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THE INFLUENCE OF SITE HETEROGENEITY ON THE SEISMIC
RESPONSE OF NUCLEAR POWER PLANT STRUCTURES

SUMMARY

In order to ensure the safety of structures under earthquake loads and to evaluate the
seismic response of the structures, the effect of local soil conditions on ground motions
should be determined. The seismic response of structures considering the local site and
soil-structure interaction effects, many variables are to be defined. It is necessary to
know the simultaneous behavior of structure-foundation system and the soil, which is
a part of this system, under earthquake loads.

The majority of civil engineering structures are designed assuming that the structure
is fixed to the ground surface at the foundation level. For many years, this practice has
been assumed conservative in terms of seismic design. However, local soil properties
are directly influential at the design stage in determining the in-structure response
spectra or in the calculation of earthquake loads, and also in the conduct of liquefaction
analyses, or in the determination of earthquake-based loads for the design of ground
structures such as retaining structures, engineering fills and slopes. It is a fact that the
ground motion propagates through the soil media and the dynamic properties of soil
medium have effects on the structures behavior. Therefore, the interaction between
soil and structure should be taken into account.

The phenomenon of soil-structure interaction has been studied extensively, especially
for nuclear power plants. The highest priority has to be given to nuclear reactor safety
in nuclear power plant projects. The construction and operation of nuclear installations
are strictly controlled and regulated by the regulatory authorities. Even if one in a
million, always there is possibility of accident. An accident could result in dangerous
levels of radiation that could affect the health and safety of the public living near these
nuclear installations. The structure, which is the subject of analysis in this thesis, is a
nuclear reactor building with containment structure that is identified as the most
important structure in nuclear power plant designs. The reason why this kind of
identification is given to that building is because that structure houses the most critical
components. Thus, it is very important to understand the behavior of the subsurface
media in order to achieve the safety goals of nuclear reactors.

Soil-structure interaction is a sophisticated issue that includes topics such as seismic
field response, seismic wave motion, ground mechanics, geology, building mechanics
and structural dynamics. In this subject, it is necessary to consider multi-variable
elements such as soil behavior, structure behavior, and seismic wave propagation in
the soil media. Moreover, if the ground environment below the structures shows
heterogeneous features, it is very difficult to find a solution for modeling of that kind
of systems.
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In this thesis, the dynamic behavior of a nuclear power plant structure is investigated
under an earthquake input motion with the influence of heterogeneous soil conditions.
Within this context, site parameters and their variations in lateral and vertical
directions are taken into account and transfer of the site heterogeneity effects to the
super-structure is studied. The soil layers beneath the foundation are defined with
related parameters taking into account the uncertainties of the soil profile. In this
scope, strain dependent modulus degradation and damping curves are used to take into
account the nonlinearity in the soil response analyses performed using DEEPSOIL and
PLAXIS software for a variety of soil profiles. Accordingly, soil model with dynamic
high-strain properties and foundation input motion that are incorporated into the soil-
structure interaction analyses performed using ACS SASSI software based on the
International Atomic Energy Agency safety guides and U.S. standards and guidelines.

The results are given as graphs that includes in-structure-response-spectra considering
the effects of each soil profile in certain points of super-structure. Hence, the dynamic
seismic response of the structure originating from the soil parameters and their
influence on the outputs of the soil-structure interaction analyses are discussed over
those graphs.

It is concluded that peak ground accelerations are not varying noticeably along the
width of the foundation. But, the peak spectral accelerations are varying along with
the north-south direction.

The change of the soil layers impedances in-depth influence the dynamic response of
the structure remarkably. And also, it can be added that characteristic of soil profile
which is identified as heterogeneous, considerably affects the foundation’s dynamic
response. Somehow, in the upper structure at the higher elevations, it is seen that this
effect decreases.

Conclusively, it is observed that uncertainties taking into account the best estimate,
upper bound and lower bound profiles does not accurately represent the subsurface
soil that shows heterogeneous features. Hence, probabilistic soil-structure interaction
approach is suggested to use in order to have more accurate results.
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TEMEL ZEMINININ HETEROJENITESININ NUKLEER GUC SANTRALI
YAPILARININ SISMiK DAVRANISINA ETKISi

OZET

Yapilarin deprem yiikii altindaki gilivenligini saglamak ve sismik tepkisini
degerlendirmek i¢in yerel zemin kosullarinin yer hareketi tiizerindeki -etkisi
belirlenmelidir. Yapilarin sismik tepkisi hesaplanirken yerel zemin kosullar1 ve yap1
ile zemininin etkilesimini dikkate alan bir¢cok degisken tanimlanmalidir. Deprem
yiikleri altinda yapi-temel sisteminin ve bu sistemin bir parcasi olan zeminin eszamanli
davranigini bilmek gerekir.

Yapilarin biiyiik bir cogunlugu, yapinin temel seviyesinde zemin yiizeyine ankastre
oldugu varsayilarak tasarlanmigtir. Uzun yillar boyunca, bu uygulamanin sismik
tasarim agisindan olduk¢a muhafazakar oldugu kabul edilmistir. Ancak, yerel zemin
ozellikleri, tasarim asamasinda yapi ici tepki spektrumlarinin belirlenmesinde veya
deprem yiiklerinin hesaplanmasinda, bunun yanmi sira, sivilagma analizlerinin
gerceklestirilmesinde veya istinat yapilarinda, miithendislik dolgularinda ve sevlerde
depremden kaynakli olarak meydana gelen yiiklerin belirlenmesinde dogrudan
etkilidir. Yer hareketinin zemin ortami igerisinde yayildigi ve zemin ortaminin
dinamik 6zelliklerinin yap1 davranisini etkiledigi ¢ok agik bir sekilde ortadadir. Bu
nedenle, zemin ve yapi arasindaki etkilesimin bu tiir hesaplamalarda dikkate alinmasi
gerekmektedir.

Yap1 zemin etkilesimi olgusu, simdiye dek, 6zellikle niikleer santraller i¢in kapsamli
bir sekilde calisilagelmistir. Genel anlamda niikleer santraller dogal gaz kombine
cevrim santrali veya fosil yakit kullanan diger herhangi bir termik santral gibi elektrik
iireten termik santrallerdir. Atom ¢ekirdeginin pargalanmasi islemi sirasinda ortaya
cikan niikleer fisyon enerjisinden 1s1 tireteci olarak faydalanilir. Sizdirmaz 6zellikteki
kapali ortamda gerceklesen bu fisyon islemi sirasinda iiretilen 1s1 suyu buhara
doniistiiriir. Kaynar sudan ¢ikan buhar tiirbinleri ¢evirir ve jeneratorler elektrik iiretir.

Niikleer santral projelerinde her seyden once niikleer reaktdr glivenligine en yiiksek
oncelik verilmelidir. Niikleer tesislerin ingaati ve isletilmesi diizenleyici otoriteler
tarafindan siki bir sekilde kontrol edilmekte ve ilgili mevzuata iligskin diizenlemeler
yapilmaktadir. Ancak bununla beraber, niikleer santrallerde, diger herhangi bir tesiste
de olabilecegi gibi, milyonda bir bile olsa da her zaman kaza olasilig1 vardir. Herhangi
bir niikleer kaza, bu niikleer tesislerin yakin ¢evresinde yasayan halkin sagligini
etkileyebilir. Bu kazalar, halkin ve cevrenin gilivenligini etkileyebilecek sekilde
tehlikeli diizeyde radyasyona maruz kalmasina sebep olabilir. Bu tezde analiz konusu
olan yapi, niikleer santral tasarimlarinda en onemli yap1 olarak tanimlanan ve bir
korunak yapisina sahip bir niikleer reaktdr binasidir. S6z konusu tanimlamanin binaya
atfedilmesinin nedeni, yapinin en kritik bilesenleri barmmdirmasidir. Bu nedenle,
niikleer reaktorlerin niikleer giivenlik hedeflerine ulagsmak i¢in yap1 altindaki zemin
ortaminin davranigini saptayabilmek epey 6nem arz etmektedir.
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Yapi-zemin etkilesimi, zeminin sismik etkiler altindaki tepkisi, sismik dalga hareketi,
zemin mekanigi, jeoloji miithendisligi, yap1 mekanigi ve yapt dinamigi gibi konular1
iceren karmasik bir husustur. Bu konuda, zemin davranisi, yapt davranisi ve zemin
ortamindaki sismik dalga yayilim1 gibi bir¢ok degisken unsuru dikkate almak gerekir.
Ayrica, yapilarin altinda bulunan zemin heterojen 6zellikler gdsteriyorsa, bu tiir yapi-
zemin sistemlerinin modellenmesi oldukga zordur.

Yapi-zemin etkilesimi konularindaki miihendislik uygulamalari ve bunun niikleer
giivenlige etkileri bircok diizenleyici mevzuat, standart ve kilavuzda ele alinmaktadir.
Diizenleyici gerek dokiimanlari, karsilanmasi gereken hususlar anlaminda bir ¢erceve
belirler. Bu baglamda, konu 6zelinde, iilkelerarasi mutabakat olarak Uluslararasi Atom
Enerjisi Ajansinin giivenlik standartlar1 ve kilavuzlarinin yani sira uzun yillardir
Amerika Birlesik Devletinde kullanilagelen standart ve kilavuzlar olduk¢a yaygin bir
sekilde kullanilmaktadir.

Bu ¢alismada, tipik bir niikleer reaktor binasinin oturdugu zeminin heterojen 6zellikler
gostermesi durumunda bunun etkileri ve bu etkilerin {ist yapiya ve ekipmanlara ne
sekilde aktarildig1 hususu arastirilmigtir. Bu kapsamda, zemin tepki analizleri ve yapi-
zemin etkilesimi analizleri yiiriitiilmiis, bu analizlerin sonucunda c¢ikan kat tepki
spektrumlart yorumlanarak zemin heterojenitesinin {ist yapinin ve ekipmanlarin
dinamik davranigina etkisi tartisilmistir.

Tezin ilk boliimiinde, niikleer santral kavraminin daha iyi anlagilmasi i¢in niikleer
santral yapiminin kisa bir tarih¢esi ve daha sonra niikleer santrallerde giivenlik
kavrami ve giivenlik hedefleri irdelenmistir.

Ikinci béliimde, zemin tepki analizi ve bu tiir analizlerde kullamlan en yaygin
yontemler ile dinamik yapi-zemin etkilesimi analizi ve bu analizlerde kullanilan
¢oziim yontemleri hakkinda akademik literatlir bilgisi sunulmustur. Ayrica, yapi-
zemin etkilesimi analizi konusunda niikleer endiistride kullanilan zorunlu mevzuatla
birlikte daha detayli bilgi iceren kilavuzlar hakkinda bilgi verilmistir.

Bu konuda yiiriitiilmiis gecmis ¢aligmalar1 ve analiz yontemlerini 6zetleyen literatiir
taramasinin  ardindan, tglincii bolimde, zemin modelleme parametrelerinin
belirlenmesi ve bunlarin degisimi ile ilgili bilgiler verilmistir. Ek olarak, zemin tepki
analizlerinde dogrusal olmama durumunu hesaba katan dinamik zemin kayma modiilii
ve sonlim orani azalim egrileri tigiincii boliimde sunulmustur.

Daha sonra, zemin tepki analizi ile ilgili islem adimlarinda izlenen prosediir dordiincii
boliimde anlatilmugtir. 11k olarak, sismik girdi hareketinin belirlenmesi konusunda
ilgili standartlarda ve kilavuzlarda tanimlanan prosediirler izlenerek olusturulan sismik
girdi hareketi hakkinda bilgi verilmistir. Bunu takiben, zemin tepki analizi yapilmis ve
farkli kosullar1 dikkate alan zemin tepki analizlerine iliskin sonuglar paylasilmistir.

Tezin besinci bdliimiinde, derin egimli tabakalagsmaya bagli olarak heterojenligin
etkileri, DEEPSOIL yazilimi kullanilarak yapilan bir boyutlu esdeger dogrusal
analizler ve PLAXIS 2D yazilimi ile gerceklestirilen iki boyutlu zemin tepki
analizlerinin karsilastirilmasi yoluyla incelenmistir.

Altinc1 boliimde ilk olarak, segilen tipik reaktdr yapisinin ii¢ boyutlu modeli ve iist
yapmin dinamik Ozelliklerine dair bilgiler sunulmustur. Sonrasinda, yapi-zemin
etkilesimi analizlerinde en ¢ok kullanilan ve niikleer alanda endiistri standardi olarak
kabul edilen SASSI metodolojisinden faydalanan ACS SASSI yazilimi kullanilarak
yapilan yapi-zemin etkilesimi analizlerine dahil edilen zemin modeli ve sismik girdi
hareketine iligkin detaylar verilmistir.
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Bu tez ¢aligmasindaki niikleer santral yapisinin dinamik davranisi, heterojen zemin
kosullarinin etkisiyle birlikte bir deprem girdi hareketi altinda incelenmistir. Bu
baglamda, zemin parametreleri ve bunlarin yanal ve dikey yonlerdeki farkliliklar
dikkate alinmakta ve zemin heterojenitesi etkilerinin iist yapiya aktarilmasi hususuna
odaklanilmistir. Temel altindaki zemin tabakalari, zemin profilinin ortaya ¢ikarilmasi
asamasindaki belirsizlikleri de dikkate alacak sekilde ilgili parametrelerle birlikte
tanimlanmistir. Buna gore, zemin tepki analizleri gerceklestirilmistir. Zemin tepki
analizi sonucunda elde edilmis olan dinamik zemin parametreleri ve sismik girdi
hareketi, Uluslararas1 Atom Enerjisi Ajansi glivenlik kilavuzlar1 ve Amerika Birlesik
Devletleri standartlarina ve kilavuzlarina uygun bir bicimde yapi-zemin etkilesimi
analizlerine dahil edilmistir.

Sonuglar bolimiinde, her bir zemin profilinin {ist yapt igerisinde belirlenmis
bolgelerdeki etkileri yapi i¢i tepki spektrumlarini igeren grafikler araciligiyla mercek
altina alimmustir. Bu bilgiler 1181nda, zemin parametrelerinden kaynaklanan sonuglar
ve bunlarin SASSI ¢iktilari iizerindeki etkileri tartigilmastir.

Burada, en yiiksek yer ivmelerinin temel genisligi boyunca gozle goriiliir bir sekilde
degismedigi, varilan sonuglardan biridir. Ancak, en yiiksek spektral ivmelerin kuzey-
giiney dogrultusu boyunca degisime ugradigi gozlemlenmistir.

Zemin katmanlarimin empedanslarinin derinlikle birlikte degisiminin yapida dnemli
ol¢iide dinamik davranig degisikligine yol agtig1 goriilmiistiir. Ayrica, heterojen 6zellik
gosteren zemin profillerinin temelin dinamik davranisini biiyiik olgiide etkiledigi
sonucu da eklenebilir. Fakat, bu etkinin {ist yapida, yukaridaki kotlara ¢ikildikca
azaldig1 goriilmiistiir.

Son olarak, belirsizlikleri dikkate alan ortalama, alt smir ve {ist sinir zemin
profillerinin, heterojen nitelikteki zeminleri tam olarak temsil etmedigi goriilmiistiir.
Bu sebeple, daha isabetli sonuglara ulagabilmek i¢in her daim zemin arastirmalarinin
kalitesinin artirilmasi dogal olarak gerekmekle beraber, analiz yaklasimi olarak da
olasiliksal yapi-zemin etkilesimi analizinin kullanilmas1 6nerilmektedir.
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1. INTRODUCTION

Nuclear power plants are electricity generating thermal plants just as natural gas
combined cycle plant, coal-fired thermal power plant or any other thermal power plant.
Nuclear fission energy from splitting the atomic nucleus utilized as heat generator.
Water converts to steam because of the heat produced during this fission process that
continues in a contained environment. Steam resulting from the boiling water turns

turbines and generators produce electricity.

Around the world, nuclear power generating plants are divided into two main
categories: pressurized water reactors (PWR) and boiling water reactors (BWR). Both
systems boil water for steam generation in both cases the thermal energy of steam is

converted into electric power. After this process, this steam is cooled in any case.

Schematic view of a typical pressurized water reactor system and boiling water reactor

system are respectively shown in Figure 1.1 and Figure 1.2 (“Url-1,” n.d.).

