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Abstract

Schools In Algeria, built in the XIXth and XXth centuries, are not only places of education
and learning, but make up a rich cultural heritage of architectural techniques and traditional
know-how. However, their seismic vulnerability risks the safety of their occupants. They were
built of masonry before seismic regulations were put into place, which increases their
sensitivity to seismic hazard. Algeria is situated in a well-known zone of high seismic activity
and the risk to these buildings challenges their structural behaviour. This study focuses on an
assessment of seismic vulnerability on a specimen built entirely in hollow brick which
wonderfully represents this architectural heritage leading to a better understanding of the
potential risks for these buildings, at a structural level. Macro element models, using the
Tremuri software, are subjected to a non-linear “Pushover” analysis in order to determine
the degree of vulnerability and locate the weak sections of the structure which could collapse
during seismic action. This study aims to highlight the seismic risks of these types of
structures and also offer appropriate guidelines and recommendations that could be of use
during a possible rehabilitation or conservation program of this built heritage site.

Keywords: School building; 19th century architecture; Unreinforced masonry “URM”;
Seismic vulnerability; Macro element; Pushover analysis

Introduction

Seismic vulnerability of existing buildings.

In recent years, many scientific researchers have addressed the question of seismic
vulnerability in unreinforced masonry (URM) buildings and have studied their behaviour during
an earthquake. Unreinforced masonry (URM) buildings have a tendency to be more susceptible
to earthquake damage than other actual forms of construction. However, this is not only due to
the fact that they were built with no consideration to seismic shock but also because the
masonry is of poor ductility [1].

Before the advent of seismic standards, seismic vulnerability, exacerbated by building
concentration, led to a high level of seismic risk, even in areas where seismicity was considered
moderate. Consequently, several methods to evaluate seismic vulnerability were established in
many countries as part of a greater international program [2].

Ancient masonry buildings, that is to say, those built before seismic regulations were put
into place, are generally vulnerable [2, 3]. However, there are monumental constructions, well-
built according to the right know-how and with quality materials, which withstand seismic
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shock. On the other hand, other apparently similar structures damage very easily: an analysis of
their vulnerability consists, therefore, in not only trying to predict their behaviour during an
earthquake, by integrating all the elements of incertitude, but also in detecting any eventual
errors in the seismic design [3]. Compared to other construction materials, masonry shows a
non-linear behaviour for lower seismic demands. In addition to its low tensile strength [4] its
weakness is mainly due to its physical and mechanical characteristics as well as its components
(mortar, cement or chaining etc.) [5].

In Algeria, there is a vast colonial building stock dating from the period between 1830
and 1930, built in unreinforced masonry (URM) and without any paraseismic design, as was the
case for most of the buildings at that time.

North Algeria: a zone of strong seismicity

Throughout history, the north of Algeria has been hit by an important number of
earthquakes which caused enormous destructions and heavy loss of human life. Some of the
most destructive quakes reached a magnitude of 7.3 on the Richter scale [7]. In northern
Algeria, earthquakes predominantly occur at shallow depths, typically within the upper 20
kilometres of the Earth's crust [8].

These earthquakes are mainly produced by reverse or strike-slip faults, driven by the
NW-SE to NNW-SSE stress regime resulting from the oblique convergence between the
African and Eurasian tectonic plates [8][9]. Even though these earthquakes are shallow, their
magnitude and proximity to populated regions can result in substantial damage and fatalities.

According to the Research Center for Astronomy, Astrophysics and Geo-Physics
(CRAAG) [7], Algeria has suffered the effects of several earthquakes, some of which were
violent and deadly (Table 1). We can cite those of Algiers and Blida in 1716, Oran in1790,
1825 at Blida, 1867 in Mouzaiaand, Gouraya in 1891. More recent examples include those of
Orleansville (09/09/1954), El-Asnam (10/10/1980), Ain Temouchent (22/12/1999), Beni-
Ouartilan (10/11/2000) and Bourmedes (21/05/2003). In 2013 and 2018 two recent earthquakes
with a magnitude of 5 were felt in the Blida region however no victims or major material
damage have been recorded.

Table 1. Some of historical and recent earthquakes in northern Algeria which were felt in Blida. Source: CRAAG

Date Region Magnitude EMS Deaths Injuries

1716 Algiers 7.5 X 8000

1825 Blida 7.5 X-XI 3000 /

1867 Mouzaia 7.5 X-XI

1891 Gouraya

1954 Chlef (Ex 6.8 X 1250 3000
Orléansville)

1980 Chlef (Ex EI Asnam) 7.3 X 5000 9000

1988 Al Affroun 5.4 VII

1989 Tipasa 6.0 VI

2003 Zemmouri 6.8 2278 11450

2013 Blida region 51 \Y / /

2018 Blida region 5.4 / /

2020 Mila 49 / /

2021 Béjaia 6.0 / 04

2022 Oran 5.1 / /

Blida, a region that has witnessed several earthquakes

Significant seismic events have historically occurred in the Blida region; among the
largest in the region's history was the one that hit the town of Blida in 1825; the second was the
Mouzaia-El Affroun earthquake of 1867 [10] [11]. The following figure shows the earthquakes
that have occurred from 1900 to 2014. We can see the large number of earthquakes that have
struck the region over the past century. The Boumerdes earthquake in 2003, used as a reference
by the authors of the map, left behind him considerable human and material damage.
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Fig.1. The spatial distribution of earthquakes from 1900 to 2014
(dark, M > 4: 1900-2003; light, M > 3:5: 2004—-2014),
after the continuous recording of Algerian seismic events by
Center of Research of Astronomy, Astrophysics and Geophysics.

