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ABSTRACT

According to common knowledge that it is impossible to prevent earthquake occurrence, the only way to go is to
take necessary precautions for earthquakes in the light of related risk analysis results. One of the most important
risk based on an earthquake is resultant of bridge vulnerability possibility. Bridges are one of the most elements
of transportation systems. The possibility of bridge vulnerability effects the bridge functionality during the
response and recovery process.

This article presents to estimate road functionality in Istanbul following the potential Istanbul Earthquake by
taking into account the damaged transportations systems. These results could be used to prevent a hazard from
becoming a disaster, to mitigate possible risks and to transform urban areas based on the earthquake risk.
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1. INTRODUCTION

According to Chang and Nojima (1998) and Kameda (2000), the highway system is configured into a
network which consist of a large number of links and nodes. The disruption of any of these links, such
as a road, or nodes such as a bridge, can disrupt a section of the network, the impact of which is
dependent on the redundancy in the system (Rojahn et al., 1992). As it is well known, Istanbul is
located at earthquake-prone region and probability of an earthquake occurrence in this region is very
high.

In order to estimate the performance of bridge functionality following an earthquake, it is necessary to
make a seismic risk assessment by determining the probability of exceedances of damage states and
revealing a loss of functionality. Risk assessment studies allow necessary precautions to be taken,
along with the planning of repair works and defining emergency transportation routes for search and
rescue activities, and firefighting during the response process and, finally reduces the recovery time.
Moreover, surveying post-earthquake functionality of transportation structures provides the grounds
for making the right decision for appropriate retrofitting studies and proper evacuation route designs
during response time.

Roads are important for human life both under normal circumstances and during the natural disasters,
where they have critical roles for response and recovery activities. If roads lose their functionality
immediately following an earthquake, some activities such as search and rescue, firefighting and
accessibility to shelters area can be impracticable during the response and recovery phases, while this
situation could cause an increase in the number of deaths and injuries.

Transportation damage analysis is necessary to use risk mitigation studies and decisions, being that
experiences showed that the functionality of transportation structure effects post-earthquake
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emergency response and recovery operation seriously. Up until now, only one study JICA and IMM
(2002) has evaluated Istanbul bridges from the point of earthquake risk 14 years ago.

In JICA and IMM (2002) study, information about 480 bridges was collected while the vulnerability
of bridges was analyzed statistically based on Katayama’s (Kubo & Katayama, 1977) methodology.
As a result of the analysis, 24 bridges were calculated as having a higher possibility of collapse, while
two bridges constructed as viaduct structures were calculated as having a higher vulnerability to a
Model C earthquake (JICA & IMM, 2002).

This study aims to reveal functionality of transportation structures in Istanbul against the potential
Istanbul earthquake. During the post-earthquake response and long-term recovery time, transportation
structure functionality conducts critical importance to either increase disaster response capacity and
the use of evacuation routes or minimize the response time and maximize the effectiveness of disaster
management. The HAZTURK software (Karaman et al., 2008) were used to compile the earthquake
loss assessments to the transportation structures. The results of the study also provide an important
data to the decision makers to prioritize bridge retrofit strategies.

2. METHODS AND DATASETS
2.1 Risk-based Methodologiefor TransportationStructures andNetworks

Owen and Sholl (1981), Bastz and Kiremidjian (1996), Chang et al. (2000), Werner, Taylor et al.
(2000), studied the transportation networks in the case of disasters. Karim and Yamazaki (2003),
Nielson (2005), Padgett and DesRoches (2007) used analytical methodologies to develop fragility
curves for retrofitted and non-retrofitted bridges. Quah (1977), Joseph and Phillips (1984), Kuwata
and Takada (2004), Franchin et al. (2006) studied the accessibility to critical facilities during the
disasters. Among these researchers, the studies of Basoz and Kiremidjian (1996) and Werner et al.
(2000) focused not only the single structural damage but took into account the vulnerability for
highway transportation system as a risk assessment methodology. Another important step among the
transportation network risk assessment studies was compiled by Padgett and DesRoches (2008), where
they generate the functionality of the transportation structures during and after the earthquake.

