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(501171025)
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A NOVEL RISK ASSESSMENT APPROACH
FOR DATA CENTER STRUCTURES

SUMMARY
Structural safety includes evaluation of both structural and nonstructural components
of buildings. Although structural design is completed only considering structural
elements of buildings, nonstructural components are crucial in an earthquake event.
Post-earthquakes areas show that structural safety may not be ensured even when the
load-bearing system is undamaged. Failure of nonstructural components resulted in
loss of enormous economic losses and loss of life in past earthquakes. Therefore,
nonstructural components should also be included in seismic safety evaluation of
structures.
Researches show that cost of the nonstructural components ranges from %70 to
%90 of the total cost of buildings. Therefore, nonstructural component failure in
structures with high-tech equipment, laboratories, data centers can damage economy
significantly. Additional to economic losses from downtime of these structures,
repairing or replacement of equipment inside increase the cost extremely.
Apart from the economic losses, damaged nonstructural components can be the
cause of deaths directly by falling onto people and closing pathways. During and
after an earthquake event, damaged nonstructural components can prevent escape of
people inside and entry of medical staff. Moreover, operational failures caused by
nonstructural components in critical facilities such as hospitals and fire stations, can
lead to higher number of deaths after earthquake occurred.
Nonstructural components do not participate to load-bearing systems in structures.
However, they are still subjected to external loads with the load-bearing system.
Therefore, it is crucial to design structures by considering the nonstructural systems
inside. Nonstructural components can be classified in 3 groups by their functions:
(i) architectural components such as, partition walls and lighting systems, (ii)
mechanical-electrical components such as piping systems and generators, and (iii)
building equipment such as, computers and file cabinets. Researches show that some
of nonstructural components are sensitive to acceleration whereas the rest are sensitive
to floor displacement ratio. According to the function of the structure, design should
be completed to limit the defining response.
This study aims to propose a new method and generate risk curves for structural
design and structural evaluation of data centers in high seismic risk regions. A sample
structure with base isolation system is selected from current literature in companion
with standards for data centers. Structural properties are also selected in companion
with standards. After the structure model is generated, probabilistic seismic hazard
assessment is completed for the selected site where the main campus area of Istanbul
Technical University in Maslak, Istanbul. Source-to-site distances are determined by
using online map in General Directorate of Mineral Research and Exploration website.
xxv

The closest point of main line of Western North Anatolian Fault is approximately 28
km away from ITU campus and the longest effective distance is selected as 65 km on
the Western NAF. Probability of rupture distance is taken as uniform and 6 different
values of distances between 28 km and 65 km are used in Ground Motion Prediction
Equations. Characteristic earthquake method is considered and the characteristic
magnitude is used as 7.2 in GMPEs. Probabilistic study is conducted on this structure
by using Monte Carlo simulations with the selected structural parameters. Probabilistic
distributions for different parameters are taken from various studies in literature.
Random samplings are generated for each parameters according to the belonging
probabilistic distributions. For comparison purpose the structure is also analyzed as
a fixed-base structure. Same procedures are repeated for the fixed-base structure.
Failure of nonstructural components are investigated in two different ways. The
first failure criterion is overturning-sliding behavior of server racks. FEMA P58
and ASCE 7-16 is used to calculate acceleration limits for anchored nonstructural
components. The second failure criterion is the acceleration limitations of servers
given by producers and researchers. A special MATLAB code script is generated to
run Monte Carlo simulations on OpenSees platform. Fragility curves are generated
according to the predefined failure criteria. Risk curves are created for both structures
with the site specific annual hazard curve and generated fragility curves. Results show
that base-isolation systems reduces the accelerations significantly comparing to the
fixed-base structures in higher floors. Another outcome is the isolation systems are
highly sensitive to earthquake characteristics rather than structural variables in terms
of accelerations. It was also understood that the critical failure mod in data centers is
the overturning-sliding behavior rather than vibration failure of servers.
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VERİ MERKEZİ BİNALARI İÇİN
YENİ BİR RİSK DEĞERLENDİRME YÖNTEMİ

ÖZET
Yapısal güvenlik, binaların hem yapısal hem de yapısal olmayan bileşenlerinin
değerlendirilmesi anlamına gelmektedir. Yapısal tasarım sırasında genelde sadece
yapısal elemanlar modellenir ve gerekli analizler bu model üzerinden yapılarak,
binanın yapısal elemanlarına gelecek olan kuvvetler ve karşılık gelen tepkiler
hesaplanır. Yapısal olmayan elemanların ise genelde sadece kütleleri tasarıma dahil
edilir. Sonuçlar doğrultusunda eğer yapısal elemanların, şartname ve yönetmelikler
tarafından sağlanan limitlere uygunluğu kanıtlanmışsa, detaylı tasarımlar bu model
üzerinden yapılabilir. Her ne kadar yapısal tasarım, sadece binaların yapısal elemanları
göz önünde bulundurularak tamamlansa da, deprem sırasında yapısal olmayan
bileşenler de çok önemlidir. Deprem sonrası afet alanları, yük taşıyıcı sistemler
depremi hasarsız atlatmış bile olsa, yapısal güvenliğin sağlanmamış olabileceğini
göstermektedir. Yapısal olmayan bileşenlerin hasar alması, geçmiş depremlerde
büyük ekonomik kayıpların ve yaşam kaybının ortaya çıkmasına neden oldu. Bu
nedenle, yapıların sismik güvenlik değerlendirmesine yapısal olmayan bileşenler de
dahil edilmelidir.
Araştırmalar, yapısal olmayan bileşenlerin maliyetinin, toplam bina maliyetinin
%60 ile %80’ı arasında olduğunu göstermektedir. Bu oran özel yapılar için
ve yüksek değerdeki yapısal olmayan elemanları barındıran binalar için daha
da yüksek değerlere ulaşabilmektedir. Bu nedenle, yüksek teknoloji ekipmanı
bulunduran binalar, laboratuvarlar, veri merkezleri gibi yapılarda yapısal olmayan
bileşen hasarları ekonomiye önemli ölçüde zarar verebilir. Bu yapıların çalışmama
süresinden kaynaklanan ekonomik kayıplara ek olarak, içindeki ekipmanın onarımı
veya değiştirilmesi de maliyeti oldukça arttırır. Ekonomik kayıpların yanında müze
ve sanat galerileri gibi değerli eşyaları içinde barındıran yapılar da, içindeki yapısal
olmayan elemanları ile hasar durumunda topluma tarihsel ve kültürel açıdan zarar
verme potansiyeline sahiptir.
Ekonomik, kültürel ve tarihsel kayıplara ek olarak, hasar alan yapısal olmayan
bileşenler bina içindeki ve yakın çevresindeki canlılara zarar verme potansiyeline de
sahiptir. Hasar almış olan yapısal olmayan elemanlar doğrudan insanların üstüne
düşerek veya kaçış yollarını kapatarak doğal afet sırasında ve sonrasında ölümlerin
sebebi olabilir. Hasar alan yapısal olmayan bileşenler, bir deprem sırasında içerideki
insanların kaçmasını önleyebilir ve deprem sonrasında sağlık personelinin ve kurtarma
ekiplerinin girişini engelleyebilir. Hastaneler ve itfaiye istasyonları gibi kritik
tesislerdeki yapısal olmayan bileşenlerin neden olduğu operasyonel arızalar, deprem
meydana geldikten sonra kurtarma çalışmalarına etkisi sebebiyle daha fazla ölüme
neden olabilir. Buna ek olarak, su ve elektrik istasyonlarındaki hasarlar ve operasyonel
aksamalar, afet bölgelerine sağlanması gereken elektrik ve su gibi temel yaşam ve
kurtarma ihtiyaçlarının karşılanmasına engel olabilirler.
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Yapısal olmayan bileşenlerin çoğu yapılardaki yük taşıyıcı sistemlere destek olmaz.
Ancak yine de yük taşıyıcı sistemler ile olan bağlantılarından ve etkileşimlerinden
dolayı yapısal elemanlar gibi harici yüklere maruz kalırlar. Bu nedenle, yapıları,
içerideki yapısal olmayan sistemleri de dikkate alarak tasarlamak çok önemlidir.
Araştırmalar, yapısal olmayan bileşenlerin bir kısmının ivmeye, geri kalanının ise
göreli kat ötelenmesine duyarlı olduğunu göstermektedir. Yapının işlevine göre ve
içindeki yapısal olmayan elemanlara göre, duyarlı olunan parametrenin sınırlandırması
için yapısal tasarım yapılmalıdır. Yapısal olmayan bileşenler işlevlerine göre genelde
3 gruba ayrılır: (i) bölme duvarları ve aydınlatma sistemleri gibi mimari bileşenler, (ii)
boru sistemleri ve jeneratörler gibi mekanik-elektronik bileşenler ve (iii) bilgisayarlar
ve kitaplıklar gibi bina ekipmanları.
Bu çalışma yüksek sismik riskli bölgelerdeki veri merkezi binalarının yapısal tasarımı
ve yapısal değerlendirmesi için yeni bir yöntem önermeyi ve risk eğrileri oluşturmayı
amaçlamaktadır. Sonuç olarak elde edilen risk eğrileri ile veri merkezlerinin
tasarımı sırasında gözönünde bulundurulacak riskler için risk matrisi elde edilmesi
hedeflenmiştir. Mevcut literatürden toplanan birkaç örnek yapı seçildi. Bu örnek
yapılar arasından veri merkezleri için mevcut standartlar ve Türkiye için geçerli bina
yönetmeliklerine uygun olarak az katlı, rijit ve simetrik bir üstyapı bu çalışmada
kullanılmak üzere seçildi. Seçilen yapı hem izolatörlü hem de ankastre mesnetli
olacak şekilde 2 farklı yapıya dönüştürüldü ve modeller oluşturuldu. Yapı modelleri
oluşturulduktan sonra, ana kampüs alanı İstanbul, Maslak’ta bulunan İstanbul Teknik
Üniversitesi için olasılıksal deprem tehlikesi değerlendirme analizleri tamamlanmıştır.
Marmara Bölgesi için en etkili olan fay hattı Kuzey Anadolu Fay hattıdır. Bu nedenle
deprem kaynağı olarak Kuzey Anadolu Fayı esas alınmıştır. Kaynak-saha mesafeleri
Maden Tetkik ve Arama Genel Müdürlüğü’nün çevrimiçi haritası kullanılarak
belirlendi. Kuzey Anadolu Fayı’nın ana hattı üstünde, İTÜ kampüsüne en yakın
nokta, yaklaşık olarak 28 km uzaklıktadır. Bu nedenle etkili en kısa mesafe 28 km
olarak seçildi. Etkili en uzun mesafe ise yapılan analiz denemeleri yapıldı ve 65 km
sonrasında etkilerin çok azaldığı görüldü. Bu nedenle etkili en uzun mesafe 65 km ile
sınırlandırılmıştır. Kırılma mesafesi olasılığı üniform olarak alındı ve deprem azalım
ilişkilerinde 28 km ve 65 km arası değişen 6 farklı değer kullanıldı. Bu sayede yapının
6 farklı deprem seviyesinde analiz edilmesi sağlandı. Deprem azalım ilişkilerinde
karakteristik deprem yöntemi dikkate alınmış ve yapılan araştırmalar sonucunda,
Marmara Bölgesi üstündeki fay segmentlerinin karakteristik büyüklüğünün maksimum
7.2 olarak hesaplandığı görülmüştür. Bu nedenle deprem büyüklüğü hesaplamalarda
7.2 olarak kullanılmıştır. Kırılganlık eğrilerinde uç noktalara ek data sağlama ve
böylece datalara daha uygun bir eğri elde etmek için ek olarak 6.7 ve 7.7 depremleri
de kısmi olarak hesaplama ve analizlere dahil edilmiştir. Olasılıksal çalışma için 3
adet yapısal parametre ve 3 adet izolasyon sistemine ait parametre seçilmiştir. Seçilen
yapısal parametrelerle Monte Carlo simülasyonları kullanılarak bu yapı üzerinde
olasılıksal çalışma yürütüldü. Literatürdeki çeşitli çalışmalardan, seçilen parametreler
için olasılık dağılımları alındı. Her bir parametreye ait olasılık dağılımlarına uygun
olarak rastlantısal değerler üretildi. Hem ankastre mesnetli hem de izolasyona sahip
bina için de analizler yapıldı.
Yapısal başarısızlık dışında, yapısal olmayan bileşenlerin başarısızlığı iki farklı şekilde
incelendi. İlk başarısızlık kriteri, sunucu kabinetlerindeki ankraj bağlantılarının
hasar alması durumu olarak belirlendi. Ankrajların hasar almasınun ana çıktısı
ise devrilme-kayma davranışıdır. Bu hasar durumunun temel olarak sebebi ivme
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tepkisidir. Bu nedenle maksimum kat ivme tepkileri incelendi. Sabitlenmiş
yapısal olmayan bileşenler için ivme sınırları hesaplarında FEMA P58 ve ASCE
7-16’de verilen formulasyonlar kullanıldı. İkinci başarısızlık kriteri ise, üreticiler
ve araştırmacılar tarafından verilen sunucuların titreşim sınırlamalarıdır. Titreşim
tepkileri, her katın ivme-zaman çıktılarının frekans aralığındaki denk geldiği değer
hesaplanarak belirlendi ve verilen sınır değerleri ile karşılaştırıldı. Analizler OpenSees
platformu kullanılarak yapıldı. Monte Carlo simülasyonlarını, OpenSees platformunda
çalıştırmak için özel bir MATLAB kodu oluşturuldu. Her analiz için başarısızlık
olasılıkları hesaplanarak, önceden tanımlanmış olan başarısızlık kriterlerine göre
kırılganlık eğrileri oluşturuldu. Her iki yapı için risk eğrileri, seçilen alan için spesifik
yıllık tehlike eğrisi ve elde edilen kırılganlık eğrileri kullanılarak oluşturuldu. Bu
eğriler kullanılarak, hem ankastre mesnetli hem de izolasyona sahip binaları kapsayan
bir risk matrisi oluşturuldu. Sonuçlar izolasyon sistemine sahip yapıların, ankastre
mesnetli yapılara kıyasla, binanın üst katlarında ivmeleri önemli ölçüde azalttığını
göstermektedir. Ek olarak izolatörlü yapıların, yapısal değişkenlerden çok depremin
karakteristik özelliklerine daha duyarlı olduğu gözlemlenmiştir. Veri merkezlerindeki
öncül başarısızlık kriterinin, sunucularda titreşim nedeniyle oluşan arızalardan ziyade
sunucu kabinetlerinin devrilme-kayma davranışı olduğu da anlaşılmıştır.
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1. Introduction