Containment Structure

Pressurizer _Steam
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Reactor
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[ Condenser

Figure 1.1: Schematic view of a typical pressurized water reactor
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Containment Structure
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Figure 1.2: Schematic view of a typical boiling water reactor

It is not obviously seen in the abovementioned figures. However, the reactor coolant
water is not the same water that boils to steam and powers the condenser. For instance,
in a pressurized water reactor, the primary circuit, which contains radioactive coolant,
is composed of a thermal-neutron reactor, reactor coolant loops, and a steam
pressurizer. Each loop includes a steam generator and a reactor coolant pump, both
connected with the reactor through cold and hot legs of the reactor coolant pipeline.
The secondary circuit, which is nonradioactive, comprises the steam generators’ steam
generating part, main steam lines, one turbine, auxiliary equipment and associated
systems, including those serving for heating and supplying feed water to the steam

generators.

Electricity generation with nuclear has a considerable share to meet the world’s energy
need. There are 450 units in operation and 55 units under construction all around the
world by the end of March, 2019 (“Url-2,” n.d.). Distribution of the number of
operational reactors by countries is presented in Figure 1.3. Most of the operational
reactors are distributed in North America, Asia (Far East) and Western Europe.
Additionally, the country with the highest number of reactors is United States of

America with 97 reactors and France takes the second place with 58 reactors.
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Figure 1.3: Number of operational reactors by countries in the world
Furthermore, the number of units under construction distributed by countries is shown

in Figure 1.4. As of March 2019, in China 11, in India 7, in Russia 6 reactors are under

construction. Besides, 1 unit is under construction in Turkey.
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Figure 1.4: Number of under construction reactors by countries in the world

Throughout the development of nuclear reactors over a 60-year period, new generation
plants using coolants such as gas, molten salt and liquid metals other than water,
become more efficient in power generation. A light water type reactor design PWR,
that uses pressurized water as the coolant to reduce the heat released by fission and
transfer it to electrical generators, is predominantly constructed. By all means, full

attention is thoroughly paid to reactor safety all over the world.

Major nuclear accidents, such as Three Mile Island, Chernobyl and Fukushima
Daiichi, have caused severe damage in the past. Even though it shakes the confidence
concerning nuclear power development for most countries, and especially have great

influence on the development of nuclear power.

Aforementioned NPPs, namely Three Mile Island, Chernobyl and Fukushima Daiichi
have the most common reactor technologies like pressurized water reactor and boiling
water reactors. However, defects and problems in terms of safety confronted with the

occurrence of these three major nuclear accidents.

The weaknesses of the NPPs have revealed after each nuclear accident and the critical
importance of nuclear safety has become apparent. The opposition against this energy
source continues in consequence of those accidents. Nevertheless, every nuclear

accident leads up the improvement of nuclear safety (Gu, 2018).
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1.1 A Brief History of Nuclear Power Plants Construction

The first nuclear power plant to be connected to an external grid goes operational on
the 27" of June, 1954, in Obninsk, Russia. The nuclear reactor, which is shown in
Figure 1.5, used to generate electricity, paved the way for Obninsk to be a Soviet

scientific city and Obninsk still holds this soubriquet as the First Russian Science City

(Nuclear Energy Agency, 2009).

Figure 1.5: The first nuclear power plant, Obninsk NPP (“Url-3,” n.d.)

Obninsk city, currently houses more than 12 scientific research institutions and a
technical university. Research is focused on nuclear-power engineering, nuclear
physics, radiation technology, the technology of medical radiology and environmental

protection (“Url-4,” n.d.).

Since 1954, after Obninsk NPP started operating, most of the industrialized western

countries and countries like India and China, have welcomed nuclear power.

Two years after the first commercial NPP, Calder Hall was opened in the United
Kingdom, with four 50 MWe reactors putting 200 MWe into the grid in 1956. The first
commercial electricity-generating plant powered by nuclear energy in the U.S., is
located in Shippingport, Pennsylvania. It reached its full design power in 1957. Light-
water reactors like Shippingport use light water (i.e. ordinary water) to cool down the
reactor core during the chain reaction. After Shippingport became critic, industry
became more and more interested in developing light water reactors (Nuclear Energy

Agency, 2009).
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Later on, the first commercial pressurized water reactor (PWR) of 250 MWe was
designed in U.S., Yankee Rowe, which started up in 1960 and operated to 1992. In the
meantime, Argonne National Laboratory develops the boiling water reactor (BWR),
and the first one, Dresden-1 of 250 MWe, designed by General Electric, is started up
earlier in 1960. A prototype BWR, Vallecitos, ran from 1957 to 1963. By the end of
the 1960s, PWR and BWR reactor units of more than 1000 MWe begins to be ordered.

Canada have developed reactors as well, but in a different way. These reactors were
using natural uranium fuel and heavy water as a coolant and moderator. The first unit
started up in 1962. Atomic Energy of Canada Limited still continues to improve this

CANDU design.

France started out with a gas-graphite design and the first reactor started up in 1956.
Commercial models operated from 1959. It then settled on three successive

generations of standardised PWRs.

In 1964, two Soviet nuclear power plants start commissioning. A boiling water
graphite channel reactor (100 MWe) begins operating in Beloyarsk (Urals). In
Novovoronezh (Volga region) a new design, a small (210 MWe) pressurised water
reactor known as a VVER (Vodo-Vodyanoi Energetichesky Reaktor or Water-cooled

Power Reactor), is constructed.

In 1973, the first large 1000 MWe RBMK (Reaktor Bolshoy Moshchnosti Kanalnyy,
High Power Channel-type Reactor) started up at Sosnovy Bor near Leningrad, and a
VVER with a capacity of 440 MWe becomes critic in the Arctic northwest. This is

superseeded by a 1000 MWe version that becomes a standard design.

Other countries across the world, have decided on light-water designs for their nuclear

power programmes, so that today 66% of the world capacity is PWR and 16% is BWR.

From the late 1970s to about 1990s, the historic growth in global nuclear generating
capacity increases. Afterwards, nuclear power industry declines and stagnates.
However, by the late 1990s, the first of the third-generation reactors, namely

Kashiwazaki-Kariwa 6 (a 1350 MWe Advanced BWR), starts operating in Japan.

As a consequence of increasing electricity demand worldwide, especially in rapidly-
developing countries, each country gives importance having assured access to

affordable energy and thus re-starts their NPP construction programmes, in order to
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meet demand at all times. Secondly, concerns about climate change for the need of

carbon emissions limitation leads to an increase in the number of NPPs construction.

These factors coincided with the availability of a new generation of nuclear power
reactors, and in 2004 the first of the late third-generation units is ordered for Finland
—a 1600 MWe European Pressurized Water Reactor (EPR). Similarly, one other unit
is constructed in France, and in the U.S. two new Westinghouse AP1000 units, each

unit produces 1100 MWe, are built.

Afterall, plans and construction in Asia, particularly China and India, steal the
spotlight from those in Europe and North America. The Republic of China alone
marches forward to a huge nuclear power capacity. China plans to build more than
one hundred further large units proposed and backed by credible political
determination and popular support. Mostly, they are modernized Western design, or

adaptations thereof. Besides, local designs are being constructed.

The history of nuclear power thus starts with science in Europe and then thrives in the
UK and U.S. with the economic and technological development, decelerates for a few
decades and later has a new growth spurt in East Asia. Almost over 17,000 reactor-
years of operation have been accumulated within that period to satisfy the need of the

world’s electricity (Hardy, 1999).

An intergovernmental agreement was signed between Russian Federation and
Republic of Turkey within the framework of the construction and operation of a
nuclear power plant at the Akkuyu site in Turkey, in 2010. The first NPP in Turkey,

which is a VVER design, is under construction since 2018.

1.2 Safety Considerations of NPPs

The foundations of nuclear safety were laid after well-known speech by the U.S.
president Dwight D. Eisenhower ‘‘Atoms for Peace”. It was a precursor of
standardization and promotion of the peaceful use of atomic energy (Eisenhower,

2003).

Three fundamental terminology noted as‘‘3S”; nuclear safety, nuclear security and
nuclear safeguard serve as basis in nuclear regulation. International Atomic Energy
Agency (IAEA) defines nuclear safety as ‘‘the achievement of proper operating

conditions, prevention of accidents or mitigation of accident consequences, resulting
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in protection of workers, the public and the environment from undue radiation
hazards” (IAEA, 2007) (p.133). While, the IAEA defines nuclear security as ‘the
prevention and detection of and response to, theft, sabotage, unauthorized access,
illegal transfer or other malicious acts involving nuclear material, other radioactive
substances or their associated facilities” (IAEA, 2007) (p.133). Nuclear safeguards
specifies countermeasures to guarantee that governments obey the international

regulations about nonuse of nuclear materials for nuclear explosives.

Bearing in mind the operation, decommissioning and waste disposal processess, at
least 100 years dedication to maintain a sustainable national infrastructure may be
needed for each nuclear power plant projects. The development of a nuclear power
programme necessitates concentration to many interconnected and complex issues for
a long period. Throughout these steps, the highest priority has to be given to nuclear
reactor safety for each NPP projects in the world. Thus, it is very important to

understand the safety considerations of nuclear reactors.

Nuclear safety requires commitments by all counterparts, such as the government,
operator, regulatory body, nuclear technology and equipment suppliers and other

parties, to ensure safety in all aspects of the nuclear power programme.

The fundamental safety objective is to protect people and the environment. Certainly,
this objective has to be achieved without unreasonably limiting the operation of
nuclear facilities and not posing to radiation risks. In order to maintain the highest
standards of safety and to ascertain that facilities are operated safely, measures have

to be taken:

* To limit the radiation exposure of people and the release of radioactive

substances to the environment in a controlled manner,

* To minimize the possibility of events that might lead to a loss of control over
a nuclear reactor core, nuclear chain reaction, radioactive source or any other

source of radiation,
* To mitigate the consequences of events if they are to occur.

Those objectives should be applied to all nuclear facilities and activities and for the
design and planning, siting, manufacturing, construction, commissioning and

operation and decommissioning stages of a facility (IAEA, 2006).
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Countries are responsible for the establishment of their nuclear safety regulations.
However, radiation risks have no borders, and that makes nuclear safety a global issue.
International collaboration is a must to enhance safety, to control hazards, to prevent

accidents, to respond to emergencies and to mitigate any harmful consequences.

The TAEA safety standards reflect an international consensus on nuclear safety.
However, these safety standards are high level of documents that constitutes a useful
tool for all contracting parties under international conventions. Each member state

have to fulfil it national and international obligations.

IAEA safety fundamentals establish safety objectives and principles. Safety
requirements specify the requirements for the purpose of protecting people and
environment from the harmful effects of radiation. Lastly, IAEA safety guides give
recommendations to conform to the safety requirements with guidance in a more
detailed way. The hierarchical structure of IAEA safety fundamental, requirements

and guides is presented in Figure 1.6.

Safety Fundamentals
Fundamental Safety Principles
|

General Safety Requirements Specific Safety Requirements
Part 1. Governmental, Legal and 1. Site Evaluation for
Regulatory Framework for Safety Nuclear Installations

it Leadefrsr 'Spa?:; oo 2. Safety of Nuclear Power Plants

2/1 Design
Part 3. Radiation Protection and 2/2 Commissioning and Operation
Safety of Radiation Sources
S ‘Sgretyl »sses‘srp‘ent or 3. Safety of Research Reactors
Facilities and Activities
Part 5. Predisposal Management 4. Safety of Nuclear Fuel
of Radioactive Waste Cycle Facilities
Part 6. Decommissioning and 5. Safety of Radioactive Waste
Termination of Activities Disposal Facilities
Part 7. Emergency Preparedness 6. Safe Transport of
and Response Radioactive Material

|
Collection of Safety Guides

Figure 1.6: Structure of the IAEA Safety Standards Series

The main safety principles are described in IAEA Safety Fundamentals No. SF-1,
Fundamental Safety Principles, 2006 (IAEA, 2006). IAEA establishes safety
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requirements, recommendations and guidance to comply with by these safety

principles.

According to IAEA, one of the major concepts, in terms of safety, entitled as defence-
in-depth. The main idea behind this concept is multiple levels of protection. IAEA
gives uttermost priority to it in its various aspects. Defence in depth can be described

1n association with:
* A well-established safety culture,

* Suitable site selection and engineering and designing features providing safety

margins, diversity and redundancy, principally by the help of:
o Design, technology and materials of high quality and reliability,
o Control, limiting and protection systems and surveillance features,
o Inherent and engineered safety features.

¢ Comprehensive operational procedures and practices likewise accident

management procedures (IAEA, 2006).

Basically, nuclear safety aims to protect public and the environment from the
detrimental effects of ionizing radiation. The strategy for defense in depth consists of
two parts: first, to prevent accidents and second, if prevention fails, to limit the
potential consequences of accidents and to prevent their evolution to more severe
conditions. According to a report by International Nuclear Safety Advisory Group
numbered as INSAG-10, defence in depth comprises of five levels (INSAG, 1996).
Each level and their essential objectives by means of ensuring safety are shown in
Table 1.1. This table consists of five levels of defense in depth. First four levels have
the objective of prevention or control, and the fifth level aims the mitigation of

radiological consequences of significant releases of radioactive materials.
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Table 1.1: Levels of Defense in Depth

Levels Objective Essential means

Level 1 Prevention of abnormal Conservative design and high
operation and failures quality in construction and

operation

Level 2 Control of abnormal Control, limiting and
operation and detection protection systems and other
of failures surveillance features

Level 3 Control of accidents within Engineered safety features
the design basis and accident procedures

Level 4 Control of severe plant condi- Complementary measures
tions, including prevention and accident management
of accident progression and
mitigation of the consequences
of severe accidents

Level 5 Mitigation of radiological Off-site emergency response

consequences of significant
releases of radioactive
materials

If one level were to fail, the subsequent level comes into play, and so on. Special
attention is paid to hazards that could potentially impair several levels of defense, such
as fire, flooding or earthquakes. Precautions are taken to prevent such hazards

wherever possible and the plant and its safety systems are designed to cope with them.

Site heterogeneity effects to the seismic response of a typical reactor building is
investigated in this study. In connection with the chosen nuclear facility structure type,
a necessity for clarification how the structures, systems and components are classified

in a nuclear power plant according to their importance to safety is arisen.

According to IAEA Safety Guide NS-G-1.6 (IAEA, 2003), the selected typical reactor
building generally enters into Seismic Category 1 in almost every nuclear power plant
design. Determination methods for each category have evolved in the light of

experience gained in the design and operation of existing plants. Hence, this
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categorization used in practice identifies that this type of structures deemed to have
the highest importance to seismic safety. Seismic Category 1 structures, such as reactor
building, should be designed to resist SL-2 earthquake level or in another terminology,
Safe Shutdown Earthquake (SSE). In case of a SL-2 earthquake, all defence in depth
levels should be available. Within the context of the defence in depth approach, as

indicated in Table 1.1, earthquakes are included in Level 1 of defence in depth.

1.3 Objective and Scope

Despite the fact that the construction and operation of nuclear installations are strictly
controlled and regulated by the regulatory authorities all over the world, even if one in
a million, always there is possibility of accident. An accident could result in dangerous
levels of radiation that could affect the health and safety of the public living near these

nuclear installations.

The structure, which is the subject of analysis in this thesis, is a nuclear reactor building
with containment structure that is identified as the most important structure in nuclear
power plant designs. The reason why this kind of identification is given to that building
is because that structure houses the most critical components. During an earthquake,
the properties of soil media affects the dynamic response of the super-structure. This
dynamic effects transferred from the soil to the structure and vice versa, is named as

soil-structure interaction (SSI).

In this study, a typical nuclear reactor building is considered to investigate site
heterogeneity effects on the seismic response of the super-structure. Therefore, in the
first chapter, a brief history of nuclear power plants construction and then safety
considerations in NPPs conveyed in order to comprehend the nuclear safety concept

better.

In Chapter 2 of this thesis, academic literature information is given regarding site
response analysis and the most common methods used in this type of analysis, dynamic
soil-structure interaction analysis and general solution methods of SSI analysis, and
guidelines for SSI analysis along with requirements in nuclear standards and guides

are presented as a subchapter.

Following the literature review summarizing the past studies and analysis methods in

the second chapter, information regarding the determination of soil modelling
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parameters and their variations is presented. Additionally, strain dependent modulus
degradation and damping curves used to take into account the nonlinearity in the soil

response analyses is submitted in Chapter 3.

Afterwards, process steps regarding site response analysis are followed in Chapter 4.
Firstly, seismic input motion is generated following the procedures defined in the
related standards and guidelines. Following this, site response analysis is performed,

and the 1D equivalent linear site response analysis results are shared.