In Turkey, a limited number of researchers studied the concept mentioned in this paper. The first study
for Istanbul was compiled by JICA and IMM (2002) as cited in introduction section. Then, Karaman
(2008) study adopted the Padgett and DesRoches’ (2007) study for the earthquake loss assessment
software HAZTURK. In 2009 Istanbul Metropolitan Municipality, conduct a study on Estimations for
the possible earthquake losses in Istanbul, where they assess the road blockages due to debris of
estimated building damages of heavy and collapsed states, which assumed that all the buildings would
fall on the road (IMM, 2009). In that study, the bridge damages were not estimated but only the
bridges in high seismic intensity areas were determined. There are limited number of fragilities for the
transportation structures in Turkey. Avsar et al. (2011) have developed analytical fragility curves for
Turkey’s four major classes of ordinary highway bridges, which were constructed after the year of
1990. As Lok and Lamanna (2006) explained in their paper; since 1982, Technical Specifications for
Road Bridges (TSRB) for Turkey was adopted from American Association of State Highway and
Transportation Officials Standard specifications for highway bridges (AASHTO SSHB) and there are
only minor differences arising from the conversion of United States customary units to Sl units. That
is why; this study took into account the Padgett and DesRoches’ (2007) analytical fragility functions
that estimates the functionality of the structures.

A complete understanding of the earthquake impact on the transportation structures with damage
possibility, post-earthquake functionality and retrofitted damage possibility analysis, is a very
important input for the decision makers in order to mitigate, prepare for, respond to, and recover from
the potential impact on the potential Istanbul earthquake.



2.2 Fragilities for Transportation Structures

Fragility curves for highway system components were defined with respect to classification and
ground motion parameters and they are an efficient and intuitive tool for evaluating the seismic
vulnerability of bridges and viaducts. These curves describe the probability of reaching, or exceeding,
each damaged state given the level of ground motion (HAZUS, 2003).

HAZTURK software can use any mathematically definable fragility curve to estimate the earthquake
damage to transportation structures, based on the fragility curves demand type. However, the aim of
this study requires the functionality of the transportation structure and fragility curves of Padgett and
DesRoches (2007) and (2008) provides post-earthquake functionality of the transportation structures
along with the damages based on the PGA demand typed earthquake hazard maps. Their fragility
curves were developed to estimate the physical damage, the cost to repair the damage and the post-
earthquake functionality to the transportation structure. The key fields used for damage analysis are
“Main Structure Type”, which allowed the classification of the transportation structures according to
the types for which fragilities had been developed as well as the number of spans, total length, and
width (Figure 1).

MSC_Concrete

Figure 1. A sample set of fragility curves of HAZTURK for the continuous bridge classes: MSC_Concrete

The relationship between the bridge damage and the resulting loss of functionality of the bridge is
critical in assessing the impact of an earthquake event on the performance of the transportation
network. The relationship was constituted by a web-based survey to relate the bridge damages to the
functionality of them after an earthquake by taking expert opinions Padgett and DesRoches (2008).
The seismic risk to bridges in Istanbul was evaluated with the seismic risk assessment methodologyof
the HAZTURK software as it was given in Figure 2.

Hazard Analysis

L i Bridge Damage Bridge
Bridge Inventory Analysis Functionality

Fragilities

Figure 2. HAZTURK methodology of bridge functionality

HAZTURK software estimates the damage to transportation structures based on a particular hazard
demand related to the fragility function. Vulnerability in HAZTURK is a function of the type of
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bearing, skew angle of the superstructure, minimum support length, height of the middle bents, height
of the abutments, seating at the abutments due to landfill.

2.3 Earthquake Hazard Analyses for the Transportation Structures

A deterministic hazard map was used in the seismic risk analyses. To simulate the deterministic hazard
map in HAZTURK software, Model A of the JICA and IMM (2002) study was used with an epicenter
of 28.9N, 40.9W as investigated by Sato et al. (2004), which is approximately in the south eastern part
of Istanbul. Model A is defined as a fracture in the eastern part of the main Marmara fault line and
called as the most probable scenario. The magnitude of earthquake in this scenario was assumed

as Mw 7.5 (JICA and IMM, 2002). Boore and Atkinson’s (2008) next generation attenuation relation
was used to simulate the earthquake hazard map in Figure 3. Peak ground acceleration (PGA) demand
for each transportation structure was used for this study by using fragility curves and the hazard
definition.