The urban areas of Blida, particularly its architectural and historical heritage, are highly
susceptible to seismic damage, especially older structures made of unreinforced masonry [12].

In the new RPA 2024[13], Algeria is divided into 07 zones of increasing seismicity,
ranging from the low seismicity zone (Zone 0) to the high seismicity zone (V & VI) (see Fig 2),
where the wilaya of Blida is classified in zone VI, which is high seismicity.

B oneVi (0300) Classification sismique des wilayas d’Algérie
W core vV (0.2%)
B one IV (0.209)
zone [ll (0.159)
2o0e 11 (0.109)
wonel  (0.079)

Fig.2. Seismic zoning of Algeria. Source: RPA version 2024[13]

To illustrate the damage that can be caused to unreinforced masonry, research has been
carried out on a maritime lighthouse in Boumerdes, 75 km north-east of the town of Blida.,
Amari [14] et Abdessemed-Foufa [15] conducted an on-site survey to highlight the damage
observed on this structure. The following table shows the damages that an unreinforced
masonry structure can suffer.
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Table 2. Classification of damages and collapse mechanisms. Source: Amari [14] and Abdessemed-Foufa [15].

Damage and deterioration Description lllustrations
overturning of In the vicinity of the corner, the
the fagade main facade separates from the
lateral walls due to the insouciant
connection between the orthogonal
walls and the floors.

shear mechanism Cracks in the fagades:
in-plane - X-shaped shear cracks
- Central vertical crack or arched
cracks near the corner
- Diagonal cracks (single and
crossed) in masonry wall.

The interior walls' shear cracks. internal partition walls with both
vertical and horizontal fissures.

Floor damage A fissure in the vault. Sectional
removal of the upper level and
separation of the steel IPN beams
from the side walls.

School buildings

A school building is a permanent architectural feature of both the urban and rural
landscape. It is one of the most common, and most frequently visited, public buildings in any
country. Pertaining to the field of school architecture, it is easily recognizable and becomes, for
a pupil, a referent that marks him for life. The history of education in Algeria goes back to well
before the French colonial period of 1830 according to C.E. Chitour [16]. Teaching was carried
out in well-attended Coranic schools, annexed to mosques.

After 1870, the French educational system spread throughout Algeria. Both European
and native pupils had, at their disposal, high quality state schools, of every level [16], as well as
religious schools. High schools were quickly built in most of the major towns, such as Algiers,
Oran, Orléansville and Blida.

With a view to protect a cultural heritage as rich as that of school architecture, composed
of places of learning and instruction, which are still in use today, D.J. Vickery [17] consider the
study of seismic vulnerability is a concept that has significant implications, not only for heritage
management, but also for the choice of strategy when faced with seismic.

The safety of school buildings during an earthquake: an indisputable question

Children are some of the most vulnerable people during natural disasters, especially if
they are at school when the disaster occurs. In October 2005, more than 16,000 children
perished in Pakistan under the rubble of their school buildings when an earthquake struck [18].
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According to G. Kenny [19], It should be noted that 2,500 children die in the world every
year due to the collapse of school buildings. Since 2000, more than 28,000 people in the world
have perished in earthquakes because of unsafe school buildings.

D.J. Vickery [17] Remind us that in every society, children represent the future of the
nation and schools are places of learning where cultural values and traditional and conventional
knowledge are transmitted to the younger generation. If we wish to protect our children from
the dangers of natural disasters, besides teaching them what to do when an earthquake occurs,
we must protect school buildings by either constructing new anti-seismic establishments or
reinforcing schools already in use.

School architecture in Algeria, a heritage to protect:

School architecture bears witness to the importance our society gives to education and
youth. Most of the masonry buildings were erected between the XIXth and XXth centuries.
These places, consecrated to both life and learning, are inscribed in the history, not only of
education, but also of architecture and the nation.

At that time, construction was in unreinforced masonry (URM) using, for the most part,
local materials (cut stones, rubble, brick, etc) and buildings were erected with no account given
to the seismic factor. Instead, emphasis was put on the artistic style of the period, rather than on
the resistance of the building to the horizontal forces that might occur during an earthquake
[21].

In 1955, after the earthquake in Orleansville on September 9th, 1954, the first seismic
regulations, AS55 [22], were set up. The Algerian regulations, in the form of the 1980 RPA81,
were drawn up after the earthquake of EI-Asnam on October 10th, 1980. They were revised
(RPA 99/2003 version and the RPA 2003 version) after the earthquake of Bourmedes on May
21st, 2003.

During the colonial period, several school buildings were built, ranging from primary
schools to secondary and high schools, and adopting architectural expressions pertaining to the
great European metropolis, including the neo-classical style, the neo-Moorish style and even
eclecticism [20]. These school buildings fall into two distinct categories:

e Establishments built as schools (primary schools; secondary schools; high schools)
e Establishments converted into schools after formerly being used for other functions
(barracks; hospital; convent)

After carrying out an inventory in three large towns in the north of Algeria (Algiers,
Blida, Oran), we found 105 school buildings (Table 3), made from unreinforced masonry
(URM) and dating from 1830 to 1930, officially recognized by the Ministry of National
Education. Most were built with no consideration for seismic risk because, at that time, no
regulations had been put into place. It is for this reason that the vulnerability and behaviour of
these edifices must be evaluated in order to ensure not only their stability but also the safety of
their occupants (pupils; teachers; workers).

It is necessary to mention that Table 4 only counts the 14 high schools that we were able
to locate and visit, compared to the 18 listed in Table 3.