1.1 Overview
The risk of collapse or failure of structures is reduced significantly in last decades
due to improvements in building technologies and due to increased knowledge and
understanding of structural behavior in dynamic excitations. Numerical methods can
be applied in more details as the computational capacity of computers is improved.
This leads researchers and engineers to investigate new methods or evaluate the older
methods in order to increase the overall structural performance. Structural codes are
updated in every few years to cope with these improvements. As a result, structural
components are more durable and safe nowadays. However, structures do not only
consist of structural components. Nonstructural components may not cause total
collapse directly but can be the reason of the partial failure in environmental hazards.
Nonstructural components are the systems or equipment which do not participate in
resistance to external loads, but subjected to those external loads with the structural
components. HVAC systems, pipelines, furnitures, lighting systems are examples for
nonstructural components. In several different researches, nonstructural components
are called as “secondary systems”, “secondary components”, “building attachments”,
“nonstructural elements”, etc. Nonstructural components can be placed on floors or
roof and attached on walls. According to the their functions nonstructural components
are categorized in 3 groups: architectural components (i.e.

stairways, parapets,

partition walls, lighting systems, ceilings), mechanical-electrical components (i.e.
piping systems, control panels, storage tanks, transformers, fire systems, generators)
and building equipment (i.e. computers, cabinets, chair, fridge, bed, arts).
Importance of nonstructural components during earthquake was not understood
properly until the 1964 Alaska earthquake. It was understood that nonstructural
components can be dangerous for the people inside during earthquake and can cause
enormous economic losses. Apart from the danger during an earthquake, failure
1

of nonstructural components can affect life of people after earthquake. It is highly
possible in post-earthquake areas to see that the structure has survived the earthquake
excitation, but the nonstructural parts have not. Therefore, operational failures in
critical structures, such as fire stations and hospitals, can cause significant increase
in losses.
Several studies are conducted in literature for nonstructural components in critical
structures such as, hospitals, nuclear power plants and data centers (Sato et al. [14],
Rydell [15], Nikfar and Konstantinidis [16], Gandelli et al. [17]). Structures like
hospitals have a significant effect in saving of lifes after earthquakes. However, in
structures like nuclear power plants, high-technology laboratories and factories, data
centers, there is a probability of major economic losses. These losses are caused by
repairing, replacement of equipment or caused by downtime of structures. Study of
Miranda and Taghavi [18] shows that the most of the cost in structures belongs to
nonstructural components.
Nonstructural components can be both anchored or unanchored in buildings. Most
of the furnitures are generally unanchored in structures. For earthquake safety it
is recommended to use anchorages on important nonstructural components. There
are different methods for the investigation of anchored and unanchored nonstructural
components in literature (Ishiyama [19], Dimentberg et al. [20], Lopez-Garcia and
Soong [21], Konstantinidis and Makris [22], Petrone et al. [23]). These studies
consider the nonstructural component only and investigate the object dynamically
without the effect of structural response.
Another method to find the effect of earthquakes on nonstructural components is
the investigation of the floor acceleration or deflection responses.

Some of the

nonstructural components are sensitive to acceleration, such as computers, and other
ones are sensitive to floor deflections, such as piping systems and sprinklers. The
main idea is to use the floor responses to investigate the nonstructural components
in these studies (Chaudhuri and Hutchinson [24], Medina et al. [25], Oropeza et
al. [26], Alhan and Şahin [27]). The other method considers the nonlinearity effect
of structures in nonstructural components. Several study selected this method and
conducted numerical studies on various types of structures with different stiffnesses
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and different plasticity points on structures (Chaudhuri and Villaverde [28], Oropeza
et al. [26], Chaudhuri and Hutchinson [29]).
Nowadays, important structures are designed with isolation systems.

Especially

structures with high-tech equipment and hospitals are designed to protect the
equipment and people inside from high acceleration values.

Another solution

then base-isolation systems, acceleration-sensitive equipment are also supported and
protected by their own isolation systems in standard fixed-base structures. There are
different types of isolation systems designed directly for the nonstructural components.
Therefore, current literature also includes studies on performance of isolation systems
on nonstructural components (Dolce and Cardone [30], Politopoulos and Sollogoub
[31], Alhan and Gavin [32], Xu and Li [33], Fan et al. [34], Alhan and Şahin [27]).
The latest structural codes are prepared based on the performance outcomes of
the structures. These performance criterias are developed according to seismicity
demands.
considered.

In several codes and standards, nonstructural components are also
Different methods and formulations are presented to the engineers.

However, since the structural codes are designed to be useful in various types of
structures, these methods may not be the optimum solutions for special structures.
Therefore, several studies are conducted for the evaluation of these formulations given
by codes and standards (Singh et al. [35, 36], Petrone et al. [37], Martinelli and
Faella [38]). After the code formulations are evaluated, researchers provide a new
formulations or updated versions of the current formulations for better approximations.
Nonstructural components, servers to be specific, inside data centers in high seismic
risk regions is investigated in this study. A probabilistic study is conducted for a sample
structure with elastomeric bearing base isolation system. The same structure is also
investigated without the base isolation system for comparison purpose and these results
are also presented in this thesis. Main campus area of Istanbul Technical University is
selected as project site. Monte Carlo simulations are conducted with generated random
variables. Analyses results are used to generate fragility curves for anchorage failure
of server racks and for the random vibration limitations given by producers. Finally
risk curves for both structures are generated with annual hazard curve for ITU and
generated fragility curves, are given in this study.
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1.2 Literature Review
FEMA P58 [1] mainly aims to assess the seismic performance of the structures to
reduce the risk of the seismic hazards. It offers a methodology to the users for a
proper performance assessment. Performance assessment does not only includes the
structural risks, but also includes the risk of life, economic losses. This methodology
can be applied in different levels of complexity. There are simple assessment methods
as well as complex methods. Users can decide the methodology according to their
structural properties or their demands.
FEMA P58 [1] includes all the necessary steps with the basic information and simple
application examples. It starts with the modelling of the structure, continues with the
seismicity calculations, structural analyses, then the assessment of the performance
and finishes with the expected losses and making decisions. To be able to make the
users decide more confidently and for the practicality, PACT (Performance Assessment
Calculation Tool) application is generated and provided by the FEMA.
GR-63-CORE [39] specification presents the minimum requirements for the
protection of the non-structural equipment, such as telecommunication equipment
and electronical equipment racks. There are some requirements that is connected to
the pyhsical conditions of the non-structural element itself, such as dimensions and
masses, some of the specifications are included for the environmental effects, such
as temperature, vibration, fire, humidity, some of the requirements are for the testing
protocols of the equipment for the protection from these environmental effects.
Data centers are classified into 4 tiers according to their specifications and
requirements that are established by TIA-942-A [8] standard.

Apart from

GR-63-CORE [39], TIA-942-A includes the architectural, mechanical and electrical
specifications. Additional to that, structural and seismic design is also considered
including bracing requirements, importance factors, seismic protection requirements,
floor loading and slab thickness.
There are several studies on North Anatolian Faults (NAF) in current literature. Some
of these studies are focused on the seismic hazard assessment of the northern part of
the NAF and especially on Istanbul, since Istanbul is the biggest city in Turkey (Erdik
et al. [40], Kalkan et al. [5], Mert et al. [41], Şeşetyan et al. [12], Sianko et al. [11]).
4

Kalkan et al. [5] studied on seismic hazard assessment of the Marmara region. Both
smoothed-gridded seismicity model and fault model are used in the study. Seismicity
model is used for the magnitudes between 4 and 6.5. For bigger magnitudes the fault
model is used. The outcome of the hazard calculations is the sum of the both models.
The results are given in 3 different soil conditions (VS30 = 760, 360 and 180 m/sec) for
PGA and spectral accelerations at 0.2 sec and 1 sec. Results show that PGA for 475
year-period can reach up to 0.4g in Istanbul.
A very recent study of Sianko et al. [11] is also based on the Marmara region.
A new computational tool for PSHA is proposed, which is based on Monte Carlo
simulations rather than total probability theorem. Background seismicity models and
fault segmentation for the active faults are used together. In this proposed tool both
poisson and renewal models are used and the results are in good agreement with
SHARE project. Both models predict the expected PGA values between 0.3g and
0.45g for return period of 475 years in Istanbul.
Medina et al. [25] investigated peak acceleration demands on moment resisting frames
for secondary components. Both linear and nonlinear analyses are conducted with
sample structures with different number of stories and with different strengths. The
main purpose is to indicate that the location, damping ratio of nonstructural elements,
and the modal periods of the structure can significantly affect the acceleration
demands. Analyses results reveals that the nonlinearity in structure decreases the
acceleration demands on nonstructural elements. Additional to that, according to the
results, US seismic design standards for secondary components are nonconservative in
several cases.
Chaudhuri and Hutchinson [29] investigated the nonlinear behavior in the steel
moment resisting frames for the peak horizontal floor acceleration. Sample structures
have same bay width and story height, but have different steel section profiles for
columns and beams to make the structures rigid or flexible and have different number
of storeys. It is found that code overestimates the floor acceleration responses in
nonlinear long-period frames. However for more rigid frames, code underestimates the
PFA values. Apart from that, authors states that the nonlinearity in structure decreased
the PFA values in most of the times.

