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Abstract

This research studied the construction technoldgyaoious
typologies of three-leaf masonry walls in archagmal Islamic
buildings in Cairo. It highlighted on the core layd these walls,
and its main structural role, especially in moderaind wide
thickness' walls. It studied analytically, usingnmerical modeling
technique that utilizing Finite Element Method; thlgare of each
layer in the three-leaf masonry walls under veltioads and
reached to correlate it with normal stiffness dgrelastic phase.
This paper also studied the development and staldiunctions of
embedded timber ties in masonry walls; in both Egyml world-
wide. It demonstrated the structural behavior aralure
mechanisms of the three-leaf masonry walls undeiceé loads,
using results of both structural analysis work ofmerical models
(conducted in this paper) and pervious experimentak of latest
researches in this field. It studied the use ofb@mties in
restoration and reinforcing of deficient historiude-leaf masonry
walls. Finally, conclusion and recommendations vekreved.

1. Introduction

Historic masonry walls that follow multiple-leaf mstruction
systems are not sufficiently studied; althoughihge interest and
researches that were achieved in the last two éscadhich
concerning various aspects of historic masonry womMost of
those researches had covered brick-masonry, e#pedize
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contemporary infill frames in modern constructioasd single-leaf
masonry walls. Whilst; few researches had studiqukementally
and analytically models of multiple-leaf historicagsonry walls,
with relative dimensions, building materials andnstouction
technology that represent certain case-studiey; dck not cover
the wide variety of other types of these walls;eesqlly those in
our Islamic architectural heritage. The lack ofeashes that
concern three-leaf masonry walls is due to thewewariety of
building materials and construction technologi¢®aér the World,
and insufficiency of information and data that eblle obtained
from ruined and deficient historic buildings; sinteese data are
difficult to be attained from undamaged structurBlsese reasons
impose difficulties on researches and on possitititreach results
that cover wide range of walls, similar to singdafl brick-masonry
walls. The importance of studying this type of nayowalls refers
to the fact that most of historic structures, batbrldwide and in
Egypt; depends on load-bearing masonry walls, asghies main
vertical supporting elements. The majority of thdésad-bearing
walls were built following three-leaf constructiaystem (i.e. two
external leaves of ashlars' stone masonry with r@ tayer in-
between); especially for basement and ground floors

Similar to contemporary engineering materials (eegnforced
concrete, etc.); masonry works require wide andnisive research
programs, both experimental and analytical, to hedmetter
understanding of its various structural behavidggaluation of
structural safety for historic three-leaf masonrallss depends on
good understanding of its structural behavior aralurfe
mechanisms, which would help to achieve successitileconomic
restoration and retrofitting works for them. Mostreyious
researches assumed core layer in these walls gsannhfill that
was built of 'almost' mortar with few amount of dhmabble stones
or broken bricks, similar to contemporary plain cate. Thus, they
presumed that most (or even all) imposed vertmadl$ on wall are
carried on the two external leaves only. This hlgpseis can be right
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in case of two-leaf walls and three-leaf with slre. But it was

generally not applicable to most of three-leaf magowalls in

Islamic architectural heritage in Cairo; since mofsthem contain

moderate to wide thickness core layers, which veeik following

random rubble stone masonry work. This would affieetstructural
behavior and failure mechanisms of these historallswand
consequently its restoration mythology.

The present research had carried out a wide swreree-
leaf masonry walls in archaeological Islamic bunfgh in Cairo. It
focused on ruined and fallen down structures; tidystonstruction
technology and building materials of these masonalls. The
survey results helped with other studies, includimgmerical
analysis that utilized Finite Element Method (F.E;Mo0 better
understand the structural role of core layer andatalyze the
various functions of embedded timber ties and k& un the
restoration of deficient and damaged walls. Thuee present
research studied the followings:

« Various construction technology and typology of etreaf
masonry walls in archaeological Islamic buildingsGairo, and
established another theory for its constructiomt thoncern
moderate and wide thickness three-leaf masonryswall

 The development of using timber ties and timbemfsa in
historic masonry constructions.

 Structural behavior and failure mechanisms of theaé masonry
walls, through results of both analytical numericalestigation
by the researcher and the latest experimentalngsssaabroad.

 The use of timber-ties in restoration and retnoiiftof historic
masonry walls, with some examples from achievegepts.
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2. Hypotheses of construction technology for threkeaf masonry
walls in archaeological structures in Cairo

Three-leaf masonry walls in historic structures the type of
multiple-leaf masonry walls, which are built of tveaternal leaves
of coursed ashlars' stone masonry, and a core Iaystween of
random rubble uncoursed stone masdtnsee Figures (1) to (3).
The core layer was always thought to be heterogenaad weak
infill layer that was built of small broken ston@%. rough rubble
stones) and/or broken red-bricks in abundance etancimilar to
contemporary plain concrete. Hence, many hypothpsesumed
that wall's bearing capacity and mechanical stredgpend mainly
on its two outer leaveéd, while core layer is merely an infill part;
which increases wall's thickness, reduces its dvessulting
internal stresses and increases its stability.

In general, masonry work that follows three-leahstouction
system was always used with load-bearing walls;spged some-
times vaults at historic structures. It providedoreamic thick
masonry work, which its structural stability depeddon massive
elements that combated and eliminated tensilesgsethrough safe
compressive stresses, besides maintaining bucldritgria. The
massive masonry also helped in thermal and sousdlation.
Load-bearing masonry walls were always built onstdhree-leaf
system at basement and ground floors, besides thks \that
extends for long heights (e.g. external facade svatid double-
height walls of upper floor rooms). Walls at upfleors, especially
inner rooms, were generally built of single-leadl@wick masonry
work that surfaces were coated with plaster angjingrornaments.

Owing to the complexity of these types of histomasonry
walls and the wide variety of its building matesiaind construction

M Binda, L. et al., A contribution for the understary of load-transfer mechanisms in multi-
leaf masonry walls: Testing and modeling, JourrfaEngineering Structures, Issue No. 28,
Elsevier Itdwww.elsevier.com/locate/engstry2006, p. 1132.

l pina-Henriques, J., et al., Testing and modellihgoltiple-leaf masonry walls under shear
and compression. Proceedings of tHe laternational Seminar on Structural Analysis of
Historical Constructions, Balkema, 2004: p. 299-310
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technology; few numbers of previous researchesstizadied these
types of masonry walls. Most of these research@sadi study the
construction technique of these walls; especidby dore layers.
They generally focused on studying, experimentalig analytic-
ally; its structural behavior and failure mecharssumder various
loading types. The present research highlights dhgmificant
structural roles of the core layer in historic tteaf masonry
walls, which constituted considerable part of iskness.

