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ABSTRACT

Byblos City located on Lebanon coast is one ofdhikest continuously inhabited cities and a UNESC@lav
heritage. It was chosen among the first membettgeaf 00-city global network to be supported bytfe Resilient
Cities project (100RC) of the Rockefeller Foundatidhe city has started to implement their resdeestrategy
launched in 2016, which encloses five pillars: Gantad city; Resourceful city, Peaceful city, Cudiusity, and
Thriving city. The aim is to mitigate stresses ahdcks related to the physical, economic, envirantalgpolitical

and societal aspects.

Simultaneously, in 2013, we have chosen Byblos &y prototype to study likely seismic loss edfiomaof
structure and infrastructure systems among othetebhanon. The series of studies that we proposed is
complementary to the 100 RC efforts, since eartketlareat was not directly and specifically choaerong the

five pillars of Byblos strategy. Indeed, loss estiion analysis is very helpful for authorities ofytos
Municipality to propose emergency, prevention awbvery plans for the city and to enhance the piatection.

In this paper, first Byblos resilience strategyliscussed, second the city shocks and stressédeatéied, third

the specific seismic threat is highlighted, analiinseismic loss estimation results are provided discussed as

an essential complement to the 100RC resilienegesty.
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1. INTRODUCTION

The 8000-years-old Byblos city, a UNESCO World ltege Site, is one of the oldest continuously
inhabited cities in the world. Byblos was chosenthy Rockefeller Foundation as one of the 100
Resilient Cities in 2014. Rosenstein (2014) notdslyblos has survived and thrived in the face of ®,00
years of shocks and stresses... Its history is ghemsand-year study in resilienee Moreover, he
explained further that the city has preserved is$ohical buildings, timeless traditions and cudtur
heritage, along with a lively economy, and it pergal despite war, shifting empires, and natural
disasters. In parallel, | have chosen, starting @ngear 2012 beginning of 2013, Byblos City as a
prototype to be studied for earthquake loss esiimatamong others, given its very old history drel t
presence of many building typologies compared wilter regions in Lebanon.

Byblos, which means papyrus or the “Book”, is kncaaJebeil by the local people (Jidéjian 1968). It
is located on the Lebanese coast about 40 km pbttte capital, Beirut. The city area is 5%rand its
population is approximately 40,000.

Investigating the history and major contributiofi®gblos help us understand its resilience (Makhoul
et al. 2016). On one hand, one of the most impbrtantributions of the city was the Phoenician
alphabet, from which most modern alphabets defive diffusion of the Phoenician alphabet, was
helped by their thalassocracy, since in theéntury BC, they had already reached the AtlaDtiean,

sailing their Phoenician ships built with Leban€salar wood (Jidéjian 1968). Therefore, their histor
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confirms the noted in (Jigyasu 2015) the role obwation and knowledge was recognized as drive to
society resilience as.

On the other hand, many aspects of Byblos res#iemere due to the great contribution of other
civilizations in Byblos’ heritage: certainly, exaiging expertise and skills between many civilizasio
is enriching: it widens one’s vision and helps sojwoblems. The role of diversity in increasing
resilience of social systems was tackled by Jigy@615). Historical periods and civilizations that
marked Byblos, and left building traces all ovee tity, which were detailed by Dunand (1973) and
resumed in (Makhoul et al. 2016), are the follovginiipe Neolithic period (5250-3800), the first urba
period (3000-2800), the developed urban period @2Z8800), followed mainly by the Amorite,
Assyrian, Persian, Hellenistic, Roman, Mamluk antb@an periods.

Today, after 7000 years, the city is a combinati@ween modern sophistication and traditional
heritage. Byblos resilience authorities try to a$drsimultaneously threats faced by both the & ci
which must preserve its heritage, and the new wihich must preserve its role as a dynamic Middle
Eastern city. Therefore, the needs and main ria&ed by the new and old city were identified by its
experts and authorities as the following: erosibat tthreatens the historical buildings; pollution;
regional instability with short- and long-term ingpg.on the prosperity of the city; sea storms;leeal

rise; the natural hazards of earthquakes and tdutiaenweak infrastructure; and rapid urbanization.
Nevertheless, no specific earthquake disastermakagement strategy was proposed to be further
studied other than earthquake and tsunami simulgtis per the recently announced resilient styateg
(Resilient Byblos, 2016).