5

Mavronicola and Komodromos [42] conducted a parametric study to investigate
some of the most common equivalent linear analysis techniques for the base-isolated
structures.

The purpose of the study is to understand the effect of the certain

parameters on linearization techniques. The parametric study is performed by using
a 3 and a 5-story base-isolated structures. Results show that the linear elastic analyses
is generally conservative when the maximum relative displacement is considered.
However, another outcome is that if there are acceleration-sensitive contents in the
structure the linearization techniques should not be used for final analysis, but may
be used as preliminary design criteria. The reason for this, equivalent linear analyses
underestimate the peak floor accelerations. Authors suggest to use bilinear analysis for
the design of the base-isolated structures.
Gazi and Alhan [43] conducted a probabilistic study based on the uncertainty in
isolation systems and their sensitivity to ground motion characteristics. Authors
indicated that the mechanical features of isolators are considered to be uncertain due
to time and environmental effects. Random variables are generated for the mechanical
features of isolation systems with the different fundamental periods. In addition,
near-field effect is included in reliability analyses. Gazi and Alhan indicates that
the results can be used to balance the displacement-acceleration levels according
to limitations for nonstructural components in structure. Results reveals that the
variabilities in mechanical features and C.O.V values are less effective than the ground
motion characteristics.
Study of Dolce and Cardone [30] compares the different types of isolation systems for
the protection of light secondary systems in structures to obtain the advantages and
disadvantages of each isolation systems. Additional to that, fixed-based structures are
included in study for comparison with the base-isolated structures. Different types of
systems are tested and also analyzed numerically with different PGA values. Results
shows that the isolations systems generally offer reduced responses of both structure
and secondary systems. However, if the natural frequency of the secondary systems
coincide with the natural frequency of the isolation systems, then the response can be
2 to 3 times higher than the fixed-based case. Therefore, it is important to compare the
natural frequencies of secondary systems and higher mods of the isolated systems to
avoid undesired results.
6

Politopoulos ve Sollogoub [31] compared the vulnerability of base-isolated structures
and fixed-based structures in their study. Probabilistic distributions are generated
for both the structure and the isolation systems included in uncertainties to conduct
Monte Carlo simulations. Additional to that, authors also considered the effect of
earthquake in this study by generating artificial ground motions. 2DOF systems are
used to represent the structure and the nonstructural component in analyses. Results
show that, the base-isolated structures should not always be considered as safer than
fixed-based structures. Another outcome of this study is the base-isolated structures
are highly sensitive to the ground motion characteristics, rather than the fixed-based
structures.
Khechfe et al. applied the base-isolation system not to structure but to nonstructural
components to investigate the effects of the base-isolation systems in their study [44].
A three-storey fixed-based structure with a base-isolated nonstructural component on
the third floor is used in experiments. From the experimental results, it is understood
that base isolations systems can reduce displacement and acceleration demands on
nonstructural components significantly. Moreover, test results shows that increasing
in mass of the base isolation system, results in decreasing in acceleration responses of
nonstructural components.
Alhan and Gavin [32] investigated the reliability of the isolation systems for the
protection of the acceleration-sensitive equipment. A sample fixed-based four-storey
structure with the isolation system on the second floor is investigated by using
probabilistic bi-directional analyses.

Artificial earthquakes and random variables

with certain distributions for the isolation system are generated and used in Monte
Carlo simulations to understand the reliability and the effect of the parameters to the
reliability of the system. Study shows that, passive isolation systems can be solution to
protect the acceleration-sensitive components, in general. However, authors indicates
that if the structure is in near-field regions, the passive systems may not be the optimum
protection system and it is suggested to use active or semi-active isolation systems
should be considered.
Another study on application of base isolation systems to nonstructural components
is conducted by Fan et al. [34]. A three-storey steel structure with base-isolated
nonstructural components on the first floor is tested. MR-damper and sliding friction
7

pendulum system are used together for isolation. This isolation system is tested as
passive and semi-active systems in different tests. Use of different isolation systems
provides user an ability to adjust the parameters according to their preferences. User
can do trade-offs between displacement and acceleration of the nonstructural element.
Petrone et al. [23] investigated different modelling methods for freestanding hospital
nonstructural components in this study. Authors considered two different modelling
methods, FEM model and rigid block model. Results from both numerical models and
experiments are compared. It is founded that, FEM method is not applicable when
rocking mechanism do not occur. However, with the rocking mechanism occurs, the
FEM method is not only applicable, but also sliding and overturning behavior can also
be predicted. Authors states that FEM model can be used to estimate the acceleration
demands on different locations of the rigid blocks. Rigid body method also predicted
the rocking mechanism and sliding-overturning behavior. Finally, authors suggested a
dimensionless IM for predicting the rocking and overturning mechanisms.
Sato et al. [14] also study on nonstructural components in hospitals. Full-scale tests
are conducted on base-isolated four-storey reinforced concrete structure with medical
and service elements. Earthquakes with near-field effect and long duration earthquakes
are used in testing. As a result, base-isolation system creates great difference in floor
acceleration responses in near-field effect. However, for the long-duration earthquake,
base isolation did not make a significant difference from fixed-base due to resonance
effect and caused sliding of the components. Therefore, it is indicated that casters of
components should be locked in hospital facilities.
Gandelli et al. [17] investigate the effects of the retrofitting of existing structures on
nonstructural components. The structure with refrofitting is selected as a hospital in
Southern Italy. Since the structure is a hospital, the acceleration-sensitive components
are crucial after an earthquake. The retrofitting consists of hysteretic braces. In
an earthquake excitations, the hysteretic behavior dissipates energy and it is a good
solution for drift-sensitive nonstructural components. However, authors indicates that
it may not be effective when the components are acceleration-sensitive. Therefore,
hospital is modeled and nonlinear TH analyses are completed in OpenSees software.
According to the results, possible damage in elevators and ceilings, and probability of
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overturning of unanchored components are predicted. Authors suggest to use passive
or active isolation systems when acceleration is the main demand unit.
Petrone et al. [37] conducted a set of reinforced concrete structures that is designed
according to the Eurocode 8 [45] requirements to investigate the damages of light
acceleration-sensitive elements under frequent earthquakes, which is considered as
63% probabiliy of exceedance in 50 years. Set of reinforced concrete structures
are different in number of story and dimension size of columns and beams. Both
elastic and inelastic analyses are completed. It is founded that Eurocode 8 formulation
for maximum acceleration limit on nonstructural elements is underestimating the
acceleration demand. Therefore, a new formulation is proposed for the next generation
building codes.
Martinelli and Faella [38] published an overview for code formulations and
requirements on acceleration-sensitive nonstructural components. Overview includes
the historical development and the current versions of formulations that estimating
the maximum responses on nonstructural elements.

Several common codes and

standards are compared by conducting a parametric study. Analyses are conducted
with nonlinear 2DOF system which represents the structure and the nonstructural
element. Results show that current provisions do not reflect the interaction between
structure and nonstructural elements completely. According to the authors, structural
codes should be updated according to the characteristic features of structures, such as
elastic period and force reduction factor.
Porter publishes a fundamental guide [7] that includes the fragility, risk, hazard
and vulnerability since 2013 and updates the guide for every few months. Author
explaining the definitions, the basic calculation methods, the main purposes of these
terms for the engineering purposes in each sections with formulations and graphical
outcomes. It is one of the best guide for structural and earthquake engineers to
begin with the statistical side of the fundamental civil engineering.

Finally, in

appendixes author also explains about how to write an article, how to defend a thesis
for undergraduate and graduate students.
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1.3 Objective and Scope
Buildings are the combination of both structural and nonstructural components.
Structural design mainly is based on design of load-bearing systems in civil
engineering.

For decades, different design methods are considered to make the

structure safe. The main idea is if the load-bearing system is strong enough, partial
or full collapse will not occur. As a result, the whole system will be safe. However
in past earthquakes, it was understood that, this idea is not completely correct. Even
though the load-bearing systems are undamaged, nonstructural components can get
damage. And damage in nonstructural components results in highly economic losses
and even losses of life.
Researchers are started to investigate nonstructural components and the effect of
dynamic excitations, such as earthquakes on nonstructural components. Studies that
are based on investigation of nonstructural components directly and indirectly by
considering structural responses are completed. Experimental and numerical studies
investigated nonstructural components to generate a formulation for nonstructural
component response. Some studies investigate the structural responses such as floor
responses, nonlinearity of structural elements to understand the relation between
structural and nonstructural components. Others investigate the effect of isolation
systems on nonstructural component responses.
This study mainly aims to investigate the data center structures in high seismic
risk regions by focusing on the servers in data centers.

Project site is selected

as main campus of İstanbul Technical University (ITU). Seismic hazard assessment
calculations are performed to improve the outcome of the study in more realistic way.
A sample low-rise rigid structure is selected. The selected structure is symmetrical in
horizontal axes. The structure is investigated as both fixed-based and base-isolated.
Probabilistic study is conducted for both structures. Failure criterias are selected as
anchorage failure of server racks and failure of servers caused by random vibrations.
Acceleration responses of structures are compared with the selected failure criterias.
Maximum bi-directional responses are used for the evaluation process. Results are
used to generate fragility curves. Risk curves are generated with these fragilities and
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site specific annual hazard curve for ITU. Additionally, a risk matrix for data center
structure design is generated. This risk matrix can be used to design data centers in
any tiers since both fixed-based and base-isolated structures are used in analyses. The
outcomes of this study are valid for low-rise rigid structures.

1.4 Organization
This thesis includes 5 chapters. The first chapter involves an overview of the thesis,
review of up-to-date related literature about SHA, nonstructural components and base
isolation systems and finally, objectives and scope of this study.
Chapter 2, includes theoritical background about subjects that is involved in this thesis.
Background informations includes uncertainty and statistical informations, fragility
curves, SHA, base-isolation systems, overturning and sliding formulations and finally
calculations of risks.
Chapter 3 is demonstrating the methodology that is followed in this study. Subjects are
similar with the theorical background chapter. Brief informations are included with the
selected structures, selected parameters and used methods with graphical outcomes.
In Chapter 4, Results are presented and related discussions are included.
Chapter 5 is the conclusion part. Outcomes of this study is presented and brief
suggestions are listed for future studies.
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2. THEOROTICAL BACKGROUND

2.1 Overview
This section presents theorotical background information about some of the main
topics of the earthquake and structural engineering. As discussed in previous section,
this study aims to propose a new method for risk assessment and risk matrix for
data center structures. Moreover, the effect of the base isolation systems on the
nonstructural components are investigated.

Finally, investigation on whether the

nonstructural components are more vulnerable to the anchorage failure or to the
random vibration is completed. For these purposes, a probabillistic study is completed
and theorotical background information of subjects in this study are briefly explained.
Topics of this section can be listed as follows:
1. Uncertainty, statistics, implementation of statistics in earthquake and structural
engineering fields,
2. Short explanation of purpose and implementation of seismic hazard assessment and
the calculation of the risks,
3. Formulations and brief information about isolation systems of structures,
4. Sliding and overturning formulations of the nonstructural components in the
structure,
5. Finally, risk calculations are presented.

