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ABSTRACT

SEISMIC RESPONSE OF SEISMICALLY ISOLATED STRUCTURES WITH
TRIPLE FRICTION PENDULUM BEARINGS

Ismail lyal Adamu

Seismic isolation is an earthquake resistant design approach used to modify the natural
period of a structure to make it less responsive to earthquake ground motions. This study
investigates the seismic response of structures isolated with triple friction pendulum
isolation bearings. Firstly, the working principles of seismic isolation and the design
principles of isolation bearings are explained. This is followed by the evaluation of the
design procedures for seismically isolated structures in TBDY 2019 and ASCE 7-16. The
reductions in base shear, story shear, floor accelerations and interstory drifts for a model
isolated structure in comparison to fixed base values, as well as the hysteresis loops for
triple friction pendulum bearings were evaluated for 10 far-field and 11 near-field ground
motions with magnitudes 6.5 <M < 7.1. The finite element models for the fixed based and
the isolated model structures were created and analyzed using OpenSEES. Moreover, the
effect of variation of TFP surfaces friction coefficient on base shear and isolator

displacement were also studied through a parametric study.

Keywords: Seismic Isolation, Triple friction pendulum system, OpenSEES, Seismic

Response, Earthquake Resistant Design

Science Code: 624.03.01
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KISA OZET

UCLU SURTUNMELI SARKAC MESNETLI SISMiK YALITIMLI YAPILARIN
DEPREM YUKLERi ALTINDA DAVRANISI

Ismail lyal Adamu

Sismik yahitim, yapmin dogal titresim periyodunu degistirmek suretiyle deprem
hareketlerinden daha az etkilenmesini amaclayan bir depreme dayanikh tasarim
yaklasimidir. Bu calismada, iclii siirtiinmeli sarka¢c mesnetlerine oturan yapilarin
deprem yiikleri alinda davrams1 incelenmektedir. i1k olarak, sismik yalitimin calisma
prensipleri ve sismik yalittim mesnetlerinin tasarim prensipleri aciklanmistir. Bunu
takiben, TBDY 2019 ve ASCE 7-16 yonetmeliklerinin sismik yalitmh yapilar icin
ongordiigu tasarim prosediirleri degerlendirilmistir. Sismik yalitimh bir model yap1 i¢in
taban kesme kuvveti, kat kesme kuvvetleri, kat ivmeleri ve kat otelemelerinin sabit
tabanhh durum icin elde edilen degerlere gore azalim ve iiclii siirtiinmeli sarkac
mesnetlerinin histeresis ¢cevrimleri, biiyiikliikleri 6.5 <M < 7.1 arasinda degisen 10 uzak
fay ve 11 yakin fay deprem icin degerlendirilmistir. Sabit tabanh ve sismik yalittmh yap1
modellerinin sonlu eleman modelleri OpenSEES yazilimi araciligiyla olusturulmus ve
analiz edilmistir. Buna ek olarak, iiclii siirtiinmeli sarkac mesnetlerinin dis kayma
yiizeylerindeki siirtiinme katsayisindaki degisimin taban kesme kuvveti ve izolator yer

degistirmelerinin iizerindeki etkileri parametrik bir calismayla incelenmistir.

Anahtar Kelimeler: Sismik Izolasyon, Uclii Siirtiinmeli Sarkac Sistemi, OpenSEES,

Deprem Yiikleri Altinda Davrams, Depreme Dayanikh Tasarim

Bilim Dal Sayisal Kodu: 624.03.01
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CHAPTER 1

INTRODUCTION

1.1 Background

Isolation, by definition, involves the separation or the reduction of interaction between two or
more objects. In the context of a seismic design, “seismic isolation” is essentially the separation
of the structure from the ground with a flexible layer to mitigate damaging effects of earthquake
strong ground motion. The study of seismic isolation systems for structures dates back to 1885
when an Englishman John Milne constructed the system for a replica building model in Tokyo
that incorporated ball bearings and dished cast iron plates [1]. Modern seismic isolation systems
as well as the analysis and design procedures outlined in design codes used today are products
of decades of research, field reports, and advances in bearing manufacturing and testing
technologies. Recently, there are hundreds of seismically isolated buildings in United States,
Japan and China [2]. Countries such as Turkey, Chile, Greece and Italy are also adopting the
use of seismic isolation to protect important structures such as hospitals, airports and historical

buildings.

1.2 Seismic Isolator Applications in Turkey

In 1999 a high magnitude earthquake hit Kocaeli, Turkey causing considerable damages to
residential and industrial structures [3]. This traumatic event brought awareness and triggered
the need of earthquake proof structures in anticipation of future seismic events. Isolators in
Turkey are majorly used in hospitals, airports and historical buildings. Examples of the large-
scale isolated projects include Adana Integrated Health Campus, Isparta City Hospital, Sabiha
Gokeen International Airport. Other applications of seismic isolated structures in Turkey are
briefly listed in [4]-[10].



Adana Integrated Health Campus in Figure 1.1 was constructed in 2017 at the city of
Adana South-East region of Turkey. This partly medical, rehabilitation and psychiatric health

centre was the second largest isolated building in the world having an area of 430,000m? and

supported by a total of 1512 base isolators [11][12].

Figure 1.1: Adana Integrated Health Campus [11]

Isparta City Hospital Figure 1.2 was built in 2016 in the city of Isparta. The building is use for
medical purpose, also it is mentioned to be among the largest isolated buildings in the world

with an area of approximately 221,000m? which is supported by 903 frictional pendulum

isolators [13].

Figure 1.2: Isparta City Hospital [14]



Sabiha Gokgen International Airport Figure 1.3 is the second airport in Istanbul finished in
2001. SGIA is a steel structure of 200,000m? in area categorized among the largest isolated
structure with 296 frictional pendulum isolators. The airport terminal serves for both

international and domestic flights [15].
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Figure 1.3: Sabiha Gokgen International Airport [15]

1.3 General

Seismic isolation is one of the techniques used to mitigate damages and loss of lives due to
earthquake strong ground motion. Although, the use of seismic isolation systems may increase
the initial construction cost of a structure, enhanced seismic performance of the structure can
decrease the direct and indirect financial losses in addition to providing life safety. Seismic
retrofitting of existing structures with isolator systems provide similar economic advantages
[16]. Seismic isolation systems work by increasing the vibration period of the structure beyond
the fundamental period of the earthquake ground motion, thereby reducing the amplification of
the inertial loads due to resonance effect [17][18][19][20]. Seismic isolation systems modify

the natural period of a structure by making the structure more flexible.



Rigid structures are more prone to seismic effects; more rigidity causes more force resistance.
Normally rigid structures have a period very close to zero because when earthquake ground
motion is excited on them, acceleration due to inertial forces is same as the ground motion
acceleration of the structures however flexible structures generally have longer period which
are on average greater than 2s, having very low transmitted acceleration making the building to
stay at almost stationary with very minimal inter-story drift [21]. Figure 1.4 shows the
behaviour of the isolated and fixed based structure during earthquake, the isolated based
structure is shown to have no direct contact with the ground which makes it less prone to seismic
effect. The increase in period reduces the acceleration, inter-story drift and story shear amount
to an acceptable and safe value. The reduction of acceleration keeps the structure in the elastic
or nearly elastic range [22].

LI

Conventional Structure Base-Isolated Structure

Figure 1.4: Behavior of Isolated and Fixed Based Structures [23]
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Figure 1.5: Isolated and Fixed Based Structure Displacement and Base Shear [17]



Decrease in accelerations reduces non-structural damages and the decrease in inter-story drift
makes both structural and non-structural element damage less. In Figure 1.5, while isolators
decrease acceleration, the displacements of the isolation increase. Increasing damping
decreases the maximum displacement of the isolation system [24]. Lessening of the
displacements by the dampers in isolated system is effective but it may lead to an increase in
floor acceleration and story drifts because the dampers transfer energy to the higher modes
which in-return increase their responses and negate the effect of base isolation. Highly damped
systems with more than 20% damping may cause increase in drifts and shear forces of base
isolated buildings, but if dampers of lower ratio are used displacement will be reduced and will

not increase floor accelerations and story drifts to higher values [25].

1.4 Literature Review

This literature review investigates some studies made by researchers on the effects of seismic
isolation systems on structures. In [21] an existing 15 story moment frame shear wall hospital
building in Izmir was examined, model same as the original was designed with isolators
introduced to the foundation. Efficiency assessment was performed on isolated model and the
original fixed model with inter-storey drift ratio and floor accelerations as controlling
parameters. The models were analysed using response spectrum and fast non-linear analysis,
the results conclude that the drift inter drift ratio and peak floor accelerations values obtained
from the isolated building system are far less from the limitations specified. Furthermore,
similar analysis was performed on a 10- story and 5-story building having same condition with
the previous analysed building which yields similar result. Sap2000 analysis on a regular and
irregular planned 5-storey reinforced concrete school building with high damped rubber
isolation system designed to a capable period (Td) of 2.10 sec, maximum capable period (Tm)
of 2.50 secs and damping ratio of 15%. The lateral stiffness of base isolators, lateral
displacements, rubber bearing mechanical parameters, bearing dimension were all designed
according to ASCE code. For each building plan, isolated and fixed base structural models were
drawn to make a comparative analysis. The result of this analysis shows a high increase in
period between the isolated and non-isolated structure. Also, the base shear forces and moments
values were significantly deduced due to decoupling of the structure from the ground.
Moreover, the story displacements of the isolated structure were more than the displacements
of the fixed base structure which can be eliminated using other techniques [26].



Near-fault studies in [27]-[29] suggest that for intense and high pulse motions supplementary
dampers are vital in reducing the excess story displacements although they might increase the
acceleration and drifts of the structure. Studies by [19] using 3D non-linear analysis stated that
after using isolator the building period was increased from 0.58 to 2s and the variables
calculated were found to be within the safety limits. Furthermore, the isolator reduced the
effects of the earthquake to the building by about 70% and base shear force was reduced by
32%. The acceleration of the building was also examined, fixed base acceleration values have
reach 1.0 g level and it increase as the story height increase, whereas in the base isolator
situations the acceleration values do not increase with the change in storeys height. Moreover,
in [15] 108 story skyscraper studies concluded that, seismic isolation will not be of advantage
to high-rise structures or where wind load is more critical than the earthquake load and added
that for fixed based structures with long period, introducing seismic isolation system will not
be of much effect to the performance of the building under seismic action. Darama states that
the period of a fixed based structure should be lower than 2 seconds for seismic isolation to be
effective. Studies from [18][30][31] also gave similar conclusion on the effect of isolation
system on structures. Multiple friction pendulum scaled shake table test in [32] under a severe
earthquake of 1.047g in PGA (1940 El Centro earthquake) shows the maximum roof
acceleration was merely up to 0.396g. Further experiments were performed under Kobe and
TCUO084 Chi-Chi earthquakes, the results from tests show that the MFPS isolator can mitigate
the acceleration response in the range of 70 to 90 percent. Triple friction pendulum bearing in
Istanbul Sabiha Gokgen international airport terminal met and surpassed the performance
objectives under DBE and MCE design while achieving an 80% reduction in the base shear
relative to the fixed-base building model, it significant decrease 83% and 90% of the story drift
and floor acceleration. Analysis on all types of frictional pendulum in [33] shows significant
decrease in base shear, maximum story drift. Triple friction bearing reduced the most among
the three types of pendulum due to is more adaptive behaviour. Another analysis [34] compares
double and triple friction pendulum at different ground motions, triple friction pendulum
outperforms the double friction pendulum for small PGAs but yields opposite outcome for
higher PGAs records. In conclusion, friction pendulum bearings efficiencies depend on the

conditions of their application.