Therefore, this paper deals with the following: {®et 2, resumes Byblos resilient strategy of 100
Resilient Cities of Rockefeller Foundation; Sect®yrio fill the gap, addresses Byblos complementary
strategic pillars and measures, by studying theemable aspect of Byblos to the seismic threat,
specifically presenting here the earthquake damaggessment of Byblos buildings, the potable water
and wastewater lifelines, and Byblos municipalityiding; Section 4, concludes.

2. BYBLOS’ RESILIENCE STRATEGY: STRATEGIC PILLARS, GOALS AND ACTIONS
OF THE 100RC PROJECT

The City of Byblos finalized its strategic pilldars2016. The strategic pillars are defined as frection
that the city will pursue to achieve its vision.eTpillars which were chosen by the 100 Resilietie€i
Project of the Rockefeller Foundation were fivepassented in the document of Byblos Resilience
(2016): 1) A connected city, 2) A resource effitieity, 3) A peaceful city, 4) A cultural city ars) A
thriving city. In the following a brief descriptioof each one of them is provided.

2.1 A connected city

The first pillar entitled “A connected city” willdp the city to be connected and to pioneer innogat
and inclusive urban solutions. The aim is firsbtald a digital infrastructure, second to connéet tity

to neighborhoods and to limit urban sprawls, anditto design a blue-green network throughout the
city.

2.2 A resource efficient city

The second pillar entitled “A resource efficiertytiwill help the city optimize the ecosystem sees.
The aim is to demonstrate environmental respoiitsilsihd to promote stewardship by citizens.

2.3 A peaceful city

The third pillar entitled “A peaceful city” will Hp the city embrace and promote social cohesion and
cultural diversity. The aim is first to encourage@cengagement and participation in decision mgkin
second to manage safety risks, threats and civésinand third to promote social networking and
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relationships between the different communitiethefcity.
2.4 A cultural city

The fourth pillar entitled “A cultural city” will blp the city to protect and honor its cultural &sse
tradition and local identity. The aim is first toopect the city’s historical assets and coastatdmge and

to promote local identity and traditional businessgecond to strengthen the city’s role in regional
economic development, and third to improve socimeeic conditions of Byblos residents.

2.5 A thriving city

The fifth pillar entitled “A thriving city” will hép the city to diversify its economy and flourigioii its
valued cultural and human resources. The aimfisstgoromote innovative economic enterprises which
create future opportunities that build from Bybéogsting strength.

3. BYBLOS COMPLEMENTARY STRATEGIC PILLARS AND MEASU RES

The proposed Byblos resilience strategy of the IDGRsilient Cities of the Rockefeller Foundation,
did identify and chose to work on strategy pilladsich targeted mainly daily stresses. Nevertheless,
Byblos is facing one major threat which is the lequiake threat, and therefore the city needs toragha
its resilience to face this major likely chock. Timesented series of studies presented in thigoeect
could be complementary to the Municipality and Byauthorities, within the 100RC.

Lebanon is a seismic region, thus enhancing tly&saiésilience to withstand earthquakes is esdentia
Lebanon, is characterized by a complex weaved fgtem (Walley 1988) known as the Lebanese
Restraining Bend (LRB). Its major active faults &@mmouneh (YF), Seghraya (SF), and the Mount
Lebanon Thrust (MLT) which can generate earthquakesagnitude greater than 7, while the Rachaya
(RaF), and Roum (RF) and other smaller Faults eseigate earthquakes of magnitudes up to 6 and 6.5
(Elias et al. 2007) and (Elias 2012). Lebanon seitynis detailed in (Makhoul et al. 2016).

Effectively, the achieved work offers concrete ssbased on engineering modeling of seismic damage
estimations to Byblos buildings, lifelines, andoals when necessary to consider measurement for
retrofit to reduce future likely damage. Moreovbigse studies are vital to gain a better undersignd

of the extent of potential damage, allowing us stablish an earthquake preparedness strategy and
recovery plan as part of enhancing the resiliericbeocity.

The dynamic properties of the recently-constru&@ghlos Municipality building were studied, given
its key role as a vital structure for centralizthg emergency response, in the event of a disaster.