2.2 Uncertainty, Statistics and Monte Carlo Simulations
2.2.1 Uncertainty and random variables
In engineering studies, the term “uncertainy” is used for the values of model parameters
or future events, that has been studied on, but still may pose a risk for the procedure
13

or the project. Every parameters in a system have a degree of uncertainty. For some of
these uncertain variables, it is possible to reduce the uncertainty by testing or gathering
information after an event. However it is not applicable for the rest. Therefore, in
structural and earthquake engineering studies, researchers commonly classifies the
uncertainty in 2 groups; aleatory and epistemic uncertainty.
2.2.1.1 Aleatory uncertainties (randomness)
This type of uncertainty comes from randomness. It means that it has irreducible
uncertainty. Aleatoric uncertain variables can only be characterized by a probabilistic
distributions.
• Future earthquake locations,
• Fault rupture direction,
• Damping ratio of the nonstructural part (e.g., doors, windows).
2.2.1.2 Epistemic uncertainties
Epistemic uncertainties comes from the lack of knowledge, incomplete knowledge of
the sources, inadequate understanding of the process, etc. In contrary to the aleatoric
uncertainty, epistemic uncertainty is reducable by doing more test, gathering more
information and increasing the measurements. Epistemic uncertainties can also be
modeled by probabilistic distributions.
• Magnitude limit of fault system,
• Mean values for the strength of structural materials,
• The number of people inside an office building during work hours.
2.2.2 Statistical distributions
Uncertain variables are brought into calculations by using statistical distributions.
According to the database created from experience or laboratory tests, probabilistic
distributions are generated with the appropriate parameters. Some of the most common
distributions are mentioned in this chapter.
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2.2.2.1 Probability mass function (PMF)
A discrete random variable, X, has a finite number of possible values. If P (X = x)
is calculated for all the possible values of X it is called PMF. Means that, one can
determine the exact probability of X = x in a system with a finite number of element.
P [X = x] = pX (x)

(2.1)

Figure 2.1 shows an example for a probability mass distribution of the number series
with the probabilities of each numbers and the belonging distribution figure of the
probabilities.

Figure 2.1 : Probability Mass Function
2.2.2.2 Probability density function (PDF)
For a continuous random variable, P [X = x] = 0. Therefore, PDF gives the probability
of random variable , X, to have a value between a and b, is the area under a PDF of
any points of a and b. (Equations 2.2 and 2.3)
ˆb
P [a < X ≤ b] =

fX (x)dx

(2.2)

a

ˆ∞

fX (x)dx = 1
−∞

Figure 2.2 : Probability Density Function
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(2.3)

2.2.2.3 Cumulative distribution function (CDF)
The CDF is the probability that the random variable, X, will take a value less than or
equal to x (Equation 2.4). CDFs are generated by integration of PDf or PMF from
lowest value of z and the desired value of z = x. If the random variable is continuous
Equation 2.5 can be used and if the random variable is discrete, then Equation 2.6 can
be used.

P [X ≤ x] = FX (x)

(2.4)

ˆx
P [X ≤ x] =

fX (z) dz

(2.5)

fX (z)

(2.6)

z=−∞
x

P [X ≤ x] =

∑

z=−∞

Figure 2.3 : Cumulative Distribution Function
2.2.2.4 Normal (Gaussian) distribution
The median of a normal distribution is equal to the mean or expected value. Therefore,
the mean or the expected value has %50 probability of exceedance of the time. A set of
random values, that can be expressed as normal distribution, has a symmetrical shape
as in Figure 2.4.
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The normal probability density function is expressed as in Equation 2.7:
(x−µ)2
1
−
fX (x) = √ e 2σ 2
σ 2π

(2.7)

where µ is the mean or expected value and σ is the standard deviation of the set of
random variables.
s

1 n
µX = ∑ xi
n i=1

,

σX =

1 n
∑ (xi − µX ) 2
n − 1 i=1

(2.8)

Figure 2.4 : PDF and CDF of Normal Distribution
2.2.2.5 Lognormal distribution
If a random variable, X, has a lognormal distribution, then ln (X) has a normal
distribution.

It is possible to switch to the lognormal distribution from normal

distribution or vice versa. Therefore, there are multiple formulations and different
ways of calculation of the parameters of the lognormal distribution.

The main

formulations are given in Equation 2.9 and 2.10:

fX (x) =


µ = ln  q

(ln x−µ)2
1
−
√ e 2σ 2 ,
xσ 2π

µX2
µX2 + σX2




0<x



σX2
σ = ln 1 + 2
µX
2

(2.9)

(2.10)

where µ is the expected value, σ is the standard deviation of the variable’s natural
logarithm and fX (x) is the PDF of the X.
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Figure 2.5 : PDF and CDF of Lognormal Distribution
2.2.2.6 Time related probability
For the risk calculations, it is necessary to calculate the probability of occurence
of the limit intensity measure of the system on the desired time interval. For the
structural engineering projects this time interval is generally 50 years. Seismic hazard
assessment of the project site can give the annual exceedence probability, P1 , of the
desired intensity measure. It is possible to calculate the probability of occurence, PN ,
of the desired intensity measure in the desired time interval, N, with the Equation 2.11.

PN = 1 − (1 − P1 ) N

(2.11)

2.2.3 Monte Carlo Simulations
As mentioned before in this chapter, some engineering parameters consist of
independent uncertain variables. This situation is called as “uncertainty”. Variable
simulation methods that based on statistical methods are available for engineering
projects, such as First Order Reliability Method-FORM, Second Order Reliability
Method-SORM, Moment Matching and Monte Carlo Simulations.

Results of

the selected simulation methods (the sample distribution) can give the probability
distribution of the main system or equation. As the analysis number increased, the
sample distribution become closer to the true distribution of the system or equation.
Means that, the sample mean and the sample standard deviation of the sample
distribution and the actual system will approximate as the number of the simulations
increased. Number of the simulations may differ accordingly with the complexity and
importance of actual systems. It can be in hundreds, thousands or in millions. By
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using these simulation techniques, the risks or the reliability of the systems can be
determined.
Monte Carlo simulation method is selected for this study.

To establish Monte

Carlo simulation, researcher must have the probability distribution of the uncertain
parameters of the project. For every selected uncertain variable, random vaules should
be generated. The important point in random value generation, the generated values
must represent the probability distribution of the belonging uncertain variable. The
results of simulations with these random variables will always be different then the
previous analysis results. However, if enough number of simulation is completed, the
outcome will be similar to each other and close to the actual results.
This section provides fundamental information in Monte Carlo simulation. Therefore,
for further informations, textbooks or related articles on numerical methods can be
investigated.(e.g., Hornbeck [46])

Figure 2.6 : An example Monte Carlo simulation that shows the paths and the
according results
2.2.3.1 Generation of random values for uncertain variables (Random Sampling)
For any type of study or project, it would not be logical to study on every values
of every variables. Therefore, a method generally called as “Sampling” should be
applied. Sampling is a method that allows researchers to collect information about a
system based on results from a subset of system, without having to investigate every
possible values of system. Reducing the number of values in a study reduces the cost
and workload, and may make it easier to obtain high quality information.
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If a sample is to be used, it is important that every generated random value sets
are appropriate to the probability distribution of the belonging uncertain variable in
selected sample. There are several probability (random) sampling methods available,
such as accept-reject sampling, stratified sampling, inverse transformation sampling.
For the engineering studies, inverse transformation sampling is a suitable method due
to its efficiency and applicability.
The main idea of the inverse transformation sampling method is converting the
selection of uniformly distributed values into the desired probabilistic distribution. A
set of values are generated between [0, 1] in uniform distribution. Then, every value
of the uniformly distributed sample is converted in to the inverted CDF of the desired
probability distribution. Finally, the computed sample values have the distribution of
the desired probability distribution [47] [48]. It can be concluded in 3 steps as follows:

1. Select the desired CDF (FX (x)) and find the inverse of CDF FX−1 (x)
2. Generate uniformly distributed random values, U, between [0, 1].

3. Compute the X, so that X = FX−1 (x) .
These steps ensure that Xhas the distribution of the FX (x). A simple schematical
illustration is provided in Figure 2.7.

Figure 2.7 : Inverse Transformation Sampling Method
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2.2.4 Fragility function
Fragility functions are in use in earthquake and structural engineering since 1980’s.
Fragility function can be defined as “a mathematical function that expresses the
probability that some undesirable event occurs as a function of some measure of
environmental excitation” [7]. Fragility curves are probabilistic distributions and
generally in form of lognormal CDF. It indicates the relation between the selected
intensity measure, such as PFV and PFA, and the failure frequency of the element or
the system, such as windows and the first floor of the structure. FEMA P58 defines the
formulation of the fragility function as Equation 2.12

Fi (D) = φ



ln (D/θi )
βi



(2.12)

where φ is the Gaussian CDF, θ is median, β is dispersion and Fi (D) is the conditional
probability of the element in ith demand parameter, D [1].

Figure 2.8 : Fragility curve (FEMA P58 [1])
This sections provides 3 main methods for deriving the fragility curve, empirical,
analytical and jugdemental. For further investigation and more detailed information
about generation of fragility curves in earthquake and structural engineering, FEMA
P58 [1] and study of Porter [7] is strongly suggested.
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2.2.4.1 Empirical fragility curve
This type of fragility curves are generated by using the data come from laboratory test
result databases or from collected information in the actual events, such as earthquakes.
Therefore, used databases should be selected and filtered with caution. Wrong data
may lead researcher into incorrect calculations.
2.2.4.2 Analytical fragility curve
This type of functions are derived from the results of a set of analyses of a structural
model. This set of analyses can be created by using static or dynamic excitations
to linear or nonlinear structural models. The important point in this analyses series,
excitation should be changed at each step to get the results in different levels of
excitations. Therefore, selection of the variables, such as magnitude and material
behavior in these set of analyses should be done carefully. Generation of this type
of fragility curves takes time and needs high workloads. Therefore, in modelling step,
statistical methods as mentioned in this chapter can be applied.
2.2.4.3 Expert opinion or judgemental fragility curve
This curve has an advantage on time and economy to generate a fragility curve.
According to the project or the model, one or more expert can provide a fragility curve
estimation. It is important to select the most proper experts with the proper experience.
Study of Mosleh and Apostolakis [49] can be investigated if this type of fragility curve
considered to be used.

2.3 Seismic Hazard Assessment
2.3.1 Introduction
Natural hazards, such as hurricanes, floods, earthquakes are able to cause damages to
environment and even loss of life according to their sizes or magnitudes. The term
“Seismic Hazard” is used when the cause is earthquake. [50]
Structural safety depends on both structural durability and excitation (earthquake is
the main excitation herein). Therefore, seismic hazard assessment (SHA) is one of the
fundamental study subjects of earthquake engineering. The main purpose of SHA is to
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calculate the probability of occurence of the earthquakes in specific time interval for a
project site or for a much larger area, such as towns, countries or the whole continents.
For the structural codes larger areas are calculated. However, for important projects,
site specific studies are suggested.
As the structural codes are improved, it becomes important to have PGA values or PGV
values for structural performance. Therefore, techniques are also improved for SHA.
There are several steps and factors, such as soil types, distances and fault types to
calculate the probability of the PGA - PGV values for a project. There are 2 main
methods for SHA: Deterministic and Probabilistic SHA. They are both mentioned
in the following subsections, briefly. For more information, Reiter and Kramer are
suggested. [2, 50]
2.3.2 Deterministic seismic hazard assessment (DSHA)
DSHA mainly is based on a scenario for a project. Means that almost every parameter
is specified for calculations. Therefore, it is useful and has a quick implementation.
The only probability in these calculations are the ones that comes from the nature of the
uncertainties of the parameters. Seismic parameters, such as magnitude and distance
are selected for the worst case scenario, the highest possible magnitude and the shortest
distance to a seismic source. With these parameters, it is possible to calculate the value
for the maximum ground motion excitation. Therefore, researchers can prefer to use
DSHA when there are not enough information of both site and sources to be on the
safe side. Reiter [2] concluded the process for DSHA into 4 steps:
1. Identification of earthquake sources (and their characteristics) that have a potential
of generating damaging excitations.
2. Calculation of the shortest distances between the source and the selected site.
3. Calculation of the highest possible excitation and identification of its source by
using the most appropriate attenuation relationships for the site. The magnitudes,
that come from step 1, and the distances, that come from step 2 are used in
attenuation relationships.
4. Finally, the highest possible excitation value is determined.
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Figure 2.9 : Steps of DSHA, Reiter [2]
2.3.3 Probabilistic seismic hazard assessment (PSHA)
In the beginning of this chapter, uncertainty on engineering parameters are briefly
explained and it is mentioned that the uncertainties are quantified by using probabilistic
distributions. Earthquakes are a great example for uncertainy. It is possible to quantify
the uncertainties of earthquakes by combining several majors, such as geology,
seismology, statistics and even history for past earthquakes.
Although the DSHA is using parameters from probabilistic distributions, the main idea
is creating a scenario with certain values. Therefore, the DSHA calculations can only
give one result. On the other hand, the PSHA includes uncertainty in every parameters,
i.e. magnitude, location of ground motion, time, etc, to create every possible scenario
that can affect the site. These conducted probability calculations gives the probability
of occurences for each and every ground motion scenario in a probabilistic distribution
(Reiter [2]). Therefore, it is very useful for decision makers, but also needs high
workloads and long time.
The PSHA process is also concluded into 4 steps by Reiter [2]:

24

1. The first step is same with the DSHA. However, this time the probabilistic
distributions for the magnitudes, locations, and distances should be conducted for
each sources.
2. Magnitude recurrence relationship should be calculated.
3. Calculation of the every possible earthquake excitation by using the parametes
comes from step 1 and 2 in attenuation relationships.
4. The final step is calculation of the probability of exceedence of the all possible
earthquakes in specified time interval by combining all of the possible scenarios.
Some of the parameters in these steps and their calculations are explained very briefly
in this section.