1.5 Thesis Structure

Chapter 2 presents basic knowledge of seismic isolation system components and their
characteristics. In conclusion, the design procedures for seismic isolation systems are briefly
stated based on ASCE, TSC2019, FEMA and NHERP guidelines.

In chapter 3 the geometry, sections and materials details of research analysis model are
presented. Also, the chapter shows the lateral static design analysis of ASCE7-16 and TSC2019.
Section 3.5.1 and 3.5.2 discusses ground motion selection with acceleration and displacement
plots in time history analysis. Also, acceleration response spectra plot and matching of

spectrums to site response spectrum were presented.

Chapter 4 discusses the results from analyses in chapter 3. Time history analysis comparison of
story force, acceleration, and inter-story drift between fixed and TFP isolated structure on
OpenSees. Furthermore, checking ground motions force-displacement bilinear model and their
compliance with TFP isolator total effective displacement of regimes. Lastly, examining the
effect of friction coefficient due to material change and contamination of outer and inner
surfaces on base shear and isolator displacement.

Chapter 5 provides concluding remarks on thesis findings.

Appendix A presents the design of TFP.



CHAPTER 2

SEISMIC ISOLATION

2.1 Ideology of Seismic Isolation

An insight on the response of seismically isolated structures can be obtained by studying the
behaviour of a simple 2-DOF isolated building model shown in Figure 2.1. The structural

elements were assumed to be linearly elastic and within the linear viscous damping. The

stiffness and damping were estimated by an equivalent linearization process.
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Figure 2.1: Two degree of freedom model for isolated system [35].

This model and equations are summaries from [35][36], The result of the analysis was
expressed in terms of relative displacements and absolute acceleration. The base and

superstructure angular frequencies wg, wpare calculated by equations (2.1) and (2.2).

Ks 2.1)



kp
(ms+ mp)

Wp = (2.2)

A square ratio of the two frequencies gives the separation parameter (¢) mainly ranging from
0.1 to 0.01. Also, division of the superstructure mass with the summation of base mass and
superstructure mass gives the mass ratio (y). This mass ratio generally has a value below 1.
Damping B, B, for the superstructure and base system are computed using equations (2.3) and
(2.4).

- Cs
Bs = 2m o,

(2.3)

Bs = Go oty (24)

T 2wy, (ms+mp))

¢, and ¢, are the damping coefficients for superstructure and base structures. The natural
vibration periods and modes of the system can be determined by matrices in equations (2.5)
and (2.6).

ol 2]

ky, +
k

N

K = [ ks _k;s] 2.6)

The frequencies can be obtained by the determinant of equation (2.7) and substitution for M

and K matrices.

det |k — wim (2.7)

Mode deformation shape during structural motion is computed in equation (2.8);



|k — o m| @, =0 (2.8)

2.2 Isolation System Performance

To achieve a good functioning seismic isolation system one has to consider if the isolation is
necessary to begin with. [23] states that (a) isolators work better when the weight of the
structure is large (b) the period of the structure before isolation should be less than 1s, and (c)
the structure is founded on stiff soil. Moreover, [30] study summarized some of the key points
necessary to achieve good performance from a seismic isolation system. The isolator should
have low lateral resistance for better flexibility, in addition sufficient rigidity is needed to resist
unnecessary movements due to wind for good serviceability. Furthermore, good vertical rigidity
and good tension resistance are important to prevent bulging in the case of rubber bearings and

to resist uplifting.

2.3 Elastomeric Rubber Bearings

Elastomeric bearings are isolators typically made of natural rubber providing horizontal
stiffness with reinforcing steel plates to resist vertical loads of a structure. Also, the steel plates
prevent the bearing from bulging effect due to compressive force in Figure 2.2. These bearings
are produced through a method called vulcanization. stiffness and damping of an elastomeric
bearing depends very much on the vulcanization process with the elastomer.

T I

Figure 2.2: Elastomeric Bearing Bulging [37]
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2.3.1 Low Damping Rubber Bearing

Low-damping natural rubber systems have very low damping ratios and they are generally used
with additional damping devices unlike high-damping natural rubber bearings which have
higher damping ratios. Low-damping natural rubber in Figure 2.3(a) exhibits approximately
150% shear strain with a nearly linear shear stress-strain behaviour before it stiffens to
plasticity. Natural rubber with hardness of 50 is typically used for seismic applications having
a shear modulus (G) that ranges from 0.65 MPa to 0.9 MPa. The equivalent damping ratio for

low-damping natural rubber ranges between 2% and 3% at 100% shear strain [22].

2.3.2 High Damping Rubber Bearings

Energy dissipation in high-damping rubber bearings is achieved by special compounding of the
elastomer. Damping ratios generally range between 7% and 14% of critical. The shear modulus
of high-damping elastomers generally ranges between 0.35 MPa (50 psi) and 1.4 MPa (200 psi)
[20].

2.3.3 Lead Rubber Bearings

Lead-rubber bearings differ from normal damped natural rubber bearings due to the presence
of a lead plug in Figure 2.3(b) that is inserted at the centre of the bearing. The lead plug deforms
plastically under shear deformation, enhancing the energy dissipation capabilities related to the

rubber bearing.

(a) (b)

Figure 2.3: (a) Damped Rubber Bearing (b) Lead Rubber Bearing [38]
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2.4 Frictional Bearings
2.4.1 Single Friction Bearings

Single frictional pendulum is composed of a curved steel sliding surface and articulated slider
made from steel. Energy dissipation (damping) is provided by friction (n) between the
composite bearing material and the stainless-steel overlay that is shown in the Figure 2.4(a) and
2.4(b). During an earthquake, the articulated slider moves on the surface along a displacement
capacity d. The cause of friction is the materials mainly polytetrafluoroethylene (PTFE) and
bimetallic sheets used on the sliders surface because it exhibits very good viscoelastic
behaviour. Pendulum bearings are advantageous to use due to their restoring ability. Flat slider
friction bearing has no restoring ability and do not return to initiation point after sliding but can

used in combination with elastomeric bearings [39].

(@) (b)

Figure 2.4: (a) Flat Slider Bearing [40] (b) Single Friction Pendulum [39]

2.4.2 Double Friction Pendulum

Second generation friction pendulum in Figure 2.5 has two (2) sliding surfaces S;, S, with
friction coefficients p;, u,. The pendulum dimension is composed of two radii R;, R,, heights
h,, h, and displacement capacities d,, d, resulting to a total displacement of d,+ d, . This
bearing can be design for two earthquake levels having different frictional coefficients p, u,,
radii R,, R, and displacement capacities. DFP’s primary advantage is the cost savings that can
be achieved through their more compact size and adaptive behaviour [41]. Also, double friction
pendulum bearing is more effective than triple friction pendulum under higher peak ground

acceleration records [34].
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Figure 2.5: Double Friction Pendulum

2.4.3 Triple Friction Pendulum

Triple friction pendulum isolator Figure 2.6 is called third generation bearing because of being
adaptive in its performance according to demand, displacement capacity and speed variation
which prevents excessive variation in the friction coefficients [42]. Due to it is adaptive
behaviour, triple friction pendulum application is wide and can be used in both near and far
fault regions because of its different hysteretic properties at different stages of displacement.
Its adaptive behaviour provides solutions for uncertain performance of seismic isolations
systems under near-field ground motions [43]. Triple pendulum isolator eliminates the use of
supplementary dampers in the case of near-field excitation due to its adaptive behaviour and
variation in friction which reduces acceleration and displacements in an efficient-balance
manner. The major benefit of this triple friction isolator is that, it enables the system to be
optimized for multiple performance objectives in terms of different motions and hazard levels
[41]. [32] mentioned that the main aim of developing multi-frictional isolators including triple
friction pendulum is to improve the durability and upgrade the earthquake-proof capability of
the traditional SFP isolator under near-source excitations and strong ground motions with long
predominant periods. Triple friction pendulum also depends on its load capacity, sliding
regimes, frictions, bearing displacement and ground excitation condition. Triple friction
pendulum is composed of four (4) sliding surfaces, two inner surfaces S;, S,which are the
smallest and two outer surfaces Ss, S, with friction coefficients p; p, ps py. Also, the
pendulum dimensions are characterized by radii R,, R,, R; and R,, heights hy, h,, h; and hy,
displacement capacities d, d,, d; and d,. Generally, the dimension of the isolator is designed
to have similar values, sliding surfaces 2 and 3 are equal (R,=R5; and d,=d5) also sliding
surfaces 1 and 4 (R;=R,and d; =d,).
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It is not must for the dimension parameters to be equal, they can differ according to their
application conditions.

q r~Inner slider
% ‘ : / —Articulated slider
- -Top plate
’ /4 Bottom plate
d- —Articulated slider
fo—

Figure 2.6: Triple Friction Pendulum [44]

2.5 Friction of PTFE Coating Material

Polytetrafluoroethylene (PTFE) is plastic material that is commonly used and worked on
friction pendulum bearing interface providing the necessary friction needed for dissipation. The
material has a diameter generally larger than 250mm, AASHTO 1999 recommends that the
material should at least be 1.66m after compression. Also, non-corrosive bimetallic filler
materials can be used together with PTFE to increase friction of bearing (e.g bronze, lead and
stainless steel). The friction efficiency of PTFE material is affected by velocity, pressure,
temperature and contamination. The friction coefficient of PTFE on steel is 0.02-0.03 for slow

sliding rates. Typical seismic velocities and pressures in bridge bearings increases friction

coefficient to a values of 0.10-0.15 depending on lubrication [45].
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2.5.1 Effect of Pressure on Velocity and Friction

Coulomb friction model is often used in mathematical representation of friction coefficient but

friction bearing interface is velocity dependent. Figure 2.7 is a function of the maximum and

minimum friction values at ambient temperature (ZOOC) throughout the range of velocity at a
certain normal pressure value on the surface. Prior to sliding, the static friction force linked
with static coefficient of friction must be overcome. Once the sliding starts the friction force
drops to a minimum value then rises at higher velocities values until it steadies at the maximum

friction force.

fmax

BREAKAWAY
VALUE \

INCREASING
NORMAL
LOAD

COEFFICIENT OF FRICTION

SLIDING VELOCITY

Figure 2.7: Friction coefficient of PTFE-polished stainless steel [45]

Increase in interface pressure leads to decrease in friction coefficient. This decrease in friction
coefficient is mostly due to compression of the interface material. Summarized from [20],

friction coefficient change due to pressure is computed in equation (2.9).