First hypothesi$® presumed that three-leaf masonry walls
historic buildings in European countries were caded by
building the outer two leaves first, up to 1.0 nghi and then
components of core (infill) layer were placed inviieen. This core
layer was generally built by successive layeringsofall broken
stones and mortar bedding. They were mixed eitlefore the
filling process of the core or laid in successivrirses (i.e. first
mortar, then broken stones, then mortar, etc.)viéirgy time for
the infill mortar to set, the outer shells were towred up. Such
technique was valid for three-leaf masonry wallsmgll thickness
(e.g. overall thickness ranges between 0.5 to Q,7which core
layer had equal or less width than that of therestdeaf.

In case of moderate to massive thickness threerweonry
walls at historic structures, pouring contents ofec layer in-
between the two outer leaves would be more fegsildide relative
big sizes and irregular shapes of rubble stonesmachpossible to
mix and handle them in the required big quantisasilar to
contemporary plain concrete; which the previous dtyesis
presumed. Building the two outer leaves first drghtlayering core
constituents in successive layers, would result finding
consecutive rows of stones and mortars, which weteobserved
through the survey of all ruined historic wallsedégures (1 to 4).
The manual compaction of core constituents woulddyg difficult

Bl Egermann, R., et al., Analytical and experimengaraach to the load bearing behaviour of

multiple leaf masonry, Structural Repair and Maiatece of Historical Buildings, STREMAH-
I, Ed. C.A. Brebbia, Computational Mechanics Recdtions, Berlin, 1993,Vol.-1,pp.381-390.
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and its hindering could lead to more voids. Besidkegk mortar
observed between core layer and the two exteraskete when the
later fall down; would not be witnessed; as in @Y.

The present research carried out a wide surveyromaeo-
logical Islamic buildings in Cairo, beside old hessfrom 14 to
20" Centuries A.D. This survey aimed to study consionc
technology of various typologies for multiple-leafisonry walls in
these buildings in Cairo. The survey observed diiaed partially
fallen down masonry walls inside archaeologicaldngs, beside
their restoration work, which outer leaf had tormwth and inner
leaf became visible. It also observed the demaoliobold masonry
buildings in Cairo, which were constructed sincet@d.00 years
ago. Core layers of these deficient three-leaf maswalls were
revealed from their partial falling down of outeabves. Accord-
ingly; this paper had provided another hypothedimuéa the
technology of constructing three-leaf masonry walts Islamic
architectural heritage in Cairo, concerning the eratk to massive
thickness load-bearing walls (i.e. thickness ofectayer exceeds
that of the external leaf with about two to founés more), which
represented the most prevailing case in Egyptiamaaological
Islamic masonry buildings. This aimed to highligtite main
structural role of core layer; rather than beinfijli(as presumed).
This hypothesis considered that core layer, in éhdgee-leaf
masonry walls; was constructed following the randoabble
masonry work; similar to independent walls and ast filling.
Rubble stones, which were used in erecting corerjdad random,
small to moderate and irregular sizes that mased s fill gaps
among them with abundance of mortar. In other fases, red-
bricks were also used with rubble stones (or splybuild core
layer. Abundance of mortar was used to connectaeshdtones of
surface leaves with core layer. Therefore, whenaurtgr leaf of a
three-leaf wall fall down, the core appeared asoatam media with
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rubble stones insidd. Fig.(1) and (2); showed a number of three-
leaf masonry walls at different Islamic structurasCairo. They
demonstrated the hypothesis of this paper; espedanlFig.(2-c);
where core appeared as a complete wall. Fig.(4wetiothree
photos® for core layers of walls iml-Ghouri Place atal-Saliba
Street, after its external leaves had fallen dowmey showed its
construction typology, embedded timber-ties anddsaiemained
from surface through-stones. Although the exteteaf over the
full surface of this wall had fallen down its catdl stands.

3. Construction technology and building materials bthree-leaf
masonry walls in archaeological Islamic buildingsn Cairo
Three-leaf masonry walls of slender thickness, iatohc
buildings; were constructed following the technigofe the first
hypothesis (mentioned in section '2' of this papks) core layer
usually had thickness equal or less than the onts eikternal leaf.
These core layers were built of mortar and roughraodom small
pieces of limestone, which may result from cuttagd shaping
ashlars' stones. These core components were mnegaured in
between the two external layers, similar to plainareté®.
The resulting core was a heterogeneous weak fillimigh
abundance of voids inside. This would cause mdshdt all)
vertical loads imposed on these walls to be cammednly by its
two external leaves, which they also provided kEteonfinement to
its core layer§’.

“ Corradi, M. et al., Experimental study on the deieation of strength of masonry walls,
Construction and Building Materials 17ywww.elsevier.com/locate/conbuildmat
Elsevier Itd, 2003, pp. 325-337.

B El-Emam, I., Study of deterioration phenomena oftiple leaf masonry walls in Historical
Islamic Buildings and their restoration and rettofg techniques applying on some chosen
samples, Master thesis, Cairo Univ., Faculty ofhaeology, Restoration Dept., 2010, pp.78-
258 (Unpublished).

®lvalluzzi, M.R. et al., Behavior and modeling ofestgthened three-leaf stone masonry walls,
Materials and Structures, April 2004, Vol. 37, pp4-192.

[l Francesca, P., et al., Investigation for the kndg#e of multi-leaf stone masonry walls,
Proceedings of the First International CongressConstruction History, 20-24Jan. 2003,
Madrid, pp. 713-722.
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The survey of this paper found that core layermofierate to
massive thickness, in three-leaf masonry walls rehaeological
Islamic buildings in Cairo; were constructed astfiwith full height
and width required, following random rubble masowgrk. Then,
the two outer leaves of coursed ashlars' stones wa@rstructed to
cover surfaces of the required masonry wall. A neindd through-
stones (headers) protruded from the two exteraakle to penetrate
through the surfaces of the core layer, for a ditaof about
thickness of the external layer; were distributéoh@ successive
courses of external leaves of the wall. They apmzean walls' outer
surfaces with smaller width than surroundings; Bep(3). These
headers were keyed collar join®8 that enhanced the overall
structural behavioof three-leaf masonry walls and increased the
adhesion between its external leaves and coreslayer

A number of timber ties were laid horizontally thgh the
surface of core layer of three-leaf masonry walleng wall length
and at vertical spacing of about 1.5 m of wall heigee Fig.(3-c).
These timber-ties were infrequently visible on exé surfaces of
historic masonry walls in Egypt and were usuallybedded
through surfaces of core layers. The old mason tisesk timber
ties for the following purposes:

* To adjust horizontality of core layer, since itdhbie stones
had random shapes and were not adjusted in courses.

» To complete construction and raising masonry waksmason
used to build wall's corners then finish the midtpdahis
tradition was maintained at preset times with brngksonry
work; see Fig. (5-a).

« To avoid vertical cracks that always take placestone-
masonry load-bearing walls, under vertical loads.

* To enhance ductility of stone-masonry walls.