The choice of study case was made in relation to several factors including: (a) its
location in an area with high seismicity; (b) the period of its construction between (1830-1930);
(c) construction materials and methods " unreinforced masonry (URM) of brick or stone"; (d)
complex and unfavorable shape of the building (H — L and U shape) (Table 4), (e) availability
of the graphic file and (f) a historical establishment.

Our focus is more on high schools as their occupancy rate is quite high, and as the
protection of the occupants comes first, (Table 4) represents the different geometrical shapes
encountered when identifying high schools. By taking into account all the parameters of
selection, the high school El Feth fulfills all the requirements to carry out our study especially
in terms of form not in conformity with the seismic codes and by the important number of daily
occupants.
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Table 3. Classification, by town and by level, of masonry school buildings.

Alger Blida Oran Total
Primary school 41 7 19 67
Middle school 8 4 8 20
High school ] 12 ] 2 ] 4 ] 18

Table 4. High schools inventory classified by geomatic form.

Geometrical shape High school
(@) Rectangular 03
(b) —I:l L-shaped 02
-
(c) D |:| checkerboard shape 03
(d) U-shaped 01
© [ ] Bar-shaped 02
) ‘& Triangular 01
@ H H-shaped 01
(h) @ Irreqular shape 01

The aim of our study is to take, as an example, an unreinforced masonry (URM) school
building, dating from the period (1830 to 1930), and evaluate the degree of its seismic
vulnerability, by using a non-linear static analysis to determine the weakest zones of the
structure, with the view of reducing their vulnerability through suitable and reversible repairs,
which could be carried out during structural rehabilitation.

Most of these buildings are key infrastructures, classed as category B in the Algerian
Seismic Code (RPA99/Ver 2003) [23], and must remain functional during and after an
earthquake, in order to meet the demands of the affected population. Reinforcement of these
buildings has become, therefore, an absolute priority.

Presentation of the case study: EL Feth highschool (formerly Girls’ Highschool)

El Feth High School (Fig. 3) is situated right in the town centre of Blida, 50km south of
the capital, Algiers. The whole establishment has a surface area of 112,700 and 60,000m? of
which are covered by buildings. Built as a Christian religious centre and convent in 1865, it was
converted, in 1924, into an upper primary school, managed by nuns. During the Second World
War, it was used as a trauma centre and during the 1950s; the buildings officially became a high
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school named “Girls’ high school”. After Independence in 1962, the Algerian government
changed its name to “Lycée El Feth”.

BLIDA (Algirie) — Ecele vasisieare de Jewnes filles

Fig. 3. El Feth High School between the past and the present:
a - El Feth Hight School in the present. Source: Design office Bouras;
b - El Feth Hight School in the past. Source: www.Blida.net

In 2014, the decision was made to upgrade and partially redevelop the high school,
leaving the original structure intact. This project lasted three years.

Architectural and technical description:

The high school, built in the shape of an “H” (Fig. 4), is composed of two storeys and a
roof space which stretches over the whole building (Fig. 5). The central building is easily
identifiable and it links two almost symmetrical pavilions, punctuated with large evenly-spaced
openings. It is of neo-classical style (Fig. 7) and is covered with a red tiled roof.

- — =
2 kme emy un |
| |
= “\ l |
—= L | “ ;
o 30.m ‘
92m, 50 m 92m

Fig. 4. Plan view of the El Feth High School. Source: Design office Bouras
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Central Block

Fig. 5. Description of the plan.

Table 5. Dimensions of the buildings (common floor)

Block « A » Central Block Block « B »
Length (m) 60.00 51.00 60.00
Width (m) 9.20 14.00 9.20
Floor hight (m) 4.30 4.30 4.30
Surface (m?) 552.00 714.00 552.00
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Fig. 6. Longitudinal section of the central block. Source: Design office Bouras
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Fig. 7. The two main facade of the High school. Source: Design office Bouras
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It is a structure of load-bearing masonry walls, composed of a rubble base and a wall of
perforated, baked earth bricks (Fig. 10). There are two different wall thicknesses:

- Facade wall: 55 cm thick (Fig 11)

- Shear wall: 38 cm thick

The ceiling of the first storey is made of a brick vault with metallic beams (see fig 8); the
attic ceiling is wooden and is supported by metal profiles.

Fig. 8. Detail of voutain floor. Source: The author

The general shape of the structure is not adequate for seismic behaviour. In addition, the
floors, of the 1st and 2nd floor are flexible in their plans; that is to say deformable around the
axes OX and OY, therefore do not transmit properly and effectively seismic actions to the
bracing elements.

~

@ (b)
Fig. 9. Perforated, baked earth bricks: a) Secondary load-bearing wall; b) Main load-bearing wall

History of the Brick

The brick industry was controlled by military engineers who imposed stress tests and
refused any batches that didn’t meet their standards. For restoration purposes, the military
sought to improve the brick’s resistance to compression by using machines and promoting
automation [24]. In the middle of the XVIIIth century, ordinary bricks generally broke under a
weight of 35kg. This increased to 50kg half a century later, and to 80kg in 1850. The cost of
manufacturing brick also went down, thanks to new elaborate ovens which consumed far less
energy than before, during the combustion process.

Hollow Brick with Six Holes

By retracing and relinking these historical facts, the jury of the London World Fair
awarded the medal of honour to M. Borie [24] for his revolutionary product of the hollow brick.
« We have long time needed a material, at the same time solid, light and responsive, which
through its shape and the pattern of its solids and voids, can be conveniently and easily joined
and overlapped.... » Were, according to E. Lejeune [25], the few words of praise expressed by
the jury in favour of this new building material. According to A. Gratry [26], in the middle of
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the XIXth century, France exported large quantities of hollow brick towards its colonies, of
which Algeria was one, in order to encourage its production. Thanks to the advent of this
material in the field of construction, our case study, El Feth High School, was built using
hollow bricks.