F _ SA, _ S,
p= g = (2.9)

T PAr Py

where S is the shear strength of the interface in equation (2.10), P. is the pressure over the real
area of contact, A, is the area of contact dependent to the deformation level and a correction

constant.

s = s, + ab. (2.10)

15



2.5.2 Effect of Temperature on Velocity and Friction

During sliding, the interface material (PTFE) temperature on the surface providing friction
resistance change from the normal ambient temperature. This heating effect is due to shear of
friction material surface which causes deformation and directly affect the roughness. The

change in temperature in Figure 2.8 shows that friction coefficient increases at temperatures

below 20°C.

fmax

-40°C

20°C

50°C

INCREASING

COEFFICIENT OF FRICTION

TEMPERATURE

SLIDING VELOCITY

Figure 2.8: Friction coefficient of PTFE-polished stainless steel [20]

2.5.3 Effect of Contaminant on Friction

Contamination of the sliding bearing interface causes increase in friction by other component
of friction due to third body effects and due to abrasion of the stainless steel. This change in
mechanical property is reduced or eliminated by rubber sealing of the whole bearing and
downward installation of the stainless-steel surface with the friction material. Friction bearings
are unlikely to be contaminated in the sliding interface unless the bearing is disassembled at the
construction site before installation or the bearing is sealed wrongly [47][48]. Moreover, double
and triple friction bearings may contaminate debris slowly after a time even when sealed based
on the condition and their upward installation of stainless-steel surfaces containing the

interface.
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2.6 Mechanical Behaviour of Isolation Systems

2.6.1 Viscous Behaviour

Viscous behaviour force dissipation is proportional to velocity and performance of a damper
within the elastic limit Figure 2.9(a). Viscous damping is an ideal and convenient type of
damping to handle mathematically which is used in the fundamental solution of differential
equation of a motion. This force is zero at the maximum displacement and therefore does not

contribute to the effective stiffness of the isolation system.

2.6.2 Hysteretic Behaviour

This behaviour is mostly realized during deformation of solids when the friction between the
internal planes shear as the material deforms which mostly illustrates the inelastic portion of
the structural when the elasticity of the structures is lost Figure 2.9(b). This behaviour deals
with the cracking and breaking portion of the structure. The force-displacement relation of the

isolator may be approximated by a bilinear curve.

(a) (b)
Figure 2.9: (a) Hysteretic (b) Viscous Behavior [45]

Most of the seismic design are force and displacement considered. However, earthquake is in
fact an energy originated event. From [19] summary, the energy concept is more fundamental
phenomenon to think about because forces and displacements arise as consequences of this
energy. Energy of an earthquake should be equal to the sum of energy stored within the structure
(Es) and the dissipated energy (Ed) in equation (2.11) to (2.13).
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E=E + E, (2.11)
E,= E, + E, (2.12)

Ed ES Ev + Eh (213)

Where E is the total energy of the structure or work done by the structure counteracting the
shear force by ground motion. The structure actualizes this storage by converting the earthquake
energy into kinetic energy (Ek) and elastic strain energy (Ee) during its swinging. The amount
of energy dissipated by the structure (Ed) has two components, called viscous damping energy
(Ev) and hysteretic damping energy (Eh). Earthquake within the elastic limit has low intensity,
in this case the total structural energy or work done should be summation of energy stored

within the structure (Es) and viscous damping energy (Ey) in equation (2.14).

E=E, + E,+ E, (2.14)

For high intensity earthquake (exceeds elastic limits) the total structural energy is the
summation of energy stored within the structure (Es), viscous damping energy (Ey) and

hysteretic damping energy (Eh) because high intensity earthquakes causes damages.

2.7 Code Design of Seismic Isolators

The seismic isolation design requirement was founded by the Structural Engineers Association
of Northern California (SEAONC), this design requirement is later modified and used in
uniform building code (UBC) in 1986 which is the first official code for seismic Isolation
design. The (SEAONC) guidelines book emphasis that the equivalent lateral-force analysis and
seismic demand level are required for design, in the recent American code of seismic isolation
design, a structure is analysed using response spectrum or time history analysis the results most

be checked with equivalent lateral-force method [1][2].
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2.7.1 Static Design

The forces and minimum displacements are calculated with formulas derived based on constant
velocity assumption [1]. The displacement of the structure is classified into three levels; (Dp)
design displacement which is DBE dependent, total design displacement (Dp) and (Dry,) as
the total maximum displacement dependent to MCE. Static analysis is necessary to give idea
on the minimum criteria for design. Static analysis is efficient without further analysis

according to [48] if ;

Structure is located at a site with soil coefficient < 0.60g determined by checking the spectral
acceleration maps.

Soil classification is between A-D.

Structures height above the isolation plane is less than 65 feet (19.812m) or less than 5 stories.
Isolated system effective period at maximum displacement T,, should not exceed 3.0 seconds
Effective design period displacement T} is three times greater than the elastic period of the
fixed-base structure.

Superstructure plane is regular.

Effective stiffness at design displacement of the isolation system has a value that is greater than
1/3 of the effective stiffness at 20% of design displacement.

Isolation system has a restoring force required by code.

Isolation system force deflection properties are not dependent to the rate of loading.

Effect of the isolation system to maximum capable earthquake (MCE) displacements does not

lessen the Sy, /Sp1 times the total design displacements.

2.7.2 Linear Equivalent Static Design Procedure

According to codes, linear analysis on structures is needed to know the preliminary design
requirements. This seismic isolated static analysis method is given in FEMA 365 [49], 2009
NHERP [50], ASCE 7-16 [51] and TSC2019 [52].

Turkish Code (TSC 2019):

Turkish design code for isolator design is like ASCE 7-05/10 with some additional coefficient
from Eurocode.
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Design Displacement

Equation (2.15) is the design displacement (D) of seismic motion in which (Sg.),
serves as the spectral acceleration and (np), (7)) In equation (2.16) represents the

correction factor for damping.
Dp= 1.3 [-L] TZnpSec (2.15)

10

olm = |57 (2.16)

Where,

¢ =damping ratio.

Period at the Design Displacement

(Tp) inequation (2.17) is the design structural period which is proportional to the design

stiffness (Kp) and angular frequency (w).

= /L
Tp =2m |7~ (2.17)

Maximum Displacement

(Dy) in equation (2.18) is the design displacement of seismic motion in which (S,.),
serves as the design spectral acceleration and (n,,) is the maximum considered

correction factor for damping.

Dyy= 1.3 || TEnmSee (2.18)
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e Period at the Maximum Displacement

Equation (2.19) represents the maximum structural period (T;,) which is proportional to

the Maximum stiffness (K, ) and angular frequency (w).

Ty = 2 [ (2.19)

Kmg

e Total Displacement

The total design displacement (Dyp) and the total maximum displacement (Dy,),) of

components of the isolation system in equation (2.20) and (2.21) includes additional

displacement due to actual and accidental torsion.

12

Dyp =Dy [1 +y— jdz] (2.20)
12

Dryy =Dy |1+ y | (2.21)

Where;

e = eccentricity
y = distance between centre of rigidity to plan corner
b = shortest plan dimension

d = longest plan dimension

e Lateral Forces

Equation (2.22) and (2.23) calculates the (V;), (V) the shear forces above the isolator

with modification factor R as the denominator factor.

S
v, = aTW"D (2.22)
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S
y,, = 28 Way (2.23)

The story lateral force (F;) is distributed over the height (x) of the structure above the

isolation interface using equation (2.24).

_VDwy ny
Fs = L Wih; (2:24)

American Code ASCE 7-16:

Design Displacement

This is the minimum lateral earthquake displacement (Dp) in equation (2.25) that

1solator should resist,

Dp= [ L] 222 (2.25)

412 Bp

Where (S, ) is are the design spectral response acceleration parameter at 1s, (Bp) is the

design damping ratio factors at design level in Table 2.1.

Table 2.1: Design and Maximum Damping Correction Ratio Factor [50]

Bp, By Bp, By
0.8 <2%
1.0 5%
1.2 10%
1.35 15%
1.5 20%
1.7 30%
1.9 40%
2.0 >50%
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Effective Period at the Design Displacement

The effective period (T, ) of an isolated building equation (2.26) at the design

displacement is determined using ( Kj, ) design stiffness of the isolation system.

T, =2m |— (2.26)

Maximum Displacement

The maximum displacement of the isolation system (D,,) equation (2.27) represents the

most critical direction of horizontal response.

_ [ 9 ]5miry
Dy = [4112] Bum (2.27)
Effective Period at the Maximum Displacement

Equation (2.28), The effective period (Ty,) of the isolated building at the maximum

displacement is determined using ( K, ) maximum stiffness of the isolation system.

_ ’ w
TM - 21'[ m (228)

Total Displacement

Equations (2.29) and (2.30) represents the total design displacement (D;p) and the total
maximum displacement (Dr,,) of components of the isolation system shall include
additional displacement due to actual and accidental torsion calculated considering the
spatial distribution of the effective stiffness of the isolation system at the design

displacement and the most disadvantageous location of mass eccentricity.

12
Dyp =Dy [1 + ) ﬁ] (2.29)
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Drus =Dy |1+ () ]| (230
Where;
e = eccentricity
y = distance between centre of rigidity to plan corner
b = shortest plan dimension
d = longest plan dimension

Py = The effective translational period of the isolation system to the effective
to torsional period of the isolation system ratio normally taken as a value less
than 1.0

Total maximum displacement value (Dzy,) should be > 1.15 D,, provided that the

isolation system is shown by calculation to be configured to resist torsion.

e Lateral Forces

The superstructure shear force Vg, in equation (2.32) computes the shear force above
the isolator. The foundation, and all other structural components and elements below
the isolation system shall be designed and constructed to withstand a minimum lateral

seismic force, V}, in equation (2.31).

Vy = KpDp (2.31)

Wy -
V= Vy (5) (-28m) (2.32)

The value of V; shall be computed with equation (2.33),
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Vot
Ry

Vg = (2.33)

R; is the response modification factor value required for design of the structure above
the isolation system. The shear force, V;, shall be distributed over the height of the

structure above the isolation interface with equation (2.34).

Vv
= _SWxhi (2.34)

X X wihf

At each level designated as X, the force Fy shall be applied over the area of the building
in accordance with the weight, wy, distribution at that level, hy and k is story force

distribution correction parameter.

2.8 Dynamic Design

Dynamic analysis is a conservative analysis that gives results according to the behaviour of the
seismic ground motion. Based on ASCE code, dynamic Analysis is necessary if the period at
maximum displacement of the structure (T,,) is greater or equal 3.0 seconds, the soil class is E
or F, the structure located is within 6.2 miles (10km) of active fault and the period at design
displacement (7)) is three times greater than the elastic fixed base period of the structure above

isolators [1].