Within Chapter 5, the influences of heterogeneity due to the deeply inclined layering
on the dynamic responses of the foundation are investigated through a comparison
between 1D equivalent linear analyses using DEEPSOIL Hashash et al. (2016) and 2D
site response analyses carried out with PLAXIS 2D software (Brinkgreve et al., 2006).

In Chapter 6, the super-structure model of chosen generic reactor building type and its
dynamic properties are presented. Furthermore, soil model and input motion which are
incorporated into the soil-structure interaction analyses performed using ACS SASSI

software (GP Technologies Inc., 2014).

The results are given as graphs which includes in-structure-response-spectra
considering the effects of each soil profile in certain points of super-structure. The
results stemming from the soil parameters and their influence on the SASSI outputs

are discussed.

It is discussed how the description of site effects could be refined by increasing the

number of descriptive parameters as a future recommendation.
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2. LITERATURE REWIEW

2.1 Site Response

Determining how the surface motions are affected by the soil layers above the bedrock,
the propagation of the shear waves towards the upper part of the bedrock under a
certain area, the development of fracture modeling from an earthquake source, and the
development of the design response spectra can only be achieved by site response

analyses.

In order to ensure the safety of structures under earthquake loads and to evaluate the
seismic response of the structures, the effect of local soil conditions on ground motions
should be determined. The seismic response of structures considering the local site and
soil-structure interaction effects, many variables are to be defined. It is necessary to
know the simultaneous behavior of structure-foundation system and the soil, which is

a part of this system, under earthquake loads.

Under those earthquake loads, the free-field response of the soil above the bedrock is
calculated. This calculation is named as “site response analysis”. Site response
analyses are used to assess the effects of local soil conditions on the surface motion.
The seismic waves propagate from bedrock to the surface with the influence of local
soil conditions and it can be generally defined by the character of seismic sources,

earthquake magnitudes, fracture mechanism and local soil conditions.

Local soil properties are directly influential at the design stage in determining the in-
structure response spectra or in the calculation of earthquake loads, and also in the
conduct of liquefaction analyses, or in the determination of earthquake-based loads for
the design of ground structures such as retaining structures, engineering fills and
slopes. In site response analysis, the propagation of shear waves, as shown in Figure

2.1, travelling from the bedrock to the ground surface is analyzed.
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Figure 2.1: Wave propagation process to the ground surface (Kramer, 1996)

In order to perform site response analysis;
* Calculation or selection of the site-specific ground acceleration,
* Design ground motion determination,
* Determination of dynamic properties of soil layers,
* Selection of the dynamic behavior analysis method,
are required.

The ground acceleration and earthquake magnitude are obtained from the seismic
hazard analysis. In the seismic hazard analysis, the distance from the active fault lines

to the site and the empirical relations or taking into account the faulting mechanism.

As an input to the seismic soil-structure interaction analysis, the surface ground
motion, in other words the free-field response spectra must be calculated. Free-field
motion is the vibration of the soil media with the effect of earthquake in case without

any structure on the ground.

In the seismic analysis of the structures built on the bedrock, it is observed that the
ground motion seen in the basemat is similar to the ground motion before the building
is constructed (Wolf, 1988). Based on the ground motion record on the ground surface
in such soil media, it can be adopted as a reasonable approach to perform seismic

response calculations of structures.

Design ground motion can be obtained from artificially generated acceleration records
by using a series of earthquake acceleration records recorded in the past in regions
with similar soil conditions, or by utilizing seismic hazard analysis. The dynamic
properties of the soil layers are determined by the site investigations and in-situ

experiments. The analysis of the soil layers behavior under the seismic effects
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occurring in the bedrock and calculation methodology of the soil properties effects on
the ground motion in the frequency domain can be one-dimensional, two-dimensional

or three-dimensional (Kramer, 1996).

For many years, a couple of site response analysis methodologies have been
developed. Those methodologies are grouped in regard to the dimensionality and the
assumptions used in the analyses. Among these methods, the most commonly used
method can be addressed as one-dimensional method in terms of dimensionality. The
basic approaches within the scope of one-dimensional soil response analysis can be
classified as linear, equivalent linear and nonlinear. Linear soil behavior has constant
shear modulus and damping ratio for each soil layer. In the case of nonlinear soil
behavior, the shear modulus and damping ratio vary according to the stress

deformation relations.

Those methods have the advantages and disadvantages among each other. The
selection of the methodology depends on the decision regarding the effectiveness of

the local soil characteristics modeling.

However, in the one-dimensional site response analysis, a set of assumptions are

considered as follows:
* All soil layers are parallel and horizontal,

* Seismic waves spreading from the main rock in the vertical direction cause the

ground to react,
e Ground and main rock surfaces are infinite in third dimension.

Equivalent linear site response analyses are carried out with programs such as
SHAKE2000 (Schnabel et al., 2009) and DEEPSOIL (Hashash et al., 2016) using
frequency-domain equivalent linear approach. In addition to this, finite element
programs such as OpenSees (Mazzoni et al., 2009), ABAQUS (Dassault Systemes,
2005) and LS-DYNA (LSTC, 2009) are mostly used in time-domain nonlinear
analysis. DEEPSOIL, which is used in this thesis for the one-dimensional equivalent
linear analyses, can also be used to perform nonlinear time-domain site response

analysis.
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2.1.1 Equivalent linear site response analysis

It is widely known that the soil medium shows nonlinear behavior under the seismic
loads. The equivalent linear approach is practically applied taking into account the
nonlinearity by approximating the nonlinear properties of soil for its computational
efficiency and reasonable approximations. This simplified approach uses strain-

compatible, linear material properties of the soil.

Firstly, the equivalent linear approach for site response analysis is suggested by
Idriss and Seed (1967) that estimates nonlinear soil response through a linear analysis.
Later, Schnabel et al. (1972) implemented this method in the frequency-domain and
created SHAKE software, which is widely used in engineering applications. The
equivalent linear method in frequency-domain is still current practice in nuclear

industry.

In the equivalent linear method, either in the frequency or the time-domain, the soil
layer properties are iteratively adjusted with a series of linear analyses. A linear
analysis is first performed using the initial values of shear modulus and damping ratio,
and the high-strains in the soil layers are computed. An effective shear strain is then
calculated for each layer by multiplying the high shear strain by an effective shear
strain ratio. This strain value, along with the assumed or experimentally determined
modulus reduction and damping curves, is used to update the shear modulus and

damping ratio of each layer.

The dynamic properties of the soil media under dynamic loads such as earthquakes are
largely dependent on the shear-strain ratio characteristics under the cycling loading.

These characteristics can be listed as follows:

¢ Shear modulus value Gnay, obtained at very small shear strains (generally less

than 0.001%)

* Relationship between the maximum shear modulus Guax and vy (this

relationship is usually denoted as G/Gpax - 7y curves),
* Damping ratio variation with shear strain ({ —vy),

The relationship between shear stress T and y is shown in Figure 2.2. In this figure,

when the shear strain is low, the shear modulus increases while the shear modulus
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decreases with the increase of shear strain. The hysteresis curves of different cycling

shear strain can be combined accordingly.

SHEAR STRESS
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Figure 2.2: First-cycle stress-strain curve (Vucetic & Dobry, 1991)

Gmax value is degraded with the increase of shear strain and the shear modulus ratio
G/Gpmax Will be less than 1.0. Hence, the overall stiffness is dependent on G/Gmax
together with the other parameters such as the shear strain ratio and the damping ratio.
The strain-dependent shear modulus degradation and damping ratio curves are shown

in Figure 2.3. These relationships are described through certain laboratory studies.
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Figure 2.3: Strain-dependent shear modulus degradation and damping ratio curves

(Vucetic & Dobry, 1991)
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Calculation steps using equivalent linear approximation method to represent nonlinear

soil behavior can be described as follows:

1. Initial values of G (Gmax) and damping ratio ({,) are taken for each soil layer.
Generally, they correspond to the same shear strain ratio. Small-strain values

are generally used in initial values,

2. Gmax and {, values are used to calculate the soil response and the shear strain

of each layer,

3. The effective shear strain ratios at each layer (y") is obtained from the
maximum shear strain within the time-dependent change of the calculated

shear strain,

4. Sequent equivalent linear values G and (" are selected from the effective

shear strain ratio for the next iteration,

5. The process from the second step to the fourth step until the difference between
the shear modulus and the damping ratio calculated in the two iterations is

below the value previously determined for all layers (Schnabel et al., 1972).

It was observed that the ground reactions determined based on these assumptions were

consistent with the measured responses during many earthquakes.

Equivalent linear approach is adopted by the computer programs such as SHAKE
(Schnabel et al., 2009) and SASSI (Lysmer et al., 1999). In this thesis, DEEPSOIL and
SASSI programs are used for the seismic response incorporating one-dimensional

equivalent linear analyses.

2.1.2 Nonlinear site response analysis

The realistic behavior of the soil under cyclic loading can be modeled by nonlinear
and backbone curves namely nonlinear hysteretic model. The main idea for modeling
the dynamic behavior of the soil with different shear stress-strain curves is that this
behavior varies depending on the amplitude of cyclic loading. When the amplitude of
the motion such as earthquake vibration is low, linear behavior is observed on the
surface, while nonlinear behavior due to plastic deformation is observed due to shifts
between the soil grains in cyclic and large amplitude motions. Due to the intrinsic
properties of the earthquakes, such as frequency content, duration and amplitude of the

dynamic motion, and the engineering properties of the soil, the soil behavior is
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expected to be complex. Some complex material models, such as Kodner-Zelasko
model (Lee and Finn, 1978), and modified version of this model (Matasovic, 1993)
were developed using experimental data on the basis of Masing rules (Masing 1926).
Nonlinear hyperbolic soil model to define loading and unloading behavior with

extended Masing rule is shown in Figure 2.4.

Figure 2.4: Extended Masing rules: (a) variation of shear stress with time; (b)

resulting stress-strain behaviour (backbone curve indicated by dashed line) (Kramer,

1996)

Based on these models, computer programs such as OpenSees (Mazzoni et al., 2009),
ABAQUS (Dassault Systemes, 2005), LS-DYNA (LSTC, 2009) and DEEPSOIL
(Hashash et al., 2016) were developed.

In this method, site response analyses are carried out with mainly lumped mass
approach and finite element approach. In the lumped mass approach, the soil layers
are modeled as individual lumped masses linked with springs. Equations of motion is
calculated and integrated for each soil layer. On the other hand, the soil layers are
modelled with solid elements. The lumped mass and finite element approaches are

sketched in Figure 2.5.
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Figure 2.5: The lumped mass and finite element approaches in nonlinear site
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response analysis (Bolisetti, et al., 2014)

The soil profiles are modeled in a more realistic way with a nonlinear approach.

However, this approach is not practically used in the structural engineering of nuclear
field.

2.2 Dynamic Soil-Structure Interaction

The earthquake resistant design of the majority of civil engineering structures are
performed with assuming that the structure is fixed to the ground surface at the
foundation level. For many years, this practice has been assumed to be conservative in
terms of seismic design (Bhaumik & Raychowdhury, 2013). However, the ground
motion propagates through the soil media and it is an undeniable fact that the dynamic
properties of soil medium, particularly soft soils have effects on the structures’
behavior. Therefore, the interaction between soil and structure should be taken into

account. This interaction is named as soil-structure interaction (SSI).

Soil-structure interaction is a sophisticated issue that includes topics such as seismic
field response, seismic wave motion, ground mechanics, geology, building mechanics

and structural dynamics. In this subject, it is necessary to consider multi-variable
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elements such as soil behavior, structure behavior, and seismic wave propagation in

the soil media.

The interaction is caused by the diffusion of the ground motion waves from the
foundation surface and by the structural damping of the vibrations and energy. Due to
these effects, the deformation (displacements, velocities and accelerations) in the soil
surrounding the structure are different from the deformation on the free surface. Thus,
the dynamic behavior of a structure supported by a soft soil can be different from an
identical structure on a very hard soil or rock considering the amplitude and frequency
content. The soil-structure system shows higher structural response at a relatively low
frequency compared to a similar structure resting on the rigid floor. However, the
structural response is also affected by the radiation damping and material damping that

occur in the soil media.

The deformations of a structure during earthquake shaking are affected by interactions
between three linked systems: the structure, the foundation, and the geologic media
underlying and surrounding the foundation. A seismic Soil-Structure Interaction (SSI)
analysis evaluates the collective response of these systems to a specified free-field
ground motion. A seismic soil-structure interaction analysis evaluates the collective
response of the structure, the foundation, and the geologic media underlying and
surrounding the foundation, to a specified free-field ground motion. The term free-
field refers to motions that are not affected by structural vibrations or the scattering of
waves at, and around, the foundation. SSI effects are absent for the theoretical
condition of a rigid foundation supported on rigid soil. Accordingly, SSI accounts for
the difference between the actual response of the structure and the response of the

theoretical, rigid base condition.

SSI effects are categorized as inertial interaction effects, kinematic interaction effects,
and soil-foundation flexibility effects. The terms kinematic and inertial interaction are

introduced in 1975 by Robert Whitman at MIT.
The SSI effects can be listed as below:

e Inertial effect: The deformations at the foundation level due to inertial effect

would amplify the free field motion.

* Kinematic effect: The rigid boundary had a kinematic effect on the response

and creates incoherency on the shear waves reaching to the foundation. If the

51



soil profile has deeply inclined layers, this incoherency effect is more
considerably pronounced. This kinematic interaction would deamplify the free-

field motion.

* Soil-foundation flexibility effect: The weight of the foundation increased the
stresses in the soil, which in turn increased the shear wave velocities and the
moduli of the soil layers. Increased shear wave velocities and/or shear moduli
would amplify accelerations with higher frequency components to the surface

and cause lower internal damping (Kausel, 2010).

The properties of soil are not directly considered in conventional structures and
modeling and analysis of the structures are carried out using only certain soil
parameters. Therefore, the soil-structure interaction is ignored. Currently almost every
high-level standard and regulation establish requirements considering this

phenomenon which may be critical for facilities like nuclear power plants.

Firstly, in 1867, a theory was proposed by Winkler based on the assumption that
reactions of subsoil are directly proportional to settlement of a foundation structure
(Winkler, 1867). However, this study and numerous studies have focused only on the
foundation behavior until 1950s. In 1954 by R.G. Merrit and Prof. George Housner
observed that horizontal records obtained at the foundation are similar to motion
records on structure nearby, concluding that the lateral compliance of the foundation
has a very little effect on these motions (Merrit & Housner, 1954). In 1957, Housner
investigated the interaction of a building and the soil during an earthquake. In this
study, the significant effects were observed on the rocking motion of a building resting

on a soft soil (Housner, 1957).

Most of the studies were numerical until the recent studies carried out during 2000s
(Kausel, 2010). Ductility effects accounting for nonlinearity of structures under
dynamic conditions with SSI effects due to rocking were investigated (Mylonakis and
Gazetas, 2000). Many experimental studies conducted internationally in addition to
the numerical considerations. A number of experiments were performed by scientists
including Maugeri et al. (2000), Knappett et al. (2004), Turan et al. (2009), and Qin
and Chouw (2010) using shaking table.

In 1991, Gazetas used Winkler springs with elastic stiffness for modeling a machine

foundation. His study involves a number of impedance functions in frequency domain
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for surface mount of embedded foundations and different shape of foundations

(Gazetas, 1991).

The studies by Veletsos and Wei (1971) and Luco and Westman (1971, 1972) focused
on the dynamic behavior of structures. Circular plates above elastic half-spaces with a
wide range of frequencies were investigated. After these pioneering works, the

advancement in the field of study of SSI accelerated, especially in the nuclear industry

(Kausel, 2010).

Thereupon, in the nuclear sector, the effects on the containment structures’ integrity
considering nonlinearity was investigated by Evans and Keogh in 1987. It was shown
that variations in soil media characteristics affect the containment structures’ response
(Evans & Keogh, 1987). Analyses performed by Venancio-Filho et al. in 1997
addressing the substructure and frequency domain methods to investigate the effect of
dynamic soil-structure interaction on NPP containment structures and identified
different foundation impedance functions (Venancio-Filho et al., 1997). Later, in 2010,
nonlinear dynamic response analyses carried out by Zentner and this study was
concluded with the interpretation of equipment fragility curves (Zentner, 2010). One
year later, Saxena et al. specifically studied on the effects of slip and separation at the
interface due to seismic behavior of a NPP structure. In conclusion of this study, those
effects were found influential. More recently, Saxena and Paul reached a conclusion
that the foundation embedment depth is significant considering those effects (Saxena

et al., 2011), (Saxena & Paul, 2012).