The survey of this research had showed that corerdain
moderate to massive thickness three-leaf masonig weere not

Bl Binda, L. et al., Op. Cit., pp. 1133-1134.
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weak parts as presumed before in many hypothesex they
constituted major part of its walls. The two extdrfeaves had
relatively higher mechanical strength and stiffntssn core layer
in these walls according to bigger size and sttemdtits ashlars'
stone blocks, with thin mortar joints than thatcofe layers. They
also confine the core layer, thus increase its cesgive strength,
and carry part of the vertical load imposed onwvtlal, according to
their relative volume dimensions to core layer

The construction hypothesis of the present paper agaured
by the survey on old masonry buildings in Cairottheere
constructed since 70 to 100 years ago. Those dlditigs when
deteriorated or partially demolished had showed dbestruction
technology of their load-bearing masonry walls. Sénevalls were
always built of random rubble stone masonry, withbedded
timber ties at about 1.0-1.5 m of the wall heigtttjle the two outer
surfaces of walls were covered with plaster anchtpdihese old
walls were similar to core layers studied by thespnt paper.

Restoration projects that were achieved in arclogscl
Islamic buildings in Cairo during the last two déea helped to
confirm this construction hypothesis by revealingarious
typologies of multiple-leaf masonry walls. Subgtdn work of
deteriorated surface ashlars' stones, in some ;casgsired the
removal of large area of both sides of wall's stefa Contractors,
mistakenly, in very few cases observed; had remowadd
deteriorated stones of both outer sides of theiredjuvalls, without
installing scaffolds until few hours after. Core tifose walls
successfully had supported the full load of thefsowmithout any
deficiencies. Observation also showed that thickreéscore layers
was usually greater than that of the two exterishllaas' leaves,
with ratio ranged between 1.5 to 4 times; see 2.

Limestone was generally used for constructing tkeeraal
two leaves of historic three-leaf masonry walldlof@ing coursed

Bl Egermann,R.,Investigation on load bearing behavidumultiple leaf masonry, Structural
Preservation of the Architectural Heritage,|ABSErfppsium,Rome,ltaly,1993,pp.305-306
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ashlars facing stone-masonry system, while its dayers were
constructed following random un-coursed rubble magsaystem.
Stone blocks were cut and shaped of nearly uniomes, with five
faces that were finely dressed. Accordingly, bed haad mortar
joints of external leaves in the three-leaf masowslls were
uniform and thin (about 1.0 cm). Random rubblesroken stones
and/or broken red-bricks were used to build coyerdollowing
uncoursed random masonry. Profusion of lime andjgosum
based mortar binds the rubbles together, fillsghps among them
and adheres core layer with the surrounding twerolgaves.
Timber ties, of about 10x15 cm cross-section, ©.8.0 m long,
and of local or available wooden types; were irgkethrough the
surfaces of the core layer. They were non-unifordistributed on
the surface of the core; as described before m gbction. They
were also located where openings of doors or wirsddwough
walls, as lintels, and at timber roof borders, ad peam$§!: see
Fig.(3-c).
4. Brief historic review and background of using tmber-ties in
reinforcing masonry walls

Unreinforced masonry (URM) work always suffers froery
low tensile strength and low ductility. ConsequgntURM
structures usually exhibit various types of cragkjpatterns, the
most common and simple types are the vertical srélcit caused
by excessive vertical loads, dilation and crééb Attempts to
strengthen URM structures against serious crackingnomena,
especially ones caused by earthquakes; dated battietancient
times. The most prominent technique was introdubgdusing
Timber Frame (T-F) masonry system, which had been found
utilized since the Bronze Age and the early Romame$ at

9 principles of architectural design and urban plagniuring different Islamic Eras,
Organization of Islamic Capitals and Cities, Jed&sdudi Arabia, 1992, pp. 451-456.

I bid., pp. 195-197.

2] yvissilia, A. and Villi, M., Adobe and Timber Tiess Main Construction Materials for an
Historic Greek Dwelling, International Journal ofchitectural Heritage, 4: Taylor & Francis
Group, 2010, pp. 295-319.
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seismic prone regions in many foreign countrieghsas Greece,
ltaly and Turkey*®!. The presence and development of T-F masonry
were closely related to earthquakes, as it helpeshbhance ductility
of masonry work and to resist internal tensilesstes. The principle
of this technique was simply aimed to insert timhies in the
direction of possible high tensile forces that we@mduced at
critical locations of masonry walls under permaneertical loads
and other severe actions (e.g. earthquakes). TRecdrstruction
technique was initiated with only horizontal timkess that lied
along walls' length. Then continued with completerizontal
timber-frames of two long beams that extended atbedull length
of the two sides of masonry walls and connectegwally with
timber posts through wall's thickness (laterall) see Fig. (5: b
and c). The T-F system had undergone several inepnewts
during its long history, primarily aiming to enhanits earthquake
resistance in seismic prone areas. The most ealssafhistication
and maturity introduced in it was the use of diagohracing
members along with the surrounding timber fraffleFor this type
of T-F system, a 3D-wooden frame that consisted’bems’
(lintels), ‘columns’ (posts) and diagonal bracesyevconstructed at
first and then URM work (usually of brick work) weermnserted to
fill the voids among timber frame elemefit§ see Fig. (6).

In some few cases, X-type diagonals were usedan3tD-timber
frame as bracing for horizontal and vertical eletaginstead of
simple diagonals. Timber connections were made &ans of iron
nails and ties. However, these elements were veficidnt by
corrosion™ .

13 Kouris, L.A.S. and Kappos, A.J., Detailed and difignl non-linear models for timber-
framed masonry structures, Journal of Cultural tdge (Article in Press),

www.elsevier.com/locate/cultheisevier Itd, 2011, p.1-6.
4 vissilia, A. and Villi, M.,Op. Cit., pp. 295-319.

81 Kouris, L.A.S. and Kappos, A.J., Op.Cit., p. 2.

1% vsissilia, A. and Villi, M., Op. Cit., pp. 295-319.

I Kouris, L.A.S. and Kappos, A.J., Op. Cit. pp.2-5.
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Archaeological masonry buildings in Cairo, durirglslamic
periods; adopted the application of timber tieshwils various
masonry works (i.e. stone, adobe and mud brick$).cbnstruction
system was not followed, since earthquake evenkschwstrike
Egypt; were of moderate strength and less freqtemt in Turkey
or Greece. The survey of this research showedithber ties were
always concealed behind surface layers, exceppnmesew cases
where ties were visible within the surface of enédileaves.