Dimensions and brick bond patterns

The dimensions of these bricks vary considerably. However, to make construction
easier, builders everywhere make a connection between the three dimensions [24] using a ratio
between the length, the width and the thickness (Fig. 10). In our object of study, the El Feth
High School, the pattern most commonly found is that of the «Flemish bond». It consists of
alternate rows of headers and stretchers (Fig. 8).

Table 6. dimensions of the Borie hollow brick. Source [24]

Designation Length Width (cm) Thickness Dimensions of Volume including
(cm) (cm) holes (cm) holes (cm?)
Borie and Co Bricks, 22 11 5.5 1.2:1.2 1331
06 holes
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Fig. 11. 55cm thick main load-bearing wall device
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It makes the creation of beautiful, decorative motifs possible, with a 10mm joint. In fact,
the facades of the high school were, formerly, bare (not covered with mortar) (Fig. 12) and the
play between the hollow and filled surfaces could be clearly seen.

2

L 4 "‘.' a 4;-
84 BLIDA. — Ecole Supérieure de IFilles. — LL Dlidanet 1920

Fig. 12. The main fagade without plaster shows the hollow and
full faces of bricks on the original construction. Source: www.Blida.net [27]

However, T. Taguchi and C. Cuadra [28] Investigated the influence of bond types on the
mechanical properties of brick masonry experimentally by compression tests. The researchers
came to the conclusion that the lower strength of Flemish bond-type specimens (Fig. 11) was
caused by a higher volume of mortar consumption in this bond type. On the other hand, Flemish
style bond produces larger volume of vertical bond mortar that crosses the total height of
specimens conducing to a failure at lower strength.

The choice of hollow brick as structural material

Thanks to its long sought- after properties of lightness and low cost, hollow brick
became more popular than solid brick with the architects and contractors of the XIXth and
XXth centuries. Moreover, through its use, a variety of other properties, which couldn’t be
found to the same extent in solid brick [26], became apparent. These included considerable
tensile strength and resistance to atmospheric agents, better connections in the masonry
(especially as the mortar penetrates the holes of the brick), greater heat inducibility and
complete insulation from moisture.

Methodology

By studying literature related to the evaluation of seismic vulnerability in unreinforced
masonry (URM) buildings, several methods and procedures become apparent, ranging from a
complex and detailed analysis to a more general perception; the choice of which depended on
the amount of information available for the building in question. Our method is based on the
basic principles of structural dynamics, a simple and practical procedure, suited, not only to a
small budget, but also to a limited level of knowledge about building materials and the state of
the connections within this old, unreinforced masonry (URM) building [1].

Modelling by Analogous Frame of Unreinforced Masonry (URM)

The numerous methods set down in literature consider masonry on a different scale [29].
Macro-element modelling seems to be the method that is best suited to the discontinued nature
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of masonry [30]. The description of the interaction of its different elements (stone/brick/mortar)
through an elastic phase, followed by a softening, gives good results. Non-linear behaviour is
successfully reproduced and cracking can be predicted with precision.

The 3MURI method [30] provides simplified formulations of non-linear behaviour of the
» macro-elements » model, optimised with precision to carry out non-linear, static analysis of
masonry structures. The method, implemented in the software, schematises the structure
through an analogous frame made up of macro-elements FME (Frame by Macro-Elements).
The distinction between the two different panels (piers and spandrels) is determined by the
presence of the openings in the wall.

Macro-elements

The model formulated by L. Gambarotta and S. Lagomarsino [31], allows for the study
of the non-linear behaviour of masonry walls. Based on the assumption that they have reduced
stiffness and deteriorating resistance, it takes into account weaknesses and cracks, resulting in a
method that has proved itself to be highly effective in carrying out non-linear, static analysis
and testing of cyclic loading.

The construction of an analogous frame

Theoretical and experimental research led to an assimilation of the behaviour of the
elements (posts and beams) through a system of equivalent elements. By linking these elements,
we obtained a design of an analogous frame, which clearly shows the behaviour of these
masonry structures.

Figure 13 shows the basic steps in the idealization of the analogous frame of a

masonry wall, marked by a regular distribution of openings: from the identification of posts and
beams to that of the rigid zones.

Step I- Identification of spandrels Step 2- Identification of piers Step 3- Identification of nodes Equivalent frame

| B B

1 1000

/

Fig.13. Idealized image of analogous frames in the case of evenly distributed openings. Source: [30].

Modelling of the building using Tremuri software program:
The modelling work was undertaken (Fig. 14) by using the Tremuri software program
[30] (academic licence), developed by the company S.T.A DATA.

Fig. 14. Modelling of the model from the Tremuri software program
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According to Italian standards NTC 2018 (Technical Building Standards) [33], an
evaluation of the safety and design of any interventions to be carried out on existing masonry
buildings, must take into account the level of knowledge “LC” about the structure. For analysis
and verification, standards require the use of confidence factors FC, which modify capacity
parameters depending on the level of knowledge linked to geometry, construction details and
materials used. The building, with all its components and geometrical forms, is situated in LCI.

The use of the Italian code NTC 2018 fills the gap that is found in all versions of the
RPA from 1980 until the last version 2024 [13] about unreinforced masonry [14, 32]; the latter
is neither regulated nor authorised in seismic zones. In addition, the TREMURI software has a
very diverse library of data relating to the physical and mechanical properties of materials,
including perforated bricks; therefore, we've taken the properties closest to the brick in
question. So, to perform numerical modelling and analysis, it was necessary to choose the
mechanical parameters of the materials from the Italian code NTC 2018 [33].