2.2.1 Solution methods

Soil-structure interaction solution methods that are used to evaluate the kinematic

effects and inertial effects can be examined in two different approaches (Wolf, 1985).
¢ Direct method,
¢ Substructuring (subsystem) method.

In the direct method, the superstructure and the soil are modeled by being idealized as
a single system. In contrast to direct method, soil media and superstructure are
modeled as separate subsystems in the substructuring method. This approach, which

is more suitable for practical applications, also significantly reduces the analysis time
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and allows the structural engineer and the geotechnical engineer to interact with each

other on separate system models.

2.2.2 Direct method

In the simplest terms, direct method can be described as a combined single step soil-
structure system solution in SSI analysis. The direct method does not refer to
superposition. He can solve the problem of structure-ground interaction in the
frequency domain and solve the time domain. The direct method can be applied as an

analysis in the linear or nonlinear time domain.

The simplest method of direct method is the simplified ground spring method. Except
for the simplified soil spring method, structures and soil media are normally modeled
by either finite element or finite difference method. In order to represent the semi-
infinite soil environment with a separate model, the imaginary boundaries should be
determined and appropriate boundary conditions should be applied. Finite element

model with lateral boundaries that used in SSI direct approach is shown in Figure 2.6.

Lateral boundaries Lateral boundaries
contrained to move contrained to move
in pure shear in pure shear
Distant enough Distant enough
to dissipate to dissipate
scattered waves scattered waves

D R e e P L PP PP P PP PP PR >

Ground motion input

Figure 2.6: Soil-structure modelling in direct method (Bolisetti, 2015)
Once consistent motion is determined at the boundaries of discrete media, soil-
structure interaction analyses are performed in one or two steps.

In general, the structure-ground interaction analysis by direct method involves the

following steps:
1. Modeling the structure,
2. Foundation modeling: geometry, rigidity and interface,

3. Modeling of the soil,
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a. Determination of soil material properties (linear, non-linear),
b. Soil discretization,

c. Determining the lower boundary and horizontal boundaries of the soil-

structure model,
Specifiying the input motion to be applied at the borders,
Conducting soil-structure interaction analysis,

Performing a second step analysis for a more detailed structural response, if

necessary (ASCE, 2017).

Direct approach is mosly performed in time domain nonlinear analyses. Computer

programs such as LS-DYNA (LSTC, 2009), ABAQUS (Dassault Systémes, 2005) and

OpenSees (Mazzoni et al 2009) widely used for finite element modelling in time

domain.

2.2.3 Substructuring method

In the substructuring approach, the soil and structure are considered in two different

substructures and those substructures are analyzed separately.

All the substructures are combined by superposition, assuming that soil and structure

behavior is linear, in practice it is an equivalent-linear approach. The calculation steps

in substructuring method are as follows:

Determination of foundation input motion. This motion should not be confused
with the free-field motion. The difference between foundation input motion
and free-field motion is specified with a transfer function in frequency domain.
This transfer function involves the solution of only the kinematic interaction

problem.

The frequency dependent impedance functions describe the stiffness and
damping characteristics of the soil-foundation interaction system. Material and
geometrical properties of foundation and soil with equivalent linear properties

are taken into account in this step.

Response of the upper structure by the frequency dependent excitation soil
springs using rocking and translational components of foundation input motion

is calculated (NIST, 2012).
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Figure 2.7: Substructuring in soil-structure interaction analysis (adapted from

(Lysmer F. Ostandan, and C.C. Chin., 1999))

Most commonly preferred computer programs using the substructuring method are
SASSI (A System of Analysis of Soil-Structure Interaction) (Lysmer F. Ostandan, and
C.C. Chin., 1999) and CLASSI (Continuum Linear Analysis of Soil-Structure

Interaction) (Wong and Luco, J.E., 1970).

Conceptually, substructuring methods can be classified into four types depending on

how the structure and the soil interact in their degrees of freedom. These are the

followings:

1. Rigid boundary method: rigid is used here for the boundary between the floor

and the foundation or partial buried structure,

2. Flexible boundary methods,
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3. Flexible volume method,
4. Sub-structure subtraction method (ASCE, 2017).

For the solution of these four substructuring methods, the sub-problems of the seismic

soil-structure interaction analysis which have to be solved before are shown in Figure
2.8.
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Figure 2.8: Types of substructuring methods (Ostadan, 2006)

Key elements of the SASSI approach can be described as follows:

* The site is modeled in semi-infinite elastic or viscoelastic horizontal layers on

a rigid base or semi-infinite elastic or viscoelastic halfspace.

e Structures are idealized with standard two or three-dimensional finite elements.
Each node may have six degrees of freedom.

* The excavated soil is idealized with standard plane unit deformation or three-
dimensional solid elements.

* The nodes in the boundaries between the finite element models of structures
and the excavated soil are common.

* Both the flexible volume method and the subtraction method or the extended
(modified) subtraction method can be used for impedance analysis. The

interaction between the excavated soil and the semi-infinite space occurs at all
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nodes in the flexible volume method. The extended subtraction method accepts
the interaction at the boundary nodes and at selected nodes in the excavation
area.

* All interconnected nodes are located at the floor layer interfaces with degrees
of freedom.

* Material damping is taken into account with complex moduli, which allows
effective damping ratios to be frequency independent and vary from element
to element

* The seismic environment may include an arbitrary three-dimensional overlap
of inclined body and surface waves.

* Earthquake simulation is defined by the acceleration record in the time domain
namely, control motion.

* The control motion is applied to the control point defined on the free surface
or at a point in the soil column.

* Fast Fourier transform technique is used for time histories.
2.3 SSI Analysis of NPPs Within Standards and Requirements

The engineering application of soil-structure interaction and its effect in terms of
nuclear safety is discussed in a number of regulatory requirements, standards and
guides. The regulatory requirements establish a framework of high-level issues to be
met. As an international consensus IAEA, in addition to that, U.S. standards and guides

are introduced in this chapter.

2.3.1 IAEA safety guides

The soil-structure interaction analysis in the guidelines of the International Atomic
Energy Agency is mainly addressed in the NS-G-3.6 (IAEA, 2004) and NS-G-1.6
(IAEA, 2003) documents. Additionally, the requirements regarding design basis
ground motion including site response analysis, response spectra and time histories,
and other relevant articles considering seismic hazard assessment are placed in SSG-9

(IAEA, 2010) specific safety guide.

IAEA Safety Guide NS-G-3.6 (IAEA, 2004) is one of the basic guidelines used in
nuclear industry. This nuclear safety guide gives recommendations on input
parameters, analysis methods and solutions steps for the soil-structure interaction

analysis. This document describes coupling and combination criteria which are
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required in order to determine the dynamic response of the structure together with the

foundation. The soil-structure system mainly includes the following factors:
1. The structure’s dynamic properties in the course of the structural modelling,
2. The foundation impedance,
3. The dynamic response of the coupled soil-structure system.

According to NS-G-3.6 (IAEA, 2004), solution steps for the dynamic soil-structure

interaction analysis under earthquake loads involve;
¢ Site response analysis,
* Foundation scattering analysis,
* Foundation impedance analysis,
* Structural modelling,
* Analysis of the coupled system interaction response.

In addition to these, NS-G-3.6 recommends on the information that should be available
in the design considering input parameters, such as Vs — V, profiles, number and
thickness of soil layers, dynamic characteristics for each layer at small strain, the depth
of embedment, geometrical information of foundation and mass, stiffness and damping
parameters of the structures. IAEA recommends that nonlinear soil behavior should be

considered using equivalent linear material properties for each soil layer.

With respect to analysis methods, IAEA recommends the designer to take into account
the uncertainities, the contributions of different types of damping, the effects of soil

layering, embedment and strain dependent soil properties.

IAEA Nuclear Safety Guide NS-G-3.6 categorizes the site into three types according

to the best estimate small strain shear wave velocity just beneath the foundation level:
* Type 1: Vi> 1100 m/s,
* Type 2: 1100 m/s > V> 300 m/s,
* Type 3: 300 m/s > V;

IAEA recommends soil-structure interaction analysis to be carried out for Type 2 or
Type 3 sites. However, IAEA states that, for Type 1 sites, a fixed base assumption may
be used in the aseismic modelling of NPP structures (IAEA, 2004).
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Another IAEA document gives guidance about the seismic design and qualifications
of nuclear structures, namely NS-G-1.6 (IAEA, 2003). This document also provides
information regarding design basis earthquakes that are grouped as SL-1 (seismic level
1) and SL-2 (seismic level 2). According to IAEA, generally, SL-2 corresponds to a
level with an exceedance probability of 10™* per reactor per year and SL-1 corresponds
to a level with a probability of being exceeded of 10~ (mean value). Within the scope
of this document, recommendations are given considering the appropriate modelling
of soil-structure system defining the subsurface conditions, material properties, taking
into account for radiative effects of seismic waves and justification of input ground

motion (IAEA, 2003).

IAEA-SSG-9 (IAEA, 2010) gives recommendation on seismic levels, design basis
response spectra and time histories. According to this document, time histories should
satisfactorily reflect all ground motion parameters represented in the response spectra

with the addition of other parameters such as duration, phase and coherence.

2.3.2 U.S. standards and guides

The first generation NPPs in the U.S. were commissioned during the 1960s. Seismic
design requirements were not specific to nuclear industry and undetailed. In 1970s, the
seismic design requirements applicable to safety related nuclear structures, systems
and components were established in a more detailed way. The experience and lessons

learned in this area of expertise were gradually reflected in new standards for NPPs.

U.S. NRC establishes requirements in Appendix S to 10 CFR 50 (U.S. NRC, 2014b)
regarding earthquake safety of nuclear power plants. It states that a seismic safety
evaluation of safety related structures, systems and components must take into account
soil-structure interaction effects under a Safe Shutdown Earthquake (SSE). Safe
Shutdown Earthquake level corresponds to SL-2 level earthquake in TAEA

terminology.

According to this regulation following safety goals under SSE; reactor coolant
integrity, the capability to shutdown the reactor and maintain it in a safe shutdown
condition, and prevention or mitigation of the consequences of accidents have to be

maintained (U.S. NRC, 2014b).

U.S. NRC Regulatory Guide 1.60 (U.S. NRC, 2014a) specifies generic horizontal and

vertical response spectra to be used as the design basis response spectra.

60



In 2007, U.S. NRC Regulatory Guide 1.208 (U.S. NRC, 2007a) was published. This
guide provides a method embracing a performance-based approach, also including
probabilistic seismic hazard analysis methods, for the determination of site-specific

earthquake ground motion. The performance-based approach adopted in Regulatory

Guide 1.208 is based on ASCE 43-05 standard (ASCE, 2005).

U.S. NRC has prepared a set of document, namely NUREG-0800 Standard Review
Plan (SRP), to establish criteria for the review of nuclear power plants’ construction
and operating license applications. These documents are intended to use in evaluating
whether an applicant or designer meets the regulations of U.S. NRC. However, the

designers also make use of them in order to meet those criteria.

SRP 3.7.1 (U.S. NRC, 2007b) determines criteria regarding the seismic input motion
or also known as control motion. The spectrum from the artificial ground motion time
history must envelop the free-field design response spectra for all damping values used
in the seismic response analysis. According to this document, the frequency intervals
at which spectral values are determined are to be sufficiently small when spectral
accelerations are calculated from the artificial time history. Table 2.1, which is adapted
from SRP 3.7.1, provides a set of frequencies to be employed at the response spectra
calculation. An artificial time history was incorporated into the calculations in this
thesis. Therefore, those frequency intervals were taken into account for the response

spectra calculation.

Table 2.1: Suggested frequency intervals for response spectra calculation (U.S.

NRC, 2007b)
Frequency
Range Increment
(hertz) (hertz)
02-30 0.10
30- 386 0.15
36-50 0.20
50-80 0.25
80-15.0 0.50
15.0-18.0 1.0
18.0-22.0 20
22.0 - highest frequency of 3.0

interest
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U.S. NRC staff reviews soil-structure analyses more deeply according to Standard
Review Plan numbered as 3.7.2 (U.S. NRC, 2007¢). SRP 3.7.2 gives specific

guidelines for SSI analysis. These guidelines can be summarized as follows:

* The nonlinear soil behavior can be approximated by linear methods. These
methods may be with the use of equivalent linear soil material properties

determined from iterative linear analysis.

¢ Strain-dependent soil properties should be consistent with the geotechnical
data obtained. Strain-dependent modulus degradation and damping ratio may
be determined from laboratory tests, or this information can be obtained from

the literature.

* Variability of soil properties should be taken into account, at least, as best

estimate (BE), lower bound (LB) and upper bound (UB).
e [If direct solution method is used;
o Each SSI analysis is performed in one step.

o Finite element or finite difference methods are used to spatially

discretize the soil-structure system.
o Bottom and horizontal boundaries are well-defined.
¢ If substructuring solution method is used;
o Free-field motion, assuming the foundation is massless, is determined.

o The frequency-dependent foundation impedance functions are

determined.
o SSI analysis is performed.

It is obvious that, nuclear facilities demand much stricter requirements on structural
analysis methods compared to conventional structures. Thus, American Society of
Civil Engineers (ASCE) published a standard for the seismic analysis of safety-related
nuclear structures, namely ASCE 4. Published version of 1998 (i.e. ASCE 4-98) is still
valid for the nuclear structures (ASCE, 2000).

Section 3.3 of ASCE 4-98 (ASCE, 2000) defines requirements on soil-structure

interaction modeling and analysis. This standard allows fixed-base assumption if the
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structure rests on rock that corresponds to a shear wave velocity (V) greater than 1100

m/s. In other cases, SSI effects should be considered.

ASCE 4-98 introduces a variety of provisions on uncertainties of properties, solution
methods such as direct method and impedance method (substructuring method),
embedment effects, seismic input motion and generation of in-structure response
spectra, frequency (suggested frequency intervals are also presented in Table 2.1). All
of the SSI analyses requirements within the scope of SRP 3.7.1 and SRP 3.7.2 are
established in ASCE 4-98 standard.

In 2016, an updated version of ASCE 4, ASCE 4-16 (ASCE, 2017) was published. In
addition to older version ASCE 4-98, this newer version presents methods for
probabilistic soil-structure interaction analysis. Section 5.5 of this standard establishes
the requirements for the performance of probabilistic SSI with two simulation
approaches, namely Monte Carlo simulation and Latin Hypercube simulation.
According to ASCE 4-16 (ASCE, 2017) standard, a minimum 200 simulations are
required when Monte Carlo methods are used and a minimum of 30 simulation

considered when Latin Hypercube simulation is done (ASCE, 2017).
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3. MODELLING OF SOIL MEDIUM

Doubtlessly, ASCE 4 standard is widely used in terms of seismic analysis, particularly
soil-structure interaction analysis and site response analysis in nuclear industry. Within
this scope, ASCE 4-98 (ASCE, 2000) establishes the requirements considering
uncertainties and variability of soil properties that should be taken into account.
According to this standard, the mean values of soil investigation data, hereafter as best
estimate (BE), lower bound (LB) and upper bound (UB) soil data considering the
uncertainties of soil investigation data should be incorporated into the soil-structure

interaction analysis.

The foundation soil layers are defined with related parameters and one-dimensional
small-strain shear wave velocity soil profiles (BE (best estimate), UB (upper bound)
and LB (lower bound)) that should be used in soil-structure interaction analyses as per
ASCE 4-98 (ASCE, 2000). Since the studied hypothetical site show heterogeneous
features, additional 7 one-dimensional soil profiles to investigate the site heterogeneity
are also incorporated into calculations. The strain compatible soil profiles (degraded
shear modulus and damping profiles) to be used in soil-structure interaction analysis

are computed in one-dimensional equivalent linear site response analysis.

For the reason that the studied site has deeply inclined soil layering, the site is modelled
with the help of seven different 1D soil profiles. In order to investigate the variation
of soil layering, average shear wave velocity depth profiles are obtained for seven cross
sections: Cross-section A-A (BHO1 and BHO02), cross-section B-B (BH03 and BH04),
cross-section C-C (BHO5 and BHO06), cross-section D-D (BHO7 and BHOS), cross-
section E-E (BH09 and BH10), cross-section F-F (BH11 and BH12) and cross-section
G-G (BHI3 and BHI14). The locations of cross-sections with the 80-m-width-

foundation footprint are shown in the site layout map in Figure 3.1.
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Figure 3.1: Borehole layout

According to the borehole data, the site has layering as shown schematically in Figure
3.3. Regarding average shear wave velocity variations with depth, the V; profiles on
the most south and the most north sections of the site significantly differ from the V,
profiles on the middle sections. This deviation is contributed to the deep slope layering
of the rock over each other in north-south direction. This layering scheme repeats itself

on the east-west direction as shown in Figure 3.2.