Black Sea
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Figure 3. Distribution of bridge locations on Istanbul earthquake hazard map according to Boore & Atkinson
(2008) PGA.

2.4Bridge Inventory

The bridge data (including their location, construction year, girder type, bearing type, height of
abutment, structure type) were bought from the General Directorate of Highways - 17" Division in
Excel format and all were converted to GIS data format that is suitable for HAZTURK software. The
number of transportation structures in city of Istanbul are counted as 247 and the distribution of bridge
according to districts are given in Table 1.

Table 1. Number of bridge distribution at districts based in Istanbul.

Districts Quantity Districts Quantity
Istanbul Bosphorus 2 Gaziosmanpasa 1
Cekmekdy 3 Giingoren 1
Arnavutkdy 2 Kagithane 14
Atasehir 9 Kadikdy

Avcilar 3 Kigukgekmece 3



Basaksehir
Bagcilar
Bahcelievler
Bakirkdy
Bayrampasa
Besiktas
Beykoz
Beyoglu

Buyukcekmece

Catalca
Esenler
Esenyurt

Eylp

14
1

11
10
15

Pendik
Silivri
Sancaktepe
Sartyer
Sile

Sisli
Sultanbeyli
Sultangazi
Tuzla
Umraniye
Uskiidar
Zeytinburnu

27

24
11

Totally there were 88 underpasses, 125 overpasses, 8 bridges, 2 suspension bridges, 1 tunnel and 23
viaducts in Istanbul, while the data of this study being prepared. Then the bridges were transformed
into a spatial database where attributes were designed to fit to HAZTURK requirements as shown in

Table 2.

Table 2. HAZTURK bridge spatial database attributes.

Field name  Field Description Field Type
id Bridge identifier Integer
class Bridge classification String
spans Number of bridge spans  String
str_Ing Structure length String
dckwidth Deck width out to out String

The classes of transportation structures named according to the terminology as defined by Nielson
(2005) and Padgett and DesRoches (2008) and required by HAZTURK. The classes and numbers of
bridges in Istanbul are given in Table 3.

Table 3. Bridge classification mapping in HAZTURK based on Nielson (2005).

Name Abbreviation Spans Number
Multi-Span Continuous Concrete Girder MSC Concrete >1 96
Multi-Span Continuous Steel Girder MSC Steel >1 5
Multi-Span Continuous Slab MSC Slab >1 32
Multi-Span Simply Supported Concrete Box Girder MSSS Concrete-Box  >1 16
Single — Span Concrete Girder SS Concrete <2 9

Tunnel / Culvert Tunnel/Culvert - 89

This classifications describes the bridges according to their span configuration as simply supported
(SS), multi-span simply supported (MSSS), multi-span continuous (MSC) and their girder material



type concrete or steel. The distribution of bridges based on this classification in Istanbul is given in
Figure 4.
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Figure 3. Distribution of Istanbul bridges based on Nielson (2005) classification.
3. ANALYSES AND RESULTS

Following the mapping of the fragility curves to the relevant bridge classes, the seismic risk
assessment analyses were run in HAZTURK to assess the performance of the transportation structures
in Istanbul. Four different analyses result were obtained from the analyses as: (1) earthquake damage
estimation, (2) retrofitting cost, (3) retrofitted earthquake damage estimation, and (4) functionality.

3.1 Earthquake Damage Estimations

The damage analysis for the transportation structures was conducted by using the fragility curves of
Padgett and DesRoches (2007) and the PGA earthquake hazard map of Boore and Atkinson (2008)
attenuation relations with a deterministic scenario of 7.5 Mw earthquake. The distribution of the
earthquake damage estimations for the transportation structures are given in Table 4.

Table 4. Distribution of transportation structure damages based on bridge classes.