Recommendations for this level of knowledge stipulate that the values chosen for
material properties must be minimal for resistance and average for the elastic modulus with a
confidence factor FC = 1.35.

Table 7. Parameters adopted for masonry; Source: NTC 2018 [33]

Materials fm (N/cm2) 70 (N/cm2) E (N/cm2) G (N/em2) W (KN/m3)

Masonry in bricks 240 6 1500 500 18
and lime mortar

With: fm = average compressive strength of the masonry; 10 = shear strength of the masonry; E = average
value of elastic modulus; G = average value of the shear modulus; w = average specific weight of the
masonry.

The analogous frame model:

The three-dimensional structure of the building is transformed into an analogous frame
model of three defined dimensions — Spandrel beams; Piers; Rigid elements — (Figs 15 and 18)
by means of the software auto generation function.

Control node

Control node | I l |

Fig. 15. 3D model created by 3Muri [30]

The numerical model is composed of three types of macro-elements: pier elements,
spandrel elements and rigid nodes (858 elements, 816 rigid nodes, that are rigid elements
connecting the resisting elements “pier” and “spandrels”).
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Fig. 16. Analogous frame of the load-bearing wall at the main entrance

In this paper, the spectrum response was calculated following the Algerian seismic code
RPA 2003 [14], the 2008 version using equation (1). The spectrum response (Fig. 17) is
determined based on the following concepts:

The seismic zone’s classification (the most unfavourable zone III), which is still the
same in the new RPA 2024 (zone of high sisimicity), then the type of soil must be defined
(solid soil S3). The last two elements define the building's usage. (1b: building of great
importance) and the constructive components (unreinforced masonry with perforated bricks).

The RPA 2003 [14] defines the response spectrum as the maximum acceleration
response curve (Sa/g) of a single-degree-of-freedom system subjected to a particular excitation
for successive values of T.

2

2=25m(1258) (3) (%) T, <T<30s

E 1)

where: Sa - represents the spectral acceleration; g - represents the gravity acceleration; A
-represents the coefficient of zone acceleration (A = 0.30); The quality factor "Q" of the
structure defined by the Algerian code RPA 2003 depends on the redundancy in the plan, the
regularity in the plan, and the elevation. The quality control and material execution in this
scenario are for the building group 1B, where Q = 1.30; R - represents the coefficient of
behaviour: R = 2; In this study, we considered URM existing structures to be the lowest class in
the masonry category when R = 2; T, - represents the upper limit of the period defining the
horizontal spectral acceleration branch for the considered geologic and geotechnical soil (T, =

0.40s) and damping correction factor 1, given according by the formula Eq. (2):

n=7/(2+8 =07 )

n =7/(2+10) =076 =07

where: & is the proportion of crucial damping based on the constituent material, structural type,
and relevance of fillings.

Table 8. Values relating to the elastic response spectrum. Source: RPA 2003

A n £ R T1 T2 Q

0.30 0.764 10 2 0.15 0.40 1.30

with: A - Rate of acceleration within the zone; n — damping correction factor;  — percentage of critical damping; R -
ratio of structural behaviour; T1 and T2 - characteristic period associated with type of site; Q - quality factor.
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The following spectrum graph is the outcome of four factors: A (area amplification
coefficient), D (dynamic amplification factor), Q (quality factor), and R. (behaviour
coefficient). According to the RPA2003 code (Fig. 17), it indicates the connection between Sa/g
and the period T (5).
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Fig. 17. RPA 2003 Response Spectrum for the Site of El feth high school

Non-Linear Static “Pushover” Analysis:

According to S. Lagomarsino and S. Cattari [34] in pushover analysis, the structure will
be load with a proper distribution of lateral loads that are gradually increased with the aim of
“pushing” the structure into the non-linear field. Two load patterns are taken into consideration,
first mode shape distribution based on the fundamental mode shape of the structure, and
uniform load distribution to all stories as recommended by different authors for the N-2 and
3muri approach [34, 35]. The load shapes are proportional to mass; The principle consists in
subjecting the structure to monotonic loading until it collapses which gives us a force
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displacement curve (capacity curve) which represents the general behaviour of the structure
[26].

[1Bg | [OBa

+Y static MODE 1 -Y static MODE 1 +Y uniform -Y uniform

Fig. 18. Load patterns and different cases of pushover analysis, source: Hysenlliu [37]

Once the structure is modelled, ‘“Pushover” analysis can be carried out. To model
seismic action, response spectrum data, in our case, calculated in accordance with the Algerian
seismic code (RPA 99/2003) [23], is inserted. After introducing the data, structural analysis can
be carried out; the Italian standard NTC 2018 [33] anticipates 24 types of analysis, that differ
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between the directions x and y (positive and negative in both directions) as well as the loading
mode (static and uniform), while taking into account eccentricity.

Results and discussion

Preliminary Modal Analysis

El Feth High School's seismic vulnerability was first carried out by applying a
preliminary modal analysis to assess the dynamic behaviour of the structure and the
participation of potential damage modes. This analysis is useful to verify the consistency of the
assumptions made in terms of material parameters and connections between the different
structural systems.

It is worth noting that the current Algerian legislation RPA 2003 [23] defines a mass
participation limit of 90% in both directions X and Y in the case of existing and new buildings.
The application of linear dynamic analysis in the Italian [33] and European Codes 8 [38]
requires considering numerous modes that activate at least 85% of the participating mass.

