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Abstract

Although numerical damage assessment modeling uses simplified schemes of reality,
explain general phenomena, and give, in conjunction with Subjective interpretation bas¢
personal expegnce, a reliable safe evaluation chmseful guidance for restoration and
strengthening criteria. Another of the greatest values of numerical modelling is the possi
of carrying out parametric analysis of the benefit of remedial measures to find a
effective, yet adequate, retrafitassure material durability and damage prevention related
the artistic value of the monumeiibhe masonry structure of Saraya&l were classified as
hasing been severely damaged by the Dahshuor 1992 earthquake.ukBscessful
restoration effortsapparently focused on cosmetic treatments; engineering studies of tl
monuments, especially analysis of earthquake response, apparently were not und&hake
objective of this paper is the investigation of the bedrasf historic masonry structures o
Saraya elAdl subjected to seismic forces and stresses and the formulation of nume
models for use in structural analysis. The case study presented herein regards the stat
seismic analysis of Saraya-Btl (183 AC) in Cairo Egypt, (damaged liye earthquakes
occurred in October 1992Firstly, we collected all data regarding the site, the geometry
the masonry structure, the characteristics of materials of construction, the structure ani
soil medium, etcThe proposed Model is applied the analysis of the Saraya -Bdl in
Cairo. A nonlinear model is developed, aiming to capturing the keglastic mechanisms.
The analytical mod el is i mplemented in
Analysis Professional and validatedyanst experimental results. The results obtaine
suggest that for such structures Aarear static analys provides a reasonable prediction o
damage at the base of the Saraya&\dl, but is not however suitable for predicting the overe
damage alongteSar ayadés entire height. The conc
guidelines for the evaluatio of the static and seismic vulnerability of historic mason
structures. Ultimately, the analysis presents the optimal structural interventioeséaly the
existing damage, also to prevent the formation of the same mechanisms under the ac
future earthquake.

Keywords: Saraya elAdl; Citadel, Historic MonumentsDamage Assessmen&tructural
analysis EarthquakesSeismic Performance

Intr oduction

Although Egypt is a relatively low to medium seismic zone, it has experienced some
devastating loal shocks throughout its history, as well as the effects of larger earthquakes in the
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Hellenic Arc and the eastern Mediterranean region. In addliti?vas damaged by earthquakes
that struck southern Palestine and the northern Red Sea.

In Egypt, settlemmets are mostly concentrated along the Nile Valley and Nile Delta,
therefore, earthquake risk is generally associated with mesized earthquakesver short
distances (eg, MS 5.9, Cairo earthquake 1992), rather than larger earthquakes that are known to
occur At great distances along the northern Red Sea, Gulf of Suez and Gulf of Agaba (eg, MS
6.9, 1969 Shadwan, and MW 7.2, 1995 Gulf of Agaba earkegiaas well as the
Mediterranean offshore (eg, MS 6.8, 1955 earthquake Alexandria).

On October 12, 1992, mediumsized earthquake occurred near Dahshur, Egypt, about
20 km south of Cairo. Earth shaking intensity in Cairo's historic districts w&sudhg the
modified Mercalli scale, and 212 of the 560 impacts were reported in Cairo although none were
destroyed. Damage to historical monuments can generally be described as resulting from the
continuous deterioration of foundations and structural masfsom environmental impacts,
especially groundwater, inadequate lateral structural resistance, and conseijderib
moderate seismic strength. Other large earthquakes affected ancient monuments in Cairo, but
the most recent earthquake may have causespmportionate amount of damage due to poor
structural conditions on a large scale. This study providedfigpegamples of how impacts
ranging from 80 to 1,500 years ago respond, in different conditions, tdieldamovements of
a mediumsized earthguee and helps identify problems that research studies can solve. It also
provides strong evidence for the ation of a historical preservation strategy in Cairo that
embraces scientific and engineering knowledge to understand these monuments and to suggest
less intrusive repair and modification measures.

