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Abstract

ABSTRACT

Energy dissipation devices are widely utilised as a viableefésttive solution to Bhance

the seismic performance of existing/newly designed structures. Optimum design of control
devices is a challenging task due to complexity and high nonlinearity of these systems under
earthquake excitations. The existing optimisation techniques fotimear problems are
computationally expensivahis highlights the need for more efficient optimisation methods

for the design of nofinear structures with supplemental damping devices.

In this study, a practical design method is proposed for moreiezffidesign of friction
dampers for different mulstorey buildings (3, 510, 15 and 2&torey frames with 3 and 5
spans), friction dampeatesigrs (different slip load distribution patterns) and seismic design
excitations (a set of twelve natural andithetic earthquakes as well as twenty fard near

field earthquakes). A low computational cost mualiteria performancéased optimisation
methodology is then developed for optimum design of friction dampers in RC structures
(using a concept of Uniformistribution of Deformation; UDD). In the proposed method,

two or more predefined performance objectives are simultaneously satisfied under different
earthquake levels. The reliability of the method is assessed through sensitivity analyses
using differentnitial damperslip loads convergence parameters and earthquake records. To
accelerate the speed of the optimisation, a novel adaptive UDD optimisation method is also
established for optimal arrangement of the friction dampers. The efficiency of trestag
approach is then evaluated against a Genetic Algorithm (GA) as a global evolutionary
optimisation method. Using the same concept, a thhese optimum design method is
proposed for simultaneoudiscrete optimisation of bracing elements and contisuou

optimisation of friction devices in RC structures under strong earthquakes.

The results indicate that, irrespectofeslipload distribution, the optimum range of dijds

leading to maximum energy dissipation efficiency is a functioth@humber ofstoreys and
earthquake PGV level. The proposed performdased UDD optimisation method can
efficiently decrease the number of required friction dampers and additional imposed loads to
the main structure while satisfying the predefined performance lewelsr the design
earthquakes. The design solutions obtained from the adaptive UDD after a few nonlinear
dynamic simulations are very close to those achieved from the GA approach after thousands
of analyses. Compared to cedased design braced frames,ngsthe proposed method
leads to considerably lower number of bracing elements and reduced imposed loads to the

structure, while satisfying multiple performance objectives under design earthquakes.
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CHAPTER 1

Introduction

1.1. RESEARCH MOTIVATION

Significant losses and damage caused by earthquakes in the last decade (e.g. China, 2008;
Indonesia, 2009; Haiti, 2010; Nepal, 2015) highlighted the fact that the existing building
structuresn developing countries could be substandard and vulnerable in terms of failure in
primary structural elements and even overall collapse. The main reasons for the vulnerability
of these structures would be that they were designed to sustain gravityoldgdsind
constructed with little or no seismic detailing. The other possible reasons for the
vulnerability of these structures could be changing the use of the structure (e.g. from
residential to commercial use), using poor construction materials andodsten of
materials due to aging or aggressive environmental conditions. To protect these substandard
structures against severe earthquakes, structural control systems can be considered as a
viable alternative to increasing the strength of structueshehts. This approach is based on
increased dissipation of the input earthquake energy, leading to increased damping, reduced

deformations and therefore, improved seismic performance of structures.

Structural control systems are categorised in four ma@ups in terms of their
configurations and characteristics: (i) passive, (ii) active, (iii) smstive, and (iv) hybrid
control systems (Karnopp, 1995; Symans and Constantinou, 1999; Fisco and Adeli, 2011;
Soong and Costantinou, 2014; Saaed et al., 2BHssive control systems comprise simple
energy dissipative devices that absorb the imparted seismic energy in the structure, with no
need of external energy supply (e.g. Aiken et al., 1988; Zhang and Soong, 1992; Martinelli
and Mulas, 2010; Zhang and Babra, 2013)Active control systemarea smart evolution

of the passive control systermaempris@ of sensors, controllers and actuators which
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powered by external energy supplies to produce control foihcesgh reatime processing

of information cdlected by sensors within the structure. Thaystems are extremely
adaptable and flexible due to their capability of #t&ak modification of structure properties
based on seismic excitation or strueluresponse; however, they need a huge source of
erergy (Symans and Constantino®999). Semi-active control systems require a small
external power source (e.g. a batteion) regulator operation, arthey utilise the structure
motion for activation to generate the control forces. They have a higher itigpts they

can adjust to the structdéresesponse continually, and therefore, they are more efficient in a
wide range of earthquake frequencies but with more complex mechanidexpensive
installationscompared to the passive control systgigmansand Constantinou, 1999;
Fisco and Adeli, 2011 Hybrid control systems consist of combinations of the above
mentioned control systemaith the goal of achieving improved performangeg. active

mass damperF{sco and Adeli, 2011

Passive energy dissifive devices have attracted a lot of attention due to their simplicity and
low costs of manufacturing, implementation and maintenance, compared to the other
structural controllers. These systems incorporate a variety of materials and devices to
enhance daping, stiffness and strength for hazard mitigation of new structures and
rehabilitation of aging or deficient structures (Soong and Dargush, 1997). Among different
types of passive energy dissipation devices, friechased dampers have the highest energy
dissipation capacity for the same levels of force and deformation (Marsh, 2000; Pall and
Pall, 2004). Moreover, friction devices are, in general, velocity and temperature
independent, tuneable to the characteristics of the structure, and capable t® fustathed
performance under large number of cycles (Pall and Marsh, 1982; Aiken et al., 1993; Pall
and Pall, 2004; Grigorian et al., 1993).