Figure 2.10 : Steps of PSHA, Reiter [2]
2.3.3.1 Magnitude recurrence relationship
There is an aleatoric uncertainty in magnitudes of seismic sources and the recurrence
law indicates the distribution of this uncertainty of earthquake magnitudes in a
specified time interval.

With the magnitude recurrence relation, researcher can

calculate the CDF of magnitudes that have higher value than a specified minimum
magnitude value.
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Gutenberg and Richter [51] recommended a log-based linear magnitude distribution
(Equation 2.13)

log10 N (M) = a − bM

(2.13)

then, newer equation is proposed, such as Bounded Gutenberg-Richter Law

Figure 2.11 : Gutenberg-Richter Law and bounded Gutenberg-Richter Law (From
Baker [3])
Apart from the Gutenberg-Richter recurrence law, there are other models for
recurrence law. The difference is, in these magnitude recurrence relationships, the
seismicity depends on both magnitude distribution and activity rate of the source. In
these models, the general formulation is given in Equation 2.14.
M
ˆmax

N (M) = N (Mmin )

fM (M) dM

(2.14)

M=Mmin

where N (M) is the magnitude recurrence relation rate, N (Mmin ) is the rate of
earthquakes that have higher magnitude values than specified minimum, fm (m) is the
magnitude probability distribution, Mmax is the maximum magnitude of the source and
Mmin is the specified minimum magnitude value.
Magnitude probability distribution ( fM (M)) These distributions are based on the
characterictic features of the seismic source. The minimum magnitude is selected by
researcher, but the maximum magnitude depends on the source. Figure 2.12 from
Youngs and Coppersmith [4] shows some of the models.
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Figure 2.12 : Magnitude distribution model of Youngs and Coppersmith [4]
Activity rate (N (Mmin )) To calculate the activity rate of a seismic source, either past
earthquake data or seismological features of the source is used. If the fault slip-rate
and area of the fault is known, Equation 2.15 and 2.16 can be used to calculated the
activity rate:
 M
ˆmax
M0
Mean
=
10(1.5M+16.05) fm (M) dM
eqk


(2.15)

m

N (Mmin ) =

µAS
h i
M0
Mean eqk

(2.16)

whereM0 /eqk is the moment for ach earthquake, M is the mean magnitude, µ is the
shear modulus of the crust, A is the area of the fault rupture and S is the fault slip-rate.
2.3.3.2 Modeling of earthquake occurrences
Future possible earthquakes occurences are modelled by using several model, but
commonly Poisson model is usedin calculations. Equation 2.17 shows the modificated
version of the Poisson formula for the PSHA calculations.

P (M > Mmin |t) = 1 − exp (−v (M > Mmin )t)

(2.17)

where, P (M > Mmin |t) described as the probability of exceedence (at least once) of
given minimum magnitude in the given time interval, t and v (M > Mmin ) is the mean
rate of occurence of the given minimum magnitude.
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2.3.3.3 Ground motion prediction equations (GMPE)
GMPEs are used to calculate the IM (e.g., PGA, Sa ) that is caused by earthquakes.
GMPE term represents functions that are combination of magnitude, distance, VS30
values (not all of the GMPEs). Some of the parameters in the functions depends on
the characteristics of earthquake source and the soil conditions of site, such as fault
mechanism, soil type, directivity effect.
GMPEs are updated with new data come from latest earthquakes.

Most of the

GMPEs are conducted by using statistical regression techniques with past earthquake
databases. Therefore, uncertainty in GMPEs is very important in PSHA. Equation 2.18
represents general form of the GMPEs with uncertainty included:

ln IM = ln IM (M, R, θ ) + σ (M, R, θ ) · ε

(2.18)

where ln IM is the selected intensity mesure, ln IM (M, R, θ ) and ln IM (M, R, θ ) are the
calculated outputs of GMPEs and ε is a standard normal random variable [3].

Figure 2.13 : An example output of GMPE [3]
2.3.3.4 Combination of calculated parameters
Combination process is based on the total probability theorem. The general equation
for the calculation of the seismic hazard is given in Equation 2.19. The probability of
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exceeding the intensity measure, IM, of a selected minimum value, x, is calculated by
integrating the Equation 2.19:
m
ˆmax ˆrmax

P (IM > x) =

P [IM > x|m, r] fm (m) fR (r) dmdr

(2.19)

mmin 0

where fm (m) fR (r) is the PDF values, of each possible magnitudes, m, and distances,
r, and P [IM > x|m, r] is the outcome the GMPEs. [3]
2.3.4 Annual hazard curves
The probability of exceedance of a certain value is generally refers to annual
probability of exceedance in earthquake engineering. To be able to conduct an annual
hazard curve for a selected site or an area, Equation 2.19 should be improved by adding
an extra element to the formulation, time based probability and should be calculated
for all the effective sources as in Equation 2.20:
NS

m
ˆmax ˆrmax

λ (IM > x) = ∑ λ (Mi > mmin )
i=1

P [IM > x|m, r] fm (m) fR (r) dmdr

(2.20)

mmin 0

where Ns is the number of all effective sources and λ (M > mmin ) is the likelihood of
exceedence of mmin . Most of the time it is very complicated to integrate the Equation
2.20. Therefore, it can be discretized to Equation 2.21 [3]
NS

NM NR

i=1

j=1 k=1

λ (IM > x) = ∑ λ (Mi > mmin ) ∑

∑P




IM > x|m j , rk P Mi = m j P (Ri = rk )
(2.21)

Figure 2.14 : Annual Hazard Curve of Istanbul for different IMs and for different
types of soil conditions by Kalkan (2009) [5]
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2.3.5 Response spectrum and earthquake selection
Response spectra are given in structural codes for different areas. However, structural
codes also give permission to use site specific spectra. As in Figure 2.14, annual hazard
curves can be generated for spectral accelerations of different periods. Means that, site
specific response spectra can also be conducted by using Equation 2.21.
Response spectra are conducted by this method are called as uniform hazard spectrum.
Design engineers can select the set of earthquakes according to the given response
spectrum or UHS of the site. Turkish Building Earthquake Code [52] indicates that the
average SRSS of orthogonal horizontal directions of the selected earthquakes should
be higher than the selected response spectrum in the determined period range, which is
0.2T1 and 1.5T1 , where T1 is the first period of the structure. According to the selected
earthquakes scaling or matching methods can be used to ensure the code regulations.
Figure 2.15 is the graphical representation of the scaling logic.

Figure 2.15 : Scaling method
Earthquake selection should be conducted according to features of the effective sources
and the selected site. Major parameters on selection criterias considered as magnitude,
distance and rupture directivity and minor parameters are site condition and fault
mechanism.
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Figure 2.16 : Schematical representation of conducting UHS from Annual Hazard
Curves by Baker [3]
2.4 Base-Isolation System
2.4.1 Introduction
There are several methods for the protection of structures, such as active control
systems and passive control systems. Seismic isolation systems are basicly used to
decrease the responses of the structure to dynamic excitations. Compared to the fixed
base structures, fundamental period becomes higher when an isolation systems is used
for the same structure. As the periods are increased, the seismic extitation is decreased
as can be seen from the response spectrum in Figure 2.15. Therefore, seismic isolation
systems are useful for both the structural parts and nonstructural parts in a structure,
since the floor responses are also decreased.
The important point in seismically isolated structures, the superstructure must stay in
elastic limits in an excitation. Therefore, it is crucial to design the isolation systems
according to the all possible seismic demands. This section provides brief information
about the passive isolation systems in general.
2.4.2 Isolation types
2.4.2.1 Sliding bearings
The main principle of the sliding bearings is energy dissipation by the friction between
moving plates. Sliding types of isolators are the oldest type of isolators [53]. Generally
31

for sliding surfaces a material called politetrafloroetilen (PTFE) type is used [6].
Sliding bearings can have restoring force by the geometry of the device or with an
additional springs. The most important parameters for movement of bearing is the
friction coefficient. Friction coefficient depends on temperature, smoothness, abrasion
of the surface [54]. There are mainly two types of sliding bearings [6]:
• Concave sliding bearings (e.g., friction pendulum bearing),
• Flat sliding bearings.

Figure 2.17 : Friction pendulum bearing [6]
2.4.2.2 Spring systems
Spring systems are generally preferred when there is also vertical protection is
necessary. Springs do not dissipate energy. Therefore, these systems are supported
with additional dissipation devices, such as viscous dampers. The combined system
provides %20 - %30 critical damping ratios. An example spring system is given in
Figure 2.18

Figure 2.18 : Spring type isolation system (G+H Group)
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2.4.2.3 Elastomeric rubber bearings
Elastomeric bearings are the composition of multiple layers of rubber and steel plates.
Theses layers are placed in a mold and then subjected to high pressure with the high
temperature at the same time. The steel plates increase the vertical stiffness and reduce
the bulging risk. Therefore, rubber can bear high pressure loads and have small vertical
displacements. Lateral stiffness and lateral displacement are controlled by the lateral
deformation capacity of rubbers between layers.
There are 3 common types of elastomeric bearings:
• Low Damping Rubber Bearings (LDRB)
This type of isolators provides very low damping to structure, and have low lateral
strength, but have high vertical strength. Therefore, additional dampers are generally
used to support. LDRBs are easy to produce and they are durable.
• High Damping Rubber Bearings (HDRB)
Apart from LDRBs, HDRBs have high damping and high lateral stiffness. Therefore,
it is not essential to use additional damping devices.
• Lead Rubber Bearings (LRB)
A lead plug is added to the rubber bearings to increase the lateral rigidity and the
damping ratio of the bearing. The lead plug provides initial rigidity to the structure
under small lateral loads, such as regular wind loads, and under high lateral excitations,
the lead plug deforms plastically to dissipate energy.