Dynamic response of masonry structures at low amplitusiesh(as it is feasible to
observe in tests) will be essentially elastic if the structure has suffered only limited cracking and
otherwise still has nearmonolithic character. But the increased amplitudes associated with a
damaging earthquake will lead fiarther cracking1]. Elastic response will then progressively
give way to one in which the blocks of masonry separated by the cracks and any other
discontinuities will rock relative to one another, and this rocking will entail major changes in
natural fequencies and in the forces that resulnfmarticular ground motiondMost seriously,
there will be a tendency towards aftphase responses, tiviblocks alternately moving agar
and coming together agaifhis will allow debris that falls into the aks to jam them further
and further open and will similarly allow arches and other spanning elements to jam their
suppors further and further apa®r it may lead to repeated impacts where no such jamming
can occur. Decreasing natural rocking frequenagamplitudes increase will tend, however, to
limit the movements, and any partial collapses of spanning elements will stabilise the supports
by relieving their loading.

Egypt is rich in archaeological sites that span several civilizations, from thadfar
era to the modern era [2]. However, these archaeological sites are endangered due to natural and
manmade impacts. An example of these effastshe earthquake that occurred at Tell Basta
(2200 BC) and is believed to be responsible for the comptdlepse of the Pharaonic temple
located in the eastern Nile Delta, Sharkia Governorate [3].

Knowledge of historical structural behavior allows osfdcus our attention on these
macro elements and to assess whether retrofit interventions implementedi@amdformations
over the years have mitigated or increased seismic vulnerability [4, 5].

Recently, there is a growing interest in understandirgy bhavior of traditional
structures that have survived over tientury'soften in earthquakprone areasral in need of
conservation [6]. Seismic assessment and risk mitigation of cultural heritage structures is one of
the main features of the protectimh monumental buildings [7]. Observation of damage
mechanisms during past earthquakes as well as interahtiiberature highlights that the
seismic behavior of architectural heritage can be properly reproduced by dividing the building
into primary partscharacterized by independent structural response (macro elements) [5]. It is
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very important to prevent higtical buildings from future large earthquakes [8]. The severe
damage suffered by Sarayaall in Dahshur 1992 and the 1995 Aqgaba earthquake (whagh

have determined the collapse of the structure), Table 1 shows the impact of the Dahshur
earthquake orhe monuments in Islamic Cairo.

Table 1. The Impact of Dahshuor Earthquakédonuments in Islamic Cairf9]

Monument Date Level of Earthquake Intervention
Damage Degree of Urgency

Circassian Mumluk (1382517)

- Mosque of Sultan Barquqg 13841386 Light Desirable

- Mosque and Sabil of #shraf Barasay 1425 Light Desirable

- Minaret of as-Saghir Mosque 1426 1427 Severe Immediate

- Mosque of alGhuri 1504 1505 Severe Immediate

- Mosque of aeDashtuti 1506 Severe Immediate

Ottoman Turks (15171808) Urgent

- Bayt asSihaymi 16481796 Severe

Muhammad Ali Dynasty (18051848)

- Hassan pasha Tahir Mosque 1809 Moderate Necessary

- Saraya etAd|, Citadel 1811 Severe Urgent

- Mint, Citadel 1812 Severe Urgent

- a-Gawhara palace, Citadel 1814 Light Necessary

- Mosque and Madrasa of Muhamed Alikabir 1848 None N/A

Necessary mathematical models and analysis techniques become available for
unsugorted building structures. The analysis of these structures is usually carried out in
flexible ways.Elastic analysis is a useful tool for identifying areas of high stress; However, it
sometimes fails to capture the ultimate failure mechanisin [

Intervertion methods must not only be reliable and durable, but also be easy to monitor
andremove,if necesary, the latter aspect consistent with the broadly common policy to protect
existing buildings from inappropriate restoration interventions, with speef@rence to
historical and archaeological construction$][1

In earthquake conditions, structuraneponents may pass into a hysteretic cyclic state
after elasticity. This type of behavior is of great importance for the structural analysis in seismic
conditions with respect to the accumulation of damage with the number of cy2les [1

Earthquake damagwronitoring has highlighted that the collapse ofofiplane masonry
walls is the main method of failure in older buildings, especially due to ineffextitact with
floors. In this case, the breakdown can be global, if the connection is completedgtinefior
local when the lack of correlation is localized only in some parts of the structure. Similarly,
there are two different types of-piane collage of masonry walls: the first typmvolves a
combination of bending resistance and compressionthenskcond shear failure31

Only the equilibrium model directly indicates collapse. Since it ignores the possibilities
of local failures at points alwwhich rocking occurs, it may be expected to overestimate safety
and to do so to a variable extempeénding on local compressive strengths, though the available
evidence does not suggest much overestimation for structurgéghequality masonry. In ay
event, the response is highly dependent on the precise nature of the input motions, which means
thatsafety can be considered only in terms of probabilitiesiofival.