It should be noted that while using supplemental passive dampers can improve the overall
seismic performance of otrolled structures (e.g. reduced ingtorey drifts), some
structural response parameters (e.g. axial load in columns) may be increased due to
additional forces resulting from the new devices. In addition, usingdgfieed
characteristics and configuiats for the supplemental dampers do not necessarily lead to
the best seismic performance of the controlled structure. The key problem of the passive
friction devices is their lack of adaptability and efficiency within a wide range of slip loads
(the loadsat which friction devices start slipping and dissipating enerdgyhther words,

there is a specific range of slip loads in which the friction device can lead to a higher energy
dissipation. Also, for the friction devices with very small and very laligdagad values, the

frame behaves like a bare frame and a frame with fixed brace/wall, respeciifedy.
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highlights the importance of obtaining optimum ranges of slip loads leading to the optimum
seismic performance of the controlled structure. In génrancrease the efficiency of the
passive control systems, systematic optimisation design procedures can be employed by
considering meaningful objective functions. However, the optimum design of passive
control systems can be a challenging task dueg@omplexity and high neimearity of the

system resulting in high computational efforts.

A number of noHdinear optimisation methodologies have been used to improve the
efficiency of the passive energy dissipation devices, such as Genetic Algorithin (GA
(Holland, 1975; Golberg, 1989), Simulated Annealing (SA) (Kirkpatrick et al., 1983;
Milman and Chu, 1994), Ant Colony Optimisation (ACO) (Dorigo and Stitzle, 2004),
Particle Swarm Optimisation (PSO) (Kennedy and Eberhart, 1995), Gradised
Optimisatbn (Singh and Moreschi, 2001; Park et al., 2004; Lavan and Levy, 2006; Fujita et
al., 2010) and Fully Stressed Design Optimisation (Levy and Lavan, 2006). It should be
mentioned that most of the afementioned optimisation methods are computationally
expansive and/or require complex mathematical calculations, and therefore, may not be
suitable for practical applications. Therefore, for simplification purposes, in most of the
research the structure is assumed to remain hHeleatic, with energy dissipatiadevices as

the only nodinear elements. In reality, the conventional structures are expected to exceed
their elastic limits in severe earthquakes, so both the elements of the main structure and the
supplemental devices are nlimear and dissipate engrgrhis study aims to develop a low
computational cost, performanbased optimisation method for optimum seismic design of
nortlinear friction-basedenergy dissipation devices based on the concept of Uniform
Distribution of Deformation (UDD).

1.2. BACKGROUND REVIEW

Structural control systems have been extensively researched as a way to reduce the
responses of structures subjected to different kinds of dynamic loading. Among different
types of control systems, passive supplemental dampers are the simplesbsintbsh
effective solution in terms of manufacturing, implementation and maintenance. Passive
control of structures can be performed using-sactural elements at discrete zones (e.qg.
bracings, frames or beaoolumn connections) independent from anyeexal energy
suppliers (Reinhorn et al., 1995; Aiken, 1996; Moreschi, 2000). These control systems have
been proved useful to control structural damage during strong earthquakes by dissipating
seismic input energy and concentrating damage instroicturd elements (Soong and

Constantinou, 1994; Aiken, 1996). Depending on the type of supplemental devices, they can
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dissipate seismic energy through various mechanisms such as friction, yielding of metal,
viscoelastic characteristic of the material, and shgaof viscous fluid (Reinhorn et al.,
1995; Sadek et al., 1996; Aiken, 1996; Kasai et al., 1998; Symans and Constantinou, 1999).

Some of the advantages of the passive energy dissipation devices include: (1) reducing the
response of the structure througidang damping and stiffness to the main building, (2)
dissipating energy mainly by the supplemental devices and (3) concentrating damage in the
nonstructural elements which can be easily replaced after the earthquake (Sadek et al.,
1996). The main disadatage of these proposed systems is the lack of adaptability and
flexibility which can restrict their efficiency to a limited range of frequencies (Quintana,
2013). However, if they are properly designed they can be as efficient as the other control
systemswith less cost, and that is the reason for the numerous (including ongoing) research
studies on optimum design approaches to enhance the efficiency of these systems (e.g.
Moreschi and Singh, 2003; Lee and Geem, 2004; Leung et al., 2008; Hejazi et &l., 201
Farshidianfar and Soheili, 2013; Liu et al., 2017). In general, passive control systems can be
categorised in three major groups: (1) dynamic vibration absorbers, (2) viscous and

viscoelastic dampers, and (3) hysteretic dampers.