Class none slight-mod mod-ext ext-comp complete mean
Tunnel/Culvert 0.85 0.07 0.04 0.03 0.01 0.03
SS Concrete 047 044 0.04 0.02 0.02 0.04
MSC Steel 0.10 0.30 0.19 0.15 0.25 0.16
MSC Slab 0.10 0.46 0.26 0.17 0.01 0.08
MSSS Concrete-Box  0.18  0.50 0.21 0.09 0.01 0.06
MSC Concrete 0.09 054 0.16 0.10 0.11 0.13

Complete damage distribution of the transportation structures based on PGA demand, is represented in
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Figure 8, while the mean damage distribution according to PGA demand is shown in Figure 9.

°
CATALCA
Black Sea
ARNAVUTKOY "- 4 .
\ skl \ Y0P ) samiver  [©
' : N\ I\ s 1 \ \ & BEVKOZ N DR
{ y . N i ! slsui P I~
y m 5O % ! ."“"quwh; g - e - sie AL
> : (G - A G o s, [ cewexor g i
| “ W i < SHIIy ausciron. o I, -.
e 7 S & R ~ Lol
Legend R L PP 0, e A
o "‘«f‘ MALTEPE ) . Y
complete . N | PeNoIX ?w p
©  0.000283 - 0.013670 . DB ‘”*{.A}L{J p
© 0.013671-0.039594 Marmara Sea g
O  0.039595 - 0.105631
© 0.105632-0.218375
@ 0218376 -0.449417
Istanbul District Border
Earthquake hazard map pga 75Mw
(@ :
High : 1.07 0 125 25 50 Kilometers

Low :0.12

Figure 8. Distribution of bridges with complete damage ratio in Istanbul
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Figure 9. Distribution of bridges with mean damage ratio in Istanbul

Another analysis that affects the road functionality is the building debris that fall on the road network.
This estimation is taken from another study compiled by Konukcu (2006), where an average 17.45m
debris spread distance from the center of a building estimated from the data of 1999 earthquake
damages in Golcuk district. Based on their results approximately 10 percent of the road network would
not be able to work after a 7.5Mw earthquake. Following the addition of their results it was estimated
that most of the roads at the southern part of Istanbul would lose their functionality as seen in Figure
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Figure 10. Distribution of non-functional roads and damaged bridges in Istanbul
3.2 Retrofit Costand Retrofitted Earthquake Damagdestimation

Some of the bridges in Istanbul were retrofitted within the context of risk mitigations studies of the
municipality as shown in Table 5 and Figure 11.

Table 5. Retrofitted bridges in Istanbul (Apaydin, 2005).

Highway (O-1) Highway (O-2) Highway (O-3)
Osmaniye Overpass Bridge =~ Mahmutbey Viaduct Sagmacilar Viaduct

Yenibosna Overpass Bridge  Gaziosmanpasa Viaduct
K3 Underpass Bridge
RMO1 Overpass Bridge
NMO1 Overpass Bridge
M5 U1 Underpass Bridge
K4A Overpass Bridge
B3B Underpass Bridge




ARNAVUTKOY ' ~ | ] . /
e ’ % e EYUP = e "
: X | SARIYER \_ A Y

' ) sisLi )
SULTANGAZI & \ ‘ ,,/"
BASAKSEHIR y; Can. wd. e N ! 4
d ) ° ? .
oA @ * \\ o ve{  BEYKOZ
o y * KAGITHANE . ~—~) )
I ) q p,
. . iR / L g REESIKTAS |
— & ® . ° /ESENLER T T * ¢ ’ A %
Py M ~ 5= i ° .* / {
\ 7 = °
* %o _BAYRAMPASA £.* 3 T
BAGCILAR A \ o , ( -
o o\ BEYOGLU " = o ¢
g & ) . 7 4 k. = .
KUGUK.(;EKMECE o A o ? . N y USKUDAR SJGMRANIYE
i ¢ - - . & ',\‘ < , 3
~GUNGOREN.— ¥ e h ¥ -
) o FATIH ‘ 3 . * S
® BAHGELIEVLER : EYTINBURNU 2 g g
[ 4 = é o . ATASEHIR
== LA MarmaraSea . o® S Y
BAKIRKOY __-i#=—" Bridge Classification L N KADIKOY *
AT g ® MSC Conc Box ;Ifi‘_‘ o
| ® MSC Concrete BRI S 3
o Lo v e MSCSlab T '
. % Retrofitted_bridge! a *MALTEPE
District Border ® MSC Steel .
SS Concrete 0o 15 3 6 Kilometers
Tunnel/Culvert

Figure 11. Distribution of retrofitted bridges in Istanbul

The retrofitting types for the aforementioned bridges can only be acquired according to Apaydin
(2014) and Donmez et al. (2014). As they notified that most of the bridges in Turkey are retrofitted
either by using steel jacket or elastometric bearing methods. By referring them, it is accepted that all
the bridges in Table 5 were retrofitted with the same method. By this way, retrofitted damage analyses
compiled twice as they either retrofitted with steel jacket or with elastometric bearing methods.