3.1 Damage Assessment of Byblos Buildings

The seismic damage to buildings in Byblos Resil@ity was assessed in (Makhoul et al. 2016), aiming
to bridge between international world heritage disdster risk management, insisting on preparedness
rather than recovery. The damage assessment od8phildings in the event of scenario earthquakes
was modeled using Ergo software after preparatfoadequate data and files using the Geographic
Information System. To that purpose, Byblos buiditata were gathered through a ground survey and
then structural vulnerability functions were addgliaassigned. In the following are detailed: fitbie
building stock; second, one of the used earthqaakaarios which offered the most damage to Byblos
buildings; and finally, the earthquake-induced thniy damage in the event of the presented likely
earthquake scenario were offered.

3.1.1 Building stock

The total number of buildings investigated win Byblvas 829, including 68 buildings located in Blat,
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the suburb region of Byblos. Classified by theiustural building typologies, the city comprise§84
Concrete Frame (C1); 215 Concrete Frame with skalls (C2); 55 reinforced masonry (RM); and 150
unreinforced masonry (URM); and one Steel Structwidding (S3). Classified by their year of
construction the city comprises: 9 buildings camstied before 1800, 68 buildings constructed between
1800 and 1900, 380 buildings constructed betwe®d 88d 1970, and 372 buildings constructed after
2000.
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Figure 1. Results of Byblos building damage in tefrmean damage obtained through Ergo for scefario

Table 1. Analysis results of Byblos building stuwetl damage for scenario D.

D
Structure Probability of Performance Level Probability of Damage State

Type 10 LS CP INS MOD HEA COM MD
C1 0.66 0.26 0.07 034039 02 0.07 0.23
C2 0.44 0.09 0.02 0.56 0.34 0.07 0.02 0.11
RM 0.68 0.38 0.07 0.32 0.3 0.3 0.07 0.28
S3 0.79 0.45 0.1 021 034 034 01 034
URM 0.74 0.45 0.2 0.26 0.29 025 0.2 0.37
0.63 0.26 0.08 0.38 0.36 0.18 0.08 0.23

3.1.2 Seismic Scenario

One of the recommended attenuation relationshighferMiddle East region by the EMME project,
(Akkar et al. 2014), was implemented using javéhim hazard plugin in Ergo platform. It was used to
simulate a probable earthquake scenario for Byhlws:scenario of the 551 AD earthquake which
occurred near Byblos city along Mount Lebanon Thats latitude of 34.14 and a longitude of 35.46
(Plassard and Kogoj 1981) and which had a momemgniae, Mw of 7,5. The maximum PGA
obtained for the 551 AD earthquake was 0.9 g, dine&51 AD earthquake is located near Byblos city.
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The generated scenario was then ingested as deigtimhazard (HM) and used to model earthquake
damage to Byblos building. The damage results pethiby this scenario were denoted D in the
following.

3.1.3 Results and recommendations

Figure 1 shows the results of Byblos building daenagterm of mean damage obtained through Ergo
for scenario D. Table 1 reports the damage in terfimgrobability of performance level (10, Immediat
Occupancy; LS, life Safety; CP, Collapse Prevenfiand probability of damage state (INS,
Insignificant; MOD, Moderate; HEA, Heavy; COM, Colefe; MD, Mean damage). The results
obtained for the latter D scenario were: 39% of 86 RM, 29% of URM, and 34% C2 would suffer
moderate damage; 20% of C1, 30% of RM, 25% of UBMI 7% of C2 would suffer heavy damage;
7% of C1, 7% of RM, 20% of URM, and 2% of C2 wouldffer complete damage. The only steel
structure has a 34% probability of suffering moteedlamage, has a 34% probability of suffering heavy
damage, and has a 10% probability of suffering detepdamage. Therefore, it was recommended to
upgrade, whenever possible, the unreinforced mgdmnldings to reinforced masonry buildings while
preserving their historical aspect and convertfthme concrete buildings to dual system structares
frame structures with some shear walls. All newldings to be constructed in the future are
recommended to strictly follow the codes.

3.3 Damage Assessment of Byblos Potable Water andté/\WVater lifelines

Potable Water in Byblos City is provided mainlyrfriNahr Ibrahim River by the mean of a very old
network. Three projects were developed to improwbld@s water supply system. They were
implemented and supervised by the Lebanese Cdonélevelopment and Reconstruction, CDR. Most
of Lebanon potable water system projects were deeel mainly during the period extending from
1992 until 2015, and the last project is schedteithish in 2017.