2.8.1 Response Spectrum Dynamic Design

Normally, response spectrum analysis is used to design a superstructure which essentially
remains elastic for design earthquake ground motions. The acceleration value of response
spectrum depends mainly on the seismic design category and site-soil class. These parameters
give the short period (Sg) and 1s period (S;) acceleration [53]. Figure 2.10 shows the response

spectrum design curve.
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Figure 2.10: Design Response Spectrum [54]

Isolated structures modal response spectrum analysis should have damping equivalent to the
lesser value between effective damping of the isolation system or 30% of critical. To determine
the total design displacement and total maximum displacement of the structure, 100% of the
motion should be used in the most critical excitation direction and 30% of it in the perpendicular
axis. Moreover, If the total design displacement (Drp) determined by response spectrum
analysis is found to be less than the value in equivalent linear static analysis or the total
maximum displacement (Dr,,) determined by response spectrum analysis is found to be less
than the value of (D), response analysis parameters are increased to (Drp) value, or the (D)
value [55].

Service Level Earthquake (SLE)

Service level earthquake is the least earthquake design level use in design analysis. During
motion, the structures are considered not to have any damages but displacements of non-
structural elements may be expected [55]. An SLE has 50% probability of being exceeded in
30 years or 43-year return period [56]. This level is included in design to account for the
smallest acceleration value needed to activate the isolator. It is a very important level in the
design of frictional pendulum isolators. Service level earthquake is approximately about 50% -

60% of Design level earthquake in [57].
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Design Basis Earthquake (DBE)

This earthquake is used in preliminary design phase of isolator displacement and resistance.
Design base earthquakes have 10% probability of being exceeded in 50 years or 475-year return
period [56][58]. The earthquake motions at the design stage may cause fixable damages to the
structure and human injuries. This design performances value in equation (2.35) and (2.36)

gives the engineer an idea on the behaviour of the structure to be expected.

SDS = Fa Ss (2-35)

wIlN

Sp1 = F, 51 (2.36)

F, and F, are site coefficients given in Table 2.3 and 2.4.

Maximum Capable Earthquake (MCE)

The maximum capable earthquake level calculated in equation (2.37) is the level which has 2%
probability of ground motion exceeding 50 years or 2475-year return period[49][55]. This level
is for final design analysis of the structure for protection of both the structure and the non-

structural materials.

The displacement at (MCE) level is the average of peak values calculated from seven nonlinear
response history analyses records according to ASCE/SEI 7-10 and ASCE/SEI 7-16 standards.
The maximum considered earthquake motions may cause permanent structural damages and

loss of lives.

Su = 28 (2.37)
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Table 2.2: Short period site class coefficient [53]

Site Class 5, <025 S, =0.5 S, = 0.75 S, =1.0 S, >1.25
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 1.4 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.9
Table 2.3: 1s period site class coefficient [53]
Site Class 5, <0.1 S, =0.2 S, =03 S, =04 5,205
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 2.4

2.8.2 Response History Dynamic Design

Response history analysis is based on direct ground motion records recorded by site
seismogram, this analysis is used mainly for maximum structural design [60]. Ground motions
are applied to the structure to see the displacement and other structural parameter values for the
design. Response history design analysis requires no less than three design based scaled ground
motion records with each having two horizontal and a vertical component for uplift check and
the maximum response of three motion is used for design [55]. If seven or more ground motion
records are used for response history analysis, the average of all responses of the parameter

shall be used for design.
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2.9 Isolators Characteristic Design
2.9.1 Rubber Bearings.

The stiffness parameter (K) and characteristic force strength (Q) are the important aspects of
rubber bearing design, the horizontal stiffness (K} ) provided by the rubber is good in resisting
shear forces. The vertical stiffness (K,,) is resisted by the steel shims between rubbers which
confines the isolator together and stops bulging effect. General design according to AISC code
in Figure 2.11 and equations (2.38) to (2.52) were summarized from studies [22][23][45] and
FEMA 365.

K, = (2.38)

T

G is the shear modulus, T, as the total thickness of rubber and Ag is the bonded rubber area.
The compressive modulus (E.) in equation (2.39) due to weight of the structure changes

according to the shape factor (S) of the bearing.

E, = 6GS? (2.39)

The dimensionless geometric parameter shape factor (S) of a single rubber layer of a bearing
can be computed by equation (2.40).
s=4L (2.40)

Vertical stiffness and horizontal stiffness are mathematically proportional.

E A 6GS?A
K, = CT L= - L = 652Ky (2.41)
T T
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Figure 2.11: Design process of rubber bearings [23]



Lead rubber bearing stiffness (Ky; ) equation (2.42) and damped rubber bearing stiffness (K )
have similar equations except for the Force (Q ) from the yield strength of the lead in equation
(2.43) where, (d) is the horizontal of the lead.

K= Ky + % (2.42)

Qa =( “%2) Oyb (2.43)

2.9.2 Frictional Pendulum Bearings.

Single friction pendulum isolator design involves few process and computation presented in
Table 2.4 by AASHTO 1999 recommended specification [20]. The sliding interface material
and thickness is chosen to achieve effective friction, the thickness of the steel plate is selected
to resist the applied loads by providing necessary characteristic stiffness. Friction isolators have
a normal pendulum like behaviour Figure 2.12 with a lateral force (F) needed to impose a lateral
displacement (u) in equation (2.48). The frictional force (Fy) at the sliding interface is expressed
as friction coefficient (u) multiplied by weight of the structure (w) equation (2.47). The
frictional pendulum isolator depends on the friction coefficient of the sliding surface for

dissipation.

<

Spherical
sliding
surface W

P[- ‘f/\ N

Figure 2.12: Friction pendulum free body diagram [61]
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Table 2.4: AASHTO 1999 specification for friction pendulum bearing design [20]

Recommendation

]

The thickness of interface sheet (mostly PTFE material) should be at
least 1.6 mm after compression for effectiveness.

1I.

The stainless-steel sliding surface should be smoothened to a high
degree of reflectivity with little to no roughness. AASHTO (1999)
recommends that the arithmetic average (R,) surface roughness should
be < 0.8 micrometres after finishing. This roughness limit is set for well
friction sheet lining,.

II.

The stainless steel should preferably be of type 316 conforming to
ASTM A240 American code. This stainless-steel selection is important
to avoid corrosion of the bearing.

V.

The stainless-steel sliding plate thickness should be >1.5 mm for
surfaces having a maximum dimension of <300 mm and >2.3 mm for
surfaces having a maximum dimension <900 mm. Plates with higher
dimensions’ thickness should be verified by testing of full-size bearings
at representative loads and velocities.

‘| Materials that are not corrosion-resistant are recommended not to be in

contact with non-metallic liner materials. Materials that are not
corrosion resistance may hinder with the frictional coefficients.

VL

Lubricated bearings should be of PTFE and concave. The diameter of
the concave region should be < 8mm and a depth < 2mm. Also, the
region should cover 20 to 30 percent of the PTFE surface. The lubricant
should be silicone grease that is effective at very low temperatures.

R
T;=2m |-
d n\/;

TeffZZTC W

9 Kerr
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Effective and normal period of friction pendulum isolator are calculated by equation (2.44)
and (2.45). Sliding angle (8) for small values is defined in equation (2.46) where D is the

bearing top displacement.

0= (2.46)

where, R-h is the effective radius of a curvature (R ;) of the sliding surface.
F= % D+ uW (248)

Dividing equations (2.47) and (2.48) by displacement (D), the normal and effective stiffness
of the friction pendulum is derived from equation (2.49) and (2.50).

Ko=% (2.49)

w W
Kepp = —+ — (2.50)

Energy dissipation per force-displacement cycle (E.D.C) is provided in equation (2.51)

EDC = 4uWD (2.51)

Effective damping (B) is given in equation (2.52)
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SELLUE (2.52)

p= 2mKD2

These listed equations above also change with the type of friction pendulum used, sliding angle
(6) changes when displacement increases and the amount of sliding plates in the case of triple

friction pendulum isolators. Refer to [62][41] for further design procedures.

)
F

s Stage V
' Stage lll
Lol - Stage Il ‘ :
SLE DBE level MCE!level
level * =
My .
U U3 Lz Uz,

Figure 2.13: Triple Friction Pendulum Design Stages [57]

Triple frictional pendulum design is not as direct as the design of a single pendulum, it takes
five stages to reach the maximum design displacement Figure 2.10. Each stage has its specific
design displacements in Figure 2.13. The stage | is designed according to service level
earthquake (SLE) having ground acceleration of 50% of DBE, |1 stage is designed to undergo
a displacement of design base earthquake (DBE), stage IlI/IV are designed according to
maximum considered earthquake displacement (MCE) which is 150% of DBE, and stage V is
aimed to cover for displacements above MCE [34][57]. Refer to Appendix A for triple frictional

pendulum design.
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Fenz and Constantinou behaviour models is based on the forces on the free body diagram of
each slider plate in Figure 2.15. The theory is characterized by friction coefficients p; p, s
W, radii Ry, R,, R; and R,, heights hq, h,, h; and h, and displacement capacities d,, d,, ds
and d,. Five (5) main motion Transitions (I I1 11 IV and V) in Figure 2.14 formulated in Table
2.5. This formulation is according to assumptions;

friction coefficient( p, = p3 < py; < Uy,

surface radii ( Regr1=Refra>> Refr2=Refy3)

Displacement capacities d; > (1 — Wz)Refr2, d3 > (s — H3)Rerr3 and

> Wb P

dy > (Mg — H1)Reff1

Regime V

Regime IV
e S

Regime ITI S
Regime II
Regime I

Horizontal Force
i

11

Total Displacement

Figure 2.14: Triple Friction Pendulum Force-Displacement Hysteresis Loop [63]
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Il v

E!-q—u‘—-l

Figure 2.15: Triple Friction Pendulum Regimes [41]

Regime |

This is the stage where motion begins, this motion starts at the inner sliding plates 2 and 3 only.
The motion starts when the horizontal excitation force F = Fy,= F3. Sliding stops when F = Fy;

and when displacement ( u*) is reached.

Regime 11

Sliding continuous on 3 and starts at surface 1 when F = Fr;and when the displacement (u*) is

reached. The motion continuous up to the second stage displacement ( u**) before stopping at
F = Fp4.
f4
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Regime 111

Sliding stops at surface 3, then sliding on surface 1 and 4 occurs when F = F¢, and displacement

(u™*) is reached. At force F;,, transition ends with displacement (u,4,-1) upon reaching surface
1 restrainer.

Regime IV

When the motion hits surface 1 restrain a reactive force F,;,.;is forms, the sliding continuous on
surface 4 and starts at 2 at force Fy,-; with displacement (u4,1) ending it is transition at a total
displacement u,4,-, and corresponding force F,4.