N

Figure 3.2: Schematic representation of the studied site with inclined layers
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160 m

The borehole data shows that the site has 2 types of rock at the site (rock 1 (R1) and
rock 2 (R2)), rockl (R1) being less rigid, with three degrees of weathering along with
the depth. Weathering degrees of rock, such as high, medium and low weathered rock,

respectively indicated as RA, RB and RC in Figure 3.3.
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Figure 3.3: Schematic representation of the soil under the foundation

The soil medium is represented by a rigid half-space and the interaction surface is
flexible, however the soil-structure system is fully bonded at the interface. The
interaction surface is modelled as surface mount, which also match with the geometry
of the finite element model of the structure. Thereby, the coupling of the soil-structure

system is achieved using the strain compatibility at the interaction nodes.

Properties of undersurface foundation material is shown in Table 3.1. Each of the two
types of rock (R1 and R2) are subclassified as A, B and C in relation with their material
properties. In the first column of the table including rock types, the values indicated in
parentheses define the depth range of those sections. In this table, p refers to density,
c defines the cohesion, ¢ is the internal friction angle, Eso refers to secant stiffness in

drained triaxial test and E,; isunloading/reloading stiffness from drained triaxial test.
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Table 3.1: Properties of undersurface foundation material

Rock Type p (g/em’) ¢ (kPa) ¢ Eso (MPa) E.. (MPa)
R1-A (0-4 m) 2.47 287 24 60 180
R1-A (4-10 m) 2.47 287 24 60 180
R1-B (4-10 m) 2.68 703 26 170 510

R1-B (10-30 m) 2.68 703 26 170 510
R1-C (30-37 m) 2.81 1011 28 370 1110
R1-C (37-76 m) 2.81 1011 28 370 1110
R1-C (76-150 m) 2.81 1011 28 370 1110
R1-C (150-160 m) 2.81 1011 28 370 1110
R2-A (0-4 m) 2.68 589 24 93 279
R2-A (4-10 m) 2.68 589 24 93 279
R2-B (4-10 m) 2.74 1031 26 165 495
R2-B (10-30 m) 2.74 1031 26 165 495
R2-C (30-37 m) 2.83 1337 28 730 2190
R2-C (37-76 m) 2.83 1337 28 730 2190
R2-C (76-150 m) 2.83 1337 28 730 2190
R2-C (150-160 m) 2.83 1337 28 730 2190

One-dimensional (1D) equivalent linear site response analyses are performed in 7 one-
dimensional soil columns representing the 2D heterogeneity of the foundation soil and
BE, UB and LB using 1994 Northridge Earthquake horizontal time history scaled
according to PSHA (Probabilistic Seismic Hazard Analysis) done for the site. Those 7
one-dimensional soil columns are indicated in Figure 3.4. During this study,

DEEPSOIL software is used to determine the response spectra on the foundation level

and the top of rock (Hashash et al., 2016).

Figure 3.4: Locations of the 7 1D soil columns
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As input for soil-structure interaction analysis of the building, the strain-compatible
shear modulus-depth and damping ratio-depth profiles of the foundation soil are

computed from each ten one-dimensional equivalent linear site response analyses.

3.1 Soil Parameters and Their Variations

The hypothetically chosen site, in general, is composed of soft rock and stiff rock with

low damping characteristics.

According to ASCE 4-98 (ASCE, 2017), small-strain shear modulus (Gmax) best
estimate (BE), upper bound (UB) and lower bound (LB) soil profiles with depth are
determined statistically starting from the bottom level of the foundation. BE profile is
determined as the mean of all the maximum shear moduli determined at the relevant
depths. For determination of UB and LB profiles, the coefficient of variation C, is
computed for all depths. The coefficient of variation C, is greater than 0.5 for the first
10 m of the foundation soil evidencing higher heterogeneity in the corresponding soil
layers. Additionally, 7 one-dimensional soil profiles are used in the site response

analyses to investigate the site heterogeneity.

The shear wave velocities are obtained and plotted starting from the foundation mat

bottom elevation, which corresponds the bottom level of the unit foundation.

The shear wave velocity and the compressional wave velocity data for 7 soil profiles

and BE, LB and UB profiles plotted with depth as shown in Figure 3.5 and Figure 3.6.
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Figure 3.5: V; values of the soil profiles
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Figure 3.6: V,, values of the soil profiles

The small-strain shear moduli of the each soil layer are determined from the shear

wave velocities and the mean mass density value of soil layers as described in equation

3.1).
G = p.Vs? 3.1)

In this equation, G refers to the small-strain shear modulus, Vj is shear wave velocity

and p denotes the mass density of a soil layer.

The mean (n) and the standard deviation (o) of the shear moduli data are obtained in
terms of depth. Coefficients of variation with depth are determined as described in

equation (3.2) and plotted as in Figure 3.7.

Co= /o (3.2)
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Figure 3.7: C, values change in depth

According to ASCE 4-98 standard, C, values should be at least 0.5. In lieu of this
requirement, all the values below 0.5 are taken into account as 0.5 for the calculation
of upper bound (UB) and lower bound (LB) soil profiles’ parameters from best

estimate (BE) values.

The importance of the analysis depth in site response analysis when input motion is
applied at the bedrock is not discussed. For soil-structure interaction analysis, the soil
profiles are determined for down to 160 m, which corresponds to the depth of

influence, which is the width of the foundation multiplied by two.
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3.2 Strain Dependent Modulus Degradation and Damping Curves

In order to predict the changes of the soil properties under dynamic loads

corresponding to the loads caused by earthquakes, it is necessary to have a set of curves

of dependences of the dynamic shear modulus and damping ratio (internal damping of

each soil layer) on the shear strains, which for each type of soil describe the apparent

decrease of dynamic shear modulus and increase of damping ratio depending on the

shear strain.

The soil sections that are related to the nuclear facility’s foundation soil are provided

without any field and laboratory data. Since then, backbone curves as referred in EPRI

1993 publication are utilized in the site response analysis (EPRI, 1993).

The strain-dependent modulus degradation and damping curves are presented in

Figure 3.8 and Figure 3.9.
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Figure 3.8: Shear modulus degradation with shear strain
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As seen on Figure 3.8, Gnax values of each reference curve are degraded with

the increase of shear strain and the shear modulus ratios G/Gax become less than 1.0.

It is also seen on Figure 3.9 that damping ratios of each reference curve increase

Besides, it can be inferred that the dynamic

proportionally with the shear strain.
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4. SITE RESPONSE ANALYSIS PROCEDURE AND SEISMIC INPUT
MOTION

For the purpose of this study, in total ten 1D equivalent linear site response analyses
are performed using 1994 Northridge Earthquake horizontal time history. In addition
to seven soil profiles, BE, UB and LB profiles with the coefficient of variation (C,)
values are taken into account for the site response analyses. Each site is 160 m deep

and is underlain by a rigid boundary.

Unit weights ranging from 26.0 kN/m’ to 27.8 kN/m” are assigned for soft and stiff
rock, respectively. Considering the all hypothetical sites, V values are in the range of

620 m/s and 3000 m/s.

Firstly, deconvolution analyses are carried out to obtain the acceleration time histories
at the base rock at 160 m depth since 10 earthquake records for the studied soil profile
are surface record. However, for the reason that the responses resulting from these
records are very similar, only Northridge Earthquake record is used for the evaluation
of site heterogeneity. Afterwards, site response analyses are performed assuming that
all soil strata are horizontal and the earthquake waves are propagated vertically.
Besides, it is assumed that the foundation is massless, and vertically propagating shear
waves produce only horizontal translations and compressional waves produce only

vertical motions in the free-field conditions.

During this study, DEEPSOIL v6.1 software is used to determine the response spectra
on the foundation level and on the top of rock (Hashash et al., 2016). As input for soil-
structure interaction analysis of the building, the strain-compatible shear modulus
depth and damping ratio depth profiles of the foundation soil are computed from each

ten one-dimensional equivalent linear site response analyses.
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4.1 Seismic Hazards and Input Time Histories

IAEA Specific Safety Guide SSG-9 (IAEA, 2010) is widely used in order to establish
the design basis ground motions for the nuclear installations. In lieu of this, input time
histories should sufficiently reflect the design response spectra and other spectral
representation with the addition of other parameters such as duration and time step.
Additionally, this document provides the following guidance towards their
development in terms of selection and scaling time histories, and also provides
techniques to match ground motions and design response spectra taking into account

the phase characteristics.

The ground motion time history is developed for the random horizontal components
of the target design response spectra using the ASCE 7-10 requirements (ASCE, 2013),

which are in conformity with the nuclear regulations referred above.

The importance of the ground motion selection and spectrum compatible ground
motion generation methodologies has been comprehensively studied by the PEER
Ground Motion Selection and Modification Working Group (Vegge et al., 2001). The
basic criterion is that the spectrum of the time series provides a good match to the
user’s target spectrum over the spectral period range of interest. This approach
produces scaled recordings that provide the best match to the spectral shape of the
target spectrum over the user-specified period range of interest, but whose spectra will

oscillate about the target.

Based on probabilistic seismic hazard analyses of the hypothetical site, the earthquake
record is surface record for this soil profile with average shear wave velocity
(Vs30=1100 m/s). Deconvolution analyses of the 10 earthquake records are performed
in DEEPSOIL software to obtain the acceleration time histories at the base rock at
approximately 160 m, which is a recommended depth of influence for a foundation
width of around 80 m. G/Gnax and damping curves shown in Figure 3.8 and Figure 3.9
are used in deconvolution analyses. Deconvolution procedure is basically schematized

in Figure 4.1.

76



DECONVOLUTION SITE RESPONSE
Provided Earthquake Motion for V3,=1100 m/s Foundation Input Motion
Deconvoluted Rigid Rock Motion Deconvoluted Rigid Rock Motion
ST >
Bedrock 1 Bedrock

Figure 4.1: Deconvolution procedure

Deconvolution analyses are performed for 10 acceleration records (for 5 input motions
with two lateral components). These records are namely “koca 0907, “koca 1807,
“lomap 0007, “lomap 090, “lomaplo 0007, “lomaplo 090" “northr06 000,
“northr06 2707, “sfern 1117 and “sfern 201”. According to the deconvolution
analysis in BE profile, peak ground accelerations (PGA) are reduced down to 0.13 -
0.20 g on top of rock from about 0.39 g at the surface. The predominant period of all
the input records are around 0.15 sec, whereas the first and second predominant
periods are around 0.15 sec and 0.4 - 0.5 sec for the top of rock records. The response
spectra of all the input and the deconvoluted acceleration records obtained for BE

small-strain Vs profile are presented in Figure 4.2.
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Figure 4.2: The response spectra obtained in deconvolution analyses for BE small-

strain Vs profile

The highest PSA values at the first predominant period and the second predominant
period are 0.52 - 0.57g and 0.32 - 0.36 g, respectively. PGA and PSA values of surface
and rock motions obtained from deconvolution analyses of BE soil profile for ten

earthquakes are indicated in Table 4.1.

Table 4.1: PGA and PSA values of surface and rock motions obtained from

deconvolution analyses of BE soil profile for five earthquakes

Surface Motion Rock Motion (deconvoluted)

Barthquake PGA(g)  PSA(g) PGA (g) PSA(g)
koca 090 0.39 1.01 0.20 0.57
koca 180 0.37 1.00 0.16 0.54
lomap_ 000 0.39 1.00 0.16 0.57
lomap 090 0.39 1.01 0.13 0.57
lomaplo 000 0.38 1.02 0.16 0.57
lomaplo 090 0.39 1.01 0.15 0.57
northr06_000 0.39 1.00 0.17 0.55
northr06 270 0.39 1.01 0.17 0.54
sfern 111 0.38 1.01 0.13 0.52
sfern_201 0.39 1.00 0.20 0.54

Deconvolution analyses are then performed in LB small-strain Vs profile using all the

input motions. The PGA values are reduced down to 0.14 - 0.22 g from about 0.39 g.
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The response spectra of all the input and the deconvoluted acceleration records

obtained for LB small-strain Vs profile are presented in Figure 4.3.
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Figure 4.3: The response spectra obtained in deconvolution analyses for LB small-

strain Vs profile

Although several spectral peak values are observed in top of rock motions, the highest
PSA values (0.58 - 0.60 g) are observed at around 0.16 - 0.18 sec. The second peak
after the highest PSA that is also observed in BE profile analysis is also observed at
around 0.5 - 0.6 sec period with much lower spectral values (0.3 - 0.33g). PGA and
PSA values of surface and rock motions obtained from deconvolution analyses of LB
soil profile for five earthquakes are indicated in Table 4.2.

Table 4.2: PGA and PSA values of surface and rock motions obtained from

deconvolution analyses of LB soil profile for five earthquakes

Surface Motion Rock Motion (deconvoluted)
Earthquake
PGA (g) PSA(g) PGA (g) PSA(g)

koca 090 0.39 1.01 0.16 0.55
koca 180 0.37 1.00 0.15 0.56
lomap_ 000 0.39 1.00 0.17 0.61
lomap 090 0.39 1.01 0.16 0.59
lomaplo_000 0.38 1.02 0.16 0.60
lomaplo_090 0.39 1.01 0.16 0.58
northr06_000 0.39 1.00 0.16 0.59
northr06_270 0.39 1.01 0.14 0.57
sfern 111 0.38 1.01 0.17 0.59
sfern 201 0.39 1.00 0.22 0.60
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Lastly, deconvolution analyses are performed in UB profile. The PGA values are
reduced down to 0.13 - 0.22 g on top of the rock from about 0.39 g at the surface. The
response spectra of all the input and the deconvoluted acceleration records obtained

for UB small-strain Vs profile are presented in Figure 4.4.
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Figure 4.4: The response spectra obtained in deconvolution analyses for UB small-

strain Vs profile

The PSA values (peak spectral acceleration) are observed at 0.13 sec and 0.4 sec with
0.39-0.45 gand 0.4 g, respectively. PGA and PSA values of surface and rock motions
obtained from deconvolution analyses of UB soil profile for five earthquakes are

indicated in Table 4.3.
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Table 4.3: PGA and PSA values of surface and rock motions obtained from

deconvolution analyses of LB soil profile for five earthquakes

Surface Motion Rock Motion (deconvoluted)

Barthquake PGA ()  PSA(g) PGA (g) PSA(g)
koca 090 0.39 1.01 0.22 0.45
koca_ 180 0.37 1.00 0.16 0.43
lomap_ 000 0.39 1.00 0.16 0.41
lomap_090 0.39 1.01 0.13 0.42
lomaplo_000 0.38 1.02 0.16 0.41
lomaplo_090 0.39 1.01 0.16 0.49
northr06_000 0.39 1.00 0.14 0.39
northr06_270 0.39 1.01 0.16 0.42
sfern 111 0.38 1.01 0.14 0.43
sfern_201 0.39 1.00 0.19 0.41

According to the related design codes, at least five earthquake records should be
considered in the structural dynamic design. However, the results of deconvolution
analyses for BE, LB and UB soil profiles show that responses taking into account the
five different earthquake records are very similar. Therefore, in order to reduce the
computational complexity, only Northridge Earthquake record (north06 000) is

chosen for the evaluation of site heterogeneity.

The chosen earthquake record, based on seismicity of the site for the target response
spectra depicted in Figure 4.5, is obtained from PEER database and by using ACS
SASSI.
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Figure 4.5: Target spectra

Spectra as above are developed in line with procedures stated in the guideline
document NUREG/CR-6728, Section 4.9. (McGuire Silva etal., 2001) and U.S. NRC
Regulatory Guide 1.60 (U.S. NRC, 2014a). In order to generate ground motion time
histories data based on the acceptance in ASCE 43-05 (ASCE, 2005), spectral
matching method are applied using ACS-SASSI software and PEER database. Input

ground motion time history on the bottom rigid boundary is shown in Figure 4.6.
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Figure 4.6: Deconvoluted input ground motion time history

Information regarding the seismic event of the input ground motion used in the spectral

matching application is presented in Table 4.4.
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Table 4.4: The chosen input ground motion

Earthquake Magnitude )
Year Station Name Mechanism
Name (My)
Los Angeles
Northridge 1994 Griffith Park 6.69 Reverse
Observatory

Magnitude of 1994 Northridge Earthquake is 6.69. However, PSHA (Probabilistic
Seismic Hazard Analysis) studies of the hypothetical site has resulted with the
magnitude My=7.2. Original horizontal time history of Northridge Earthquake is

scaled to this magnitude.