Figure 2.19 : Elastomeric bearings
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2.4.3 Mechanical characteristics of seismic isolators
Typical bilinear behavior is a good option for the hysteretic behavior of seismic
isolators. Figure 2.20 shows the typical bilinear behavior, where k1 is primary stiffness,
k2 is secondary stiffness, and fy is yield force.

fmax
fy
Qy

fb
k2
keff

k1
uy

umax

ub

Figure 2.20 : Typical bilinear hysteresis
The isolation system period Tb , primary stiffness k1 , secondary stiffnes k2 and yield
force fy can be calculated by using Equations 2.22 to 2.28:
s
Tb = 2π

k2,s =

M
k2,s

(2.22)

4π 2 M
Tb2

(2.23)

k2,s
Niso

(2.24)

k2
k1

(2.25)

k2 =

α=

where M is the total mass of the base-isolated structure, k2,s is the sum of secondary
stiffnesses from all isolators, Niso is the number of isolators, α is the ratio of primary
to secondary stiffnesses,

Qs = κMg  Qy =
34

Qs
Niso

(2.26)

where Qs is the sum of the characteristic strength of isolators which is equals to κ times
(generally around %5) weight of the base-isolated structure, and Qy is the characteristic
strength,

uy =

Qy
k1 − k2

fy = k1 uy

(2.27)

(2.28)

where uy is the yield displacement.
Also for the design process, effective stiffness, ke f f and effective periods, Te f f of the
base-isolated structure is useful. Equations 2.29 and 2.31 is the formulations for ke f f
and Te f f ,

ke f f = k2 +

βe f f =

Qy
umax

4Qy (umax − uy )
2πKe f f u2max
s

Te f f = 2π

M
ke f f

(2.29)

(2.30)

(2.31)

where βe f f is the effective viscous damping ratio and umax is the specified design
isolation displacement.

2.5 Overturning and Sliding
2.5.1 Introduction
Past earthquakes show that, non-structural components can get damage in an event
independently from structural damages. Generally this damage is the result of sliding
and hitting to surrounding structural or other non-structural parts in the structure
or overturning of the component itself. Therefore, it is important to examine the
possibility of sliding and overturning behavior of components.
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Although, the important components are generally anchored to wall or to floor, it is also
possible to have failure of anchorages. This section explains and gives the formulations
of both cases.
2.5.2 Unanchored components
There is a possibility of damage for unanchored components that is caused by
overturning or sliding. The static coefficient of friction between floor surface and
components surface, µs , has a direct effect on damage probability [1]. Fragility
calculations also includes the dimensions and the weight of the component.
Components can slide before overturning. Therefore, appropriate calculations should
be done to find the probability. The demand parameter to determine the behavior is
PFV. Formulations given in this section are provided by FEMA P58 [1].

Figure 2.21 : Overturning of component [1]
2.5.2.1 Overturning or sliding
The critical tipping angle, α, determines the point where the component is unstable,
and can be calculated by Equation 2.32,
 
b
α = arctan
h

(2.32)

where b and h are dimensions. The spectral acceleration capacity for overturning of
the component, SaO :
SaO =

2B
α

(2.33)

where B is calculated by:
b
B = cos (α) + sin (α) − 1
h
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(2.34)

The comparison between the SaO and µs determines the controlling behavior. When
SaO is bigger than µs , sliding is more likely to happen than overturning and in opposite
situation, the overturning behavior is more likely to happen.
The median Peak Floor Velocity is signed as V̂PT can be calculated by Equation 2.35:
V̂PT =

SaO g
2π fr Damp

(2.35)

where:
Damp = 2.31 − 0.41 ln (100βr )
1
fr =
2π

(2.36)

2gB
C3 α 2 h

(2.37)

γ
βr = p
4π 2 + γ 2

(2.38)

r

where fr is effective rocking frequency and βr is damping ratio and calculated by
Equations 2.39 to 2.41:
4
C3 =
3

 2 !
b
1+
h

(2.39)

γ = −2 ln (CR )

(2.40)


b 2
h

(2.41)

CR = 1 −

2

C3

2.5.2.2 Sliding displacement
If the component slides and does not overturn, the sliding displacement, δ , is calculated
by Equation 2.42:
V̂PT

p
2µD gδ
=
1.37

(2.42)

2.5.3 Anchored components
Anchorages have a direct effect on vulnerability of the non-structural components.
Therefore, FEMA P58 [1] includes the anchorage control methods and provides 2
different approaches to calculate the anchorage fragility.
The first method requires direct information about the anchorages that are used on the
site. Second method is based on the requirements on the structural codes. FEMA
P58 [1] allows to use ASCE 7-16 [55] formulations for non-structural components.
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ASCE 7-16 [55] calculates the seismic horizontal design force at the component’s
center of gravity, Fp , as in Equation 2.43:
Fp =

0.4a p SDSWp 
z
 
1
+
2
Rp
h

(2.43)

Ip

where SDS is spectral acceleration (short period), a p is component amplification
factor, I p is component Importance Factor, Wp is component operating weight, R p is
component response modification factor, z is height in structure of point of attachment
of component with respect to the base, h is average roof height of structure with respect
to the base [55]. ASCE 7-16 [55] also limits Fp value to the interval which can be
calculated by using Equation 2.44:
0.3SDS I pWp

≤

Fp

≤

1.6SDS I pWp

(2.44)

FEMA P58 [1] considers anchorage failure as brittle failure and the parameter for
anchorage failure is taken as PFA. An the formulation for brittle failures is given in
Equation 2.45:
θbrittle = Cq e(2.81β ) φ Rn

(2.45)

where θbrittle is median strength, Cq is a coefficient, β is the dispersion and φ Rn is the
component design strength [1]. In this situation, φ Rn can be taken as anchorage design
strength and can be calculated as in Equation 2.46:
φ Rn =

Fp
Wp

(2.46)

2.6 Risk Calculations
Risk can be expressed as the combination of frequency and the possible results of a
parameter or an event. In this study, risk calculations are conducted by using fragility
functions of results and annual hazard curve for the selected site. For simple projects
or systems, total probability theorem can be used to calculate risks. However, in more
complex systems, Equation 2.47 from [7] should be used:
ˆ∞
λ=

−F (s)

s=0
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dG (s)
ds
ds

(2.47)

where λ is the mean rate for risk, F (s) is the fragility function of s and G (s) is
the annual probability of exceedance (S > s) . For more detailed information and
formulations, technical report of Porter [7] is suggested.

Figure 2.22 : Example for annual hazard curve and fragility curve [7]

Figure 2.23 : Example outcome of the risk calculations [7]
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3. METHODOLOGY

3.1 Overview
This section provides brief information about the steps in analyses and use of results.
Additional to that, structural and isolation system parameters are given in this section.
In this study, MATLAB software [56] is used to control, run and organize the analyses.
Different MATLAB code scripts are generated to run analyses. Different code scripts
are compiled in one main script for different analysis steps in the following list:
• Generate random samples with Monte Carlo simulations,
• Select scale factor and parameters of earthquakes, such as RSN number, number of
steps and time interval,
• Assign the parameters above to the OpenSees software and run the analysis,
• Select and organize response outcomes,
• Calculate the overturning-sliding limit value and compare with the responses,
• Generate the fragility curves, and
• Calculate risks.

3.2 Structure and Isolation System
3.2.1 Structure
Since the study is about the data centers, TIA-942-A [8] standard is considered as a
reference point of the selection process. TIA-942-A suggests to support the structure
with braces and isolation systems. Therefore, several sample structures are selected
from various studies in literature in companion with TIA-942-A. The structure in this
study is selected from the study of Tena-Colunga and Escamilla-Cruz [9]. TIA-942-A
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requirements, the selected structure and SAP2000 models can be seen in Figure 3.1,
3.2 and 3.3, respectively.

Figure 3.1 : Structural requirements in TIA-942-A [8]

Figure 3.2 : Selected structure in Tena-Colunga and Escamilla-Cruz [9]

Figure 3.3 : SAP2000 models
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Three-story structure with 3 m floor height and 7 m bay width, consists of reinforced
concrete columns, beams and slabs.

Braces are selected as steel box section.

Dimensions and material properties are given in Table 3.1.

Column
Beam
Slab

Dimensions
65x65 cm
70x35 cm
13 cm

Brace

25x25x0.8 cm

Elasticity

Strength

32000 MPa

fc =25 MPa

210000 MPa

fy =275 MPa
fu =410 MPa

Table 3.1 : Properties of structural elements

Masses are calculated according to the given dimensions. Additional to structural
masses, floor loading capacity requirements (12 kPa + 2.4 kPa) from [8] is considered
as live load as the structure have the maximum load in an earthquake event. As a
result, masses are distributed as 58 tons per each beam-column joints. With all these
masses and structural properties, the first and the second fundamental periods of the
fixed-based structure are equal and 0.4 sec, due to the symmetry.
3.2.2 Isolation system
Isolation system is selected as Elastomeric Bearing with typical bilinear hysteresis.
The fundamental period of the base-isolated structure is aimed to be 3 sec. The
reason for that, when Monte Carlo simulations are conducted, the fundamental period
changes. If the starting point was 2 seconds, with the different combinations the
period would reduce to 1.3 or 1.5 seconds, and if the period was around 4 seconds
the periods could reach the 6 or 7 seconds, which are not useful for both situations.
Therefore, 3 seconds seemed as an ideal selection to reflect the outcomes of common
real base-isolated structures.
Initial values for isolation system properties are as follows:
• Characteristic force = 113 kN
• Yield displacement = 0.0125 m
• Primary stiffness = 10090 kN/m
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• Yield force = 125 kN
• Primary/Secondary stiffness ratio = 0.1
• Effective stiffness = 1183 kN/m
• Effective period = 2.78 sec

fmax
fy
Qy

fb
k2
k1
uy

keff
umax

ub

Figure 3.4 : Bilinear hysteresis

3.3 Monte Carlo Simulations
There are 2 groups of random variables:
• Structural variables
• Isolation system variables
For fixed-based structure, the first group is used only, and for the base-isolated
structure, all of the parameters are used.
Each group has 3 different variables. Different types of probabilistic distributions
are assigned to each of the selected random variables to generate random samples
according to belonging distributions. Parameters (C.O.V and suggested bias values for
mean values) and type of the distributions are selected from current literature.
Generating the random samples from random variables is explained in theorotical
background. A MATLAB code script is generated for random selection of numbers
and transform them into desired distribution. Figures 3.5 and 3.6 are outcomes of the
10000 random sampling for each groups.
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3.3.1 Structural variables
3 different parameters are selected for structural variables. The references for the
selection of distribution and statistical parameters are given.
• Elasticity modulus of RC
– Mean = 32000 MPa, C.O.V = 0.33, lognormal distribution [57]
• Elasticity modulus of steel
– Mean = 210000 MPa, C.O.V = 0.033, lognormal distribution [58]
• Mass of the structure
– Mean = 1.05 × 58 tons, C.O.V = 0.1 , lognormal distribution [59]

Figure 3.5 : Structural random variables histograms and CDFs for 10000 random
sampling
3.3.2 Isolation system variables
3 different parameters are selected for isolation system variables. The references for
the selection of distribution and statistical parameters are given.
• Primary stiffness
– Mean = 10090 kN/m, C.O.V = 0.2, normal distribution [60]
• Yield force
– Mean =

125
0.835

kN, C.O.V = 0.2, normal distribution [60]
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• Primary/Secondary stiffness ratio
– Mean = 0.1, C.O.V = 0.2, normal distribution [60]