During the damage estimation process, the expected retrofit costs were also estimated by using the
HAZTURK software. The mean retrofit costs in dollars per square foot are given for each retrofitted
bridge class in Table 6. These values were estimated according to the USA retrofitting cost values
based on the transportation structure classification.

Table 6. Retrofit cost estimations for the retrofitted bridges in Istanbul.

Bridge Class Retrofit Cost ($) Retrofit Type
MSSS Concrete-Box 57,600.00 Elastomeric Bearing
MSC_Concrete 354,566.67 Elastomeric Bearing
MSC_Slab 72,971.43 Elastomeric Bearing
MSSS Concrete-Box 32,400.00 Steel Jacket
MSC_Concrete 199,311.11 Steel Jacket
MSC_Slab 18,119.19 Steel Jacket

When the retrofitted bridge earthquake damage analysis was compiled for the bridges that are known
as retrofitted according to the assumption mentioned above, the analysis results for the retrofitted
bridge damage estimation below were obtained in Table 7.



Table 7. Distribution of retrofitted bridges’ damages based the retrofit type and bridge classes.

Class none slight-mod mod-ext ext-comp complete mean retro type
MSSS Concrete-Box 0.24  0.53 0.17 0.06 0.00 0.05 non-retrofit
MSC Concrete 0.10 0.56 0.16 0.09 0.09 0.09 non-retrofit
MSC Slab 0.10 0.48 0.26 0.16 0.01 0.08 non-retrofit
MSSS Concrete-Box  0.73  0.17 0.07 0.03 0.00 0.02 elastometric
MSC Concrete 0.60 0.26 0.03 0.01 0.10 0.06 elastometric
MSC Slab 092 0.32 0.20 0.12 0.01 0.06 elastometric
MSSS Concrete-Box  0.22  0.62 0.12 0.03 0.00 0.04 steel jacket
MSC Concrete 0.15 0.60 0.13 0.06 0.05 0.07 steel jacket
MSC Slab 0.08 0.61 0.21 0.09 0.00 0.06 steel jacket

3.3 Functionality Analyses

The relationship between the bridge damage and the resulting loss of functionality of the bridge is
critical in assessing the impact of an earthquake event on the performance of the transportation
network (Padgett & DesRoches, 2007). Functionality analysis provides the functionality of all of the
transportation structures in the transportation network and reveals the anticipated restoration over
time. Functionality is described by the probability of the damage state (immediately following the
earthquake) and by the associated fractions or percentages of the components that are expected to be
functional after a specified period of time. For example: (1) closed immediately, (2) partially open
after a 3-day restoration period and (3) fully open after a 1-month restoration period (Nilsson, 2008).

Functionality results are given in two different assumptions as continuous functionality and step
functionality. Continuous functionality analysis gives functionality estimations for the bridges from
0% functionality to 100% gradually. However, step functionality analysis gives the results for the
bridge functionalities in three discrete forms as 0%, 50% and 100% functional.

3.3.1 Continuous Functionality Estations
Continuous functionality analysis results estimate that 9 bridges would have 1 to 25% functionality,
while 134 bridges would have 26 to 50% functionality, 14 bridges would have 51 to 75% functionality

and 90 bridges would have 76 to 100% functionalities following the Model A scenario earthquake as
represented in Figure 12.
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Figure 12. Continuous functionality results for the damaged bridges in Istanbul
3.3.2 Step Functionality Estimations

The estimations according to the step functionality analysis shows that, 194 bridges would have 0%
functionality while, 40 bridges would have 50%, and 13 bridges would have 100% functionality
immediately after the scenario earthquake. It was also estimated that 32 bridges would be non-
functional even after 3 days following the earthquake (Figure 13).