1.2.1. Review of Passive ContrbSystems

1.2.1.1. Dynamic vibration absorbers

Dynamic vibration absorbers are moveable massive weights, which dissipate a considerable
amount of input seismic energy through their large displacements. Tuned Mass Damper
(TMD) and Tuned Liquid Dampers (TLD) are thwst weltknown representatives of this
category of control systems (Moreschi, 2000; Marko, 2006). In general, TMD consist of a
mass, spring and a viscous damper attached to a vibrating structure (Fraham, 1909;
Ormondroyd and Den Hartog, 1928; Sadek etl#96; Fahim et al., 1997; Miranda, 2005;
Bigdeli and Kim, 2016). The TMD moves relative to the structure and absorbs the kinetic
energy transferred to it from the vibrating system (Marko, 2006). TLD comprises of rigid
tanks filled with shallow liquid, ahthe energy is absorbed by the ligsldshing motion

and dissipated through its viscous action (Sakai et al., 1989; Sadek et al., 1998; Dorothy,
1998; Novo et al., 2014; Bigdeli and Kim, 2016). As these types of dampers are not within

the scope of thistsdy, further information is not provided.
1.2.1.2. Viscous and viscoelastic dampers

The development of Viscous (VS) and Viscoelastic (VE) energy dissipation devices for

earthquake engineering was initiated in the 1960s. These dampers are mostly used for wind
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induced vibrations of slender structures (Mahmoodi, 1969; Aiken et al., 1990; Constantinou
and Symans, 1992; Marko, 2006; Symans et al., 2008; Saaed et al., 2015). VS and VE
dampers can be activated at low deformations and they are velepéndent, which maa

that their energy dissipation performance is also dependent on the frequency of the response
(Constantinou and Symans, 1992; Pekcan et al., 1999; Symans et al., 2008), and indirectly
the frequency content of the input motion. While the efficiency ofMBedampers highly
depends on the ambient temperature, the VS dampers are relatively insensitive to the

temperature changes (Sadek et al., 1996; Symans et al., 2008).

Fig. 1.1 compares the idealised fodisplacement responses of different passive energy
dissipation devices (Constantinou and Symans, 1992; Aiken et al., 1993; Petkovski, 2001;
Pall and Pall 2004; Symans et al., 2008). It is shown that VE dampers are less efficient in
terms of energy dissipation compared to VS damped systems. This istbaddot that VS
dampers are more flexible to deform when they are subjected to the same deformation
(Symans et al., 2008). In terms of reliability, there is a possibility of fluid seal leakage for
the fluid VS dampers and debonding or tearing of VE damg@ymans et al., 2008).
Certain support members such as braces are usually required for installing VE or VS
dampers into a frame (Fu and Kasai, 1998), and to fully utilise the efficiency of these
dampers, they are usually attached to structures usihgrstifes (Chen and Chai, 2011). As
these types of dampers are not within the scope of this study, further information is not

presented here
1.2.1.3. Hysteretic dampers

Hysteretic devices, in general, are displacerdemendent devices categorised in two major
types: 1) metallic yield dampers and 2) friction dampers, in which the input energy is
dissipated through yielding of the metal, and generating heat due to dry friction,
respectively. Unlike the other types of the passive dampers, these two energy dissipation
devices are independent from load rate (velocity) and variation of temperature. Also, they
have shown high fatigue resistance and performed well under a large number of load cycles
(Grigorian et a., 1993; Reinhorn et al.,, 1995; Moreschi and Singh, 208fkoM2006;
Symans et al., 2008).

In general, yielding metallic dampers comprise of multiple parallel steel plates bolted
together and installed between a chevron brace and the upper floor beam of a structure
(Bergman et al., 1987; Whittaker et al., 199%ai and Hong, 1993; Moreschi and Singh,
2003). Among all the yielding metallic devices, Added Damping and Stiffness (ADAS)
(Scholl, 1984; Bergman et al., 1987) and Triangular Added Damping and Stiffness
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(TADAS) (Tsai and Hong, 1993) are the most poputaseismic applications. It is worth
mentioning that the energy dissipation depends on hysteretic behaviour of metas in
inelastic range, and only occurs when a certain level of force threshold is exceeded and steel
plates start yielding. The ndmea behaviour of the system, the device damage and the
need for replacement after the earthquakesome of the disadvantages of the yielding

metallic dampers (Symans et al., 2008).

