM) weighting factors. The VI is used to
classify the investigated structures.

3-Application of the VI method to
strengthened masonry (SM) buildings

Each parameter selected, is defined
according to its influence on the behaviour of
SM structures and each class is defined
according to each parameter characteristics.

3.1- Wall connections parameter

Masonry buildings behaviour depends
on the connection between masonry bearing
walls. Several studies supported by the
experience feedback have shown that a good
connection between masonry walls can avoid
the out of plan deformation and improve the
global strength of the structures [14, 25, 26]. In
the class A no wall connections damages or
cracks appear, in the class B moderate wall
connections damages appear while in the class
C severe wall connections damages or total
disconnection of walls appear.

3.2- Seismic capacity parameter

The seismic capacity is defined as the
total base shear force of the structure. This
force is calculated according to seismic
Algerian code (RPA 99 version 2003) [19]. The
number of the masonry walls and their
thickness are the two main criteria taken into
account to calculate the base shear force [27].
In the class A the base shear force (BSF) is
greater than the seismic force (80%V) given by
the seismic Algerian code, in the class B the

BSF is between 50% V and 80% V while in the
class C the BSF is less than 50% V.

3.3- Type of soil

The classification of this parameter has
been established according to the Algerian
seismic code (RPA 99 version 2003), in which
four types of soil are listed. The first type is the
rock soils where the shear average wave
velocity overtakes 800 m/s, the second type is
the firm soils where the shear average wave
velocity overtakes 400 m/s. The third type is the
soft soils where the shear average wave velocity
overtakes 200 m/s and the last type is the very
soft soils where the shear average wave velocity
is less than 200 m/s [19]. In the class A, rocky
soil (S1) is considered, in the class B the firm
soils (S2) is considered and in the class C the
soft (S3) and very soft soils (S4) are considered.

3.4-Steel’s ductility

The ductility of a material is the
capacity to distort in the plastic range without
reaching the failure. In the seismic code, the
ductility is represented by the behaviour factor
assigned to each structural system. The
behaviour factor is between 2 and 6 for the
different types of structures listed in the
Algerian seismic code [19]. For the present
study, only the ductility of the steel material
existing in the masonry walls is taken into
account. The evolution of the ductility is
according to the material strain. In the class A
steel frames undergo strains in elastic range, in
the class B steel frames reach the plastic range
and in the class C steel frames reach the failure
[28].

3.5-Steel joints

Steel joints must transmit forces
between different steel frames (columns and
beams). Steel joints must strain in the elastic
range; therefore, the classification of this
parameter depends of the state of the
connection between steel frames. In the class A
steel joints undergo strains in the elastic range,
in the class B steel joints reach the plastic range
and in the class C steel joint reach the failure.
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3.6-Horizontal diaphragm

Buildings diaphragms are the horizontal
structures transmitting horizontal forces to the
vertical walls. Floors must have diaphragm
behaviour to ensure the forces transmission to
vertical walls. Therefore, floors must be stiff
and well connected to masonry vertical walls
[29 - 31]. In the class A floors do not suffer
damage and well connected to masonry walls,
in the class C floors suffer damage and
disconnected to masonry walls and in the class
B one of the criteria of classification is
observed.

3.7-Modifications

The modification refers to the change of
the building’s function and/or the structural
system. This phenomenon is observed in many
buildings in Algeria. People change the use of
the building by increasing the loads on the
structure, and make modifications in the
structural system by creating openings in the
masonry walls for instance. In the class A the
building keeps its original structural system and
the use, in the class B the building undergo
modifications in the use or in the structural
system and in the class C general modifications
are made to the building as well as for the
structural system.

3.8-Plan regularity

Criteria taken into account to classify
this parameter are the building shape (L,
H...etc.), the mass distribution in the same floor
and the rigidity distribution (openings in the
floor, different materials in the same
floor...etc.).This phenomenon increases the
horizontal eccentricity, which contributes to an
inequality of forces distribution [30, 32]. In the
class A the structure is horizontally regular
according to the seismic code (RPA 99 version
2003), in the class B the structure is
horizontally slightly irregular and in the class C
the structure is horizontally irregular.

3.9-Elevation regularity

The same criteria of classification for
the plan regularity parameter are usedhowever;
the comparison has been done between different
floors wvertically [33]. In the class A the
structure is vertically regular according to the
seismic code (RPA 99 version 2003), in the
class B the structure is vertically slightly
irregular and in the class C the structure is
vertically irregular.