300

250

200 +

150 - = 100% Functional
m 50% Functional

M 0% Functional
100 +

Number of transportation structures

50 ~

day0 day1 day3 day7 day30
Time

Figure 13. Step functionality results for the damaged bridges in Istanbul

The step functionality gives more detailed result in advance for each day following the earthquake.
The results in Table 8 show that most of the non-functional bridges were classified as MSC_Concrete
while there may be 194 non-functional bridges on the first day of the earthquake, according to the step
analysis. Table 8 also gives detailed results based on step functionality for day O, day 3 and day 7
following the earthquake. As a result, after 7 days from the scenario earthquake, it is estimated that
only one bridge would be non-functional.
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Table 8. Step functionality results for day 0, day 3 and day 7 following the scenario earthquake.

Bridge Class 0% 50% 100% Days
functionality  functionality  functionality after EQ
MSSS Concrete-Box 16 0
MSC_Concrete 96 0
MSC_Slab 31 1 0
MSC_Steel 0
SS_Concrete 7 2 0
Tunnel/Culvert 39 37 13 0
MSSS Concrete-Box 16 3
MSC_Concrete 30 66 3
MSC_Slab 31 1 3
MSC_Steel 2 3
SS_Concrete 7 2 3
Tunnel/Culvert 39 50 3
MSSS Concrete-Box 2 14 7
MSC_Concrete 1 5 90 7
MSC_Slab 2 30 7
MSC_Steel 1 7
SS_Concrete 3 7
Tunnel/Culvert 18 72 7

As it can be figured out from figures 15 and 16 clearly, at the most critical time period for emergency
management phase of response following the earthquake, which is day zero, most of the transportation
structures are non-functional. While, following the first interventions to the structures on day three,
where the last chances for the response phase is at stake most of the transportation structures are
available for use.

;;;;;;;

functional_bridge_step_day0
non_functional_bridge_step_day0
Road_blockage_because_of_the_non_functional_bridge_step_day0
= highway

0 125 25
Istanbul District Border |

Figure 15. Step functionality results in Istanbul for Day 0
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Figure 15. Step functionality results in Istanbul for Day 3

4. DISCUSSIONS AND CONCLUSIONS

Current road network in Istanbul is approximately 30325 km length. Regarding road blockage analysis
(debris area), approximately 3000 km road could lose its functionality. This results show that 10% of
the Istanbul road network could lose their functionality. However, the important thing is that those
road’s locations are mostly at the south part of the city. In other words, in that area, the urban
renovation projects are so popular, and the buildings that have the damage possibility are mostly
located here. For this reason, for today before the renovation of the buildings, it can be understood that
the process of response and recovery operations following the earthquake may not be possible for
many locations due to the non-functionality of the road network.

This study presents another approach to analyze the road functionality following the earthquakes. As it
can be clearly understood that, the emergency management phases also requires response, where the
search and rescue teams required to reach to the debris or disaster zones. Only taking into account the
damage possibilities may not be enough to understand the functionality of the road network following
the earthquake, where the functionality of the transportation structures can represent us the estimations
on when the road network will be fully functional and which routes should be used for response
operation on which day following the earthquake.

For Istanbul, according to step functionality analysis, 194 bridges are estimated to be non-functional
immediately following an earthquake, which means the roads connected with those bridges should not
be used for response operations at the first day of the earthquake. After 3 days from earthquake time,
33 bridges are estimated to be non-functional. Because of the non-functional bridges, approximately
500km roads lose their functionality. The step functionality analysis results for day 7 following the
earthquake also shows that, after the seventh day of the earthquake, if all the repair operations can go
smoothly, most of the transportation structures can be functional. This also gives another important
information on using the emergency management resources correctly can help the communities to be
resilient to earthquake risks.

The results and the proposed methods in this study represent important contributions that can be used
as a base data for decision makers to develop important strategies for risk reduction, to mitigate the
risks of a hazard from becoming a disaster, and to transform the urban areas based on the earthquake
risk. Another important outcome of this study is to let the decision makers to optimize the resources
that will be used on mitigation, response and recovery phases of the integrated emergency
management cycle.
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