Figure 3.6 : Isolation system random variables histograms and CDFs for 10000
random sampling
3.4 Seismic Hazard Analysis, GMPEs and Response Spectra
The characteristic magnitude method is one of the most common methods in seismic
hazard studies. Several studies are conducted based on characteristic magnitudes in
hazard assessment for İstanbul and Marmara region, such as Erdik et al. [40], Şeşetyan
et al. [12] and Murru et al. [61]. Fault segmentation and belonging characteristic
magnitudes are taken from study of Şeşetyan et al. [12] in this study. Both fault
segmentations and source characteristics are provided in Figures A.1 and A.2 in
Appendix A.
In this study, characteristic magnitude method for Western North Anatolian Fault
(NAF) is used in SHA calculations. Distance between the main line of Western NAF
to İstanbul Technical University (İTU) is decided by using the online map application
of General Directorate of Mineral Research and Exploration [13]. According to the
online map application, the closest point in main line of Western NAF to main campus
area is around 28 km. MMF segments and Cinarcik Basin segments in Figure A.1
are the closest segments to site. According to the given characteristic magnitudes
in study of Şeşetyan et al. [12], MMF segment has characteristic magnitudes of 7.2
whereas the Cinarcik Basin has 7.1. Therefore, MMF segment is considered in this
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study. The maximum effective distance is taken as 65 km. Probability of source to
site distance is considered to be uniform and the distance range is divided into 6 equal
sections. Appendix B provides the map of NAF (Figure B.1). Characteristic magnitude
in selected fault segment is given as 7.2 in [12]. Therefore, characteristic magnitude
(Mchar ) is considered to be 7.2 for all distances in GMPEs. As a result, with the selected
characteristic magnitude of 7.2 and 6 different R values, 6 different Uniform Hazard
Spectra (UHS) are conducted. For the soil type, class B is selected and 760 m/sec is
taken for VS30 value. Additionally, magnitudes of 7.7 and 6.7 are used to analyze the
structure to generate more data to improve the fitting in fragility calculations.
There are several studies for GMPEs that are focused on Turkey. Two of them are
included in calculations. Additional to these, three more GMPEs are used from
NGA-WEST2 project. All of the GMPEs are taken as equal weight in calculations.
The average value of these 5 GMPEs are calculated for each step and Uniform Hazard
Spectra (UHS) are calculated for 6 different source-to-site distances. The selected
GMPEs are:
1. Özbey et al. [62]
2. Akkar and Bommer [63]
3. Abrahamson, Silva and Kawai [64]
4. Boore, Steward, Seyhan and Atkinson [65]
5. Campbell and Bozorgnia [66]
Figure 3.7 shows the UHS for closest and farthest source-to-site distances and
belonging GMPEs.

Additionally, Maximum Considered Earthquake (MCE) and

Desing Basis Earthquake (DBE) outputs are calculated for soil class B in companion
with TBEC 2018.

3.5 Selection of Ground Motions and Scaling
According to the calculated UHS, ground motions are selected and scaled. PEER
NGA-WEST2 database is used for selection and scaling purpose. According to the
TBEC 2018 [52], at least 11 ground motion pairs must be used in calculations.
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Figure 3.7 : UHS, GMPEs and TBEC 2018 Response Spectra
Therefore, 11 pairs are used in the analyses. Earthquakes are mainly selected according
to the magnitudes and source-to-site distances. Near field and pulse effects are not
considered in this study. Therefore, selected ground motions do not reflect these
effects.
Table 3.2 shows the selected ground motions.
RSN
762
990
1027
1028
1029
1762
1836
4205
4230
5779
5802

Name
Loma Prieta

Year
1989

Northridge-01

1994

Hector Mine

1999

Niigata_ Japan

2004

Iwate_ Japan

2008

Station Name
Fremont - San Jose
LA - City Terrace
Leona Valley #1
Leona Valley #2
Leona Valley #3
Amboy
Twentynine Palms
NIG015
NIGH13
Sanbongi Osaki City
Yokote O Morimachi

Mag.
6.93
6.69
7.13
6.63
6.9

Rrup
39.51
36.62
37.19
37.24
37.33
43.05
42.06
40.14
39.43
36.34
44.86

VS30
367.57
365.22
499.31
432.64
499.31
382.93
635.01
488.65
461.1
539.87
346.81

Table 3.2 : Selected ground motions
Since there are 2 different structures, fixed-based and base-isolated, and the
fundamental periods are very different than each other, there has to be 2 different set
of scales for this set of earthquakes. TBEC 2018 [52] indicates that scaling should be
done for the time interval of 0.2T and 1.5T of the structure. The first period of the
fixed-based structure is 0.4 sec and the base-isolated structures is 3 sec. Therefore, the
time intervals, between 0.06 sec and 0.6 sec and 0.6 sec and 4.5 sec should be scaled
separately. In Figure 3.9 gray lines are placed to show this different time intervals.
Additional to that, Figure 3.9 shows the UHS and scaled mean response spectra of
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the selected earthquakes. Figure3.9 shows the 0.2T and 1.5T interval of the response
spectra for the fixed-based and base-isolated structures, respectively.

Figure 3.8 : a) UHS and scaled response spectrum for fixed-based structure and b)
UHS and scaled response spectrum for base-isolated structure

Figure 3.9 : UHS and scaled response spectrum of the selected ground motions.
3.6 Analyses
Nonlinear time history analyses are completed for both structures. According to
the results, fixed-based structure is overdesigned and even in shortest source-to-site
distances, the displacements are very low to create any plasticity in beams or columns.
Therefore, fixed-based structure behave linearly in all of the analyses. For the time
history analyses, OpenSees [67] software is used. Structures are modeled in SAP2000
[68] and OpenSees Navigator [69] for comparison. Figures 3.10 and 3.11 show the
comparison of the displacement and acceleration response outcomes of the isolator,
respectively. When the comparison results are in acceptable margin of error, the
OpenSees model is generated and another comparison with SAP2000 is completed
to verify the OpenSees model.
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Figure 3.10 : Left: Displacement time-history comparison, Right: Bidirectional
displacement comparison of and isolator

Figure 3.11 : Left: Acceleration time-history comparison, Right: Bidirectional
acceleration comparison of a roof joint
In SAP2000, Rubber Isolators are used to model the isolation system. In OpenSees
model, Elastomeric Bearing (Plasticity) Element is used for the isolation system.
Vertical component of the earthquakes are not included into analyses in this study.
Bi-directional analyses are completed. The resultant acceleration responses are used
to evaluate the system and calculate the failure.
For every structures, 500 simulations are completed. For every 50 simulations, the
mean values for the fragility curves are updated and after 500 simulations, the changes
in mean values are smaller than %1. Therefore, number of simulations is limited in
500. There are 11 different earthquakes and 6 different scales for each earthquakes,
means that for 500 simulations, there are 33000 (500×11×6 = 33000) of bidirectional
analyses are completed for each of the structures.
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3.7 Overturning - Sliding and Vibration Limitations
Technological equipments, servers in this study, can be damaged under high
acceleration values and under random vibrations.
sheets for their equipment in websites.

Server producers publish data

Apart from the general information on

power consumptions, performance and dimensions, there are also limitations given
for temperatures and vibrations. There are two types of acceleration limitations on
given data sheets. First one is shock acceleration, which can be useful to evaluate
when impact or fall occurs. The other one is random vibration limit accelerations,
which is the ambient or environmental vibrations. Limit shock vibrations are for very
short period of time (changes between 2 ms and 15 ms) and limit can be as high
as 5g for operational and 15g for non-operational situation, whereas the vibration
limitations are given in grms units for random vibrations, such as vibrations caused
by earthquakes. Random vibration limitations are mostly between 0.10 to 0.3 grms
for operational periods and around 0.5 grms for non-operational periods over 5 - 2000
Hz frequency range. Some producers, researchers and technology protection firms
(IBM [70], Iemura et al. [71] and [10]) also provide the vibration limitations in g units
rather than only grms units as in Figure 3.12.

Figure 3.12 : Operating and Non-Operating limit accelerations for different
producers [10]
Apart from the random vibration and shock limitations, there are also anchorage failure
limitations for the nonstructural components. Overturning or sliding behavior are the
main outcomes of anchorage failures. There are several structural codes and standards
for the investigation of anchored components. FEMA P58 allows to use ASCE 7-16
formulation to investigate the anchored components. This study used Eqn. 3.1 of
ASCE 7-16 in the limit calculations.
Fp =

0.4a p SDSWp 
z
 
1
+
2
Rp
h
Ip
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(3.1)

3.8 Fragility
Types of fragility curves are briefly mentioned in the previous chapter. Since this is
a numerical study, analytical fragility curve is the main outcome. There are several
methods for generating fragility curves with the analyses results. In this study 5
different methods are used and the most appropriate one is selected. In this section
these methods are briefly explained. Comparison of fragility methods will be shown
in the next chapter.
3.8.1 Basic lognormal CDF
With a simple logic, a lognormal CDF is fitted to the outcomes for the comparison
purpose. Log mean and log standard deviation is calculated from the failure and not
failure ratios and a CDF is generated accordingly.
3.8.2 Maximum likelihood estimation (MLE)
MLE is a statistical method which is based on estimation of the parameters of a
belonging distribution. A script is generated in MATLAB to estimate values for mean
and standard deviation values at each step to find the fittest values to the distribution.
Figure 3.13 is a simple visualisation for the MLE method. At each step different values
are estimated and the fittest values can generate the CDF for the fragility curve.

Figure 3.13 : Maximum Likelihood Estimation method.
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3.8.3 Sum of squared errors (SSE)
Another method that is used to generate fragility curve is SSE in this study. This
method takes the difference between the data and the average value of data and
calculates the mean and the standard deviation of the data. The average is taken as
mean and the sum of the squares of the difference (error) between each value and
average is the standard deviation of data. With these calculated parameters, a CDF is
generated and can be used as fragility curve.

Figure 3.14 : Sum of the squared errors method.
3.8.4 Logistic (logit) and probit regressions
Logit and Probit regression methods are generally used in econometry. However, both
of these methods can be used when there is only two possible outcomes, 0 and 1.
Fragility curve is also generated for the possibilities of failure or success. Therefore,
if there are only failure and success outcome from analysis or from a set of analyses,
one can use these methods. The main difference between them is their link functions,
which can be seen from Figure 3.15.

Figure 3.15 : Link functions and comparison for logit and probit regressions.
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3.9 Risk Curves
Calculation of risks in a project is mentioned in previous chapter, briefly. Fragility
curves are generated by using analyses results. The next parameter is the mean annual
probability of exceedance of the selected intensity measure. Annual probability curve
is taken from the study of Sianko et al. [11]. Thanks to Dr. Zuhal Özdemir from The
University of Sheffield, the annual hazard curve data specifically for the main campus
area of ITU is obtained and can be seen in Figure 3.16. There are PGA values marked
for the %10, %5 and %2 probability of exceedance in 50 years on Figure 3.16.
Since the calculations in this study is based on the magnitudes, and the annual hazard
curve data is based on the PGA, the magnitudes should be converted into PGA in the
fragility curves. By using GMPEs, PGAs are calculated for every magnitudes and
fragilities are converted into PGA based functions. Then the annual hazard curve and
fragility functions are combined to generate the risk curves.

Figure 3.16 : Annual Hazard Curve of the main campus of ITU in Maslak from the
study of Sianko et al. [11]
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4. RESULTS AND DISCUSSION

4.1 Overview
Analysis results are concluded in this section. Additionally, generated risk matrix
is also provided in this section. Total of 33000 analyses (500 simulations × 11
earthquakes × 6 sets of scales) are completed for each of the structures. Additional
analyses are completed with magnitudes of 6.7 and 7.7 in order to include more data
to generate better fit in fragility curves. With the additional 500 simulations for each
extra magnitudes and selected distances, 99000 analyses are completed in total.
Few of the outcomes will be shown in this chapter. For the remaining results, Appendix
C and Appendix D include fragility curves and risk curves, respectively. Appendix E
includes the curves for Risk vs PGA that are used to generate risk matrix.

4.2 Fragility Methods and Curves
Fragility curves are generated by using previously mentioned methods. Figure 4.1 and
Table 4.1 show that:
• MLE and Probit Regression methods give identical results.
• Parameters and outcome of the SSE method are also very close to MLE and Probit
regression methods.
• Logit Regression approximate the mean values to the other methods. However,
smaller standard deviations may cause nonconservative results.
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Method
MLE
SSE
Logit Reg.
Probit Reg.