Friction dampers comprise of two or more plates with different materiitsdaiogether and
dissipate energy through their relative movements (Pall and Marsh, 1982; Fitzgerald et al.,
1989; Grigorian et al., 1993; Aiken et al. 1993; Pall and Pall, 2004; Soong and Costantinou,
2014). Performance of the passive friction dampebsaged on a prset slippage threshold,
which can be tuned for each floor independently by controlling the clamping forces of the
bolts. However, the optimum performance is limited to a narrow range of slip load (the load
at which the friction device stastipping and dissipating energy) and the characteristics of
the structure and the characteristics of the seismic input, which will be discussed in the
following chapters. One of the possible drawbacks of the friction dampers is changing the
condition of he interface with time that can be solved by choosing appropriate composition
of the sliding interface (Housner et al., 1997; Symans et al., 2008). To insure the durability
of the device operation, most friction devices use sliding interfaces comprisgtgedfon

steel, brass on steel, or graphite impregnated bronze on stainless steel. It should be noted that
there is moderat®-severe additional corrosion of carbon and low alloy steel in contact with
brass, copper or bronze (BSI, 1990). Only steels higgh chromium content do not appear

to suffer additional corrosion in contact with brass or steel (Housner et al., 1997). Grigorian
et al. (1993) performed experimental tests and confirmed that the sliding interfaces
consisting of brass and steel displdyee significantly more stable frictional characteristic
compared to steel interfaces. Also, Pall and Marsh (1982) showed high durability when
using heavy duty brake lining pads inserted between the sliding steel surfaces.

Depending on the characteristicstbe sliding interface materials, frictidmased dampers,

can exhibit outstanding performance characteristics with almost constantisptzcement
response independent of loading amplitude, frequency, number of loading cycles and
temperature (Aiken adl., 1992). As illustrated by Fig. 1.1, they have shown almost-rigid
plastic behaviour with rectangular hysteretic loops close to ideal dry coulomb friction
behaviour, and hence, higher energy dissipation capacity compared to the other passive
energy disgative devices (Pall and Marsh, 1982; Aiken et al., 1993; Marsh, 2000; Pall and
Pall, 2004)
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Viscouse Damper Viscoelastic Damper ~ Yielding Metallic Damper Friction Damper
Fig. 1.1. Idealised forcalisplacement loops fafifferent passive control devices

Fig. 1.2 shows the stiffness model of a struckgeipped with fiction dampers when (a) the
slip load of the dampei@® is higher than the yielding strength of the frari,(and (b)the
slip load of the damper is lower than the yielding strength of the frame.and
represent yield deformation of the damper and the franespectively.Generaly, by
installing a friction damper in a structure, the stiffness of the combined sf§lemQ) is
highly increased due to the higtitial stiffness of the frictiordevice('Q) compared tdhat

of the storey where the damper is instalig@). As a result, the intestorey shear force of
the combined system, which is represented@yis increased due to the added stiffness.
However, it is observed thafor the slip load of the friction damper greater than the yield
strength of tk storey(i.e. Fig. 1.2 &), the shear force will be much higher compared to
when the slip force is less than the storey yield strefigthFig. 1.2 ).

Force Force
A A
(k‘d + kf)
7l System
kf (kd + kf)
Damper Systert
fp" £ l
Fok kq Frame Frame
3 ~/
% . : Damper
°f
(a) ddy Ofy Deformatio'n,é (b) 5:1y dfy Deformatio'n,é
Fig. 12. Stiffness model of friction dampstructure systemforfa S|1 i p | oad >fr am

l oad, (b) slip |(Quatdna2003) ameds yield | oad

The mechanical behaviour of passive friction damparsbe mod&d based ora Coulomb

friction model aghe following(Quintana, 2013)
foi= HN;sgn(d( 9) (1.2)

where"Q; represent the slip loadf the i friction damper,u is defined asthe friction

coefficient of the sliding interfacand( is the clamping forcef the bolts The direction of
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the friction force (and motion in the dampes)determined by theign function of the
deformation rate across the damfier. sgn{ (t)). Some of the existing friction devices are

presergd in the following section.

1.2.2. Reviewof Friction-Based Passive Energy Dissipative Devices

1.2.2.1. Limited Slip Bolted (LSB) joints

The first generation of dissipative friction devices was a system based on Limited Slip
Bolted (LSB) joints, first suggested by Pall and Marsh (1979) for large panel structures to
dissipate seismic energy through a limited slippagthé vertical joint of the panels. LSB

joints incorporate steel inserts fastened to concrete panels and attached to slotted steel plates
by high strength steel bolts. LSB joints are efficient for coupling adjacent units of a
sectionalised concrete sheaallwith one or more vertical joints (Pall and Marsh, 1981).
Under a severe earthquake when the LSB joints are activated, they can increase the
flexibility of the structure, and subsequently, reduce the response accelerations, dissipate
large amounts of @mgy through friction in the slip joints, and delay or prevent the
inelasticity of the walls. The study showed that, in general, they proved useful in reducing

permanent deformation and damage in the main structural elements
1.2.2.2. Pall friction dampers

In a fdlow up study, inspired by the concept of friction brake in mid 1970's, Pall friction
devices were proposed for the seismic control of braced steel frames (Pall andli9@2sh,

Pall friction damper comprises a series of steel plates clamped together withréingjihst

bolts and designed to slip under a predefined load to prevent compression buckling of the
braces. Heavy duty brake lining pads are used in the frittitmnfaces. Pall and Marsh
(1982 assumed that (1) during the slippage of the friction mechanism, the foeces

remain constant, and (2) the slippage of the device is large enough to straighten the buckled
diagonal completely. Filiatrault and Cherry (1987) experimentally investigated the seismic
behaviour of a 1/3 scale three storey friction damped briiaatk on a shaking table. The
results confirmed the high efficiency of the Pall friction dampers in enhancing the seismic

performance of the controlled structure.