5. Structural behavior and failure mechanisms of tihee-leaf
masonry walls in archaeological Islamic buildings

5.1 Analysis of structural behavior of three-leaf msonry walls

The general typologies of three-leaf masonry wedisse them
to structurally behave as three masonry layers witifierent
properties, which are laterally bonded togethemimyrtar. During
elastic-phase, where internal compressive strassgsveral times
less than wall's overall compressive strength, tivee leaves
behave as one layEf due to the full bond among them. Previous
researched'® had established, through results of experimental
investigation on certain cases of historic thred-teasonry walls; a
number of theories that described structural bemavi these type
of walls. Some were more conservative, which recenmuhcarrying
all vertical loads merely over the two externaldiesyand neglecting
the portion on core layer. Others distributed r@sgl stresses
among the three layers according to their relatw@ume
dimensiond®®. In fact, the stress distribution is largely deperde
on the mechanical properties of the three leaviesir trelative
dimensions, and the way they are connected to e#uwer Y.
Others of these previous researches studied honzagen of the

8 Ramalho, M., et al., A numerical model for the atggtion of the nonlinear behavior of
multi-leaf masonry walls, Journal of Advances ingleering Software, Issue No. 39,
www.elsevier.com/locate/advengsdisevier Itd, 2008, pp. 249-250.

1 Egermann, R., et al., Op. Cit., pp. 386-388.

20 Egermann, R., Op. Cit. , pp. 305-306.

Y Binda, L. et al., Op. Cit., p. 1132.
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multiple-leaf walls using properties of its compots in addition
to their failure mechanisms. They derived equatithras estimated
wall's overall strength from mechanical propertesd volume
ratios of its three leaves.

This paper studied analytically, using numerical deiong
technique that utilizes Finite Element Method (ME; three-leaf
masonry walls in archaeological Islamic structune€airo, with its
various dimensions and mechanical properties otai® layers.
Slender, moderate and massive thickness of thederAwmsonry
walls were analyzed using one of the well known poter
packagB? utilized in the field of structural engineeringhi3
investigation aimed to determine for each layesshiiared carrying
capacity from the overall vertical loads imposedtioa wall. This
would evaluate the construction theory for moderatel wide
thickness three-leaf masonry walls and emphasizeéhenmain
structural roles of core layer, apart from beingehea weak infill,
as presumed before. A number of 2D-numerical modaedse
prepared; using 4-nodes thick Shell-elements of #pplied
software. For all these models, the two externalvds were
assumed to be built of ashlars' limestone masominyle the core
layer was built of random rubble of broken lime&tan profusion
of mortar. These three leaves were bonded togdthexdhering
mortar layers in-between; see Fig.(8-a). Only ghraiconnection
between external leaves and core layer was studid¢dis paper
(i.e. without shear keys in Fig. 3-b). The surveyaschaeological
Islamic structures in Cairo had showed a good aniyl among
wide range of three-leaf masonry walls; both inlding materials
and construction technology. Thus, input-data foopprties of
building materials were assigned to numerical nodehccordance
to average results of previous experimental wdffs 24 on

22l SAP2000, Version 10.1.0, CSi Analysis Reference waarfor SAP2000, Berkeley,
California, USA: Computers and Structures Inc.,&00

231 Amin, Y., Analysis and Assessment of Structural iEleficies in Historical Islamic
Religious Buildings from Bahri Mamluk Period andethPossible Scientific Methods for
Conservation and Restoration with Application oa Madrasa of Umm Al-Sultan Sha’ban in=
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different masonry constituents (i.e. limestone dnde-based
mortars), which were extracted from a number ohaeological
Islamic buildings in Cairo. They covered a widegarand provided
a good example for these building materials ofstinelied three-leaf
stone masonry walls. Also, the Egyptian CasfeMasonry
(ECM) provided a guide Table (No. 2-9) that con¢ginraverage
values of limestone properties in Egypt. The adbptean values
for properties of limestone and mortar, from theferences; were
appropriate for the general investigation conduatetiis paper.
According to Soliman et al*®, who carried a wide experi-
mental investigation on limestone samples takem fneain quarries
in Egypt; the researcher derived the Chart in F)g.Hence; the
mean values of compressive strength for lime-stomegairo
ranged between 230 and 340 kg/cfd3-34 MPa), with average
value f,) = 285 kg/cri. Range of its bulk density wag)(= 1.8 -
2.3 ton/mf and porosity range was = 11-16%. These results
represented normal condition for limestone in Caifmother
experimental investigatioR”! on limestone samples, which were
taken from an archaeological Islamic building inirGashowed
compressive strength ranged between 190 and 328nkdi.e.
average valug, = 258 kg/cm). Range of its bulk densityp) = 2.2-
2.4 ton/m and its porosity = 5-12%. For samples of historic
mortars, range of density was)(= 1.2-1.5 ton/my and range of
porosity was = 5-17%. These results representedyjagindition for
limestone and mortar, since they were taken frostohc walls.
Results of the previous two experimental works onestone

=Cairo, Ph.D. Thesis, Cairo University, FacultyAsthaeology, Conservation Dept., 2004, pp.
237-245, (Unpublished).

4 soliman, A., Tahlawi, M. R. and Goma'a, W. A., D&aok of Egyptian Limestones,
Geotechnical Specifications, Mining and Metalluedidepartment, Assiut Univ., Assiut, 1972,
pp. 6-8.

[2IECM, Egyptian Code of Practice for Design and Exiecuof Masonry Buildings, Ministry
of Housing, Public Utilities and Building DevelopnteCode No. 204 Cairo, 2005, p. 31 (in
Arabic).

28] Spliman, A., et al., pp. 6-8.

7 Amin, Y., Op. Cit., pp. 219-223.
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samples from Cairo were relevant and consistentyThlso

matched with ECM Codé® guide values of limestone properties,

which are:f, = 280 kg/crh andp = 2.16 t/m. Accordingly, the

researcher assigned the following data of materigperties for all

conducted numerical models in this research:

» Average density for masonry work of external leawese layers
and adhering mortar layers (respectively) = 2.2n@ 1.6 ton/m

* Range of compressive strength for limestofag £ 170 - 250
kg/cnt (17-25 MPa), while for mortaf) = 12-20 kg/crh

 Mean value of compressive strengtl) for ashlars' limestone
masonry of the two external leaves was estimat&¥ kg/cnf
according tcEdgell et al’*?, while according to ECM Cod#,
Table (2-12-b), it was estimatef))(= 68 kg/cm.

« Young's modulus of elasticity (E) of external lead = (700 ~
900)x

These values were compared with results of preveapsrimental

researche§? 133 conducted on masonry walls that were built of

limestone with (rather) similar properties of thees at Islamic

buildings in Cairo (e.gNoto Italian limestone). Mean compressive

strengthfor external leaves dfioto ** limestone ;) = 87 kg/cr,

and of core layerf{,) = 41 kg/cr.

From these experimental results and the previotimaed
values, final mechanical properties of both exteama core layers,
of the studied three-leaf masonry walls at histtsiamic buildings;
were considered as following:

81ECM, Op. Cit., Table (2-9), p. 31.

29 Edgell, G.J., et al., Characteristic compressiwength of UK masonry: a review, Masonry-
9, Proceedings of the"6British International Masonry Conference, Nov. 20&d. H.W.H.
West, Society Stoke on Trent Pub., UK, 200&,% 0.5 f, " fn, %29, pp. 109-110.