The elastic model cannot adequately represent the structural response afteasignifi
cracking, and the elastic response that it assumes is, by definition, a safe one. But it may be
indirectly useful in helping to establish structural parameters that cannot be established more
directly [2].
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Saraya etAdl, Historic Context

Saraya eldl is located to the south of the facade of the main entrance-dawiiara
Palace and to the proxity to the House of Multiplication within the southern section of the
Cairo castle. The Governor of Egypt Muhamed Ali Pasha constructed these saraythdo be
main court of the castle where they consider issues and grievances and the two monasteries
gatherto discuss the conditions of the country after having Iwan Qaitbay demolished its
remains on the ground floor until today.

The date of the constructior this monument dates back to the year 1229 AH to 1813
AD as stated in that text on one of the doargtee second floor bearing this date and its text
whoever believes in fate is safer than chagrin 1229 AH.

Muhammad Ali Pasha, the founder of the Alawiymasty and the owner of the modern
renaissance in Egypt, whose rule spanned from 1220 AH/1805 CE5® AR 1848 CE
Muhammad Ali Pasha came to Egypt with the Ottoman army who returned to it after the French
withdrew from it, as bad as 1801 CE The politieat the exclusion of his opponents from
grabbing the state of Egypt especially for himself especéibr his elimination of enemies the
Mamluk princes in the massacre of the famous castle on the first of March 811 and did not last
for 37 years as an afiute ruler in Egypt who owes my name to the Sultan in Istanbul, but the
ruler inherited the sons aft him During this long age, the castle regained its lost position after
it became the official headquarter of the state and established an integrafedfdvaildings
that continued construction for 40 years The headquarters of the rulers of Egypth&om
dynasty of Muhammad Ali until the year 1874, when Khedive Ismail established Qasr Abdin
and moved to it with their families and offices.

State of Presavation of Saraya EI-AdI

The most recent massively damaged monument is located in the castle afiehéise
companies of justice and mint. SarayaAdl was the venue of the court's proceedings. This is
the skeleton of a building adjacent to the Jewadh¢t in the castle and its east. It is a-two
storey structure (although there is only a fagcade afrtre of the second floor) built in the
prefered European style of the timEigures 1-3 illustrate the design, layout models, and the
exterior and inteor views of the floor at Saraya-Atl. The construction of walls with timber
and mortar can be seémthe remains of the wall burning in a fire. It appears that the basic
components of the earthquake motions were in aobplane direction. Seriougacks can be
clearly seen on the longitudinal walls inside and[&B}.
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Fig. 1. Layout of the Saraya-@dl: left - First floor,right - Second floor
Some examples are shownfigures 4-7. There is clearly a loss in the &acage of one

of the links at the top of the courtyard staircase. The floor structure inside the palace varies from
a traditional wooden building (with a suspended ceiling) to a new reinforced concrete slab,
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which may have been installed to replace the pathe floor that was consumed by fire or
deterioration. There are large vertical cracks in the sidewalks and there are large horizontal
cracks on contact between the concrete ceiling of the first flodrtlae walls, as shown in

figure 4-6. It is interesting to note that the wooden floor and stone walls adjacent to the three
structural bays at the northeastern end of the building (just northeast of the hallway) were better
than the concrete slab due to itsligess and the fact that the concrete indtrabt anchor well

into the walls. The uneven stiffness of the concrete and wood parts of the floor and the greater
mass of the concrete floor hitting the facade in arobyiane direction caused greater damag

to the northeastern end of the buildinge™angerous nature of the damage is attributed to this
substitution mismatch.

1008000
i

o) o m
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Fig. 2. Saraya elAdl, Sketch Up Models

The main structural shortcomings of the vertical component of the structural system are:
The superstructerand infrastructure of the palace were severely damaged due to the wide
cracks associated with the settlement of the soil and the movements of the foundations that were
subjected to shear failure associated with the great stability in the western angnnort
directions, as well as the center of SarayAdil

The cracks were 1BOmm wide and show periodic widening. The cracks had a
preferential orientation in two main directions, EW, which includes typical views of large
cracks in masonry walls and founidms. These effects are attributed to earthquake damage.