The pipelines of the potable water network use&8yblos were mainly of three types: the asbestos
cement (AC), the ductile iron (DI), and the Polyd¢ime (PE). The total studied potable pipelines
network has a length of 158,2 km. The asbestos mepwable water pipelines dating from 1970, have
a total length around 47,8 km length. The ductde pipelines are divided in two parts: the oldgtipes
which were implemented in 1960 and in 1983 and wetgehabilitated later, have a total length of 26
km; the new pipelines that where rehabilitated mégefrom year 2007 until year 2010, have a total
length of 19,7 km. Finally, the PE pipelines whigkre implemented recently from year 2007 until year
2010, have a total length of 64,7 km.

Since Lebanon is a seismic area, as discussedeiriops sections, damage estimations need to be
assessed in order to mitigate seismic threat fégethe potable water infrastructure. The seismic

damage to potable water in the old part of Byblesilent City was assessed in the preliminary paper
(Makhoul and Mikhael 2016), the full study will peblished soon.

The map of potable water buried pipelines was imgieted and prepared adequately in Geographic
Information System (GIS) as shown in Figure 2, tih@as modeled through the Ergo platform. For the
preliminary model presented in this study, the labdé fragility functions in Ergo library were uséal
model the damage. Results were obtained and detuss

Modeling through Ergo platform allowed us to obtthia following results for the specifically genermt
scenario of PGV using the attenuation relationsifigAkkar et al. 2014). It was obtained that the
Asbestos cement pipelines are the ones that withdst damaged, followed by PE and then by Ductile
iron. Thus, after the considered earthquake scerthe greater percentage of Asbestos cement pipes
Byblos network will need to be repaired followedthg PE pipes network then the Ductile iron. As it
is represented in Table 2 which shows resultsefidimage to buried potable water pipelines of Byblo
city, knowing that «Numrepairs» is the total numbérepairs. Figure 3 presents the results of the
number of repairs for buried potable water pipaidee to PGV, for the three types of pipelines PE,
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asbestos cement and ductile iron. Figure 4 showsetbults of the number of repairs for each buried
potable water pipelines depending on its value.

Therefore, we can finally resume that after thesatered earthquake scenario Asbestos cement pipes
will need 26,33 repairs, the PE pipes network wded 10,70 repairs and the Ductile iron pipes will
need 7,77 repairs. In total the Byblos network waed in total 44,57 repairs for the whole 158,2dfm
pipelines. The Asbestos Cement pipelines are tkes trat will be most damaged, followed by PE and
then by ductile iron, thus the usage of Asbestosert is the less encouraged in Byblos for future
pipelines rehabilitations.

Figure 2. The potable water buried pipelines draw@IS for the studied district of Byblos

Table 2. Results of damage to buried potable wapslines of Byblos city

Length Numrepairs

Pipetype (km)
Asbestos 7 g 26,33
Cement
Ductile 457 755
Iron
PE 64,7 10,70
Total 158,2 44,57

Moreover, in (Makhoul and Mikhael 2016) recommeratet were offered to consider an improved
sustainable rehabilitation solution considering @rencost -benefit study in addition to the life leyc
study of potable water pipelines. The later stuelgds to account for the diameters of the envirohmen
friendly material of the pipes and the whole camdtipn of the pipeline network including: the
production of the pipes, the transportation, thestaiction and installation of the network, in dobof

to the service life of the pipes, rehabilitatioogedures and recycling. The aim of this study [@twide

a better understanding of Byblos potable water agtvand to allow the establishment of a sustainable

and resilience earthquake preparedness strategyeaadery plan for potable water buried pipelines
network in Byblos city.



Figure 3. Results of the number of repairs due@¥ Ffor the PE, asbestos cement and ductile irgredu
potable water pipelines

Figure 4. The results of damage to buried potalaleempipelines of Byblos city

In the coming study of the whole potable water ekyin addition to what is modeled in (Makhoul
and Mikhael 2016) for the old part of the city, &lig updated to consider recommended ground motion
prediction equations (GMPESs) for the Middle Eagiiga, to consider amplification of the peak ground
velocity in hazard maps due to different soil typasd to consider adequate fragility functions.
Moreover, different Byblos geotechnical maps, ldiddshazard and liquefaction are investigated and
embedded. Damage results to pipelines are dependetite hazard maps obtained using different
GMPEs and geotechnical maps.

Finally, the seismic damage to sewage system nktinmdhe Byblos City is now under consideration,
the study will be finalized soon as part of the &edse National Center for Scientific Research had t
Agence Universitaire de la Francophonie, CNRS-L/AUkded project.