4.2 Site Response Analyses for Different Soil Profiles

Within the context of this study, DEEPSOIL v6.1 software is used for determining the
free-field surface motions spectra (Hashash et al., 2016). The software, developed by
Professor Youssef M. A. Hashash at the University of Illinois, facilitates carrying out
1D equivalent linear and nonlinear site response analysis in frequency domain and
time domain. Because one-dimensional analysis in the engineering applications is
much preferred, the software is well accepted in academic and engineering research
interests. It is also preferable owing to the user interface is simplified with respect to

the user’s convenience.

Furthermore, the software provides the opportunity to analyze the frequency domain
and time domain in the user interface. In both cases, backbone curves which are
determined with the experimental studies carried out by Darendeli 2001, Seed & Idriss
1991, Meng 2007, Roblee & Chiu 2004, Andrus 2003, Amir — Faryar et al. 2016 and
Vucetic & Dobry 1991 for the cohesive and cohesionless soils, and also user-defined
reference curves could be incorporated whilst defining the material properties as

shown in Figure 4.7.
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Figure 4.7: Material properties interface of DEEPSOIL software

Typically, a maximum frequency of 15 Hz is used for the site response analysis of
conventional structures. However, a higher frequency is recommended for nuclear
installation structures. For the reason of this necessity, for all soil layers’ maximum
frequency should generally be a minimum of 30 Hz. Hence, the soil layer thicknesses
are chosen in the range of between 2 m and 10 m. In conjunction with this, thirty-two

soil layers are introduced for 160 m depth in the site response analyses.

The soil layers under the nuclear installation’s foundation mat are defined with related
parameters such as dynamic shear modulus (G) and one-dimensional small-strain
shear wave velocities (V). Idealized soil profiles for the ten different soil columns
(BE, LB and UB and 7 one-dimensional columns representing the 2D heterogeneity)
that are considered in site response analysis performed using DEEPSOIL software, are

presented in Figure 4.8 — 4.17.
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Figure 4.8: Best-estimate (BE) soil profile and its soil properties
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Figure 4.9: Lower-bound (LB) soil profile and its soil properties
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Figure 4.10: Upper-bound (UB) soil profile and its soil properties

—
E
=
j=5
5
a
O0—— Layer26——
Layer 28
150
Layer 32
0—
Layer 18
50—y
Layer 22
—
E
=
j=5
5
a
10 —— Layer26 ——
Layer 28
150
Layer 32

T
2000

ShearWave Velocity

T
200

Freanencv (H7)

T T T T
12 3 4 5 10000 20000 20 40 50

Small-strain Damp Implied Shear Stre  Norm. Implied Shear  Friction Angle

Figure 4.11: Column A soil profile and its soil properties
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Figure 4.12: Column B soil profile and its soil properties
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Figure 4.14: Column D soil profile and its soil properties
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Figure 4.16: Column F soil profile and its soil properties
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Figure 4.17: Column G soil profile and its soil properties

The fundamental periods for BE, LB and UB small-strain V profiles are determined
as, respectively, 0.29 s, 0.36 s and 0.24 s, and also 0.27 5, 0.30 s, 0.28 s, 0.29 s, 0.30 s,
0.30 s and 0.28 s for the 7 different one-dimensional soil columns. The earthquake
input motion is applied at the bottom of the soil profiles using rigid bedrock option for
the bedrock. The fundamental periods for the 7 one-dimensional soil columns are quite

close and bounded by the fundamental periods of the BE, UB and LB profiles.

Effective shear strain ratio is entered as 0.62 for the analyses, since the earthquake

magnitude for the site is determined as Mw=7.2. 15 iterations and frequency
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independent complex shear modulus formulation are used in the analyses as described

in equation (3.3).

G* = G(1+ 2ié) (3.3)

4.3 One-Dimensional Equivalent Linear Analysis Results

One-dimensional (1D) equivalent linear site response analyses incorporating 7 one-
dimensional soil columns and one for each BE, UB and LB profiles accounting for the
coefficient of variation (C,) are performed using 1994 Northridge Earthquake

horizontal time history.

Aforementioned ten separate site response analyses are carried out for all 10 different

soil profiles idealized in 32 layers with V; values ranging from 620 m/s to 3000 m/s.

As a result of these site response analyses, maximum strain values for each soil layer
and the response spectra at the free-field surface are obtained using DEEPSOIL
software. Maximum strain values with the corresponding depth are shown in Figure

4.18.
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Figure 4.18: The comparison of maximum strain values of Col. A — Col. G with BE,

LB and UB profiles

The comparison of the response spectra considering spectral acceleration values at the
surface and the top of rock corresponding to each period is presented in Figure 4.19

and Figure 4.20.
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Figure 4.20: Comparison of the response of each column with BE-LB-UB results

According to the site response analyses results in all ten profiles, peak ground
accelerations are amplified from about 0.17 g on the top of rock, up to 0.44 g at the
surface. The first and second predominant periods of all the input records are around
0.08-0.11sand 0.17 - 0.24 s for the surface records. The second predominant periods
of the surface records are close to the fundamental period of the BE soil profile (0.29
s). The highest peak spectral acceleration values for the surface records, at the first
predominant period and the second predominant period, are 0.70 - 1.50 g and 0.99 -

1.29 g, respectively. Those values are presented as a tabulated format in Table 4.5.
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Table 4.5: Predominant periods, PSA and PGA values of input rock and surface

motions obtained in site response analyses of each soil profile

Soil Funda Predominant PSA (g) Amplif | Amplification
Profile | mental Period (s) ication | (Surface PSA /
Period PGA (Surfac Rock PSA)
(s) (g | ePGA
Tl T2 @T1 @T2 / Rock @T1 | @T2
PGA)
Input - 0.08 0.15 0.31 0.55 0.17 - - -
rock
BE 0.29 0.09 0.24 1.03 1.10 0.34 2.0 33 2.0
LB 0.36 0.11 0.17 0.97 0.99 0.34 2.0 3.1 1.8
UB 0.24 0.08 0.20 0.70 1.00 0.28 1.6 23 1.8
Col. A 0.27 0.09 0.22 1.14 1.24 0.34 2.0 3.7 23
Col. B 0.30 0.09 0.22 1.50 1.29 0.44 2.6 4.8 23
Col.C 0.28 0.09 0.22 1.42 1.25 0.39 23 4.6 23
Col. D 0.29 0.09 0.22 1.34 1.23 0.40 24 43 2.2
Col.E 0.30 0.09 0.24 1.29 1.20 0.41 24 4.2 2.2
Col. F 0.30 0.09 0.24 1.17 1.18 0.37 2.2 3.8 2.1
Col. G 0.28 0.09 0.24 0.99 0.99 0.33 1.9 3.2 1.8

Due to low modulus degradation in the soil, the surface responses are amplified due to
stiff formations with low damping -characteristics. Therefore, the soil has
characteristics that are more rigid and the soil fundamental periods are close to the
predominant period of the characteristic earthquake record, the amplifications are quite

high.

PGA values are not significantly changing in Columns A, F and G. However, the

highest PGA value is observed in Column B, and those values are considerably high
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in Columns C, D and E, comparing to BE (best-estimate), LB (lower-bound) and UB
(upper-bound) profiles. The spectral acceleration values in Column A is very similar
to BE values, but only at the periods of T; and T, the PSA values of Column A are
observed as slightly higher than the values of BE profile at the same periods. However,

those values are lower than LB and UB except for some periods.

When it is focused on the Column B, it can be said that spectral acceleration values
are overwhelmingly higher than BE in the order of 1~1.5 (ranging up to 50%), up to
the period of T,. Besides, those values are also higher than LB and UB in almost all

periods.

Considering Columns C, D and E, likewise, spectral acceleration values are
significantly higher than BE, but in the order of 1~1.4 (ranging up to 40%). And also,
they exceed the values of LB and UB profiles except for a couple of periods.

When it comes to Column F, this deviation is about 10%. The PGA of Column G is
nearly the same as that of the BE profile. Moreover, spectral acceleration values of

Column G are less than BE, LB and UB in almost all periods.

In the light of all this information, it can be interpreted that the investigated site has
characteristics apparently varying vertically and horizontally. It is inferred that the
variation of soil profiles obtained considering standard deviation values, such as BE
(best-estimate), LB (lower-bound) and UB (upper-bound), do not satisfactorily reflect
the behavior of heterogeneous configuration of soil layers. Those values are considered
insufficient to represent the heterogeneous subsurface soil media in the free-field

conditions.
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S. INFLUENCE OF INCLINED LAYERS ON SITE RESPONSE ANALYSIS

In this part of the study, besides estimation of the dynamic parameters of soil layers
for SSI analysis, the influences of heterogeneity due to the deeply inclined layering on

the dynamic responses of the foundation are investigated.

The effect of deeply inclined layering at the site on the foundation input motion is

investigated in this chapter through equivalent linear site response analyses in free-
field.

Within this context, the results acquired with a two-dimensional site response analysis
using PLAXIS 2D software (Brinkgreve et al., 2006) are obtained via personal
communication (Bayat & Alver, 2018).

The foundation soil layers are defined with related parameters and one-dimensional
small-strain shear wave velocity of four different soil profiles to investigate the site
heterogeneity through a comparison between 1D equivalent linear and 2D site

response analyses.

5.1 1D Equivalent Linear Analysis of Soil Profiles

Idealized one-dimensional layer thicknesses of 32 soil layers with the account for
dynamic shear modulus (G) and one-dimensional small-strain shear wave velocities
(Vs) are introduced to DEEPSOIL software for the four different soil profiles that are

considered in site response analyses.
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Figure 5.1: V; profiles chosen for the comparison purposes with 2D results

5.2 Comparison With Plaxis 2D Analysis

The results obtained for four different soil profiles with one-dimensional equivalent
linear analyses and the results of 2D site response analysis using PLAXIS software are
compared. True nonlinear analysis in PLAXIS and equivalent linear analysis where
nonlinear characteristics are implemented iteratively in DEEPSOIL. The compliant
base boundary at the bottom of the soil profile and free field boundary at the sides of
the model are used in PLAXIS.

Model dimensions in x and y directions are 500 m by 160 m. Figure 5.2 demonstrates

a section of the mesh along the foundation width footprints.
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LN Foundation |

Figure 5.2: Schematic foundation soil representation including surface points to

compare (Bayat & Alver, 2018)

The model mesh consists of 3885 triangular elements and 32738 number of nodes for
inclined profile. According to the given suggestion in the software, a very fine mesh
model option is used to generate the mesh, ending with the average element size of
5.756 m. According to Kuhlmeyer & Lysmer (1973) suggestion, average element size
should be less than one-eighth of the wavelength associated with the maximum

frequency component of the input wave.

The minimum shear wave velocity input (Vs) in the soil model is 620 m/s and the
maximum frequency component of the input motion fax is 10 Hz. In line with the

Equation (5.1), the elements size are /8 = 7.75 (Bayat & Alver, 2018).

Vs,min

8fmax (CRY

A
Average element size < 3=

The Hardening soil model with small-strain stiffness (HSsmall) in Plaxis 2D is used.
The model stiffness parameters are Eso, Eoed, Eur, Go and yo 7, where the first three of
them are static parameters. Esy was secant stiffness in drained triaxial test, Eoeq 1S
tangent stiffness for oedometer loading and E,, is unloading/reloading stiffness from
drained triaxial test. Gy is the shear modulus at very small strains and 7y, 7 is the
threshold shear strain. Go values in the profile are calculated using the shear wave
velocity and the density of the corresponding soil layers. Another dynamic input for
ref

HSsmall model is Go™' and could be found from the following relation between Gy

and Gy as shown in Equation (5.2).
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ref [ €COSP —a'5 sing m
G (5.2)

G, =
07 70 \ccos¢ + prf sin ¢

where m is taken 0.5 for most soils, ¢ is the cohesion, ¢ is the internal angle of friction,

6’3 is the effective confining stress and p™" is the reference stress (100 kPa).

Static soil parameters (Eso, Eoed, Eur) are estimated using pressuremeter test results.
However, for dynamic analysis, there is a limit value for Eo/E, or Go/Gy, ratio in
HSsmall model and the permitted maximum ratio is 20. In dynamic analysis, Gy values
obtained from shear wave velocity measurements are kept constant and for the Go/Gyr
ratios greater than 20, G, values are recalculated by considering the permitted limit
value. Also, Go"' is estimated by using Go/G.=20 relation. Gy is related to Ey; as in

the Equation (5.3).

Eyr
Gy = U
2(1 +v) (5.3)

In HSsmall model, stiffness degradation or stress-strain relationship is written as in
Equation (5.4).

Goy

T= Gy = 1+0385 (5.4)

The threshold strain (yo7) is the strain at which secant modulus Gs = 0.70G. The
threshold strain (yo7) is selected from the modulus degradation and damping curves
used in 1D site response analysis and presented in Section 3.2. The model stiffness
degradation has been cut off at Yo value since the model itself represents the
modulus degradation. Therefore, small-strain stiffness reduction curve has a cut-off
shear strain beyond which the tangent shear modulus (Gy) is equal to unloading-

reloading shear modulus (Gy;). Calculation of the cut-off shear strain value is given in

1 ’ Gy
Yeut—off = m G_ur_ 1 1vo7 (5.5)

Equation (5.5).
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Rayleigh damping is used in the model for each material in order to prevent the mesh
from very high and low frequencies. Minimum damping 0.5% for target frequencies

of 1 Hz and 10 Hz are applied.

Site response analysis is performed in inclined layers modelled in Plaxis 2D software
to investigate the effect of non-horizontal deeply inclined soil/rock layers on the
ground accelerations and displacements. Free field and compliant base boundary
options are used in the model for vertical and lateral (base) boundaries, respectively
(Bayat & Alver, 2018). The Hardening soil model is used and the model parameters

assigned in the program are presented in Table 5.1.

Table 5.1: Soil parameters used in dynamic analyses of the inclined Plaxis 2D model

ref ref ref
Y Vs Go Go Eso Eyr

Rock Type (g/fm3) (kPa) ? (ms) (MPa) (MPa) (MPa) (MPa) '
R1-A (0-4 m) 247 287 24 620 949 998 63 189 7.5E-05
R1-A (4-10 m) 247 287 24 620 949 949 60 180  7.5E-05
R1-B (4-10 m) 268 703 26 1190 3795 3791 178 535  7.5E-05

R1-B (10-30 m) 2.68 703 26 1190 3795 3575 168 504  8.8E-05
R1-C (30-37 m) 2.81 1011 28 2010 11353 10386 488 1464  1.4E-04
R1-C (37-76 m) 2.81 1011 28 2010 11353 9725 457 1371  1.8E-04
R1-C (76-150 m) 2.81 1011 28 2010 11353 8519 400 1201  2.1E-04
R1-C (150-160 m) 2.81 1011 28 2010 11353 7867 370 1109  2.9E-04

R2-A (0-4 m) 2.68 589 24 790 1673 1715 95 286  7.5E-05
R2-A (4-10 m) 2.68 589 24 1050 2955 2945 141 424 7.5E-05
R2-B (4-10 m) 2.74 1031 26 1560 6668 6660 311 932 8.8E-05

R2-B (10-30 m) 2.74 1031 26 1560 6668 6383 298 894  8.8E-05
R2-C (30-37 m) 2.83 1337 28 2450 16987 15837 707 2122 1.4E-04
R2-C (37-76 m) 2.83 1337 28 2450 16987 15014 671 2012 1.8E-04
R2-C (76-150 m) 2.83 1337 28 2450 16987 13436 600 1800 2.1E-04
R2-C (150-160 m) 2.83 1337 28 2450 16987 12540 560 1680  2.9E-04

Comparisons of 1D DEEPSOIL and Plaxis 2D results for the same free-field surface

points are presented in Figure 5.3 —5.7.
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Figure 5.3: Comparisons of 1D and 2D site response analyses for the corresponding

soil columns in 1D and surface points counterparts in 2D analyses
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Figure 5.4: Comparison of the response of Column A with Plaxis 2D results at the

same location
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Figure 5.5: Comparison of the response of Column C with Plaxis 2D results at the

same location
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Figure 5.6: Comparison of the response of Column E with Plaxis 2D results at the

same location
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Figure 5.7: Comparison of the response of Column G with Plaxis 2D results at the

same location

The site response analyses results of these four profiles show that peak ground
accelerations are amplified from about 0.17 g on the top of rock, up to 0.41 g at the
surface. The first and second predominant periods of all the input motions are around

0.09 s and 0.12 - 0.24 s for the surface records.