Pall friction devices are designed not to slip under wind loads, small earthquakes at&l servi
load conditions, and thus, the controlled frame performs as a braced frame. During a severe
earthquake the joints slip with pset slip forces and the energy is dissipated in the
controlled frame (Chandra et al., 2000). Pall and Pall (2004) showedhtitions of up to

¢ 1 Pof the optimum slip load (the load leading to minimum seismic response) do not
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considerably affect the final resulfBhe proposed system has been implemented in retrofit
or design of several importahtildings around the worldhe Federal Electronic Research
building (Sundararaj and Pall, 2004) in Canada, Boeing Commercial Airplane Factory at
Everett (Valil et al., 2004) in USA, and La Gardenia residential complex of sevstiorgg
towers in India (Chandra et al., 2000)

Fig. 1.3. Application of Pall friction damper in (a)bracing(Pall andPall, 1996) (b) single
diagonal bracingMalhotra et al., 2004)and (c) chevrofbracing(Malhotra et al.2004)

1.2.2.3. Slotted Bolted Connections (SBCs)

Slotted Bolted Connections (SBCs) are another type of fridtamed damper proposed by
Fitzgerald et al(1989)to dissipate earthquake input energy and avoid buckling of brace
elements in concentrically braced frames. Their proposed SBC assembgtsohsi gusset

plate and two bacto-back channel sections with the same position of slots, cover plates,
and bolts with Belleville washers (see Fig. 1.4 (a)). The energy absorbing mechanism in
SBCs is based on the friction between the gusset plates rendslitling channels.
Constantinou et al. (1991) utilised graphite impregnated bronze plates to enhance the
frictional behaviour of the slotted bolted connections (see Fig. 1.4 (b)). As a result,
continuous lubrication of the rubbing elements along witheextly low wear rate, silent

operation, and stable friction characteristics were observed.

In a follow-up study, Grigorian et al. (1993) improved the performance of the SBCs by using
brass insert plates sandwiched between two outer steel plates to maictistant slip
force (see Fig. 1.4 (c)). Extensive experimetaats were carried out on over 40 SBCs with
and without shim like brass insert plates at the University of Berkeley. Better results and
more stable friction characteristics were achievedtiioise connections with brass shim

plates in the contact interface
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Q}\Bellevillewasher Channel bracing  High strength rod
\ member l Bellevillewasher Outer steel
plates

Steel plate Brass insert

= / plates

. Long slot
- Bacling plate =
- / [ Bellevillewasher |
‘ Bolt nut :

Graphite impregnate 66 "0 /
bronze plate @ @

Cover plate

(@) (b) ()

Fig. 14. Typical view of proposedSBCs assembly by (afitzgerald et al.(1989, (b)
Constantinou (1991and(c) Grigorian et al(1993 (adopted fom Marko (2006))

1.2.2.4. Sumitomo dampers

Sumitomo dampers are uniaxial friction dampers made of stainless steel casing with pre
compressed internal springs and friction pads developed by Sumitomo Metal Industries, Ltd,
Japan (Aiken and Kelly, 1990; Aiken et 4093) (see Fig. 1.5). The force exerted by the
precompressed internal spring is converted into a normal force on the friction pads through
the action of inner and outer wedges. Dry lubrication is provided through the copper alloy
friction pads containingraphite plug inserts to maintain a consistent coefficient of friction
between the pads and the inner surface of the steel casing. Originally, the Sumitomo damper
was developed as a shock absorber in railway rolling stock. In structural engineering
applicdions, the device is attached to the upper floor beam and connected to a diagonal or
chevron brace assemblage. The results of a test conducted on a % stateg Building
showed that Sumitomo dampers exhibited a consistent behaviour close @oulomb

friction behaviouwith up to 60% reduction in drift responses

Outer Wedge

l.lm_‘wﬁ]L_

b SN\l |

Inner Wedge Friction Pad Outer Cylinder

Fig. 15. Sectional view of niaxial Sumitomo friction dampegafter Aiken and Kelly
(1990) in Marko (2006))
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1.2.2.5. Rotational Friction Damper (RFD)

A Rotational Fiction Damper (RFD) was proposed by Muall®ualla, 2000) and
developed by Damptech Ltd for an efficient seismic protection of a variety of structures with
versatile applications. As shown in Fig. 1.&0Rsimply consists of a number of central and
side steel plates (depends on the type and application) rotating relative to each other with
circular friction pad discs in between. Dry friction lubrication is provided by the friction
pads to ensure constdnttion force, and to reduce the noise of the movements. In another
study, the proposed RFD was extended to a frietisooelastic damper by using VE
polymer pads in combination with friction pads for base isolation of structiielsen et

al., 2008)

Side Plates  Friction Pad Disks

Fig. 16. Rotational Friction Damper (a) front view and (b) installation
(www.damptech.com/articlgzapersandmore)