3.10-Maintenance

Each construction must be maintained
regularly in order to keep as possible its initial
state, especially the bracing system elements
(Walls, frames...etc). In the class A the
structure is periodically maintained (no cracks),
in the class B the structure is occasionally
maintained (slight cracks) and in the class C the
structure never has been maintained (severe
cracks).

3.11- Ground conditions

The experience feedback has shown
that induced effect by earthquakes such as
liquefaction [34 - 36], landslides [37, 38]...etc
caused severe damages to buildings. Therefore,
buildings located in a risk area such as near
rivers, up or down cliffs, on a slope land with
risk of landslide...etc are considered as
vulnerable to earthquake and should be moved
or protected by special countermeasures. In the
class A the structure is located in secured area,
in the class B the structure is located in
moderate risk area and in the class C the
structure is located in a high risk area.

3.12-Pounding effect

The Pounding effect can increase the
structures vulnerability when these last are
adjacent to other structures more or less stiff
[40], and if any seismic joint exist but do not
respect conditions required by the seismic
regulations [20]. In the class A, the calculated
seismic joint according to the seismic code
exist, in the class B the seismic joint exist but
do not comply with the seismic code and in the
class C any seismic joint exist.
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3.13-Roof

Roofs should have also diaphragm
behaviour as floors; however, the design is
usually different to current floors. Therefore,
this part of the structure needs to be assessed
separately to different floors, where same
criteria as the horizontal diaphragm are applied.

3.14- Details

Detail parameter concerns elements that
do not interfere in the structural system such as
balcony, partition walls, handrail, acroterion,
stairs...etc. In the class A more than 75% of
existing non-structural elements do not suffer
damages, in the class B less than 75% and more
than 50% of non-structural elements do not
suffer damages and in the class C less than 50%
of non-structural elements do not suffer
damages.

4- Strengthened masonry structures
weighting factors

Weighting factors assigned to the
different parameters have been obtained
from experience feedback after the
Boumerdes-Algiers earthquake in 2003. A
database of 100 buildings has been used to
determine weighting factors for each
parameter in each vulnerability class [20].
The table 1 shows the weighting factors
given by the empirical method. The weights
are calculated so that the maximum
vulnerability is equal to one (1).

Table 1: Empirical weighting factors (Ki)

Tableau 1 : Facteur de pondération empirique

(Ki)

No. Parameters Classes

Class Class Class
A B C

1 Walls connections 0.00 012 0.20
2  Seismic capacity 0.00 0.09 0.12
3 Type of soil 0.01 0.08 0.09
4  Steel’s ductility 0.01 0.07 0.08
5  Steel joints 0.01 0.04 0.06
6  Horizontal diaphragm 0.01 0.04 0.05
7  Modifications 0.01 0.04 0.05
8  Plan regularity 0.01 0.04 0.05
9  Elevation regularity 0.01 0.04 0.05
10 Maintenance 0.01 0.04 0.05
11 Ground conditions 0.01 0.04 0.05
12 Pounding effect 0.01 0.04 0.05
13  Roof 0.01 0.04 0.05
14 Details 0.01 0.04 0.05

4.1- Vulnerability index (Vi) Calculation and
Structure Classification

Three  vulnerability  classes  are
suggested (green, orange and red), explaining
the state of strengthened masonry buildings.
This classification is shown in table 2. The
green class represents structures having a good
resistance to earthquakes. The red class
represents structures having a bad resistance to
earthquakes, while the orange class is for an
intermediate situation. Equation 1 shows how to
calculate the Vi.

n=14

Vi Z Ki (1)
n=1

Table2. Empirical RM structure classification
according to the Vi

Tableau 2. Classification des structures en
magonnerie chainée selon I’[v empirique

Class  Green Orange Red
Vi 0.12-0.44 0.44-0.88 0.88-1.00
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4.2- Digital implementation
4.2.1-Elaboration of the Data Sheet

The weighting factors assigned to each
parameter will be established from a survey.
For this purpose, a data sheet has been
elaborated to regrouping all necessary
information to calculate the building’s VI. This
sheet contains six parts as shown here after.

Part A: Structure identification

This part contains general information about the
structure such as address, age, use, number of
floors, basement and others details.

Part B: Geometric characteristics

This part describes building dimensions as
length, width, height, plan and elevation shape.

Part C: Structural system

This part indicates the type and the structural
system quality.

Part D: Soil and layout

Type of soil and layout of the building are
found in this part.