Regime V

Upon hitting the surface 4 restrain, motion begins on surface 2 and 3 at displacement u4,-, and

corresponding force Fj,.,. The motion stops upon reaching design displacement w,,4 > Ugra-

Table 2.5: Force-Displacement Equations [41]

Regime Description Force-Displacement Relationship
F= W u+Ff2Rcﬂ’2+Ff3ReﬁJ
I Sliding on surfaces Ry +R, Ry +Ry,
2 and 3 only

Validuntil: ~ F=F, w=u'=(u—p,) R, +(w-p) R

eff 3

Motion stops on F= 4 u+ Fy (Reﬂ’l _Rcﬁ‘l)'I'FﬂRf:ﬁ‘l +FR

I surface 2; Sliding Ry +Ry Ry +R,,
on surfaces 1 and 3 Validuntil:  F=F,,, u i =u _pl)(R;ﬁl N ngrs)
Motion s stopped  F = v Ey (R:ﬁ'l ~Ry )+Fszq;rz +F Ry (Rsm ‘Rqrfs)
m o surfaces 2 and 3; Ry + Ry, R+ Ry,
Sliding on surfaces W R,
land4 Valid until: F:Fdﬂ:R_dt-l—Ffl? u=u,, =u" +d, 1"‘% _(Pd‘PJ)(Rem'l'Rzm)
il off 1
Slider contacts W
restrainer on "R R (u~ud,])+R—]a‘1 +F,
v surface 1; Motion e @
remains stopped on W d, d,
surface 3; Sliding Validuntil:  F=F,, :R_d4 +Ff4 s USU, =l + R_+ Ko |- 5t (Re,[fz + quﬂ)
on surface 2 and 4 o of ¢ o
Slider bears on
v restrainer qf ‘surface _ 4 (u—um) +£ d,+F,,
1 and 4; Sliding on Ry + Ry, Ry,
surfaces 2 and 3

Assumptions: (1) Rgm = qu > ngfz = Rq;fz S py =gy <y <y, (3) 4> (].14 —uL)R(’}?'I’ . 4, >(1-11 “I-Lz)Reﬁz
() dy> (“4 H“a)Rcm
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Alternative triple friction pendulum model on software is series model, this model has three
single friction pendulums connected in series characterize by three different radii R, R,, Rs,

friction coefficients py, p,, u3 and displacement capacitiesd, d,, ds.

R Ru Rew
—W— —W— —V—
F B F B F
w1 L1 /7 ¥ _—y
[ ! [

Figure 2.16: Triple Friction Pendulum series model [42]

[64] mentioned during their research that previous structural analysis software have no
applicable hysteresis rules or nonlinear elements available that can be used to exactly model
triple friction pendulum bearings for response-history analysis. Series model in Figure 2.16 is
used in old versions of analysis software to characterize the behaviour of triple friction
pendulum. Though, the behaviour of the triple friction pendulum is not exactly series

arrangement of single concave friction pendulum however it is similar.

Table 2.6: TFP Conversion to Series Model Configuration [64]

Coefficients Nominal displacement
of friction Radii of curvature capacity Rate parameter
Element 1 A==t ‘qejflzRe{f2+Re{f3 d,=d,, —(d,+d,) 3 =l(ﬂ2+ﬂ3)
22
Element 2 Ha=H, éeﬂ?:Re[f]_Re{J"Z P _Rarﬂ'l_RL.’f?’Z . Ry .
. . B — =
Ry Rypi—Regy |
Element 3 e Royps=Roya=Ryps gy g _Rer
Roya Ryra=Reyps

*Note: d,, is the total displacement capacity of the actual bearing. Alternatively, parameter d | may be left un-
specified (infinite displacement capacity).

Fenz and Constantinou in Table 2.6 present modifications to convert triple friction pendulum
isolator to series model, these parameters and additional gap link elements can be used to

closely captures the hysteresis behaviour of triple friction pendulum in software like Sap2000.
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CHAPTER 3

STRUCTURAL MODELLING

3.1 Model

The thesis analysis model is a simple four (5) story low-rise reinforced concrete residential
building in Figure 3.1 located in Bakirkoy Istanbul, Turkey at coordinate 40.98116 and
28.886032 in Figure 3.4, with 10% probability of being exceeded in 50 years or 475-year return
period and design spectrum and site parameters in Table 3.2.

Figure 3.1: Structural Model

39



S oam Sam L Sam:

Figure 3.2: Geometric Plan X-Y

Figure 3.3: Geometric Plan X-Z
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The building is designed according Turkish code (TSC2019) with geometrical plan dimension

of 15m to x-axis, 15m to the y-axis and 15m to vertical axis in Figure 3.2 and Figure 3.3. The

building has a slab thickness 0.15m connected to the elements in Table 3.1 compose of concrete

with compressive strength (o) of 25Mpa, mass per unit volume (p.) of 2500kg/m and elastic

modulus (E.) of 31000Mpa. The steel reinforcement used has a yield strength (o, )of 250MPa,

mass per unit volume (p,) of 7850kg/m and elastic modulus (E;) of 200000MPa.

Table 3.1: Structural Element Properties

_ _ _ . Moment of | Moment of _ _
Section Dimension | Cross-section | Length Torsional | Self-weight
Inertia y-axis | Inertia y-axis .
Property (m) Area(m) (m) Inertia (m4) factor
(m4) (m4)
Column | 0.6mx 0.6m 0.36 3 0.0108 0.0108 0.018252 1
Beam 0.5m x 0.3m 0.15 5 0.001125 0.003125 | 0.002817371 1

The structure is assigned a gravity load composed of dead load (assigned 2KN/m? + self-

weight) and 2KN/m2 live load at each floor. The structure has a mass source combination of

1.0DL + 0.3LL given in TSC2019. This design parameters and loads give the floor loads in

Table 3.2.
Table 3.2: Building site Parameters
Site Class Ss S1 Sbs Sb1 PGA PGV
C 1.169 0.319 1.403 0.479 0.480 29.464
Where,
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Ss: 5% damped, spectral response acceleration parameter at short periods as defined
S1: 5% damped, spectral response acceleration parameter at a period of 1 s

Spos: The design spectral response acceleration parameter at short periods

Sp1: The design spectral response acceleration parameter at a 1-s period

PGA: Peak ground acceleration

PGV: Peak ground velocity

Table 3.3: Floor Loads

Floor Mass (Ton) Weight (KN)
5 205.228 2013.291
4 226.828 2225.187
3 226.828 2225.187
2 226.828 2225.187
1 226.828 2225.187

Table 3.4: Analysis Mode periods

Fixed 18t mode 2" mode 3% mode
Etabs 0.500 0.149 0.076
Opensees 0.522 0.154 0.077
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Universiler Mah. Dumiupinar Bulvan No: 159
(E Yol 9 Km) Cankaya/Ankara- TURKIYE
Kirklarell skigens Cankay

Bu harita, Afet ve Acl Durum Yonetimi Bagkanhig (AFAD) tarafindan Ulusal Deprem Aragtirma Program: (UDAP) AclKLAMALAR

kapsaminda desteklenen UDAP-G-13-06 kod no'lu “Turkiye Sismik Tehlike Haritasinin Guncellenmesi” baslikl projenin K
sonuglan kullanilarak hazirtanmistir
&N BOYOK YER MVES!
BU harita, zemin kogulu (Vi)s = 760 mys esas alinarak Yerel zemin neden 050K vhoihiodeottuariod YOSEK
sivilagma, blyGtme, farkli oturma gibi tehlikeler icermemektedir T . o
Kaynak Gosterme; Bu haritanin kullaniimasinda *AFAD, 2018. Turkiye Deprem Tehlike Haritasi" seklinde kaynak 50 YILDA ASILMA OUASILX! X10
beirtimesi gerskmekied. (TEKRARLANMA PERIYCOU 475 Yi
2018@Haritanin telif ve iktibas hakki AFAD Bagkanligina aittir. AFAD'in yazil izni alinmadan elektronik, optik, mekanik — 0 100 200 400
veya diger yollaria basiimasi o da gerekl hukuki yollara il — - ' KM

bagvurulacaktir.

Figure 3.4: Turkey’s Seismic Map [65]

Triple friction isolator Table 3.5 is applied in Figure 3.1 fixed model having analysis periods in
Table 3.4, the isolator is designed according to the spectral displacement of the building region
in Appendix A. The geometry and characteristic of the designed isolator is approximately same
as the long-period medium displacement capacity triple friction pendulum used in [57]
following the representative sizes manufactured by EPS Inc.

Table 3.5: Triple Friction Pendulum Parameters

_ _ TFP Rate
) _ TFP Velocity Dependent | Displacement
Effective Radius for TFP(m) o o Parameter
Friction Capacities(m)
(sec/m)

Refr1 | Refra | Repra | Reppa | Wa | M2 | W3 | W | dp=ds3 | di=d3 | ay=az | a;=a,

0.02 | 0.01 | 0.01 | 0.05
1.62 | 0.405 | 0.405 | 1.62 0.14 0.4 | 100.0 | 100.0
0.05]0.01{0.01| 01
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3.2 Opensees

Opensees is an open source software developed by University of California in 2000s. The
program was developed using TCL programming language and it is aim is to provide easy
simulation of earthquake records for researchers and academicians. The software has graphical
representation limitations, postprocessors are needed for data charts. Opensees models are
created by coding, nodes are created at each beam and column points and assigned masses for
modal analysis. Constraints are assigned at each ground floor nodes to restrain movements,
diaphragms are assigned for direction restrains in upper building floors and a geometric
transformation is assigned to convert local axis to global. Isolated structures have extra
commands for material definition and friction coefficient. The building elements are designed
as linear or non-linear and for isolated building, bearing element is assigned. Load at each floor
in Table 3.2 is equally divided at all floor nodes and assigned structural damping is constructed
using first mode period with built-in Rayleigh damping command. Gravity and modal built-in
analysis commands are assigned to construct solution. Ground motion time-series is constructed

at each excitation axis before time-history-analysis command are set to perform analysis.

3.3 Equivalent Lateral Force Seismic Isolator Analysis

Table 3.6 and 3.7 designs are based on section 3.1 values and section 2.8.1.1 formulations,
seismic site class coefficients to be used in codes design given in Table 3.3. Similar site

parameters are used in both codes for the static analysis. Isolator effective period (T,f) and

damping ratio () are taken as 3.0s and 20% respectively in both codes.