The results of the modal analysis's first 28 vibration modes are displayed in (Table 9).
The participating masses obtained in the X and Y directions reached 90.04 and 92.57
respectively. By observing the results, we notice that the 2nd, 5th, 7th, 11th and 14th modes of
vibration are translational along the X axis with periods of 0.40, 0.37, 0.36, 0.28 and 0.27s
respectively, whereas those of the 4th, 6th, 8th, 9th and 18th modes of vibration are
translational along the Y axis with periods of 0.38, 0.36, 0.36, 0.35, 0.31 and 0.25s respectively.
It should be noted that the participating masses along the Z axis are minimal and negligible.
Also, it should be remembered that the other modes beyond the 28th vibration mode are
translational along the X and Y axes with minimal participating masses that can be neglected.

It should be noted that these results do not reflect the actual behaviour of the
construction in its entirety, as masonry constructions involve many unstable parameters, such as
the nature and quality of the material as well as the regularity of the building's plan and facade
[14].

Table 9. Results of the modal analysis for the first 12 modes (natural period—T, mass x—mx, participating mass along
x—MXx, mass y—my, participating mass along y—My, mass z—mz, participating mass along z—Mz)

Mode T [s] mx [kg] Mx [%] my [ka] My [%] mz[kg] Mz
[%]

1 0,42496 17.633,375 0,19 294.621,961 3,16 15,371 0

2 0,40952 2.170.054,319 23,31 56.157,071 0,6 0,13 0

3 0,40446 10.158,792 0,11 219.804,639 2,36 47,323 0

4 0,38822 528.639,620 5,68 834.004,099 8,96 1.136,097 0,01

5 0,37851 822.076,629 8,83 204.705,529 2,2 21,709 0

6 0,36668 494.446,709 5,31 2.452.008,382 26,33 434,411 0

7 0,36099 898.913,946 9,65 329.402,418 3,54 58,097 0

8 0,35387 52.982,621 0,57 692.375,319 7,44 16,09 0

9 0,31418 1.120,279 0,01 562.670,361 6,04 96,203 0

10 0,29781 23.073,919 0,25 4.169,637 0,04 36,309 0

11 0,28895 1.123.722,066 12,07 26,857 0 29,596 0

12 0,28645 2.731,388 0,03 276.022,836 2,96 197,38 0

13 0,28258 133.419,171 1,43 130.533,239 14 746,71 0,01

14 0,27284 1.498.992,166 16,1 96,24 0 120,128 0

15 0,27118 393.517,343 4,23 206.033,094 2,21 7,197 0

16 0,26677 28.005,794 0,3 33.513,126 0,36 1,307 0

17 0,26294 28.988,204 0,31 18.269,567 0,2 54,145 0

18 0,25788 429,648 0 1.314.380,655 14,12 211,676 0

19 0,24878 7.977,590 0,09 373.942,139 4,02 39,271 0

20 0,23304 30.671,778 0,33 104.027,265 1,12 17,251 0

21 0,23053 54.740,628 0,59 117.493,777 1,26 253,098 0

22 0,22487 19.458,745 0,21 1.789,756 0,02 265,317 0
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23 0,22367 57,19 0 108,891 0 561,158 0,01
24 0,21868 0,075 0 34.297,383 0,37 10,729 0
25 0,21386 13.467,159 0,14 123.143,646 1,32 6,414 0
26 0,21124 9.179,929 0,1 1,075 0 303,226 0
27 0,2088 7.273,976 0,08 39.331,427 0,42 182,344 0
28 0,20658 11.045,812 0,12 11.507,961 0,12 325,628 0

> 90,04 90,57

*The numbers highlighted with fluorescent yellow display the most significant participating masses.

Pushover analyses results

After carrying out the Pushover analysis, the analysis procedure is generated
automatically by the program. The analysis of the pushover results in the 3muri software is
plotted by the force-displacement curve for each X and Y direction from the 12 curves, the
horizontal displacement of the control node (placed at the highest point of the structure; (Fig.
12). The worst-case scenario (the case of least energy dissipation) is chosen as the
representative capacity curve in this direction. The curve is then bi-linearised according to the
N-2 procedure [39] (Figs. 19 and 20).

In Figures 16 and 17 the capacity curve along the +X and —Y axis respectively represent
the two most significant and unfavorable cases in our analysis, the ultimate displacement (Du)
as well as the bilinear curve is demonstrated.
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Fig. 19. Capacity curves, corresponding equivalent bilinear curves, and
maximum available displacement Du. Pushover in direction +X
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Fig. 20. Capacity curves, corresponding equivalent bilinear curves, and
maximum available displacement Du. Pushover in direction —Y

Figures 21 and 22 illustrate a sample of the most significant walls for analysing the “In-
plan” damage of the structure. Taking into account the building's area of coverage, which is 68
m long and 60 m wide, along with the symmetry on the X and Y axes, therefore, a sample of the
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most significant walls for analysing the “in-plan” damage of the structure has been chosen. The
walls in both diagrams are the same in order to compare the structure's behaviour in the two
directions of the analysis.
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Fig. 21. Designation of walls by 3muri software

The capacity curve shown in Figure 16 along the +X axis demonstrates that the
maximum displacement (Dmax) has exceeded the ultimate displacement (Du), so we have
Dmax = 0.39 cm > Du = 0.04 cm with Du being in the elastic sequence of the curve.

Figure 19 shows the damage to the main walls of the building, due to the rigidity of the
building in the +X direction, the walls did not suffer any significant damage, although there was
some bending damage to the spandrels and a little less to the piers, but the majority of the
structure did not suffer any apparent damage.