The highest peak spectral acceleration values for the surface records at the first
predominant period are in the range of 0.82 - 1.42 g and at the second predominant

period 0.99 - 1.59 g, respectively.

The predominant periods, peak spectral acceleration values corresponding to these
periods and peak ground acceleration values of input rock and surface motions
obtained from both one-dimensional and two-dimensional site response analysis

results are shown as a tabulated form in Table 5.2.
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Table 5.2: Predominant periods, PSA and PGA values of input rock and surface

motions obtained in site response analyses of each soil profile

Soil Predominant Period PSA (g) Amplification | Amplification
Profile (s) (Surface PGA | (Surface PSA
PGA (g2) | /Rock PGA) | /Rock PSA)
T, T, @T, @T, @T, | @T,
Input 0.08 0.15 0.31 0.55 0.17 - - -
rock
Point A 0.09 0.15 0.82 1.11 0.34 2.0 2.6 2.0
Col. A 0.09 0.22 1.14 1.24 0.34 2.0 3.7 23
Point C 0.09 0.15 1.00 1.20 0.38 2.2 32 2.2
Col. C 0.09 0.22 1.42 1.25 0.39 23 4.6 23
Point E 0.09 0.12 1.02 1.42 0.35 2.1 3.3 2.6
Col. E 0.09 0.24 1.29 1.20 0.41 2.4 4.2 2.2
Point G 0.09 0.12 0.98 1.59 0.40 24 32 2.9
Col. G 0.09 0.24 0.99 0.99 0.33 1.9 32 1.8

As seen on the Figure 5.4 — 5.7, 1D and 2D site response analyses results for the points
A, C, E and G are compared individually. In the response spectra obtained from 1D
equivalent linear analyses results, the motion is amplified at the first predominant
periods, except point G. Besides, the second predominant periods for all points are
shifted to a higher period in one-dimensional equivalent linear analyses. It is observed
that in-depth-shear-wave-velocities change more heterogeneously at the columns E

and G than the columns A and C.

At the points C, E and G, the response spectra of the motion obtained is amplified,

while at the rest of the foundation, the response spectra are deamplified.
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This effect would be better observed in SSI analysis of the super-structure together

with the inclined layered soil profile.

Since the soil profile has deeply inclined layers, it introduces a considerably
pronounced incoherency effect. Because of that, it is considered that this kinematic

interaction deamplifies the free-field motion.

In site response analysis in DEEPSOIL the surface acceleration is most amplified
nearly at the period of 0.23 s, whereas in PLAXIS analysis the amplification is at the

periods of 0.12 - 0.15 s, which is the predominant period of the input rock motion.

At the predominant periods, peak spectral accelerations obtained by PLAXIS for soil
columns E and G are higher than the results obtained by DEEPSOIL. However, in the
same case, soil profiles A and C remains within the limits of the DEEPSOIL analysis

results. The reasons of the differences between the two responses may be attributed to:

1. The different analysis methods: True nonlinear analysis in PLAXIS and
equivalent linear analysis where nonlinear characteristics are implemented

iteratively in DEEPSOIL.

2. The different boundary conditions in the two analysis: The compliant base
boundary at the bottom of the soil profile and free field boundary at the sides
of the model are used in PLAXIS, whereas the rigid boundary at the bottom is
used in DEEPSOIL.

Finally, the effect of deeply inclined layered soil profile under the foundation on the
site response is investigated by comparing the analyses performed in inclined layered
soil and one-dimensional soil models. When the free-field site response analyses on
BE profile and the inclined layered soil profile are compared, the effect of deeply
inclined layering can be interpreted in terms of peak ground accelerations of the
surface motions. The results of the site response analysis under the foundation
indicated that the surface peak ground accelerations are 0.34 g (Table 4.5) in horizontal

BE soil model and 0.34-0.40 g (Table 5.2) in inclined layer model.

Consequently, the response in the 2D inclined profile appeared to be less than the
responses in the 1D profiles under the foundation. This outcome may be attributed to
the greater effect of the kinematic interaction in the inclined layered soil profile owing

to the emerging incoherency in the shear waves in the deeply inclined layering.
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6. IMPLEMENTATION OF DYNAMIC SOIL-STRUCTURE INTERACTION
ON A GENERIC NUCLEAR FACILITY DESIGN

Soil conditions and seismicity are taken into considerations for a hypothetical site. The
study is aimed to investigate seismic response of the generic nuclear reactor building.
The dynamic seismic response calculations are performed considering soil-structure
interaction (SSI) analyses. The design of a generic nuclear facility is investigated

taking into account the soil-structure interaction effects.

The strain compatible soil profiles (degraded shear modulus and damping profiles) to

be used in SSI analysis are computed in 1D equivalent linear site response analysis.

Maximum strain values for each soil layer are obtained as a result of the site response
analysis. And consequently, strain compatible shear moduli and damping ratios of each
layer, which are incorporated into the SSI analysis, are determined considering
maximum strain values together with the strain dependent modulus degradation

(G/Gmax) and damping ratio curves.

Dynamic SSI analyses are performed on the assumption that the super-structure model
and soil model beneath the foundation level respond linearly. In order to take inelastic
behavior of the structure under seismic loading, based on the earthquake hazard level,
section rigidities and damping ratios in the finite element model are adjusted as per
ASCE 43-05 (ASCE, 2005). The soil nonlinearity is taken into consideration by using
an equivalent linear model with dynamic high-strain properties of the soil. Dynamic
soil-structure interaction analyses are performed in frequency domain using ACS

SASSI software.

SASSI is one of the most commonly preferred computer programs using the
substructuring method for the evaluation of the dynamic response of 2D and 3D
foundation-structure systems. Finite element modeling is used in frequency domain.
Soil is adopted as horizontally layered above a uniform halfspace. All of the node
points of the base mat are interconnected with the under foundation media and transfer

functions are calculated for each of them.
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The model used in the soil-structure analyses is a combined model that contains the
finite element model of the super-structure and the frequency dependent dynamic

properties of the soil.

Strain compatible values are obtained from the each site response analysis for each
soil layer. Afterwards, a 3D finite element model of the reactor building is developed
using SAP 2000 software (Computers and Structures Inc., 2014). This 3D model
contains only analytical information regarding the finite elements, nodes and material
properties, and the model is exported as “hou” file format supported by SASSI
software. The imported file in SASSI is manually adapted and modified for the
convenient use of ACS SASSI software (GP Technologies Inc., 2014).

In SASSI software, soil media is modelled as idealized horizontal layers with high

strain soil properties. Soil layer plot interface is shown in Figure 6.1.
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Figure 6.1: Soil layer plot interface in ACS SASSI

After the high strain soil properties, input motion and 3D model information is inserted

into SASSI, analysis options such as embedded soil layers, control point layer,
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boundary conditions, frequency steps, substructuring method, output options are

defined using the analysis options interface as shown in Figure 6.2.

Analysis Options @
EQUAKE | SOIL | SITE | POINT A HOUSE & FORCE & ANALYS | MOTION | STRESS | RELDISP = MNOMNLINEAR = AFWWRITE
Operation Mode Mode 2
® Linear Soil [V]Mode 1 ® R-,SV-,and P-Waves

Non-Linear Soil RilMcdel2 SH- and L-Waves

Mode 1 R-Wave | Sy-\ifave l P-Wave;

Gravity Accel, (ft/s"2 or m/s*s) 9.91

(used for free-fixed analysis) @ MNo Wave Field
Frequency Step 0 Shortest Wavelength
Time Step Control Motion 0.005 Least Decay

Nr. of Fourier Component 8192

Wave Ratiol

Frequency Set Number 1 \Wave Ratio 2 0

Number of Generated Layers 20

Halfspace Layer 32

Frequency 1 1
Top Layers Frequency 2 4096
f.2.3,45,6,7,8,9,10 * ControlPointlayer 1

;;;;;;;;;;

,21,22,23,24,25,26,27,28,29,30
31,32 i @ X v 7

m

Direction

| ok | [ cancel

Figure 6.2: Analysis options interface in ACS SASSI

In line with these adjustments, analyses are carried out in frequency domain for the

combined 3D SSI model taking into account the each soil profile.

6.1 Model of a Generic Nuclear Facility

The nuclear facility building model studied in this thesis was adapted from a generic
VVER-type reactor building design developed by a designer company, namely
Gidropress (Gidropress, 2011a, 2011b).

Reactor building consists of double protective reinforced concrete containment

structure that houses normal operation and safety systems, electrical and mechanical
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equipment and the reactor plant. Schematic view of the main building is presented in

Figure 6.3.
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Figure 6.3: Schematic view of a VVER design (adapted from (Asmolov et al.,
2017))

6.1.1 Facility description

The containment is a component of the accident localization system and consists of
two reinforced concrete cylindrical structure with a hemispherical dome. Internal
containment structure is designed for internal pressure and temperature released in
case of an emergency, and outer containment structure protecting from external
impacts such as explosion and aircraft crash. There is an annular space between the
containment structures where the safety system cable channels are located. In this
annular space, leakage material is collected in case of an accident. The reactor is
located at the center of the internal containment structure in the accident localization

area. Containment internal houses a spent fuel pool and main components such as
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steam generators, reactor coolant pumps, main coolant pipelines and pressurizer

(Gidropress, 2011a).

The inner containment structure is made of prestressed reinforced concrete and outer
containment structure is reinforced concrete, overlapped with hemispherical dome.
Outer containment has an internal diameter of 50.8 m. The outer containment structure
thickness is 1500 mm in the locations that are not closed with annex building. Outer
containment structure is designed to withstand the loads from external impacts such as

external shock wave, aircraft crash, extreme wind, tornado and seismic impact.

The annular space between inner and outer containment structures is 2.2 m considering
requirements for maintenance of the prestressing system of inner containment,
equipment available in the annulus and in order to inspect the surface the containment

structure. Structural dimensions are mainly as follows:

Internal diameter of the inner containment is 44.0 m,

* Internal diameter of the outer containment is 50.8 m,

* Height of the cylindrical part is 38.5 m,

* Height of the inner containment structure with dome is 61.7 m,
* Height of the outer containment structure with dome is 65.4 m,
* Inner containment wall thickness is 1.2 m,

*  OQuter containment wall thickness is 1.5 m,

The containment provides three tight locks. Main lock for the transportation of fuel
and the large equipment with entrance to maintenance elevation of the reactor hall is
at the elevation of +31.700 m. Operational lock for personnel and small cargoes to
pass is at the elevation level +28.250 m. Emergency lock is at the elevation of +21.280
m (Gidropress, 2011a).

6.1.2 Structural model and its dynamic properties

The model used in the soil-structure analyses is a combined model that contains the
finite element model of the super-structure and the frequency dependent dynamic
properties of the soil. Analytical 3D finite element model of the reactor building is
initially developed using SAP 2000 software (Computers and Structures Inc., 2014)
and then transferred to the ACS SASSI software (GP Technologies Inc., 2014).
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SSI analyses of the reactor building for ten soil profiles and one earthquake level using
ACS SASSI software. SSI analysis is performed in frequency domain dynamic
response calculation using SASSI software. Response spectra are obtained for 75
frequencies defined in ASCE 4-98 (ASCE, 2000), U.S NRC Regulator Guide 1.122
(U.S. NRC, 1978) and SRP 3.7.1 (U.S. NRC, 2007b).

The methodology of soil-structure interaction analyses is consistent with ASCE 4-98
(ASCE, 2000) and ASCE 43-05 (ASCE, 2005). Soil-structure interaction is considered
in the linear dynamic analyses and they are performed in the frequency domain. SSI
analyses are performed with SASSI finite element analysis software, which is the
System for Analysis of Soil-Structure Interaction, a computer code for performing
finite element analyses of soil-structure interaction during seismic ground motions. It
is first developed at the University of California, Berkeley in 1981 (Lysmer et al.,
1981). SASSI software is a substructuring program that uses the complex frequency
response method and finite element technique to solve a wide range of dynamic soil-
structure interaction problems. SASSI software is widely used within the global

nuclear industry to analyze the effect of seismic ground motions on structures.

In this study, SSI analyses are performed with a commercial version of the SASSI,
ACS SASSI finite element analysis software (GP Technologies Inc., 2014). SSI
analyses are performed considering a surface mounted model with no excavated soil.
Thus, all of the interaction nodes are selected at the foundation bottom level. Finite
element model of the reactor building is developed in SAP 2000 software (Computers

and Structures Inc., 2014) and converted to ACS SASSI format for the SSI analyses.

Reactor Building consists of reinforced concrete shear walls and large columns. All of
these systems are modelled using SAP 2000 software with thick shell elements as

shown in Figure 6.4.
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Shell Section Data

Section Name |OUTER_CONT_1.5m
Section Notes Modify/Show... |
Display Color -

Type
" Shell - Thin
& Shell - Thick
Plate - Thin
Plate Thick
Membrane
Shell - Layered/Monlinear

Material
Material Name _+ |/ 4000Psi ~|
Material Angle IU,
Thickness
Membrane I 1.5
Bending I 1.5

Concrete Shell Section Design Parameters
Modify/Show Shell Design Parameters... |

Stiffness Modifiers
Set Modifiers... . —— |

Cancel |

Figure 6.4: Element section type and thickness interface in SAP 2000

In the SAP 2000 model mass, shell and beam elements are utilized. Heavy equipments
are modelled with mass elements. Shear walls, slabs and large columns are modelled
with thick shell elements and rigid links are modelled with beam elements. Walls and
slabs are modelled on their centerline. The model consists of 6272 nodes and 9058

finite elements. The 3D model of the structure is shown in Figure 6.5.
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Figure 6.5: 3D model of the reactor building

Walls and slabs are modeled on their centerline. Rigid links are used to link equipment
mass elements to the model. The reactor building is composed of three separate
structures (containment internal, inner containment and outer containment) together

with the adjacent structures resting on the same foundation as seen on Figure 6.6.
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Figure 6.6: 3D view of reactor building with the inner and outer containment

structure

SSI analysis performed in this study is a linear elastic dynamic structural analysis, and
therefore, per ASCE 43-05 (ASCE, 2005) based on the earthquake hazard levels

section rigidities and damping ratios in the finite element model are adjusted.

High intensity input ground motions may reduce the stiffness of shear walls due to
cracking. For linear elastic solution this stiffness reduction is modeled with effective
stiftnesses. Element stiffnesses are modified according to ASCE 43-05. In lieu with
this standard, Young’s modulus of all materials is halved. Effective stiffness of
reinforced concrete members are shown in Table 6.1 as adapted from this standard

(ASCE, 2005).
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Table 6.1: Effective stiffness of reinforced concrete members (ASCE, 2005)

Member Flexural Rigidity Shear Rigidity Axial Rigidity

Beams—Nonprestressed 05 Ed, G.Aw

Beams—Prestressed EJl, G.Aw

Columns in compression 0.7E.l, G.Aw EA,

Columns in tension 05ElI, G Aw EA;

Walls and diaphragms—Uncracked EJ, G Ay EA,
(fo<f.) v<v,)

Walls and diaphragms—Cracked 05 E, 0.5G. Ay EA, ‘
) V>V,

Notes:

A, = Gross area of the concrete section
A; = Gross arca of the reinforcing steel
A, = Web area

E. = Concrete compressive modulus, from ACI-349 57,000(f ')
E, = Steel modulus

f» = Bending stress

Jer = Cracking stress

G, = Concrete shear modulus = 0.4 E,
I, = Gross moment of inertia

V = Wall shear

V. = Nominal concrete shear capacity

For the same purposes mentioned above, damping ratios are taken into account based

on the earthquake hazard levels in lieu with ASCE 43-05 as shown in Table 6.2.

Table 6.2: Specified damping values for dynamic analysis (ASCE, 2005)

Damping (% of Critical)
Response Response Response
Type of Component Level 1 Level 2 Level 3
Welded and friction-bolted metal structures 2 4 7
Bearing-bolted metal structures 4 7 10
[ Prestressed concrete structures 2 5 7 ]
(without complete loss of prestress)
| Reinforced concrete structures 4 7 10 |
Reinforced masonry shear walls 4 7 10
Piping 5 5 5
Distribution systems:
» Cable trays 50% or more full and in-structure 5 10 15
response spectrum Zero Period Acceleration
of 0.25 g or greater
 For other cable trays, cable trays with rigid 5 7 7
fireproofing and conduits
Massive, low-stressed mechanical components 2 3 —*
(pumps, compressors, fans, motors, etc.)
Light welded instrument racks 2 3 —*
Electrical cabinets and other equipment 3 4 S5F*
Liquid containing metal tanks:
¢ Impulsive mode 2 3 4
* Sloshing mode 0.5 0.5 0.5
Notes:

* Should not be stressed to Response Level 3. Use damping for Response Level 2.