In TSC2019, combination 1.0DL + 0.3LL is used as the mass source for weight and
modification factor (R) as 1 for load reduction. Design superstructure base shear (V) is
computed as 1102.120kN. For ASCE 7-16, 1.0DL + 0.25LL as mass source and a modification
factor (R) of 2 for seismic load reduction. The shape parameter (k) for the force distribution is
computed as 1.4. The base shear (), total unreduced superstructure (V;), and reduced
superstructure (V) are 2076.334kN, 1892.334kN and 946.167kN respectively.
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Table 3.6: TSC 2019 Equivalent Lateral Method

. wyh,
Floors h(m) wi(kN) wyh, Swihs E. (kN)
1 3 2225.187
6675.561 0.069 75.883
2 6 2225.187
13351.122 0.138 151.767
3 9 2225.187
20026.683 0.207 227.650
4 12 2225.187
26702.244 0.275 303.533
5 15 2013.291
30199.365 0.311 343.286
h . . ..
a==2= story force distribution coefficient.
2 wyhy
E. =a.V, story force
Table 3.7: ASCE 7-16 Equivalent Lateral Method
Fl h(m) i(kN) wxhs F
00TIs m W1 k
Wxhx Y wyhk -
1 3
2202.679 10254.65265 0.042 39.652
2 6
2202.679 27062.1906 0.111 104.643
3 9
2202.679 47740.912 0.195 184.603
4 12
2202.679 71417.54916 0.292 276.155
5 15
1990.783 88216.87543 0.361 341.114
th’,}" - . ..
Cpx = = story force distribution coefficient.
Y wyhy
E. =C,,.Vss  story force
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3.4 Time History Analysis
3.4.1 Validation of Triple Friction Pendulum Model

One-story building model having a fundamental fixed base period of 0.2s in [64] is verified on
Opensees with force-displacement curve and drift(m) as verification values. The model stands
on a triple friction pendulum with properties presented in Table 3.8. The model in Figure 3.5
has a damping ratio of 0.25% with an approximate base weight (W},) to superstructure weight
(W) ratio as 0.5 and a total weight of 50KN on each isolator. All frame elements are assumed

to be massless and rigidly connected.

T W,=13333kN
R
3.66 c c Superstructure
R c
B D = 0.25%
C W, =6667 kN amping
LoER R

- e
~A
11.0m . T0m

Saction Area | Moments of | Torslon | Shear |Mass | Weight
Property | (mm?2) | Inertia Constant | Area | (kg) | (kN)
(mm*) (mm*) | (mm?®)
"Column® (C) | 5.0x10'| 6.851x10" | 1.0x10" [50x10° o 0
"Rigid” (R) |5.0x10"| 1.0x10" |1.0x10" [5.0x10% o 0

Figure 3.5: Verification Isolated structure[64]

Table 3.8: Isolator Properties [64]

Actual properties from testing (Fenz and Constantinou 2008b)

Surface | R4 1=435 mm x,=0.02-0.04 d;=64 mm a;=0.10 sec/mm
Surface 2 Ryr>=53 mm u;=0.01-0.02 d>=19mm @a;=0.10 sec/mm
Surface3  R,z»=53 mm u3=0.01-0.02 d;=19 mm a;=0.10 sec/mm
Surface 4 R.54=435mm u;=0.06-0.13 dy=64mm a,=0.10 sec/mm

Properties of series elements
Element 1 R.71=106 mm #,=0.01-0.02 di=— a;=0.05 sec/mm
Element 2 Reﬂ'2:382 mm #2=0.02-0.04 g =562 mm @=0.11 sec/mm
Element 2 g%uz:;gz mm #3=0.06-0.13 7. —562 mm @3;=0.11 sec/mm
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The triple friction pendulum validation analysis results in Figure 3.6 and Figure 3.7 were from
integration of motion equations and Sap2000 using 180 component of 1940 EI Centro record
(PGA of 0.319) as a unidirectional excitation along single lateral axis, record is available from
the PEER NGA database. The ground motion was scaled by a factor of 2.15 to magnify the

displacement values to trigger all sliding regimes.

0.50 0.50 I
SAP2000 Analysis ‘;‘ Integration of Equations ¢\
of Motion \5\‘
. 025 0.25 4 /
8 o
=R
)
2% 000 0.00 4
sE
53
= 0325 025
Peak Displacement Peak Displacement
160.5 mm 163.6 mm
-0.50 v T T ) -0.50 T T T L
=200  -100 0 100 200 =200  -100 0 100 200
Total Displacement, x {mm) Total Displacement, « (mm)

Figure 3.6: Force-Displacement Curves for SAP2000 and Numerical Integration of Equations
of Motion[64]
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Figure 3.7: Structure Drift from Sap2000 and integration of motion equation [64]
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Figure 3.9: Verified Story Drift

Figure 3.8 and Figure 3.9 shows Opensees verified results plot. The force-displacement and
story drift values show negligible difference which are due to convergence and analysis
commands used.

3.5 Ground Motions
3.5.1 Selection of Ground Motions

According to ASCE 7-05/7-10 site ground motions should be selected from detailed events with
magnitudes, fault distance, source and site condition. For sites lacking the required number of
appropriate ground motion sets needed for analysis, appropriate simulated ground motion sets
should be used to reach the number required. Three or more sets of ground motion are used in

non-linear analysis, for three sets of analyses performed, the maximum value of the three
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responses is used. Furthermore, if seven sets of ground motion were used to perform analysis,

the average value of the seven peak responses is used. It is permissible to use sets of records

beyond 3 or 7 sets but yields no significant variance. Moreover, site condition is essential to

selection of ground motion. Soils at sites are classified based on their textures and behaviour

during earthquake starting from soil class A (Hard rock) to soil class F (Clay). This soil

classification is based on 100ft(30m) of the soil profile, sites lacking data are permitted to be

estimated by soil and geologic design professionals after tests [53]. Ten (10) far-field and eleven

near-field (11) ground motions with magnitude 6.5 <M > 7.6 in Table 3.9 and Table 3.10 were

selected from the list of records presented in FEMA [66]. The ground accelerations and

displacements are shown in Figure 3.10 to Figure 3.51.

Table 3.9: Far-Field Ground Motion Records.

No. Name and Station Component | Year | Soil Type Magrlz/iltude, PGA(Q)
1. Duzce, Turkey — Bolu 0 1999 D 7.1 0.739
2. Kobe, Japan— Nishi Akashi 0 1995 C 6.9 0.474
3. Kobe, Japan — Shin Osaka 90 1995 D 6.9 0.212
4. Kocaeli, Turkey — Arcelik 0 1999 C 7.5 0.204
5. Imperial Valley — Delta 352 1979 D 6.5 0.334
6. Hector Mine - Hector 90 1999 C 7.1 0.273
7. San Farnendo — L.A 90 1971 D 6.6 0.225

Hollywood
8. Northridge- Beverly Hills 279 1994 D 6.7 0.477
9. Maniji, Iran - Abbar L 1990 C 7.4 0.485
10. Landers - Coolwater LN 1992 D 7.3 0.282
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Table 3.10

: Near-Field Ground Motion Records.

) ) Magnitude,
No. Name and Station Component | Year | Soil Type M PGA(Q)
Erzincan, Turkey —
1. _ EW 1992 D 6.7 0.490
Erzincan
2. | Cape Mondecino — Petrolia 0 1992 C 7.0 0.591
3. Duzce, Turkey — Duzce 270 1999 D 7.1 0.503
Imperial VValley06 — Bonds
4. 140 1979 D 6.5 0.586
Corner
5. Nahanni Canada — Site 2 240 1985 C 6.8 0.44
6. Chi Chi Taiwan - TCU067 E 1999 C 7.6 0.500
7. Superstition Hills—P. T. S 315 1987 D 6.5 0.384
8. Loma Prieta — Saratoga 0 1989 C 6.9 0.501
Q. Northridge01- Sylmar 090 1994 C 6.7 0.395
10. Northridge01- Saticoy 090 1994 D 6.7 0.281
Imperial Valley06 —
11. ) 282 1979 D 6.5 0.254
Chihuahua

Acceleration [g]

I o o o
O N N =

Time [sec]

Figure 3.10: Bolu Ground Acceleration
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Figure 3.11: Nishi Akashi Ground Acceleration
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Figure 3.12: Shin Osaka Ground Acceleration
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Figure 3.13: Arcelik Ground Acceleration
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Figure 3.14: Delta Ground Acceleration
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Figure 3.15: Hector Ground Acceleration
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Figure 3.16: L.A Hollywood Ground Acceleration
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Figure 3.17: Beverly Hills Ground Acceleration
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Figure 3.18: Abbar Ground Acceleration
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Figure 3.19: Coolwater Ground Acceleration
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Figure 3.20: Erzincan Ground Acceleration
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Figure 3.22: Duzce Ground Acceleration

54



wwwwwwwwww

‘‘‘‘‘‘‘‘‘‘‘‘‘

[B] uoipeiaj@ooeg

=

=]
T

Time [sec]

Figure 3.23: Bonds Corner Ground Acceleration
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Figure 3.24: Nahanni Site 2 Ground Acceleration
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Figure 3.25: ChiChi TCUQ067 Ground Acceleration
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Figure 3.26: Parachute Test Site Ground Acceleration
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Figure 3.28: Sylmar Ground Acceleration
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Figure 3.30: Chihuahua Ground Acceleration
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Figure 3.32: Nishi Akashi Ground Displacement
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Figure 3.33: Shin Osaka Ground Displacement
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Figure 3.34: Arcelik Ground Displacement
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Figure 3.35: Delta Ground Displacement

Figure 3.36: Hector Ground Displacement
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Figure 3.37: L.A Hollywood Ground Displacement
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Figure 3.38: Beverly Hills Ground Displacement
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Figure 3.39: Abbar Ground Displacement
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Figure 3.40: Coolwater Ground Displacement
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Figure 3.41: Erzincan Ground Displacement
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Figure 3.42: Petrolia Ground Displacement

Figure 3.43: Duzce Ground Displacement
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Figure 3.44: Bonds Corner Ground Displacement
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Figure 3.45: Nahanni Site 2 Ground Displacement
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Figure 3.46: ChiChi TCU067 Ground Displacement
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Figure 3.47: Parachute Test Site Ground Displacement
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Figure 3.48: Saratoga Ground Displacement
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Figure 3.49: Sylmar Ground Displacement
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Figure 3.50: Saticoy Ground Displacement
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Figure 3.51: Chihuahua Ground Displacement

3.5.2 Ground Motion Scaling.

There are different approaches that are used in scaling of motion record but there is no
agreement amongst experts on which approach is preferable for THA [67]. The most widely
used method is matching the 5%-damped spectral acceleration of ground motion at fundamental
natural period of 1s S(T;,5%) with site spectrum at 1s [67][68]. The seismic parameters for the
analysis structure region is presented in Table3.3, These parameters plot the site spectrum curve
in Figure 3.52.
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Earthquake records were scaled records to a target response spectrum for the considered site.
Ground motions are scaled such that the 5% damped response spectra value of motions are not
less than the site design response spectrum periods ranging from 0.2T to 1.5T, T is the
fundamental period of the structure in the fundamental mode (1% mode) for the direction of
response being analysed [53]. Variation in some seismic hazard parameters such as duration,
frequency, magnitude of different ground motions scaled at the same Sa (T1,5%) may result in
the diverse level of response and damage to a given structure. So, use of only one ground motion
may not provide enough assurance that the structure will have the same response when
subjected to another ground motion record with the same Sa (T1,5%) [68]. Matched Spectrums
of records in Figure 3.53 to Figure 3.75 with scaling factors in Table 3.11 and Table 3.12 are
very important in analysis providing reduction in record-to-record variability of the input and

output result.
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Table 3.11: Scaled Far-Field Ground Motion.