Irregularities in the clearance of door and window openings, along with the diversity of
dimensions of these openings (bothoab d ' T) ;
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Fig. 5. Saraya elAdI. Ceiling Collapse, Showing large cracks and distortions
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Fig. 6. Saraya elAdl. Showing Depression, Missing sies, large cracks and distortions

Fig. 7. Saraya eAAdl. Showing Depression, Showing Ceiling collapse, Missing stones, large cracks and distortions.
Interior south wall of Saraya-@ldl looking up at contact between wall, arch, and concrete ceafingiing cracks,
separation, and distions
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Three Dimensional Static and SeismicStructural Analyses

The present work was done to evaluate the stability of El SarayalEior risk
assessment of static and earthquake loads as shown below in désigm cri

In order to meet the requiredrsctural evaluation, the following procedure was
followed:

a. Collecting the required data from the different available reports Igasmic risk
assessmenthe geometrical and geodetically survey in the presene of Eli Saraya EAdI,
the geotechical investigation reportcharacterization and durability aspects of stones and
another construction materials of Ebaraya ElAdI.

bUsing advanced structur al analysis FEM
analysis.

Design Criteria

I. Codesof Practice andStandards Egyptia@ode Practice 2008

II. Loading Criteria

a.Dead Loads

Dead loads haveeentaken as the followingSelf weight for floorand walls. actual
weight, floor finish 20&kg/n?;

b. Live Loads

Live loads havébeenbased orthe above listed codes, with the following specified live
loads:typical floors 50®&g/n?

Live load reduction halseenimplemented acading to allowance made by the code.

¢. Wind Loading

For south zone: Basic wind speed 70mph (130km/h), ExpdSandImportance factor
1.0.

For north zonebasic wind speed 87mph (140km/h), ExposurarImportance factor
1.15.

d. Seismic Loading

Seismic Zone habeenbased on ECP 2008 recommendations at project locktRn
Soil profile estimated baden the geotechnical report.

e. Earth Pressure Loads and Differential Settlement

The coeficient of earth pressure (ka, ko) has been taken based upon the angle of inertial
friction of soil as determined by the geotechnical report.

The differential sekement for each structure has been determined on abyas#se
basis depending on the loimat of the building.

For rock, specific calculations will be done to take into account rock dip direction, dip
angle. Such parameters will be done by geologist.

Load Combinations

Ultimate Load Combinations

Required strength U for all structural elements in this project should be at least equal to
the effects of factored loads in the following equations:

Dead loads (D.L) = ($kweight + Flooring)x 1.4

Live loads (L.L) =1.5x 1.6

U=1.4Dead + 1.6 Live

U =1.12 Dead + 0.25 LiveSx + 0.3 Sy

U =1.12 Dead + 0.25 Live + Sx + 0.3 Sy

U =1.12 Dead + 0.25 LiveSy + 0.3 Sx

U =1.12 Dead + 0.25 Live + Sy + 0.3 Sx

Material Properties

According to Charaerization and durability aspects of stones and other construction
materials of E} Saraya ElAdI. The allowable stress is 16MPa. The stdhe u B @adulus is
1.6GPa.
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Software

Aut odeskE Robot E ®fessionalt ur al Analysis P

The software provides aountry-specific, scalable analysis solution for the structural
engineer to analyze many types of structures, including buildings, bridges, and civil and
specialty structures.

Autodesk Robot Structural Analysis Professil calculates a variety of structsreith a
comprehensive set of design codes, delivering results in minutes, not hours. This structural
engineering software is versatile enough for simple framework or complex finite element
analysis, steel and reinfad concrete design and offers seamlassroperability with other
structural engineering products from Autodesk or tpiadty applications.

Advanced finite element auentanglement capabilities:Powerful networking
techniques allow the structural enggndéo work with greater effort with emthe most complex
of models Automatic network generation and manual definition of entanglement parameters
can be processed independently for each panel, providing the ability to generatejaalitgh
finite elemen network for more accurate analysésuts.