The proposed friction device needs a bracing system estggesed bar elements so that the
shear lods can be transferred to the friction device. The experimental results ofsadid|
3-storey building subjected to two real excitation records showed, on average, 75%
reduction in storey drifts. Over the last decade, different types of rotationarfratdimpers

with various configurations were developed by Damptech Ltd for applications in buildings,
bridges, highways and offshore structures against earthquakes, storms or(Mazks,

2000; Mualla and Belev, 2002ielsen et al., 2008; Barmo et al., 2015)

1.2.2.6. Wall-type friction dampers

Most of the passive energy dissipation devices are attached to the main building structures
using a bracing system which is not practical in reinforced concrete frames. In the past two
decades, anumber of walitype friction dampers have been proposed. Sasani and Popov
(1997; 2001) experimentally and analytically investigated the seismic behaviour of a
friction-based waltype passive damper designed by Nabih Youssef and Associates. The

proposed system comprises of a stmuctural lightweight reinforced concrete panethwi
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fixed support at the bottom and three friction energy dissipaters (i.e. SBCs) at the top. The
concrete panel could dissipate energy through relative movement of the floors caused by
seismic excitations and friction or gouging of sliding metal surfagssilting in a stable
hysteresis loop. Sasani and Pofb®97;2001)specifically irnvestigated the behaviour of the
connections when the impact of the bolts leads to extension of the concrete holes. They
showed that the efficiency of their proposed system can be improved by using epoxy anchor
bolts that provide adequate strength andr&fs at the base supports and, therefore, can
minimise the rocking movement of the concrete panels during earthquakes. The results of
their study indicated that their suggested passive concrete panels dissipated insignificant
amount of energy at low ampliie motions, and therefore, were not very efficient under low

to moderate earthquake motions.

Petkovski (2001) and P&bvski and Waldron (2003)nvestigated the effectiveness of
another concrete wall panel (shown in Fig. 1.7) equipped with friction connections on
reducing the seismic response of mattirey RC structureg.hey also evaluated the effect

of panel stiffnes by considering various sizes of openings, and different thicknesses for the
concrete panetlesign. Their results indicated that the stiffness of the thinnest panel is
sufficiently larger than the stiffness of the frame, so that stiffer panels leadytmaeginal
improvement of the performance of the system. Allse,results of their study obtained for

four real earthquake records confirmed that, in general, there is an optimum range of slip
force to achieve the best seismic performance. Compared tootiwete panel system
proposed by Sasani and Popov (1997), the system suggested by Petkovski (2001) could
avoid transferring shear forces to the lower floor beam, and thus, could control the brittle

shear failure of the beam elements.

Friction mechanism

]

Central | Beam
plate
Brass

External plates
plate~a

Panel

Sec AA (b) Side view

Fig. 1.7. Schematic model of a wall damper: (a) application in RC frame, and (b) friction
connection detailadopted fronPetkovski, 2001)
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While the proposed friction wall panel is designed to prevent additional shear forces to the
adjacent bam and columns, it may still increase the total base shear and the axial load
applied to the columns. This highlights the importance of using optimum hveisgt
distribution of slip force in passive friction dampers to minimise their adverse effecte befo

it can be widely used in practice.

Another kind of walltype friction damper was proposed by Cho and Ky2004) as a
promising substitution for braggpe dampers to improve the performance of RC structures
under seismic excitations. As illustrated in Fig. 1.8, the assembly consists of three main parts
including a RC wall panel, Uand Tsha steel devices, and Teflon plates. Teflon sliding
sheets are attached between steel devices to ensure more efficient friction mechanism. In this
system, the clamping force on the Teflon slider is controlled by the load cell of an oil jack
system which cabe measured using a digital gauge attached to the load cell. Also, to avoid
wearing the interface of the-@nd Tshape steel plates, roller bearings are installed between
these plates to allow horizontal slip during earthquake excitations. The fricioredn

Teflon slider and the Uand T-shape steel devices due to relative horizontal movement
provides the energy dissipation. The results of their study confirmed less stress concentration
and damage in concrete elements along with considerable impraveimdéme seismic
responses of the structure. However, compared to the friction panel proposed by Petkovski
(2001), this type of panel would apply large shear to the lower floor beams due to the fixed

connections at the bottom

Teflon slider

Sliding wall
damper

damper
pressure

Bearing

RC wall

Fig. 18. Schematic model of wall friction dampgdopted from Cho and Kwon (2004))

Although frictionbased passive control systems have been proved to be effective in seismic
applications both analytically and experimentally, there are still some is§wesicern in

terms of their adaptability and efficiency within a wide range of control forces
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1.2.3. Reviewof Optimisation Methods Adopted for Passive Control Systems

Passive friction dampers are based ongatecapacities (slip loads) which may lead to an
inefficient design solution if they are not properly selected. For instance, if the control forces
are designed to be too low or too high, the controlled structure may behave like a bare frame
or a braced frame, respectively, for which the additional ecogbsed by added dampers is

not justified. Therefore, the main challenge of designing passive friction devices is to obtain
the most appropriate slip load values to improve the seismic performance of the structure
more efficiently. In this section, some tfe possible optimisation strategies for optimum

design of passive energy dissipation devices are discussed.