Ground Motions Scaling factor
Duzce, Turkey — Bolu 0.99
Kobe, Japan— Nishi Akashi 1.30
Kobe, Japan — Shin Osaka 2.67
Kocaeli, Turkey — Arcelik 5.53
Imperial Valley — Delta 1.98
Hector Mine - Hector 2.58
San Farnendo — L.A Hollywood 3.05
Northridge- Beverly Hills 1.28
Manji, Iran - Abbar 1.38
Landers - Coolwater 2.02

Table 3.12: Scaled Near-Field Ground Motions.

Ground Motions Scaling factor
Erzincan, Turkey — Erzincan 1.30
Cape Mondecino — Petrolia 1.31
Duzce, Turkey — Duzce 1.12
Imperial VValley06 — Bonds Corner 1.24
Nahanni Canada — Site 2 1.97
Chi Chi Taiwan - TCUO067 1.44
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Superstition Hills—P. T. S 1.49
Loma Prieta — Saratoga 2.05
Northridge01- Sylmar 1.62
Northridge01- Saticoy 2.1
Imperial Valley06 — Chihuahua 2.7

Mean matched spectrum of the ten far-field and eleven near-field ground motions is represented
in Figure 3.76 and Figure 3.77. Also, scaling helps to enhance some of the frequencies within
the record. Thorough check is important for pulse records, if pulse is needed in analysis, records
with required characteristics are to be used and be ensured that these characteristics are

conserved after matching [69].
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Figure 3.53: Bolu 5% Matched Spectrum
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Figure 3.55: Shin Osaka 5% Matched Spectrum
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Figure 3.57: Delta 5% Matched Spectrum
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Figure 3.59: L.A Hollywood 5% Matched Spectrum
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Figure 3.61: Abbar 5% Matched Spectrum

71



Acceleration {(g)

Acceleration {g)

Spectrum from original accelerogram
Spectrum from matched accelerogram
Target Spectrum

2
Period (sec)
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Figure 3.63: Erzincan 5% Matched Spectrum
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Figure 3.64: Petrolia 5% Matched Spectrum
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Figure 3.65: Duzce 5% Matched Spectrum
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Figure 3.66: Bonds Corner 5% Matched Spectrum
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Figure 3.67: Nahanni Site 2 5% Matched Spectrum
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Figure 3.68: ChiChi TCU067 5% Matched Spectrum
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Figure 3.69: Parachute Test Site 5% Matched Spectrum
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Figure 3.70: Saratoga 5% Matched Spectrum
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Figure 3.71: Sylmar 5% Matched Spectrum
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CHAPTER 4

ANALYSIS RESULTS

4.1 General

Time history analysis (THA) of fixed and TFP isolated building models were analysed using
Opensees under different horizontal ground motions scaled to region response spectrum to
simulate the real site behaviour and assess the structural performance. The fixed based and TFP
isolated structure periods were obtained through modal analysis. The fixed period of 0.52s was
increased to a period value approximately 6 times after application of triple frictional pendulum
isolator. The analysis results show significant decrease in story acceleration, story shear and
inter-story drift. As shown in Figure 1.5, these parameters decrease with increase in the
structural fundamental period but in contrary to the story displacement. The con of increasing
the structural period is that it may increase bearing displacements. In addition, the effect of
varying frictional coefficient of the surfaces are assessed to check the base shear and bearing
displacement effects. Moreover, influence of the change on bearing friction due to factors such

as contamination is evaluated.

4.2 Performance of TFP Isolated Structure
4.2.1 Story Shear

Story shear decreases with increase in story height as shown in Figure 4.1-4.21. It also shown
that rigid structures such as fixed based exhibit greater story shear. TFP isolators have
drastically decreased story shear of the structure. The isolator reduced up to 90% respectively
of story shear in most analysed motion records. The isolation system is observed to be more

effective in far-field ground motions with a maximum reduction of 96%.
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4.2.2 Inter-Story Drift

Peak inter-storey drift ratio is the maximum percentage drift between two floors divided by
their storey height. The TFP isolated structure results show decrease in peak inter-story drift.
Story drift for both isolated and fixed structures are shown in Figure 4.22 to Figure 4.42
decreasing at upper stories in a linear manner. Top floors have lesser story drifts compared to
lower story drifts because of their low displacement values but in the case of fixed base L.A
Hollywood, Abbar, Petrolia and Sylmar earthquake records, the inter-story drift of the first story
is less than the second story inter-story drift which could be due to the contribution of higher
modes.
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Figure 4.33: Peak Inter-Story Drift Petrolia — X direction
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Figure 4.42: Peak Inter-Story Drift Chihuahua - X direction

4.2.3 Story Acceleration

Absolute maximum story acceleration is the absolute peak acceleration value of a horizontally
excited earthquake record in both negative and positive axis. Story inertial forces are
proportional to the accelerations, hence larger acceleration yield higher story forces. The
maximum reduction in floor acceleration in far-field and near-field ground motions were
observed to be 95% and 92% respectively. Furthermore, linear floor distribution is seen Figure
4.64 for Turkish and American codse using isolator equivalent lateral method while in isolator
time history analysis of both far-field and near-field in Figure 4.65 and Figure 4.66 shows the
floor distributions to be relative straight and approximate to each other. Moreover, in the case
of fixed based Arcelik, Abbar, and Saratoga shows similar distribution behaviour as isolated

structure.
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104



Story

4 ¢ .
3 ¢ o
0 1 @ |solated
& Fixed
2 ¢ .
1 * .
0 0,2 0,4 0,6 0,8 1 1,2 14 1,6

Acceleration (g)

Figure 4.47: Absolute Maximum Story Acceleration Delta — X direction

5 L ®

4 @ ¢
. ‘
g3 [@ L
& 0 I A I 8- Isolated

@ Fixed
200 .
1 e o
0 0,5 1 15 2 25 3 35 4 45 5

Acceleration (g)
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4.2.4 Force — Displacement Curves of the Isolators

Hysteretic loops illustrate the force displacement response of triple friction pendulum bearings.
The hysteresis loops can be used to determine the energy dissipation per cycle and the effective
damping provided by bearings. Displacements less than 300mm were observed in most motion
records dissipating less energy and only triggers movement in the inner sliding surfaces. The
maximum displacement observed in far-field and near-field are L.A Hollywood and Sylmar
with 535mm and 720mm respectively. Sylmars displacement triggers most of the sliding
regimes in the TFP isolated. Regime V is not necessarily triggered because TFP isolators are

not typically designed to operate in that regime [70].
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Figure 4.67: Bolu Hysteresis Loop — X direction
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Figure 4.68: Nishi Akashi Hysteresis Loop — X direction
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Figure 4.69: Shin Osaka Hysteresis Loop — X direction
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Figure 4.70: Arcelik Hysteresis Loop — X direction
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Figure 4.71: Delta Hysteresis Loop — X direction
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Figure 4.72: Hector Hysteresis Loop — X direction
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Figure 4.73: L.A Hollywood Hysteresis Loop — X direction
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Figure 4.74: Beverly Hills Hysteresis Loop — X direction
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Figure 4.75: Abbar Hysteresis Loop — X direction
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Figure 4.76: Coolwater Hysteresis Loop — X direction
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Figure 4.77: Erzincan Hysteresis Loop — X direction
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Figure 4.78: Petrolia Hysteresis Loop— X direction
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Figure 4.79: Duzce Hysteresis Loop — X direction
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Figure 4.80: Bonds Corner Hysteresis Loop — X direction
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Figure 4.81: Nahanni Site 2 Hysteresis Loop — X direction
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Figure 4.82: ChiChi TCUOQ67 Hysteresis Loop — X direction
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Figure 4.83: Parachute Test Site Hysteresis Loop — X direction
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Figure 4.84: Saratoga Hysteresis Loop — X direction
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Figure 4.85: Sylmar Hysteresis Loop — X direction
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Figure 4.86: Saticoy Hysteresis Loop — X direction
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125



4.2.5 Influence of the Change in Friction Coefficient

Optimization on TFP isolator is conducted under scaled earthquake records in Table 4.1 to
determine the base shear behaviour of the analysis model at different friction coefficient. The
coefficient of friction is an important parameter that affects the structural response and the
bearing displacements. The friction coefficients of the surfaces are maintained as (p, = u3 <

1y < ug) throughout the analysis following the general design.

Table 4.1: Bearing Friction Coefficient Configurations

Lower Bound (g 4y Upper Bound (pe,q)
Bearing
K1 H2 H3 Ha 51 H2 Ui Hs
Configuration 1 0.02 0.01 0.01 0.07 | 0.03-0.07 0.01 0.01 0.12
Configuration 2 0.02 0.01 0.01 0.07 0.07 0.01 0.01 0.08-0.12
Configuration 3 0.04 | 0.01-0.03 | 0.01-0.03 0.07 0.07 0.01-0.03 | 0.01-0.03 0.12
I~ ’fjj;f-: T

Figure 4.88: Configuration 1

|
A

S

Figure 4.89: Configuration 2
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Figure 4.90: Configuration 3

Configuration 1 in Figure 4.85 has a constant lower and upper bound friction values for both
inner surfaces and outer surface 4. The surface 1 lower bound friction value is also kept constant
but the upper bound value is change at each analysis at a rate of 0.01. Similarly, Configuration
2 in Figure 4.86 has a constant lower and upper bound friction values for both inner surfaces
and outer surface 1 whilst outer surface 4 upper bound value is also changed at a rate of 0.01.
Furthermore, Configuration 3 in Figure 4.87 has a constant lower and upper bound friction
coefficient for the outer surfaces with changing lower and upper bound friction coefficient for

the inner surfaces.