Fixed-base
Mean St. Dev.
0.4779 0.5299
0.4696 0.5117
0.4756 0.3143
0.4780 0.5357

Base-isolated
Mean St. Dev.
1.578
0.4566
1.5627 0.4431
1.5719 0.2614
1.5799 0.4596

Table 4.1 : Mean and standard deviation values of selected methods for vibration
failure on 3rd floor.

Figure 4.1 : Fragility curves for vibration failure due to random vibration on 3rd
floor. a) Fixed-base b) Base-isolated
4.3 Period Distribution
Isolation system is selected as Elastomeric Bearing with typical bilinear hysteresis.
The fundamental period selected as 3 sec. The main reason of this is to remain in
useful range of periods when random variables are used together. Analyses results
show that, selecting the period of 3 sec is useful in probabilistic study, since the period
range for base isolated structure ranges between 2.2 sec to 5 sec in results (Figure 4.2).

Figure 4.2 : Histogram of isolation period
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4.4 Failure Limits and Risk Curves
Vibrational failure limit is determined to be 0.2 grms . Although most of the server
producers provide higher limitations for random vibration, value of 0.2 provides
conservative results. For both fixed-base and base-isolated structures, 0.2 grms is taken
as limit in all floors.
For anchorage failure, previosly mentioned ASCE 7-16 and FEMA P58 formulations
(Equations 2.43 and 2.45) are used.

According to the formulations, belonging

acceleration limitations for different floors are as follows:
• For the 3rd floor: 1.356 g
• For the 2nd floor: 1.055 g
• For the 1st floor: 0.754 g
• For the base floor: 0.452 g
ASCE 7-16 and FEMA P58 suggest to use these values to evaluate analyses results.
ASCE formulation includes the effect of height of the component and the height of
the structure inside. As the height increase, the PFA values are also increased with
the anchorage failure acceleration limitations. However, these values are only used
in fixed-based system. The reason for this, in these levels of earthquakes, interstory
responses are almost identical in super structures when base isolation systems are used.
Therefore, for the base-isolated structure the anchorage failure limitation is considered
by using the formulation without the height effect. As a result, the lowest limitation
value is taken as failure limit.
ASCE also provides maximum and minimum values for anchorage failure acceleration
values. Those formulations are also provided in this thesis (Equation 2.44). Minimum
and maximum values are calculated as follows:
• Maximum acceleration value: 4.34 g
• Minimum acceleration value: 0.8137 g
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The results show that, the minimum value of 0.8137 g is higher than the base and the
first floor acceleration limits, which are 0.452 g and 0.754 g, respectively. Therefore,
the evaluation is completed for these floors and for all floors of base-isolated structure
by using 0.8137 g.
For the lower floors, fragilities are similar for both structures.

Using different

acceleration limits in different floors provides an advantage to the fixed-base structure.
Even though the accelerations responses are higher than the base-isolated structures,
fragilities are closer with the base-isolated structure in acceleration comparison. The
difference is mainly in the standard deviations in acceleration fragilities. Base-isolated
structures provide higher standard deviation values which is better for conservative
design.
The real difference that the base-isolation system creates, is more clear in comparison
of random vibrations, since the failure limits are the same. Both mean and standard
deviations are higher than fixed-based structures. These differences are more obvious
in risk curves.
To generate risk curves, integration formulations provided by Porter [7] are used.
Fragility curves and annual hazard curve are combined for each structures. Figure 4.1
shows fragility curves of vibration failure on 3rd floor of the both structure. Figure 4.3
shows risk outcome of the belonging fragilities. To generate risk matrix, Risk vs PGA
curves are used. Figure 4.4 is an example outcome for vibration failure on 3rd floor of
the both structure. For the rest of the curves, Appendix C, D and E are presented.

Figure 4.3 : Risk curves for vibration failure due to random vibration on 3rd floor. a)
Fixed-base b) Base-isolated
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Figure 4.4 : Risk vs PGA curves for vibration failure due to random vibration on 3rd
floor. a) Fixed-base b) Base-isolated

4.5 Proposed Risk Matrix for Data Center Structures
Proposed risk matrix is given in Figure 4.5. This matrix is generated by considering
both of the structures. Most of the data center structures are desinged as low-rise
structures. Therefore, the superstructure is selected as low-rise rigid structure. The
proposed risk matrix can be used to design and calculate the approximate risks for data
center structures.

Figure 4.5 : Risk Matrix for Data Center Structures
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5. CONCLUSION

In this study nonstructural components in data center structures are investigated.
Although the nonstructural components are not included in structural design, they are
subjected to external loads because of their connections with the load bearing systems.
Data centers are highly valueable buildings with very expensive and sensitive high-tech
server equipment. The cost of the structure generally is very low compare to the servers
inside. The relation between structural cost and cost of nonstuctural components is
valid for most of the structures. Additionally, nonstructural components can increase
the number of loss of life when they are damaged in and after an emergency situations
such as earthquakes and fire. Therefore, it is important to design the structures in given
limitations for nonstructural components especially in special buildings such as data
centers.
A probabilistic study is conducted to investigate server behavior in structures. The
main purpose is to propose a new method and a risk matrix for risk assessment of
data center structures. A sample low-rise rigid structure with elastomeric bearings
as isolation system is selected from current literature in companion with the current
standards. The selected structure is symmetrical in horizontal axes. The location
is selected as main campus of ITU in Maslak, Istanbul and SHA calculations are
completed for this location. Rupture probability is taken as uniform to calculate
source-to-site distances. The closest point on NAF to selected site is determined.
By using characteristic magnitude of selected segments and determined distances,
UHS are generated. 11 pairs of ground motions are scaled to these UHS. Monte
Carlo simulations are conducted with selected random variables both from structural
parameters and from isolation system parameters. A special MATLAB code script
is generated to organize the data and run the analyses on OpenSees platform. All
these steps are also completed for the same structure without the base isolation system.
Comparison is done by using the analyses outcomes as follows.
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Results are used to evaluate the failure criterias. Apart from the structural failure,
server racks are investigated by considering anchorage failure mod according to the
ASCE 7-16 and FEMA P58 formulations. Overturning-sliding behavior is accepted
as the main outcome of the anchorage failure. Another failure mod is the vibration
limitation of servers provided by producers and researchers.

Floor acceleration

response is the main intensity measure for these failure mods. According to the
determined limitations, fragility curves are generated. Site specific annual hazard curve
is provided by another research team. Risk calculations are completed by using these
annual hazard values and generated fragility curves, the results are used to establish a
risk curves for both of the structures. Additionally, risk matrix is generated by using the
curves from both fixed-based and base-isolated structures. Therefore, the risk matrix
can be used for designing of data centers in any tiers.
The outcomes of the study can be conclude as follows:
• In terms of acceleration responses, results show that isolation systems are more
sensitive to earthquake characteristics than variability of structural and mechanical
parameters.
• However, isolation systems are highly sensitive to variability of parameters in terms
of displacement responses.
• Fixed-based structures are highly sensitive to structural parameters in all intensity
measures.
• Lower floors such as base floor and first floor, are safer for nonstructural
components than higher floors in fixed-based structures. This is mainly valid for
acceleration-sensitive nonstructural components.
• For the base-isolated structures, the responses are very close for all floors. Means
that all floors can be used to place the nonstructural components if the design is
completed by considering nonstructural component failure limitations.
• Base isolation system generally ensures the safety for nonstructural components
that are sensitive to interstory drift ratio since the responses of all floors are almost
identical.
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• Critical failure mod is the failure of anchorages of server racks rather than vibration
failure of servers.
• The common idea that using base-isolation is safer than classic fixed-base design is
not valid for all cases. For lower floors mean values are close to each other for both
structures in both anchorage and vibration failures.
• Results show that the standard deviations are higher in base-isolated structures.
Therefore, for more conservative design, base isolation is suggested.
• Passive base isolation systems are useful to protect the structure and nonstructural
components. However, it is recommended to use active or semi-active systems for
the protection of acceleration sensitive nonstructural components.
Finally, following recommendations can be useful to improve this study:
• Artificial earthquakes can be used for sensitivity analyses to understand the
important parameters that effect the base-isolated structure most.
• Near-field effect can be included in selection of earthquakes.
• Use of active or semi-active systems should be investigated.
• Vertical earthquakes can be added into analyses.
• Analyses can be done with sample structures with different number of floors.
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APPENDIX A : Fault Segmentations and Characteristics of NAF in Marmara
Region

Figure A.1 : Fault segmentation in [12]

Figure A.2 : Source characteristic in [12]
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APPENDIX B: Active Fault lines in Marmara Region

Figure B.1 : Active fault map provided by [13]
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APPENDIX C: Fragility Results and Comparison of Fragility Methods

Figure C.1 : Fragility curves for anchorage failure on 3rd floor due to Peak Floor
Acceleration a) Fixed-base b) Base-isolated

Figure C.2 : Fragility curves for anchorage failure on 2nd floor due to PFA. a)
Fixed-base b)Base-isolated

Figure C.3 : Fragility curves for anchorage failure on 1st floor due to PFA. a)
Fixed-base b)Base-isolated
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Figure C.4 : Fragility curves for anchorage failure on base floor due to PFA. a)
Fixed-base b)Base-isolated

Figure C.5 : Fragility curves for vibration failure due to random vibration on 3rd
floor. a) Fixed-base b)Base-isolated

Figure C.6 : Fragility curves for vibration failure due to random vibration on 2nd
floor. a) Fixed-base b)Base-isolated
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Figure C.7 : Fragility curves for vibration failure due to random vibration on 1st
floor. a) Fixed-base b)Base-isolated

Figure C.8 : Fragility curves for vibration failure due to random vibration on base
floor. a) Fixed-base b)Base-isolated
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APPENDIX D: Risk Curves for Anchorage and Vibration Failure

Figure D.1 : Risk curves for anchorage failure on 3rd floor due to Peak Floor
Acceleration a) Fixed-base b) Base-isolated

Figure D.2 : Risk curves for anchorage failure on 2nd floor due to PFA. a) Fixed-base
b)Base-isolated

Figure D.3 : Risk curves for anchorage failure on 1st floor due to PFA. a) Fixed-base
b)Base-isolated
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Figure D.4 : Risk curves for anchorage failure on base floor due to PFA. a)
Fixed-base b)Base-isolated

Figure D.5 : Risk curves for vibration failure due to random vibration on 3rd floor. a)
Fixed-base b)Base-isolated

Figure D.6 : Risk curves for vibration failure due to random vibration on 2nd floor. a)
Fixed-base b)Base-isolated
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Figure D.7 : Risk curves for vibration failure due to random vibration on 1st floor. a)
Fixed-base b)Base-isolated

Figure D.8 : Risk curves for vibration failure due to random vibration on base floor.
a) Fixed-base b)Base-isolated
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APPENDIX E: Risk vs PGA Curves for Anchorage and Vibration Failure

Figure E.1 : Risk vs PGA curves for anchorage failure on 3rd floor due to Peak Floor
Acceleration a) Fixed-base b) Base-isolated

Figure E.2 : Risk vs PGA curves for anchorage failure on 2nd floor due to PFA. a)
Fixed-base b)Base-isolated

Figure E.3 : Risk vs PGA curves for anchorage failure on 1st floor due to PFA. a)
Fixed-base b)Base-isolated
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Figure E.4 : Risk vs PGA curves for anchorage failure on base floor due to PFA. a)
Fixed-base b)Base-isolated

Figure E.5 : Risk vs PGA curves for vibration failure due to random vibration on 3rd
floor. a) Fixed-base b)Base-isolated

Figure E.6 : Risk vs PGA curves for vibration failure due to random vibration on 2nd
floor. a) Fixed-base b)Base-isolated
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Figure E.7 : Risk vs PGA curves for vibration failure due to random vibration on 1st
floor. a) Fixed-base b)Base-isolated

Figure E.8 : Risk vs PGA curves for vibration failure due to random vibration on
base floor. a) Fixed-base b)Base-isolated
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