BIECM, Op. Cit., p. 38.

B pid., p. 39.

B2 Bjnda, L. et al., Op. Cit., pp. 1132-1148.

B3valluzzi, M.R. et al., Op. Cit., pp. 186-189.

B4Binda, L. et al., Op. Cit., p. 1138.
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« Mean compressive strength of external leafigs and core layer
(f2) = 60 and 30 kg/cfr(respectively).

* Young's modulus of elasticity assigned to exteriealves of
ashlars' limestone masonry ff = 4x1C0 ton/nf, and for
adhering mortar layers {F= 1x10 ton/nf.

» Poisson's ratiov] for the three leaves of walls = 0.25, and for the
adhering mortar layers = 0.30.

5.1.1 Structural study across wall's cross-section:

Four main 2D-numerical models were structurallylyred in
elastic phase. They represented various casesed-af masonry
walls possibly found in archaeological Islamic dings in Cairo. It
was aimed to study the portion of load resisteddgh layer under
the overall vertical imposed load on the wall. Ditsi®ns of wythes
(leaves) were taken according to the results ofsthreey on these
walls. For all models; thickness of each externaaf! was
considered (&) = 0.3 m and the adhering mortar layg)) & 2 cm,
while core layer thickness {t) was variable; see Fig.(8-a). It was
assigned as a ratio = 1, 2, 3 and 4 of the extdeadlthickness,
which composed the four main models. Height ofvadlls were
taken = 3.0 m. Also, variable structural conditiovere assigned to
core layer through its Modulus of elasticity {g; which were
assigned as a ratio of the corresponding one ofexternal leaf
(Eex). Four cases of core layer were considered foh eaodel,
through ratios E/ E.ore=1.5, 2, 3 and 4; see Table (1).

Working Stress Design Method (WSDM) according toMEC
Code®! were implemented in structural evaluation of thedss.
Each model represented one meter strip of the extuthiree-leaf
masonry walls. They were vertically loaded by wenoweight and
average reaction load of one flat timber roof (\Whs roof's load
(w) was based on Pitch-Pine timber joists (10x1%toss-section
and density = 0.6 t/fy carrying traditional timber plates and
flooring layers. This roof was assumed coveringpant of 5.0m

BSTECM, Op. Cit., pp. 41-63.
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span, as an average span observed in the sunakigoaded by live
load®*® = 300 kg/m. The reaction load of this one-way timber roof
was 1.6 tons for every 1.0m strip of the studieablibearing wall.
This superimposed load was uniformly distributed tha wall's
width, which would result on different values faol model. Their
average value was (w) = 1.2 t/m' (working loadshioh was
assigned to each model for differentiating amoregrtfon constant
bases; see Fig.(8-b).

The 16 numerical models were analyzed under theique
loads and materials' data, using simple elastic saatic analysis.
We studied the resulting reaction forces and varstuesses of the
three layers. Table (1) showed ratios betweenimabtdrces of the
two external leaves (together) and the core |dgemll the models.
The table compared these ratios with the ratidb@imultiplication
of Young's modulus (E) times thickness (t) of taene two parts of
the models. Both ratios were almost identical. @gnently, all
models showed that each layer carried part of trexatl load on
the masonry wall, proportioned to (E t) ratio abtlayer. This ratio
represents the normal stiffness of the layer, sireeght of all layers
Is constant. Resulting tensile stresses developedall's section
were negligible. Shear stresses between layers wsigreficant,
which directions were designated by arrows anedegt in Fig.(8-
a). Distribution of principle compressive stresgesvall's section
was also showed in Fig. (8-b). Higher stresses \mrated at the
two external wythes than core, with maximum valuel t/nf,
which was very safd(;=600 t/nf andf,_,=300 t/nf). Increasing the
impose load on wall (w) to higher values (from 21D times), we
found the previous resulting stresses still sadfe;=g.(8-c).

Analyzing data in Table (1) had showed that extelagers
usually carry the greater portion of the overadldomposed on the
wall than the core, in case of slender and modehatkness three-

B8 ECL, Egyptian Code of Practice for Loads in Struatiand Masonry Works, Ministry of
Housing, Public Utilities and Building Developme@ipde No. 201 Cairo, Sept. 2008, pp. 30-
32, (in Arabic).

- 140 -



(") g\,a-f/d,yJU'jU,aLd/JLuV/iL}o

leaf walls. For thick and massive walls, core thiegs exceeds
outer leaves' thickness with several times. Indhesses, besides
using higher strength masonry for core layer Eegelis higher), the
portion of load carried by core layer increasdkittexceeds that is
carried by external leaves (i.e. Max. core rati0.579 in Table 1).
Fig.(9) showed the ratio of the overall load onlwl@t is carried by
core layer, according to (E t) ratio; as explaibetbre.

Shear stress (q) at interface mortar plane betvweeea and
external layers; ranged between 1.02 and 2.51 forPrevious
experimental shear td3f on similar three-leaf specimens, showed
its shear strength =17 t(0.17 N/mnf); which indicated the safety
of resulting shear stresses (q) in analyzed models.

Finally, previous analyses showed that own weidhthcee-
leaf walls played the major role in its walls' sliéypand had more
influence on its various developed stresses thamh ¢hused by
imposed vertical loads. Also, core layer when fldignded inside
the three-leaf wall with its external leaves (dgrielastic-phase);
carried less than being separated from them, wthie contrary
occurred to external leaves (i.e. carried more).

5.1.2 Structural study along wall's length:

3D-numerical models; using 8-nodes Solid-elemeritdhe
applied software, were prepared, with the same nmadde data.
Dimensions of wall's model were: 6.0m long, 3.0mhhand 1.2m
width; see Fig.(10-a). They studied the resultitigesses in all
layers along the direction of the wall's length. Wkose the
previous second case of wall, which core's thick.6 m and
Young's Modulus for core was taken{g = 2x1C t/m’. Mortar
layers between each external leaf and core layee aiso introd-
uced in the model. The assigned properties of mdateers were:
Young's Modulus (F) = 1x1d t/m? and density) = 1.6 t/ni. The
model was loaded by surface pressur¢ © = 12 t/nf (working

B7Binda, L. et al., Op. Cit., p. 1135-1136.
® This wall model was considered carrying walls ob tupper floors, and three roofs load (w).
Upper floor walls were 3.0m high and 0.9m thickithvaverage density = 2.0 tm
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loads); besides the own weight of wall. Fig.(1lshypwed contours
of tensile stresses along wall's length directigy)( while Fig.(11-

b) showed corresponding compressive stressgk iScore layer.

Fig.(12) showed vertical compressive stressesarittth model.

Masonry walls generally exhibit high local compress
stresses in the region beneath roofs, where vetbeds are just
applied. Going down the wall, these compressivessts are
distributed over greater area of wall's cross-eactrhis spreading
out of vertical stresses creates principal stregsgading tension
which can lead to vertical crack8.