Variation of Base Shear with Friction Coefficient

High base shear causes structural damage in buildings, to reduce this effect modification is
made on friction coefficients to study the performance of the building at each configured
analysis. Figure 4.91 and Figure 4.92 shows the earthquake records with configuration 1 friction
coefficient and their mean at each friction point. The normalizing point is taken as 0.05, base
shear decreases with increase in friction. Configuration 2 analysis in Figure 4.93 and Figure
4.94 shows reduction in mean base shear when the friction values increase. Moreover,
configuration 3 in Figure 4.95 shows increase in base shear with increase in friction coefficient
while Figure 4.96 shows ineffective variation on modifying the friction coefficient of the inner

bearing surfaces.
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Figure 4.91: Far-Field Configuration 1 Maximum Base Shear — X direction
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Figure 4.92: Near-Field Configuration 1 Maximum Base Shear — X direction
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Figure 4.93: Far-Field Configuration 2 Maximum Base Shear — X direction

@ Erzincan
1,2
= & Ppetrolia
Duzce

11 Bonds Corner

—&  NahanniSite 2

==®==ChiChi TCU067

Vb
Vb(0.1)

+«@-+ Parachute Test Site

- &= Saratoga

0,9 —& = Sylmar
=-==-=Saticoy
—&— Chihuahua

0,07 0,08 0,09 0,1 0,11 0,12 013 e ean

Frcition Coefficient

Figure 4.94: Near-Field Configuration 2 Maximum Base Shear — X direction
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Figure 4.96: Near-Field Configuration 3 Maximum Base Shear — X direction
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Variation of Bearing Displacement with Friction Coefficient

. The configuration 1 displacements in Figure 4.97 and Figure 4.98 shows that lower friction
coefficient analysis below 0.05 have higher bearing displacement whereas past the normalizing
friction coefficient the average displacement lessens. Furthermore, Configuration 2
displacement in Figure 4.99 and Figure 4.100 are less in the mid s, Values but overall higher
friction coefficient reduces more bearing displacement. Moreover, configuration 3 analysis in
Figure 4.101 and Figure 4.102 shows a mean decrease in bearing displacement after increasing

friction coefficient.
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Figure 4.97: Far-Field Configuration 1 Bearing Maximum Displacement — X direction
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Figure 4.99: Far-Field Configuration 2 Bearing Maximum Displacement — X direction
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Figure 4.101: Far-Field Configuration 3 Bearing Maximum Displacement — X direction
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Figure 4.102: Near-Field Configuration 3 Bearing Maximum Displacement — X direction

4.2.6 Influence of Bearing Contamination

Bearing contamination happens when bearing surfaces are not protected allowing particles and

other environmental factors affect the friction surface coating. Generally, triple friction

pendulum bearing surfaces are rubber seal protected to keep the bearing from disintegration

during shear and uplift [62]. These rubber seal also provides environmental protection to the

bearing.
Table 4.2: Original and Configured Contaminated Bearings
Lower Bound (i) Upper Bound (W)
Bearing
My Ha H3 Mg (5] Hz M3 Mg
Normal 0.02 0.01 0.01 0.05 0.05 0.01 0.01 0.1
Configuration A | 0.03-0.05 | 0.01 0.01 | 0.06-0.08 | 0.06-0.08 | 0.01 0.01 0.11-0.13
Configuration B | 0.03-0.05 | 0.02-0.04 | 0.02-0.04 | 0.06-0.08 | 0.06-0.08 | 0.02-0.04 | 0.02-0.04 | 0.11-0.13
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Figure 4.108: Plan Torsional Irregularity
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Table 4.2 shows the bearing configurations; configuration A is for bearing protected internally
disallowing any environmental effects on the inner surfaces but outer surfaces are left
unprotected to be contaminated changing their friction coefficient (Ap) at a rate of 0.01.
Configuration B is a fully unprotected bearing allowing environmental effects on both inner
and outer surfaces of the bearing leading to similar friction coefficient change. Effect of

contaminated triple friction pendulum result to irregularity in Figure 4.108.

Effect of Contamination on Bearing Displacements

The non-uniformity of bearings is a factor that may cause damage to buildings due to torsion,
the performance of the bearings with defect marked in red Figure 4.103 and Figure 4.107 are
assessed for torsion effect. The vertical axis represents the percentages of displacement change
of the cases in respect to the original bearing displacement. The analysis results also show that
bearing displacements increase towards the vertical direction in each y-axis rows of the case
plans. Configuration A for all cases show rise in displacement change with increase in
contamination, the configuration has an average maximum increase of up to 6% of the original
bearing displacement. Also, configuration B plots show average maximum of 11%

displacement change percentage with contamination increase.
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Figure 4.109: Far-Field Configuration A Case 1
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Figure 4.111: Far-Field Configuration A Case 2
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Figure 4.113: Far-Field Configuration A Case 3
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Figure 4.115: Far-Field Configuration A Case 4
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Figure 4.117: Far-Field Configuration A Case 5
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Figure 4.125: Far-Field Configuration B Case 4
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CHAPTER 5

SUMMARY AND CONCLUSION

5.1 Summary and Conclusion.

In this thesis, the effect of seismic isolators in buildings and their advantages in comparison to
the classic fixed based buildings are shown and discussed. The ideology behind seismic
isolation, it is types used in structural engineering application and mechanical behaviour were
reviewed. Moreover, the design and mathematical formulation are mentioned and explained.
Furthermore, fixed and isolated building model with 10% probability of being exceeded in 50
years or 475-year return period was analysed with equivalent lateral method and time history
analysis under ten (10) far-field and eleven (11) near-field ground motions. The analyses
performed conclude that;

The seismic isolation lateral equivalent method story forces distribution for both TSC2019 and
ASCE 7-16 are linearly distributed. The absolute maximum floor acceleration values obtained

from time history analyses of model structure were almost constant at each floor.

Seismic isolation system performed well under earthquake. The reduction reached up to 95%
in acceleration, 96% in story shear and inter-story drifts in analysed ground motions.
Furthermore, absolute maximum acceleration did not exceed 0.3g and within the elements non-
damage limit. On average, far-field ground motions reduce further 2% of base shear and 3%

more inter-story drift in comparison to near-field ground motions

Variation of outer surface 1 coefficient of friction on base shear shows increase in friction
reduces the base shear. Outer surface 4 friction increment showed increase in base shear.

Furthermore, inner surface friction change yields minor effect on base shear. Structural
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displacement in all surfaces generally showed significant decrease when the friction coefficient

is increased.

Non-uniform contamination of the bearings in a seismic isolation system can cause torsional
effects, which result in an increase in the estimated bearing displacements. Of the cases
examined in this study, the case where all the bearings on the outer row were contaminated
more than the remaining isolators produced the most unfavorable results. It was also observed
that this effect was more pronounced in the case of near field motions.
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APPENDIX A

PRELIMINARY DESIGN CALCULATION OF A TRIPLE FRICTION PENDULUM BEARING

This preliminary design is based on the guidelines presented in [60] [63] [71].
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Figure A.1: Triple Friction Pendulum Parameters [63]

The design of triple friction bearing is mainly characterized by the effective outer radii R,ffq
and Rcsr4. In general, pendulum bearings period ranges from 3s-4s, also the coefficient of

friction ranges between 0.01-0.12 in most researches. Furthermore, economically, the
displacement capacity of FP bearings should at most be about 20% of the effective radius of
curvature[63].

Let the design period T = 3.6s and R.ff1= Reffa-

36=2x3.14 /(i)
9.81

R =3.23m
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Refp1= Reppa =5 X 3.23m = 1.62m

I.  Effective Stiffness K.

Based on Spectrum in Figure 3.3 and equation (2-8) the Dp=0.421m

Let Dp <20% R as advised.
lower bound friction p = 0.05 and upper bound friction p =0.1.

Lower bound

Keff e w + uw — 821.201 + 0.05x821.201 — 351.772 KN/m
R Dp 3.23 (0.421)
Upper bound
_W _ uW _ 821201  0.1x821.201  _
Kepr = v 5, 42 + 0.42D) = 449.301 KN/m

1. Effective Period

Lower bound

Top=om |-  =2x3.14 | S22 -3
gKefr 9.81x351.772

Upper bound

3 , 821.201 B
Teff_2X3'14 m =2.7s

lll.  Effective Damping

Lower bound

Energy dissipation per force-displacement circle:

EDC =4uWDp =4 x 0.05 x 821.201 x 0.421 = 69.145 KN.m
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B = EDC _ _ 69.145 - 0177

" 2mKepfD}  2x3.14x351.772x0.4212

Upper bound

Energy dissipation per force-displacement circle:

EDC =4uWDp =4 x 0.1 x 821.201 x 0.421 = 138.290 KN.m

B _ EDC — 138.290 = 0.277

" 2mKepfD}  2x3.14x449301x 0.4212

Damping reduction factor

Lower bound

_ (B ~No3 _ 0177\03 _
Bp = (0.05) - (o.os) = 1.461

Upper bound

_ (B ~No3 _ 0277\03 _
Bp = (0.05) - (o.os) =1.671

Response Spectrum Design Displacement Correction.

Sae values are according to spectrum in Figure 3.3.
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VI.

Lower bound

Sae 017g

Sa= =0.1169
BD T 1461

Sd = (=X eff)z X Sa = (—=—)2 x 0.116 x 9.81 m/s2 = 0.277m

2x3.14

Amplify Sd by 1.3
Sd=0.277 x 1.3 =0.36m

Add component in the orthogonal direction

Sd = (/(0.3x0.36)2 + 0.362)=0.38m

Upper bound

Sae _ 0.18g
Bp 1.671

Sa= =0.108¢g

Sd = (L)% x Sa = (-22—)? x 0.108 x 9.81 m/s2 = 0.20m

2x3.14

Amplify Sd by 1.3
Sd=0.20 x 1.3 =0.26m

Add component in the orthogonal direction

Sd = (/(0.3x0.26)2 + 0.26%) =0.27m

Maximum Displacement for 20% Response Spectrum

Lower bound

Sm=15xSd=15x0.38=0.57m
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Upper bound

Sm=15xSd=15x0.27=0.41

Configuration: Reffl = Reff4, Reff2 = Reff3, hl = h4, h2 =h3.

It should be noted that Triple Friction Pendulum bearings are considerably more complicated

than standard Friction Pendulum bearings and additional checks must conducted to ensure their

stability. Table.Al presents the parameters used for heights and the inner radius varies according

to the triple friction pendulum overall sizes reported in literature. The ratio of Inner radius to

outer radius range from 12-28% while the ratio of the outer radius to the height of the outer

surface plate ranges between 4-9%. Furthermore, height between the articulate slider and the

midpoint of the inner and the outer surface ratio vary between 50-75%. The inner radius and

heights are matched to the isolator having similar parametric value as the designed isolator.

Table A.1: Triple Friction Pendulum Dimensions

Reffl | Reff2 hl h2 | (Reff2/Reffl) | (h1/Reffl) | (h1/h2.)
Isolator Parameters (m) (m) (m) (m) x 100% x100% | x 100%
Sarkisian.M,
M.Constantinou (2012) 3.81 | 0.9906 | 0.1524 | 0.0762 26.0 4 50
1.499 | 0.356 - - 23.7 - -
F.Fadi, M.Constantinou | 2.085 0.3 - - 14.4 - -
(2010)

3.823 | 0.902 - - 23.6 - -
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Table A.1 continued

D.Fenz,M.Constantinou | 0.435 | 0.053 - - 12.2 - -
(2008)
F.weber, J.Distl (2017) 0.435 | 0.053 | 0.038 | 0.023 12.2 8.7 60.5
H. Moeindarbari, 0435 | 0.053 _ _ 12.2 _ _
T.Taghikhany (2012)
H.Darama, B.Erkus 2.0701 | 0.2921 | 0.1651 | 0.1143 14.1 8.0 69.2
(2014)
M.Dhakot, D.soni 0.81 0.18 l s 39.9 _ _
(2016)
0.81 0.18 = = 22.2 - -
M.Malekzadeh,
T.Taghikany (2012) 162 | 0405 r — 578 — —
M. C. Constantinou, I. | 21336 | 0.3302 | 0.1016 | 0.0762 15.5 4.8 75

Kalpakidis (2011)
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