** May be used for anchorage and structural failure modes that are accompanied by at least some inelastic response. Response Level
1 damping values shall be used for functional failure modes such as relay chatter or relative displacement issues that may occur at a
low cabinet stress level.
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Coefficients for these adjustments are obtained from ASCE 43-05 (ASCE, 2005). In
consequence of using Safe Shutdown Eartquake level, damping ratios are taken as 7%

and 5% respectively for reinforced concrete and prestressed concrete members.

6.2 Soil Model

Totally, as described in Chapter 4, ten 1D equivalent linear site response analyses are
performed using 1994 Northridge Earthquake horizontal time history. In addition to
seven soil profiles, Best-estimate (BE), Lower-bound (LB), Upper-bound (UB)
profiles with the coefficient of variation (C,) values are taken into account for the site
response analyses. Ten separate site response analyses are carried out for all 10
different soil profiles idealized in 32 layers. Each soil profile is taken as 160 m deep

within the scope of SSI analyses.

The corresponding strain-compatible shear moduli and damping ratios are determined
from the G/Gpax vs. strain and damping ratio vs. strain input curves. Typical output

plots for BE, LB and UB profiles are shown in Figure 6.7.
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Figure 6.7: (a) The variation of strain-compatible G/Gmax, (b) damping ratio with
depth for BE, LB and UB profiles

Low effective strains are achieved in stiff soil layers with high shear moduli, hence
corresponding G/Gnax values are obtained above 0.95, demonstrating almost linear
behavior. In layers, where higher effective strains are observed, generally at lower
depths, G/Gmax values reduce down to as low as about 80%. The site response in UB
profile is almost linear since the strain-compatible shear moduli achieved are almost
above 95% of Gmax values at all depths. In BE profile, the shear modulus degradations
are down to 90% in less stiff layers. The site response behavior of the LB profile is
more nonlinear compared to the other profiles (BE and UB), where the G/Gpax values
reduce down to 80%. Likewise, as it is seen in the same figure, the damping ratios at
deeper and/or stiffer layers are almost the minimum damping ratios, whereas at depths

with higher effective strains, damping ratios increased up to about 6%.

Moreover, the comparison of strain-compatible G/Gmax and damping ratios of Col. A
— Col. G with BE, LB and UB profiles are depicted in Figure 6.8 and Figure 6.9,

respectively.
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BE, LB and UB profiles
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Figure 6.9: The comparison of strain-compatible damping ratios of Col. A — Col. G

with BE, LB and UB profiles

As seen in Figure 6.10, the site response in Column A and G are almost linear since

the strain-compatible shear moduli achieved are almost above 93% of Gax values at
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all depths. On the other hand, especially in Column B and Column E G/Gpax values
reduces down to 0.76~0.78. This may be due to the nonlinear behavior arising from

the in-depth variation of soil layer properties.
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Figure 6.10: The variation of strain-compatible G/Gpax With depth for Col. A — Col.
G profiles

Besides, as it is shown in Figure 6.11, the damping ratios at deeper and/or stiffer layers
are almost the minimum damping ratios, whereas at depths with higher effective

strains, damping ratios increased up to about 5.4%.
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Figure 6.11: The variation of strain-compatible damping ratio with depth for Col. A
— Col. G profiles

Additionally, the variation of Gpax (small-strain) values with depth for Col. A — Col.
G profiles are depicted in Figure 6.12.
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As input for soil-structure interaction analysis of the building, the strain-compatible
shear modulus depth and damping ratio depth profiles of the foundation soil are
computed from each ten one-dimensional equivalent linear site response analyses. In
substructure soil model in SASSI analysis, dynamic high-strain properties of these soil

profiles which are shown in Figure 6.13 and Figure 6.14 are used.
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6.3 Input Ground Motion

In compatible with the design spectra depicted in Figure 6.15, ground motion
Northridge 1994 is used in the site response analyses. In the site response analyses,
foundation input time histories sets are obtained from 1D seismic site response

analyses.

Target Spectra (5 % damping ratio)
1,20
1,00
0,80
0,60

0,40

Spectral Acceleration (g)

0,20

0,00
0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0 40,0 45,0 50,0

Frequency (Hz)

Figure 6.15: Horizontal design target spectra

These foundation input motion time history sets are used for the SSI analyses. In order
to generate ground motion time histories data based on the acceptance in ASCE 43-05
(ASCE, 2005), spectral matching method are applied using ACS SASSI software.
Station and seismic event information of the seed ground motion used in the spectral
matching application is presented in Table 4.4. Foundation input ground motion for 10
different soil-structure analysis obtained from 10 soil profiles are presented in Figure

6.16 — 6.25.
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Figure 6.18: Foundation input motion obtained from upper-bound soil profile
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Figure 6.21: Foundation input motion obtained from Col C soil profile
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Figure 6.24: Foundation input motion obtained from Col F soil profile
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Figure 6.25: Foundation input motion obtained from Col G soil profile

In order to demonstrate the local seismic response of the reactor building, in-structure
response spectra (ISRS) are generated for the earthquake level based upon the
modified record seismicity of the hyphotetical site.

6.4 Transfer Functions and In-Structure Response Spectra

According to the site response analysis results, transfer functions and the in-structure
response spectra (ISRS) are calculated at different elevations and locations where
critical equipment is located. For in-structure response spectra generation, considering
critical equipment locations, 6 regions are selected. The in-structure response spectra
plots are generated for 2% damping. In Table 6.3, locations of the calculated in-

structure response spectra are shown.
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Table 6.3: Calculated ISRS Locations

ISRS | Structure Location
Region
1 Outer containment (foundation plate) | Foundation plate from outer

walls to annulus

2 Foundation plate Foundation plate center

3 Foundation plate Foundation plate upper right
4 Containment internal Elevation +26.3 m

5 Inner containment Zenith. Elevation +61.7 m

6 Outer containment Zenith. Elevation +65.4 m

One of most critical step in the frequency domain dynamic analysis is that the
frequency dependent transfer functions of the SSI model are calculated. These
functions are mapping the input motion at the control location to the response at the
degree-of-freedoms. In the SASSI software, the transfer functions are obtained by
curve fitting to SSI analysis results at selected frequencies. In order to obtain accurate
transfer functions it’s suggested that solutions are obtained at least 75 frequencies that

are listed in Standard Review Plan (SRP) 3.7.1 (U.S. NRC, 2007b).

Transfer functions show the dynamic input output relation of control point and other
nodes in the system. Dynamic response of the reactor building is obtained by
multiplying transfer functions and ground motion time histories in frequency domain.
Therefore, calculation of the transfer functions is critical for obtaining an accurate

estimate of dynamic behavior of the reactor building.

Computing transfer function data points at each frequency point is not efficient, as it
requires very high computational power. On the other hand, curve fitting techniques
such as interpolation functions yield accurate results even with much smaller
frequency lists. The SSI analysis of reactor building was performed using transfer
functions that were developed in ACS SASSI (GP Technologies Inc., 2014) using 75
frequencies provided in SRP 3.7.1 (U.S. NRC, 2007b). Transfer function data points
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are initially calculated at 75 standard frequencies as well as at the fundamental
frequencies of the super-structure. These data points in transfer functions were
interpolated using SASSI interpolation algorithms. Initial data points in transfer
functions are interpolated using the second interpolation algorithm option of SASSI,
which is dense overlapping windows scheme. From the output of this interpolation
additional frequencies were selected based on peaks and the shape of the transfer

function at multiple structural nodes.

In-structure response spectra are used for the seismic response calculation and the risk
assessment of critical equipment in the reactor building. In SASSI analyses, dynamic
response of the reactor building was calculated for each 10 soil condition considering
the foundation input motion obtained using each 10 soil profile. These in-structure
response spectra are compared for the locations presented in Table 6.3. The ISRS

shown in Figure 6.26 — 6.31 are obtained from SASSI results.
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Figure 6.26: Comparison of ISRS at Region 1 for each soil profile
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Figure 6.27: Comparison of ISRS at Region 2 for each soil profile
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Figure 6.28: Comparison of ISRS at Region 3 for each soil profile
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Figure 6.29: Comparison of ISRS at Region 4 for each soil profile
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Figure 6.30: Comparison of ISRS at Region 5 for each soil profile
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7. RESULTS AND DISCUSSIONS

In this thesis, the influence of soil heterogeneity throughout the subsurface of nuclear
reactor building with containment structure, which is identified as the most important

structure in nuclear power plant designs, is studied.

During an earthquake, the properties of soil media affects the dynamic response of the
structure. These dynamic effects transferred from the soil to the structure and vice

versa, is named as soil-structure interaction (SSI).

Within this context, site parameters and their variations in lateral and vertical
directions are taken into account to investigate site heterogeneity effects and their
transfer to the super-structure. Strain dependent modulus degradation and damping
curves are used to take into account the nonlinearity in the equivalent linear soil
response analyses performed using DEEPSOIL software for 10 different soil profiles.
Accordingly, soil model with dynamic high-strain properties and foundation input
motion that are incorporated into the soil-structure interaction analyses performed
using ACS SASSI software based on the International Atomic Energy Agency (IAEA)
safety guides and U.S. standards and guidelines.

The results are given as graphs that includes in-structure-response-spectra considering
the effects of each soil profile in certain points of super-structure, and those graphs are
compared. Hence, the dynamic seismic response of the structure originating from the
soil parameters and their influence on the outputs of the soil-structure interaction

analyses are discussed.

7.1 Effects of Soil Geometry
The influences of site heterogeneity due to the deeply inclined layering on the dynamic
responses of the foundation and super-structure are investigated.

The effect of deeply inclined layering at the site on the foundation input motion is
investigated through equivalent linear site response analyses in free-field. One-

dimensional analysis method has been chosen in the scope of the thesis and the fact
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that these 1D and 2D have differences considering free-field foundation input motions
resulting from site response analyses. However, insignificant deviations are observed

within the context of in-structure response spectra, particularly at the foundation.

Based on the site response analyses performed in free field on the 2D inclined layered
soil model under earthquake motion, it is concluded that the peak ground accelerations
are not varying noticeably along the width of the foundation, nevertheless the peak
spectral accelerations are considerably changing from the north to the south of the

foundation.

The importance of the analysis depth in site response analysis when input motion is

applied at the bedrock is not discussed.

7.2 Effects of Soil Parameters Variation

According to the shear wave velocity variations with depth, the V; profiles on the most
south and the most north sections of the site significantly differ from the V; profiles
on the middle sections. This deviation is contributed to the deep slope layering of the
rock over each other in north-south direction. This layering scheme repeats itself on

the east-west direction.

According to ASCE 4-98 (ASCE, 2000), small-strain values, best estimate (BE), upper
bound (UB) and lower bound (LB) soil profiles should be taken into account for

uncertainties in the SSI analysis and soil properties.

As discussed previously, ten different soil profiles, including BE, LB and UB, are
considered in these soil-structure interaction analyses. The wide variation in thickness
of each unit or layer in the ten soil profiles are thought to be sufficient to allow
qualitative assessment of the potential influence of soil parameter variation on the

dynamic response of the structure.

Generally, it is seen that the soil parameter change is more at the first 10 - 15 metres
depth. Besides, it is concluded that in-depth variation of the soil layers impedances,

especially in Column B, have significant effects on the dynamic structural response.
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7.3 Comparison of In-Structure Response Spectra

In the low frequency regions of the in-structure response spectra (ISRS) plots, largest
horizontal peaks are observed at 3-4 Hz range. This is compatible with the horizontal
natural frequency of the reactor building. Low frequency regions in the ISRS plots

demonstrate fundamental global behavior of the structure.

This also suggests that very stiff rock layers under the reactor building do not change

the SSI behavior of the reactor building significantly at low frequencies.

Generally, in this generic reactor design, the main components of the reactor are
located in the containment internal part, especially on the +26.3 m elevation
(Gidropress, 2011a). This location represents Region 4 in Table 6.3. The results of the
each soil profile’s ISRS indicate that site heterogeneity is not likely influential for
brittle components such as relays and ceramic insulators at high frequency motions
above about 20 Hz. However, it is seen that the site heterogeneity has significant
effects between the frequencies of 10—12 Hz. It may influence the components in this

natural frequency interval.

According to the ISRS plots, it can be concluded that the site heterogeneity has
significant influence on the dynamic response of foundation. However, this effect

diminishes at the higher elevations on the super-structure.

7.4 Future Recommendations

In this thesis, the soil effects on a nuclear power plant structure has been studied
through one-dimensional equivalent linear site response analyses and frequency

domain SASSI methodology, which is industry standard.

The utilization of these equivalent linear codes to calculate the responses of both soil
and structure might be insufficient for heterogeneous subsurface soil media. Time-
domain finite element programs such as LS-DYNA will be more capable to analyze in
such soil conditions. However, assumptions and boundary conditions should be

carefully defined.

Probabilistic soil-structure interaction analysis methods using Monte Carlo simulation

and Latin Hypercube simulation can be utilized to determined the site properties. A
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minimum of 30 site response calculations when using Latin Hypercube and 200

calculations when using Monte Carlo simulation is suggested to reduce uncertainties.

The results of this study show that site heterogeneity may be influential for some
certain locations in the containment structure. As for the proposals, a fragility
assessment would be useful for those type of components considering site

heterogeneity in the future works.
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8. SUMMARY AND CONCLUSIONS

Heterogeneous configuration of subsurface soil media under a dynamic effect such as
an earthquake may be influential on the behavior of structures. Dynamic response of a
reactor building, which is deemed as the most critical structure in a nuclear power plant

facility, is investigated taking into account the site heterogeneity.

A variety of scenarios including different soil columns, assumptions and boundary
conditions are considered in the site response analyses and accordingly soil-structure
interaction calculations. Within this scope, in order to take into account the soil
nonlinearity, strain dependent modulus degradation and damping curves are
incorporated into the equivalent linear site response analyses. Furthermore, high-strain
dynamic soil characteristics, with a variation of soil uncertainties according to ASCE
4-98 standard, as a result of site response analyses, are used as input for the soil-
structure interaction analyses. Henceforth, site heterogeneity effects and their transfer

to the super-structure are discussed.

Within this framework, this study has led to following conclusions:

It is seen that in-depth impedance change of the soil layers considerably

influence the dynamic response of the structure.

* The heterogeneity of soil profile especially in 2D has significant effect on the
dynamic response of the foundation. However, this effect diminishes at the

higher elevations on the super-structure.

* The surface responses are amplified due to rocky and stiff formations with low
damping characteristics and low modulus degradation. Moreover, the
amplifications are quite high since the predominant periods of the NPP

structure and the subsurface media coincide at certain frequencies.

* At low frequencies, it is construed that very stiff rock layers under the reactor
building do not change the dynamic interaction behavior of the reactor building

significantly.
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The results of 1D and 2D site response analyses have differences by means of
free-field foundation input motions. This may be based upon the different
analysis methods such as direct nonlinear analysis and equivalent linear
analysis where nonlinear characteristics are considered iteratively. In addition
to that, differences may be arisen from the different boundary conditions of the
two analysis, while the compliant base boundary at the bottom of the soil
profile and free field boundary at the sides of the model are used in 2D analysis,
whereas the rigid boundary at the bottom is used in 1D equivalent linear
analysis. Also, the results show that the heterogeneity in 2D soil profile could

not be accurately modelled by 1D analyses.

It is inferred that peak ground accelerations do not prominently change across
the foundation. Nevertheless, the peak spectral accelerations are variable along

with the north-south direction of the foundation.

Uncertainties (BE (best estimate), UB (upper bound) and LB (lower bound))
that should be taken into account as per ASCE 4-98 are considered in soil-
structure interaction analyses. Additionally, the dynamic response of 7
different one-dimensional soil columns are calculated whether BE, UB and LB
represent the foundation soil media that shows heterogeneous features. Hence,

it is concluded that BE, UB and LB are insufficient under these circumstances.

As for the proposal, a probabilistic approach utilizing Monte Carlo or Latin
Hypercube simulation should be used that allows more accurate results to

determine the site properties.
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