The general typology of three-leaf masonry wallsussially
composed of two strong external leaves and a weakerlayer in-
between. Under vertical loads and during elastiasph stronger
external leaves restrict the longitudinal expansodncore along
walls' length and its raised vertical contractidng to its weaker
mechanical properties than the external leaves(1fig) showed
the elastic deformed shape of the model in X-Z @lamhis
restriction is provided through bond of mortar thdhere core layer
with its surrounding leaves. These actions genaraepression in
core layer and tensile stresses in upper side tefred two leaves.
The previous stress analysis was summarized i13)g.

Previous experimental work®! agreed with these analysis
results. They showed that external layers appls&raint action on
the internal core and, at the same time, the diabf the core
applies a lateral thrust to the external layers.

5.2 Failure mechanisms of three-leaf masonry walls
Unreinforced masonry walls that follow three-leafstruction

system; always suffer from lack of ductility, whictause soon

cracking, progressive failure and brittle collapsechanisms*.

B8 Drysdale, G., Hamid, A. and Baker, R., MasonryuStires: Behavior and Design, The
Masonry Society (TMSPub., 2" Ed., Boulder, Colorado, USA, 1999, p. 381.

BYvalluzzi, M.R. et. al., Op. Cit., pp. 188-189.

9 Binda, L. et al., Op. Cit., p. 1132.
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Previous experimental researcH&showed structural deficiencies
of these walls under vertical loads usually statth whear cracks, of
either vertical or sub-vertical pattern, in theenfidkce mortar layers
that bond core with external leaves. These cracksnastly located
in the transverse direction (i.e. wall's crossisa¢t They continue
till out-of-plane detachmenit? from core layer and buckling of
external leaves take place. Failure of the extelaadrs is caused
by combined bending and compressive stresses.aAtstage, the
ratio between the axial loads carried by the cockexternal layers

was estimateld® around (1:5). Vice versa, when the internal cere i

stiffer than the outer layers, a brittle collap$ehe wall can occur,

caused by the compressive failure of the core, thighconsequent
sudden failure of the outer layers. At collapse,ridtio between the
compressive stresses in the internal and exteragrd was

estimatedaround (7:3). Other structural problems exhibitedhiese

walls may result from the poor or absent connestibaetween the
leaves, the weak strength of core layer, and/ordékerioration

building materials. The following conclusive remsukere derived
from the previous experimental researféfl, regarding failure

mechanisms of three-leaf masonry wallets:

» Triplet shear test on wallets showed that failarease of straight
collar joints (i.e. no through stones) was quitétler without
showing any residual strength. While, keyed coljamts
exhibited less brittle behavior than the straigidec

« Straight connection failed in shear with straigéttical cracks at
both interface mortar planes between core and redtéeaves.
Keyed connection failed in shear with inclined fasked) crack
pattern at both mortar interface and core layethAtultimate
stage, full separation between the three leavas et

[ Binda, L. et al., Op. Cit., pp. 1135-1136.
2 valluzzi, M.R. et. al., Op. Cit., pp. 184-192.
43 |bid., pp. 188-189.

4 Binda, L. et al., Op. Cit., p. 1134-1140.
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« Compression test on three-leaf wallets showedkéged collar
joints increase the overall strength of the wall &bout 10%
higher than the straight joints (i.e. without coctians).

» Larger vertical strains were recorded in the oldaxes than in
the inner-leaves for tested wallets with straigbitaz joints. On
the contrary, the case of wallets with keyed cqbarts recorded
rather similar vertical strains in the differentaves. This
emphasizes on the role of shear keys (i.e. thratghes) in
obtaining a uniform distribution of strains amonglIhg leaves.

» Compressive strength of outer leaf, when testedeads a single-
leaf; was about 40% higher than its correspondingngth as
being part in a three-leaf wall, due to outwardighifrom core.

« Compression failure, in case of straight connestiarccurred
due to the development of several vertical crackshe outer-
leaves while the inner-leaf was practically undaethdn case of
walls with keyed connections, the outer-leaves latéul a more
severe and diffuse crack pattern accompanied bgrgkevertical
cracks developed in the inner-leaf before failureusred.

6. The use of embedded timber ties in restorationnal
retrofitting of historic three-leaf masonry walls

6.1 Main mechanical properties of timber ties

Wood is anisotropic material owing to its complazldgical
structure. It has independent and different medamroperties in
the three directions of perpendicular axes: lomyital, radial and
tangential. The longitudinal axi&' is parallel to the grain; the
radial axis R' is perpendicular to the grain in the radial di@t
(normal to the growth rings); and the tangentiaisa¥' is
perpendicular to the grain but tangent to the gnownhgs. The
mechanical properties are significantly influendsdthe direction
relative to fiber and growth ring orientation. Theproperties
depend on natural defects beside other severadrf&aatcluding:
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physical properties, density, moisture content dachtion of the
applied loads*. Tensile strength of clear wood, parallel to the
grain; is much higher than its compressive strengtmce
compression causes buckling or plastic crushingthef fibers.
Besides, higher stiffness and strength propertiepeovided in the
parallel to grain direction (L) than the perpendacudirections (R
and T). However, the opposite of this previous balrais found
when timber contains knots and/or distorted graimge they cause
tensile failure due to shear between fibers.

Sawn wood, in architectural dimensions; usually tams
defects of various kinds, such as: knots, slopgrain, shakes and
checks, decay, pockets, etc. Knots are consid@esdntin serious
defects since they greatly reduce strength andsrally present in
a considerable numbers within a piece of timbeeyTlave a much
greater effect on strength in axial tension thaaxial compression
(i.e. short-column), and the effects on bending somehow less
than those in axial tensicf.

The mechanical properties of customary timber tredts
longitudinal axis, in general; are much higher thanestone
masonry work in archaeological Islamic buildings @airo.
Previous experimental researcH&s on a number of samples of
structural timber samples of nine different woodsecies (e.g.
Oak, Pine, Beech, Larch, etc.); showed that rangeraung's
Modulus at 12% moisture content; was )(E (1.1-1.53) £0° t/m?
(11-15.3 GPa) in the longitudinal axis ‘L' directiovhile in 'R’
direction range was @ = (0.76-1.31) £0° t/n’. The average ratios
among moduli were (E: Er: Er) = (20 : 1.6 : 1). Range of

4] Calderoni, B., et al., Flexural and shear behaviftancient wooden beams: Experimental
and theoretical evaluation, Journal of EngineerBtguctures, Issue No. 28, Elsevier Itd,

www.elsevier.com/locate/engstrugboe, pp. 729-744.

148l vsissilia, A. and Villi, M.,Op. Cit., pp. 295-319.