The capacity curve in Figure 20 indicates that the maximum displacement (Dmax) of
the structure did not reach or exceed the ultimate displacement (Du) due to the elasticity of the
structure in the -Y direction, because Dmax = 0.19cm > Du = 1.26cm, however, the walls were
severely damaged. Figure 22 shows that the walls (P1 and P32) were only damaged by bending
for the "spandrels” and "piers". However, there were bending failures of the walls (P11, P10,
P16 and P6), cracks and shear failures occurred on the "piers” of the walls (P8, P16, P6 and
P22). The walls (P11 and P16) show the presence of some failures during the elastic phase in
the "piers"” part.

Comparing figures 22 and 23, it can be seen that the same walls present in the two
figures had totally different behaviours and damages, and therefore it can be supposed that the
pushover analysis along the -Y direction is the most vulnerable.

The interpretation of the results of the pushover analysis, carried out in addition to the
global behaviour of the structure, shows:

- That the thrust along the-Y axis of the central block (Fig. 5) caused a rotation of the

two blocks (A and B), which brings us back to our primary deduction in (section
2.1),

- The "H" is a shape that does not satisfy the standards of the current anti-seismic

design, especially with the absence of seismic joints.

It is necessary to specify that this pushover analysis cannot identify the out-of-plan
behaviour of the structure [14], but only the in-plan behaviour is taken into account.
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Compression falure
Tension fakure
Falure during elastic phase

Fig. 22. Damaged walls after pushover analysis in direction +X

Recommendations of the structure reinforcement:

Several methods and techniques for reinforcing a masonry structure can be found in the
literature. In this article we will just give some general solutions that can be studied further in
other research in order to reduce the vulnerability of the school in case of future structural
rehabilitation.

It should be noted that the recommendations proposed below to improve the behaviour
of El Feth High School in the event of an earthquake are a global and non-precise response to
the results obtained by the non-linear static pushover analysis. In order to verify the
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effectiveness of these recommendations, it is important to note that a more in-depth study of the
structure, the current state of the structure, and the materials of which it is composed is required
in order to make a comparison before and after the structural rehabilitation intervention.
Seismic design in the Italian code NTC 2018 [33] and the Algerian code RPA 2003 [23]
recommend regularity in plan, which means avoiding shapes with re-entrant corners and
recesses in plan, such as the (H) shape.

Bending faiure
Compression falure
Tension faiure

Fadure during elastic phase

P32

Fig. 23. Damaged walls after pushover analysis in direction -Y

According to P. Sanketh and B.C.M. Rao [40] the impact of a re-entrant corner during a
seismic event causes two issues:
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» Local stress concentration at the re-entrant corner due to wing movement
differences

* Torsional movement caused by the building's relative separation of its center of
mass and center of stiffness

As previously mentioned, the results obtained after Pushover analysis confirms our
original premise that the H form of the building makes it extremely vulnerable in the face of a
substantial earthquake (too many projections). And since unreinforced masonry is fragile, it is
easily damaged during an earthquake. Furthermore, the existence of a re-entrant corner makes it
much more hazardous [41].

To reduce the seismic vulnerability of the structure, we propose to create a seismic joint
and transform the structure into three simple blocks (Fig. 25), in order to improve the dynamic
behaviour of load-bearing walls.

This process has already been adopted in Algeria during the restoration works after the
earthquake in Boumerdes in 2003 of the great mosque of Dellys, whose reconstruction dates
back to the French period. One of the major interventions was to separate the minaret from the
rest of the mosque with a seismic joint. Therefore, we will apply the same solution (Fig. 24) in
the El Feth High School. In fact, we propose to create two seismic joints by detaching the
central block from the perpendicular ones.
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) fﬂ_ N
A % V¥
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Fig. 24. Drawing depicting the processes used to create the Dellys mosque's seismic joint. Source: Archive of the
Technical Service of the Boumerdes Cultural Directorate

Seismic joints as an effective solution:
According to the RPA [23], two neighboring blocks must be separated by seismic joints

whose minimum width satisfies the following condition according to (RPA99/2003, Chapter V,
Art5.8):
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d=15mm+ (614 §2)mm = 40mm. 3)

with: d - Seismic joint width; §162 - the maximum displacements of the two blocks at the top
of the lower block, calculated according to (Article 4.4.3 RPA99/V2003) [23].

According to EC8 [38], structures should be simple and regular (in plan and height). If
this is not the case, the structure must be dynamically divided into units. As stated in article
2.2.4.1 of ECS:

= /d1% + d2° @)

Dimensioning of the seismic joint width:

In order to calculate the minimum width of the seismic joint to prevent the two blocks
from colliding during an earthquake we have separated the A-block and the central block (Fig.
5), then a pushover analysis was performed with Temuri on each of the two blocks in order to
determine their maximum displacement §162 of these two neighboring blocks:

61(block A) = 6.13cm, 62(block central) = 2.98cm
According to Rpa 2003 we have:
d=15mm + (61.3 + 29.8) =105.1mm > 40mm
This means that the width obtained satisfies the regulations.
According to Eurocode 8 we have:
A=~ (6.132+2.98%) = 6.81cm

In order to ensure optimum safety and ease of execution of the seismic joint we have
opted for the width obtained with the Rpa 2003 [23] which is 11cm.

The separation of the three blocks (Fig. 25) will not be an easy manoeuvre. Indeed, this
intervention will require a lot of mastery to achieve this

1. All work will take place in the central block.

2. Cut from top to bottom a part of the wall (the part of the wall cut out = the dimension of
the joint) of the central block which is 10cm.