3.4 Byblos Municipality Building

The recently-constructed Byblos Municipality buildi (Figure 5a) was chosen as a prototype in
(Makhoul and Harb 2017), given its key role astaltructure for centralizing the emergency resgon

in the event of a disaster. The aim is to studyadyic properties of the structures in order to raikg
the risk encountered by municipality buildings vehfihcing earthquake threat.

Geotechnical tests were done to identify the type roperties of the considered in-situ soil. Iswa
obtained that the foundation is formed of clayayafohigh plasticity with the presence of a higlater
table; it has small damping and relatively widegarof linearly elastic behavior, which are both
prerequisites for resonance. In addition, the rldthnel analysis of surface waves, MASW, is used in
(Makhoul and Harb 2017) to investigate the stiffnes the subsurface conditions and determine the
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shear wave velocities of the layers. MASW obtairesiilts agree with the obtained clayey sand from
laboratory tests.

The horizontal to vertical ratio method, HVNR or\Hivas used. By analyzing the ambient noise
recordings, one can determine the structural frecgiedamping, and other stiffness characteristiod,
identify the natural soil frequency. The aim is dpecifically investigate the possible resonance
occurrence during earthquakes. The H/V obtaineguf€i 6) is 3.79Hz and 5.88Hz. For the soil in the
nearby building site, two peaks are observed: 6z200htl at 10.22Hz.

Figure 5. (a) Municipality of Byblos; (b) Municiggl FEM Model

Figure 6. H/V spectrum with respect to the frequeincHz (a) for the municipality building; (b) faoil in the
vicinity of the municipality building.

Table 3. Frequencies obtained from FEM, H/V, EC8 babanese code.

Method FEM H/V EC8 Lebanese Building H/V Soil HV
Code
Frequency 3.85 3.79 3.1 3.1 3.79&5.88 6.00&10.21
(Hz)

Table 4. Frequencies obtained from FEM for thenteles.

Mode 1 2 3 4 5 6 7 8 9 10
Frequency 3.8t 4.8z 4.9/ 55¢ 5.9z 6.97 7.1¢ 7.2t 7.5¢ 7.8%

In parallel, the Finite Element Model (Figure 5H) the structure is built, and the result of the
fundamental resonance frequencies is comparecetbltiNR data, and to the computed values using
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conventional formulae recommended by classicadingl codes and summery is presented in Table 3.
The FEM first mode frequency and modal shape obthinom the modal analysis agrees with H/V
result.

As noted in (Makhoul and Harb 2017), it can be deduthat FEM is a mean to accurately study the
structure dynamic model, specifically for the bingifrequency evaluation, since it is validatedtiy
ambient recording method. The Table 4, presentd @higequencies obtained by the FEM for the ten
modes. If the structure will be shaking as per4hand %' modes, then it might go into resonance by
comparing FEM and H/V results. Eurocode 8 (EC8)laglthnese Code (LB) formula results agree with
FEM and H/V results. Since the structure is irraguFEM is the best way to obtain its period. Rissul
of ambient noise recordings were very accurate. Mhaicipality structure was just few weeks old
when measurements were taken, thus the buildingprizisand other factors that usually lead to
differences between measured and computed periedsvot noticed. Further studies are taking place
to consider soil structure interaction and varmad the frequency content with time.

4. CONCLUSIONS

Byblos City in Lebanon, one of the oldest continslgunhabited cities and a UNESCO world heritage,
was chosen among the first members of the 100Rféqtrof the Rockefeller Foundation. This paper
presents first presents qualities of Byblos resije Second, it presents the resilience stratagyclaed

in 2016. It encloses five pillars, which aims totigate stresses and chocks related to the physical,
economic, environmental, political and societaleasp. Simultaneously, in 2013, | have chosen Byblos
City as a prototype to study likely seismic loséneation of structure and infrastructure systemsiam
other in Lebanon. Therefore, third series of cormaetary studies to the 100 RC efforts are proposed
to fill the gap; those studies deal with earthquidkeat which was not directly and specifically séo
among the five pillars of Byblos strategy. Reswlte presented and discussed specifically for the
earthquake damage assessment of Byblos buildihgspdtable water and wastewater lifelines, and
Byblos municipality building. The paper aim is t@a attention to authorities of Byblos on the bénef
of loss estimation analysis, and on the necessiprapose emergency, prevention and recovery plans
for the city and to enhance the civil protection.
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