71 Migliore, R. and Ramundo, F., Experimental testiag the identification of mechanical
characteristics of ancient timber elements, Prdogsdof the i International Conference
PROHITECHO9 'Protection of Historical Buildings'oV 1, Mazzolani, F.M. Editor, 22-24
June 2009, Rome, Italy, 2009, pp. 375-380.
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corresponding tensile strength of these timber $ssnpas = 150 -
400 kg/cr (15-40 MPa) in 'L' direction and less than 0.5 MPa
'R" direction. While in compression they were 20MBa in 'L’ dir.
and 5 MPa 'R’ dir. These values provided indicatitor average
mechanical properties of timber elements.

6.2 The use of horizontal timber-ties in the restation and

retrofitting of historic three-leaf masonry walls

The 3D-numerical model of Solid elements, descrilved
section 5.1.2 of this paper; was modified to introgl two hori-
zontal timber ties at the location of high tensileesses; as Fig.(11-
a). Fig.(14) showed perspective view for this 3Ddelo Average
timber properties, which were considered basedeatian 6.1 of
this paper; were: E1.2x10 t/n?, density ) = 0.6 t/m and
Poisson's ratiov] = 0.3. Under previous working vertical loads
(wy), the two timber ties attracted almost all of thgh tensile
stresses from the surrounding stone masonry ofr olet@ves.
Accordingly; the maximum tensile stresses,XSn the external
leaves was reduced to less than +1.6;tiahich is 75% lesser than
the previous resulted stresses (without timbej.tigg.(15) showed
resulted tensile stress contours in the two tintiesr under normal
working loads \,), which range = 0 to +15 tfmThe maximum
stress is 1% of the expected tensile strengthndfer (refer to sec.
6.1 of this paper), which is very safe. This numarstudy showed
the great enhancement in structural behavior aettheaf walls by
inserting horizontal timber ties at surface of thmper part of the
external two leaves; where high tensile stresses Woeated along
wall length. These ties are considered conservatemeforcing
elements, which the predecessor masons had appulieall types
of masonry works. The present results of structarallysis works
matched with timber ties' locations and use atouarihistoric
masonry works; reviewed in section 4 of this paper.

The survey on archaeological Islamic buildings air@ of the
present research; revealed that horizontal timiesr were always
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concealed under surface plaster or ashlars' stwieall's surface.
Except for few cases, timber ties were rarely sgethe surface of
any stone masonry walls; especially facades (eitheerior or
interior). On the contrary, timber ties were usyalisible on the
surface of masonry walls in historic structuresrefional and
international countries; see Figures: (3-¢), (4) €).

6.3 The technique of reinforcing three-leaf masonryvalls with

horizontal timber ties

Timber ties can be used to strengthen deficientetiheaf
masonry walls in historic buildings; at location$ structural
vertical cracks and/or whenever dismantling of exelayer(s) are
needed to restore the core layer or replace somis adshlars'
stones. The results of structural analysis workthefpresent paper
direct to place timber ties within the surface lbé texternal two
leaves and at its upper side; following typicalailedbf case 'a’ at
Fig.(16). Accordingly, a timber tie of cross-seati6x10 inches
(15x25 cm) and 1.5-3.0 m long should be inserteduijh one of
the upper courses of the external leaf of the vedlgbout 0.5-0.7m
down the roof. Mid of the tie would be located &tak of the walls.
Placing timber ties may be continued downward #&ruals of
1.5m; whenever crack extended. Timber ties wowdd Ak adhered
to its surrounding masonry by strong conservatiraig(i.e. lime
mortar enhanced with additives as white cement.(Er) showed
an example of the previous restoration process;chvhivas
conducted taal-gibla fagcade wall atlanbulat Mosque (1797A.D.)
in Cairo!?,

In case of severe vertical cracks that extend te,doesides
No timber ties are visible on the surface of walpical detail of
case 'b' in Fig.(16) can be implemented. Surfaddaes stone
would be dismantled; after being documented and beued
following relevant conservation rules. Two timberst connected
with stainless-steel collars and mortise systemylvbe embedded

48] E|-Emam, I., Op. Cit., p. 5.
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through core at crack location; following similaepious technique
in case 'a'. The timber ties are concealed undelyfidresses stone
plates, of 10-15 cm thickness. This would presdhe original
appearance of the facade wall and provide embetidexer ties
that can resist possible tensile stresses. Figdl&nd b) showed
restoration work of a core layer for an internallwaside Mosque
of Khayer Bak (1503 A.D.) in Cair¢*”. It was separated by vertical
severe crack, along its entire height; after 198&tfjuake in Cairo.
Replacement of core with new compatible adobe bri¢ér
deteriorated core materials; was conducted. Timies were
distributed along wall length; at 1.50m intervégie stainless-steel
mesh was fixed on tie's surface, and then thesiuiface of wall
was being plastered with lime-mortar. This mesheaino avoid
shrinkage cracking caused by dimensional changegimiber.
Timber ties should be treated against biologicéations using
suitable conservative techniques. It is also recendrusing sound
Pitch-Pine timber beams that were taken from aldcsires; since
its dimensional changes are almost idle.

7. Conclusions and Recommendations

The present paper studied various aspects of the-thaf
masonry walls in archaeological Islamic buildingsdairo and the
use of timber ties for its restoration and rettwfg. The following
conclusions can be drawn:

1) Survey on damaged walls in archaeological Islamitdings in
Cairo had showed that core layer, in case of tteaemasonry
walls with moderate to wide thickness; were budtidwing
random rubble masonry work, and not by successaigering of
stone and mortar in-between the two external ashleaves;
which was followed in constructing thin core walls.

2) These moderate to thick core layers in historieg¢Heaf walls,
most probably; were constructed at first then the éxternal

I The two photos in Fig.(18) were shot by the researin 2006, as part of a survey work on
restoration work of some Islamic historic buildirajengBab el-Wazr Route in Cairo.
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ashlars' stone leaves were built to cover its sedaThus, core
layer is not usually a weak infill layer, which wasstakenly

thought to be built mainly of mortar; with filleff gmall broken

stones, similar to contemporary plain concrete.

3)Voids usually found in core layers of historic tevleaf walls
may be attributed to its cracking phenomena andrideation
of its mortar, rather than its construction tecleiq

4) The two external leaves usually carry the greater @f overall
applied vertical loads on the three-leaf masonrilsw&ach of
these external leaves can carry more loads iarids alone than
being part inside the three-leaf wall; due to addal flexure
imposed to them from lateral thrust of core layer.

5)During elastic-phase, each leaf of the wall carpedt of the
overall vertical imposed loads proportioned to thgo of the
multiplication of its Young's Modulus (E) times ttackness (t).

6) Core layer of wide thickness and high stiffness camy more
than 50% of the overall vertical loads on its thiesg wall.

7)keyed collar joints of the external leaves (i.aotlygh stones)
enhance the overall structural behavior of threé¢-lealls and
raise its load-bearing capacity than straight conoe.

8) Embedded timber ties were used with masonry warksgypt
and worldwide; since ancient ages. They were usedinforce
masonry walls against cracking, especially in s&sprone
cities. The technique had developegbgressively in Europe
(e.g. Greece) till it reached to timber frame (TsElctures.