3. Once the gap between the three blocks is obtained, a new load-bearing wall must be built
on both sides of the central block

4. New load-bearing walls must participate in structural functions.

-

Initial bloc Bloc (01) Bloc (02) Bloc (03)
Fig. 25. lllustration of the separation into three blocks. Source: Author

As shown in figure 26, the seismic joint will be executed at the junction between the
centre block and blocks A and B. The first step would be to build a new wall (1) with the same
physical and mechanical properties as the old one (55cm thick hollow brick). In the northern
part of the building, we find a staircase (2) built-in stone that is not participating in the
structural behaviour, so it must be demolished and rebuilt after the construction of the wall (1)
(Fig. 27).
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In order to proceed to the detachment of the two blocks by a seismic joint, with a
maximum thickness of 15cm, the wall (1) must be finalized and connected with the IPN profiles
of the vaulted floor (3) to make it participate in the support of the vertical loads.

Fig. 26. proposed steps for the integration of the seismic joint between block A
and the central block.
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(2) the curent state of the building
Imaginary
panel

representing
the seismic

Jjoint

Central block
wall after

-""' " being slightly

reduced

(b) after cutting out part of the central block wall to make room for the seizmic joint

{c) construction of the new load-bearing wall (m rad)

Fig. 27. Sketch of the integration of a seismic joint that will separate 02 blocks.
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The TREMURI software does not take into account the three blocks separated at the
same time in a single simulation, and given that the analysis has to be carried out one by one,
only the central block was taken into account following the significant displacement observed
during the first push-over analysis.

The results of the 2nd pushover analysis show that the displacement along the most
unfavorable axis, which is "-Y" shown by the 1st analysis, has decreased considerably. Figures
28 and 29 show the comparison between the distortion of the building before and after the
addition of the rupture joint.

b1 . —
‘- Pl P21 ’, _u|1 \
X : : N l \
‘ - #il - ‘3 13t ‘. pos
' 'E.FE]'J -] 9 163 l"-“wn
lpw b B FIr ! §7 T '
| l e s | '
L\ sy LIVAR
4V 3 ol I /]
\J ’ Sl
- N
B1 MRzl
e
£ by B #
P12 !Pﬁ' st
] 05
Fig. 28. Distorted plan in direction —Y
’/ — . 4 + ;/ s
1 A I \
| - A - IR [ \
I . I '
rl - - ¥ - I
! I ! I
1 f ¥
\ I /]
\ A L r \ oy
~ ..ol Y .p’

Fig. 29. Distorted plan of the central block in -Y direction

A comparison of the two drawings in the (Fig 28 and 29) shows a clear improvement in
the behaviour of the central block at the re-entrant corners with and without a fracture joint,
which considerably reduces the deformation and in-plane damage of the walls and eliminates
the torsional movement of blocks A and B caused by the distortion of the central block.
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To lessen and prevent torsion in the central block, the installation of a seismic joint is the
primary focus of our research. At the same time, other damages may occur in the event of an
earthquake, such as:

- X-shaped cracks and
- corner detachments
- facade reversals
These will require targeted interventions and reinforcement measures to prevent them.

Conclusions

School buildings in Algeria constitute an important architectural heritage in relation to
the architectural style, history, and construction technique. Evaluating the degree of seismic
vulnerability of such architecture remains an important challenge in the protection of these
constructions and especially of the people who frequently use them (pupils, teachers, staff, etc.).

El Feth high school was symbolically used as a study case from these commonly erected
historical architectures and at the same time national educational institutions.

The use of hollow brick with 6 holes, to construct the El Feth High School, was an
excellent choice because, 150 years later, the building is still in good condition. Although it is
situated in a region of high seismicity, this building material has shown itself to possess good
dynamic behaviour, responding favorably to seismic threats. It possesses, therefore, earthquake-
resistant properties, which were not taken into consideration at the time of its conception,
simply because there were no seismic regulations at that time. Only technical know-how and
good quality materials were thought to be sufficient to allow the building to resist temporal
conditions (old age ...etc).

In the first observation of the in-situ visit, we deduced a failure in the structure with a
flexible floor and an "H" shape with a lack of seismic joint, hence the presence of re-entrant
corners in the structure influences the seismic performance of the building. During a seismic
event, a re-entrant corner generates stress concentration and torsion problems. The pushover
analysis reinforced our preliminary deduction of the vulnerability of the school’s structure to an
earthquake. This is because the torsion phenomenon was caused by the displacement of the
central block along the Y-axis, which led to the rotation along the Z-axis of both blocks A and
B.

The seismic joint in the building will undoubtedly be a complex and delicate task to
implement, but it is essential for the conservation of this heritage and for the safety of its users.

The installation of a seismic joint will solve our main concern in this research, which is
to resolve and avoid the torsion of the central block, which will drag blocks A and B with it.
However, due to the lack of information about the corner chaining, the state of connection
between floors and vertical walls, as well as the state of the mortar after more than 150 years of
existence, it should be taken into account that in the event of an earthquake, probable
pathologies of seismic origin on the unreinforced masonry may appear, such as X-shaped cracks
and corner detachments or even facade reversals.

The pushover analysis combined modelling with the Tremuri software allowed us to
verify the seismic behaviour of the high school structure. The first solutions suggested can be
considered to avoid future earthquake damage.

This study may have limitations on the quality of the materials used at the time and their
current state due to the lack of available data and the lack of archives concerning this
construction. Then the push-over analysis used by this software does not take into account all
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aspects of the structure's behaviour (out of plan). Finally, the reaction of the structure after the
separation of the three blocks needs to be verified in more detail (post-intervention simulation)
in order to define it as a concrete solution for future rehabilitation.

This research is part of our ongoing work assessing the seismic vulnerability of schools
constructed with unreinforced masonry. Other types of buildings will be examined in our
doctoral thesis and future publications, with the goal of contributing meaningfully to the
preservation of this architectural heritage.
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