In the research literature there are numerous reports on studies focussed on finding the
optimum control forces (either yield forces in yield degior slip loads in friction devices)

in passively controlled mufstorey buildings. Some of these studies use various
optimisation techniquessuch as Genetic Algorithm (GA) anbBacktracking search
optimization algorithm (BSA{Moreschi and Singh, 2003;pastolakis and Dargush, 2010;
Honarparast and Mehmandoust, 2012; Miguel et al. 2016), or simply parametric studies with
very limited variation of parameters. Often one building is analysed using several earthquake
excitationsor several buildings are stadi with one or two seismic inputs (Filiatrault and
Cherry, 1987; Xia and Hanson, 19®haskararao and Jangid, 20a6im and An, 2017)In

most cases, the researchers vary the slip load at the base and use the same vertical (height
wise) distribution (Pab and Sinha, 2010). The performance is assessed by monitoring the
changes in certain response parameter, such as maximusstor®y drift or by introducing
some Operformance indexdé that combines sever al
shear (Austin and Pister, 198%F:iliatrault and Cherry, 199Q;ee et al., 2008; Patro and
Sinha, 2010). The more elaborate optimisation is often carried out by using simplified,
linearelastic response simulations, often on equivalent single degree of freedemssyst

(e.g. Ciampi et al., 1995; Fu and Cherry, 20BBaskararao and Jangid, 208&m and An,

2017).

A number of advanced optimisation techniques have also been developed to tackle the
complexity of largescale problems with nonlinear objective functiorisvolutionary
optimisation algorithms represent a robust optimisation category inspired by nature. They
can be used to find the global optimum design solutions. Some of the methods from this
category which have been adopted for optimisation oflimear @ssive energy dissipation
devices in the last two decades are: (1) Genetic Algorithm (GA) (Moreschi and Singh, 2003;
Asahina et al., 2004; Lavan and Dargush, 2009; Honarparast and Mehmandoust, 2012;
Hejazi et al., 2013), (2) Particle Swarm Optimisation@pPf_eung et al., 2008), (3) Ant
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Colony Optimisation (ACO)Farshidianfar and Soheili, 201.3(4) Simulated Annealing
(SA) (Chen et al., 1991; Milman and Chu, 1994; Liu et al., 204/7d(5) Harmony search
method (HS)Lee and Geem2004).While the evolutionary algorithms are well suited for
discrete optimisation problems, when applied to largelmaar systems, they lead to high
computational cost and poor constraint handling abilifiésnter, 201Q) Among all the
evolutionary algorithms, the Genetic Algorithm (GA) (Holland, 1975) is the most

established approach for the optimisation of passive energy dissipation devices
1.2.3.1. Genetic Algorithm (GA)

Genetic algorithm(GA) (Holland, 1975; Galberg, 1989)is a populatiorbased random
search, based on a biological evolution mechanism and Darwin's stofibhafittest

theory. It can be used for solving complex problems where the number of parameters is large
and the analytical solutions areffitiult to obtain. One of the major factors affecting the
scalability and performance of genetic algorithms is the population size, which is usually a
userdefined parameter. It is worth mentioning that small population sizes may lead to
premature convergee and substandard solutions, while very large population sizes result in
unnecessary computational c¢Sastry et al., 2005)GAs use random choice as a tool to
guide a search toward regions of the search space by using genetic operators to find a new
population. The old population iseh substituted by the newly generated individuals using a
fithess measure, and the evolution procedure proceeds untiefined termination criteria

are satisfied. In general, a GA follows the following evolutionary steps:

1) Initialisation: The initial polation of individuals is randomly created by incorporating
domainspecific knowledge or other information. A set of binary strirgf06 and 1s)
is produced in which the string is referred to "chromosome" and the bits (0 or 1) in a

string correspond togénes" in natural geneti¢Ghose, 2002Rao and Savsani, 2012)

2) Fitness Functionin general, a fitness function is derived from the objective function
and used in consecutive genetic operations. Once the population is initialised, the
fitness values of the individuals are evaluated by the fithess function. GA is naturally
suitable for solving maximisation problems in which the fitness function can be
considered to be the same as the objective function. For minimisation problems,
however, some suitable transformation is required on the objective funGiuse,

2002; Sastry et al., 26)

3) GA OperatorsTo improve the fitness of the individuals in each generation, three major
operators are applied to the population including (i) Selection, (ii) Crossover and (iii)
Mutation (Rao and Savsani, 201@hose, 2002)
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(i)

(ii)

(iif)

4)

Selection: Selection operator imposes the sunotdhefittest rule on the individuals

with higher fithessvalues by allocating more copies of the fittest solutions. The main
idea of selection is to prefer stronger candidate solutions to weaker ones based on the
objective function. Several selectiomethodshave been proposed including stochastic
uniform, unifam, roulettewheel and tournament selectiddaitry et al., 20050ne of

the commonly used selection schemes is the rowldteel selection in which an
individual with the proportional probability to its fitness value is selected for the mating

pool (Raoand Savsani, 2012)