9) Timber ties were usually concealed inside masonailswand
not visible on walls' surface; in most of Islamiclatectural
heritage in Cairo. This contradicts with historigldings world-
wide; as timber always visible on surface.

10)Analysis proved that ideal location for timber tissat the top

and within the surface of external leaves of thregHeaf walls.

11)Timber ties attract most of tensile forces devetbpemasonry
walls under imposed vertical loads; thus help t@vpnt
possible vertical cracks.
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General recommendations can be summarized as ®llow

I. Restoration and retrofitting of historic three-lea&sonry walls
using timber ties provide a conservative and mdfeient
solution for serious vertical cracks than tradiibrnjection
work. The integration between more than one tealaigan
provide better restoration work.

ii. More experimental and numerical researches areede¢al
study structural behavior and failure mechanismshistoric
three-leaf masonry walls; especially walls with &eéycollar
joints. Physical models of walls should represearious types
that were found in archaeological Islamic buildimg€airo.

li. Integrated experimental and numerical researcresegded to
study the structural behavior and failure mechasisfrvarious
structural elements of archaeological Islamic bndd in Egypt
with their different materials, types (styles) gratiods.
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Fig. (1): Examples of archaeological multiple-leaf masongajis in Cairo:
a) Dome ofAmir Idekeen (1285AD, Ayyubid Era)b) Dome ofAshraf Khalil (1288AD),c) Qani-Bey

Slendel,.. ‘,
wall =

Medium
fo thick

Fig. (2): Various typologies of three-leaf masonry walldistoric buildings:
a) Slender wall, with arch filling,b) Wall of medium thickness;) Medium to thick wal
(all atultan Hassan Mosque)d) Thick (massive) wallSour Magra El-Oyoun).
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Fig. (3): 1ypical details of multiple-leaf masonry wallsanchaeological
Islamic buildings in Cairoa) Elevation view of wall's fagad®e) Cross-section view of
the wall showing its three leaves,3D-view”® of a masonry building showing timber tie-
beams

%0 Al-Garni et. al., Architectural Heritage at Kihgm of Saudi  Arabia, Ministry of
Municipality and Rural Affairs Publication, Riyadkingdom of Saudi Arabia, 2002,
p.103
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Fig. (4): Three photos for core layer after falling down df external
showing its construction typology, embedded timies-and voids remain
from surface through-stones, in the remaining padf Al-Ghuri Place atAl-

Saliba Street(1505-1507 A.D.)
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Fig. (5):Timber-tie system in masonry constructica: A sketch of buildin
contemporary brick-walls b) 3D-view of alobe dwelling with timber tie
Greece,c) Adobe wall and timber ties, Gree@e & c after: Vissilia, A. and Villi

M., 201C p.301).

Fig. (6): Timber Frame (T-F) construction system in Gre@}ef-F stone mason
building ,b) T-F with diagonalsafter: Kouris, L.A.S. and Kappos, A.J, 2011: p. 2)
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Fig. (7): Mean values of compressive strength for limessaraples from
different Egyptian provincegafter: Soliman, A. et. al., 1976: pp. 6-8).
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Fig. (8): 2D-numerical modek) geometry and forceb) resulting principle comp.
stresses3min) under normal working loa@' , ¢) Syin. underw1(=10w)

u.$ Core thickness = 0.30 m Core thickness = 0.60 m

= Reaction Ratio Normal Stiffness Ratio Reaction Ratio Normal Stiffness Ratio
|-|§ Ext. leaveqd Core| Ext. leaveg Core | Ext. leaveqd Core| Ext. leave Core
1.5 0.744 0.256 0.75 0.25 0.592 0.408 0.6 0.4
2.0 0.789 0.211 0.8 0.2 0.65 0.35 0.666 0.333
3.0 0.842 0.158 0.856 0.144 0.724 0.276 0.75 0.25
4.0 0.872 0.128 0.888 0.112 0.770 0.230 0.8 0.2

u.$ Core thickness = 0.90 m Core thickness = 1.20 m

~ Reaction Ratio Normal Stiffness Ratio Reaction Ratio Normal Stiffness Ratio
I.|§ Ext. leaveq Core| Ext. leaveg Core Ext. leaved Core| Ext. leave: Core
1.5 0.492 0.508 0.5 0.5 0.421 0.579 0.428 0.572
2.0 0.552 0.448 0.572 0.428 0.479 0.521 0.5 0.5
3.0 0.634 0.366 0.667 0.333 0.562 0.438 0.6 0.4
4.0 0.687 0.313 0.728 0.272 0.618 0.382 0.667 0.333

Table (1): Comparison between reaction forces' ratios oflsvédaves (fror
analysis results) and its corresponding normdh&tss ratios, for all models.

153



(") g)t.f/d,yJLﬁUfaLt.f/JhJY/{é.a

—o— t e =0.3C
—m— t ... =0.6C
—#— tcore =0.90

toe =1.2C

Ratio of Load Carried by Core

E ext. / E core Ratio

Fig. (9): Ratio of load carried by core of a three-leaf amag wall according to its
thickness and elasticity modulus ratio with extéfagers (elastic phase).

(@)
(b)

o BOAD

Fig. (1C): 3D-numerical model of three-leaf masonry wa)llayers and geometry,
b) deformed shape in Y-Z plane under normal workoagl (v,).

Stress dir.

+4.0 0.0
[ T/I’ﬂ2 t/m2
0.0 ; -4.0
t/m? tim?

Slt:ri(’gs.s(a‘ Late  stressesgy) under normal working loadvy): a) tensile stresses
(S.) "in external shelld)) corresponding compressive stresses in core layer.

154



(") gﬂ%ﬁ”ﬁb—f/.’hﬁy/&o

0.0
t/m?

Fig. (12): Vertical stresse (S;;) under Fig. (13): Resulting stresses in differe

normal working load (). layers along wall's length under
vertical working loads.
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Fig. (15): Tensile stresses in timer-
Fig. (14): Modified 3D-Solid Model witt sl o e o uneler
timber tle_bear_n in external leaves 9 '
(perspective view). Two
timber ties
Timber tie Timber tie connected,)
ucq/g .
m/ 0 e\ \\\\
[ u "““Q&s
0.25 (X
VA > R
Grout | @ G
O% rout
L e=—n
\ Ext. Core Ext. | 7
 leaf layer leaf Ext. Core Ext.
leaf layer leaf
Case (c Case (k

Fig. (16): Typical details of two different cases of restmma of thre«
leaf masonry walls using embedded timber tie tegini
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Fig. (17): Restoration of interic fagade wall followin case'a’ of previous
typical detail, Mosque aanbulat, 1797A.D., in Cairo.

Fig. (18): Restoration of core layer by rebuilding deteriedapart anc
reinforcing it with timber ties; cask' in Fig.(16): a) general
view, b) zoomed view (Mosque &hayer Bak, 1503 A.D.).
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