Part E: Non-structural elements

This part contains information for non-
structural elements such as balcony, partition
walls, handrails, acroterion and stairs.

Part F: Maintenance and modifications

General information on the state of the structure
is noticed, as well as modifications, which may
influence the structure global behaviour.

A Delphi program has been performed
in order to treat the collected information and to
carry out the classification of the studied
buildings.

4.2.2-Developed program

The developed program called VIP or
Vulnerability Index Program version 4.5 can
treat different types of structures (Masonry; RC
structures; Steel and Strengthened Masonry
(RM) structures). This program contains two

4.2.2.1-Interface Part

The visual part allows access to
different menus and to fill in the necessary
fields. It is made up of several pages. The home
page and the handling page of the VIP are given
in Figure 1 and 2.

4.2.2.2-Program Part

This part treats different information,
carries out different calculations and assigns a
weighting factor to each parameter. The
calculation of the VI and the structure
classification are carried out too.

7 Vulnerability Index Program

Figure 1: Vulnerability Index Program home
page

Figure 1 : Page d’accueil de programme de
I’indice de vulnérabilité
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7 Vulnerability Index Program (mixed structure)

Fichier Rechercher Impriner 7
WILAYA  [ALGER <]  ADRESSE: -
COMMUNE  [ATGER 7 [B7baMav
ZONE SISMIQUE  [37 -] TYPEDE batiment = USAGE  [abitation =
AGE APPROXIMATIF (ans)  [797 LONGUEUR (m) ol LARGEUR (m) [
NOMBRE DES MURS DANS LE SENS LOGITUDINAL [§77  NOMBRE DES MURS DANS LE SENS TRANSVERSAL [T
HAUTEUR INTER ETAGE (m) [387  EPAISSEUR MOYEN DES MURS (m) T
HAUTEUR TOTALE (m) 2238 NOMBRE DE NIVEAUX N

L'ETAT DU CHAINAGE DES MURS EN [chainage en etat moyen =l
DUCTILITE chainage horizontale < TYPE DE SOL Rochou
TYPE D'ASSEMBLAGE [Soudage] - ETAT D'ASSEMBLAGE Mosen) =
TYPE DES PLANCHERS Voutains < ETAT DES PLANCHERS  [Mauvais
ETAT DES LIAISONS PLANCHERS/SYSTEME DE [Mauvais =
1
< 5

Figure 2: Vulnerability Index program
handling page

Figure 2 : Page de manipulation de programme
de I’indice de vulnérabilité

5-Application of the VI method to SM
buildings

An in-situ survey of 215 SM buildings
has been conducted in Algiers city centre. The
database has been established after the
Boumerdes-Algiers earthquake magnitude 6.8
in 2003, which affected 22665 buildings in
Algiers and 66383 in Boumerdes city. The VIP
helps to make easy the calculation of the VI, the
classification and the recording of each
building’s data sheet. For this purpose and after
the in-situ survey 196 (91.16%) buildings have
been classified “Orange” (0.44<VI<0.88) and
only 19 buildings (8.84%) have been classified
“Green” (0.00<V1<0.44) as shown in Figure 3.
Some reinforced concrete buildings shown in
white colour exist in the study area (Fig. 4).The
map shows the global view of the investigated
buildings and their location using the GIS
(Figure 4).Therefore, the study area is bounded
by three important avenues, (Didouche Mourad,
Mohamed V and Colonel Krim Belkacem) in
which many important offices and ministries
are located.

100% A
80% -
60% -

® Mean VI
40%

o ‘
0%

Orange Green

Buildings classification rate

Figure 3: Strengthened masonry buildings
classification

Figure 3 : Classification des batiments en
maconnerie chainée

Figure 4: Strengthened masonry buildings
classification map

Figure 4 : Carte de classification des batiments
en maconnerie chainée
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6-Conclusion

In this paper, a seismic vulnerability
analysis has been conducted, using the
vulnerability index method and has been
applied to Algerian strengthened masonry
structures. The aim of this study is the
determination of weighting factors, which were
obtained using an empirical analysis. A
database of 100 strengthened masonry buildings
was elaborated, which investigated by national
experts after the major Boumerdes-Algiers
earthquake in 2003. A data sheet has been
worked out and implemented in a numerical
program (VIP), in order to investigate with
accuracy the SM buildings. For this purpose, a
seismic scenario has been elaborated for the SM
buildings, and applied to 215 of this type of
building located in one of important district in
Algiers city. This study showed that SM
buildings need to be retrofit and updated
according to the current seismic code.
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