WideRange ofAnalysisCapabilities

Check the true linear and nonlinear behavior of any architecture. The program allows for
simple and efficient analysis of many types of nonlinearities, suckdat&®analgis; Members
of tension/pressure; Plastbrackets, cables and hinges. Also explore the response of your
structures to dynamic loading such as harmonic frequencies, earthquakes, and earthquakes.

Latest Analytics Solutions

Sophisticated fast dynamic solderhelp ensure that structural dynami@gsis can be
performed more easily for any size of structures. Autodesk Robot Structural Analysis
Professional's most efficient analysis algorithms are designed and optimized farogeiahd
multi-core computer focessors, giving structural enginedrs $peed of computation to deliver
more accurate results for required structures in minutes versus hours.

Modeling

Saraya AlAdI is designed using the Solid Element Module, which is the Solid Element
properties take as defined above in the Design Standard

The upper ceiling of the palace was designed using frame elements for columns and shell
elements for slabs and domes with the same characteristics as in the above reports.

Rigid links are used to bind all wallsgether to function as a single unit, argid links
are specified with very high torques of inertia and weightlessness.

Elements Cross Sections

Solid elements thickness varies from 75 to 150cm along the height.

Beams cross sections¥Ecm.

Columnsdiameter at the 30cm.

Slab thickness is6cm.

Results of Numerical Analysis

Based on the structural analysis, the maximum stresses due to static and lateral loads
exceed the actual stone stress Kigén?), for both the first and secondofirs, as shown in
figures8-23).

For the first floor:

Max. Stress

1.4 DL + 1.6LL = 815Kg/cn? < 16kg/cnm?(UNSAFE);
Max Stress

1.12DL + 0.5LL + Sx + 0.3Sy = 3588/cn¥ < 16kg/cnm?(UNSAFE);
Max Stress

1.12DL + 0.5LL + Sy + 0.3Sx = 20R8/cn? < 16(kg/cnA(UNSAFE).

http://iwww.ijcs.ro 995



S.M. HEMEDA et al.

For the second floor:

Max. Stress

14 DL + 1.6LL = 866kg/cn? > 16kg/cn?(UNSAFE);
Max Stress

1.12DL + 0.5LL + Sx + 0.3Sy = 37&@/cn? < 16(kg/cnm?(UNSAFE);
Max Stress

1.12DL + 0.5LL + Sy + 0.3Sx = &Pkg/cn? < kg/cni(UNSAFE).
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Fig. 11. Effective horizontat o mpr essi ve st r esses U0/ xx (kg/
Direction XX cases: LL1
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Fig. 12. Maps of solidsEffective horizontal compressiet r e s sesm?)i/ yy ( kg/
DirectionYY cases: LL1

Fig. 13. Maps of solidsEffective horizontat o mpr essi ve <y esses 0/ xy (kg
Direction XY cases: LL1

Fig. 14. Maps of solidsEffective horizontat o mpr essi ve <my esses U0/ xx (kg
Direction XX cases1.4DL+1.6LL
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compresskgmd stresses G/yy
Direction YY cases1.4DL+1.6LL
| e
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Fig. 16. Maps of solidsEffective horizon a | ¢ o mpressiveed) stresses 0/ x)
Direction XX cases3-EQX+Y+COMB
<4 EE
Fig. 17. Maps of solidsEffective horizontal compssive ste s s gys(kg/anf)
DirectionYY cases:3-EQX+Y+COMB
Fig. 18. Maps of solidsEffective horizon al compressi veed) stresses U/ yy (
Direction XY cases: E£QX+Y+COMB, Direction YY cases3-EQX+Y+COMB,

Direction YY cases1.12DL+0.25LL-Sx+0.3Sy

998 INT J CONSERYV SCl12, 3, 2(21: 987-1002



NUMERICAL DAMAGE ASSESSMENT IN SARAYA EL -ADL

Fig. 19. Maps of solidsEf f ect i ve hori zont alglco® mpressive stres
Direction XX cases1.12DL+0.25LL+Sy+0.3Sx

Fig. 20. Maps of solidsEf f ect i ve hori zontyy(kkglco mpressive stres
DirectionYY cases1.12DL+025LL+Sy+0.3Sx

Fig. 21. Maps of solidsEffective horizon a | compressiglcaf) stresses G/yy (
Direction XX cases1.12DL+0.25LL-Sy+0.3Sx
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