Crossover: Crossover or recombination operator combines parts of two or more
individuals called parents to create new, possibly better, solutions called children (i.e.
offspring) with a crossover probabilitéstry et al., 2005; Raand Savsani, 2012)n

the crossover operator, new strings are created by exchanging information among
strings of the mating pool. The offspring produced by recombination is not identical to
any specific parent and instead is a novel combination of pareaits (Goldberg,
2002). There are many different crossover operators such asgirgietwopoint and
heuristic. For instance, for the tvpmint crossover operator, two strings are randomly
picked from the mating pool and some portions of those xarkaaged between the
other strings (Ghose, 2002).

Mutation: Mutation operator locally modifies a solution by randomly changing 1 to 0
and vice versa in a bit position (i.e. a gene) using a small mutation probability which
can be simulated by randomly chows a number between 0 and 1. The randomly
selected bit is modified if the random number is smaller than the mutation probability;
otherwise, the bit is kept unchanged. The mutation is required to generate a new point
in the neighbourhood of the currentiqoto achieve a local search around the current
solution, and also to maintain diversity in the population (Ghose, 2002; Sastry et al.,
2005). Various mutation operators have been proposed such as adaptive feasible,

uniform and Gaussian.

Replacement: Theriginal parental population is substituted by the new offspring
population produced by selection, crossover, and mutation replaces. Many replacement
techniques are utilised in GAs such as elitist, generatisea and steadgtate
replacement methods (Sasét al., 2005).

During the GA optimisation process, steps 1 to 4 are repeated until a terminating condition is

satisfied.
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In the following chapters, a low computational cost performdrased optimisation method

is developed using the concept of Unifoistribution of Deformation (UDD) for optimum
seismic design of nelinear passive energy dissipation devices, and its efficiency is
compared to GAIt should be noted that the deformation demand in structures does not
follow a heightwise uniform patternduring strong earthquake3his implies that the
deformation demand does not reach the allowable level of seismic cdpasityne storeys
and thereforethe material is not fully exploiteddowever, f the strength of these strong
parts decreasethedeformation is expected to increa$ais can be continued untl status

of uniform deformationis obtained, andhe material capacity is fully exploited. This is
considered as theonceptof Uniform Distribution of Deformation (UDD)Moghaddam and
Hajirasouliha, 2006).

1.2.4. Conclusions on the current state of the art

The review of the reported research in the field passive control of the seismic response of
multi-storey building shows that while there is a variety of practical solutions based on
hysteretic daming (yield or friction based elements), the optimum distribution of control
forces in the structure depends both on the type/size of the building and the characteristics of
the seismic input. This means that the design of each passively controlledgonédiths to
incorporate a lengthy parametric study, similar to the ones shown in the research; however,
this is not practical for design purposes. Ideally, the designer should be able to choose the
control force at the base (or the sum of the control foatedl storey levels), and the best
distribution along the height, as a function of some selected characteristic of the building
(e.g. number of storeys and bays; or first natural period), type of earthquake (e.g. near/far
field, which is account for fragency content) and its intensity (lewoderatehigh;
represented by different levels of PGA). As this type of guidance is not available in the
current design codes, a more detailed study is required on practical optimum design of
control forces. The optimation should be based on realistic dynamic response simulations
that take into account the expectedtiorar behaviour of the main structure (plastic hinges

in main structural elements) as well as that of the control system. However, most of the
previowsly studied optimisation techniques are highly computationally expensive due-to non
linearity and complexity of these systems. The work presented in this study is an attempt to
achieve optimum design solutions for structures with-lnerar dampers undelaghquake

excitations.
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1.3. SCOPE OF THE RESEARCH

This research is focused on optimum performaresged design of supplemental passive
friction dampers which dissipate seismic input energy through friction between two or more
sliding surfaces. Frictiohased eergy dissipation devices are installed in a main structure
using (i) elastic concrete walls and (ii) inelastic chevron bracing elements. For more
effective design of the selected dampers, different performance parameters are evaluated
including maximum vales of interstorey drift, roof displacement, axial load in the
columns, base shear and energy dissipation .For the development of a practical method for
more efficient design of frictiohased energy dissipation devices the following key
parameters are osidered: (i) size and geometry of RC frames (by using 3, 5, 1€ip&ty

frames with 3 and 5 spans), (ii) dampers capacity (by using different tveighslip load
distribution patterns) and (iii) characteristics of seismic excitations (by using ediffer
synthetic and natural spectrezompatible earthquakes and two sets of near anfiefdr

ground motion records). The optimisation is carried out by single and-gritdtiia
performancébased approaches of the selected dampers, using the conceptfaimUni
Distribution of Deformation (UDD) and a comparison of this method with global
optimisation techniques such as Genetic Algorithm (GA). At the end, a-phese
performanceébased optimisation strategy is developed for simultaneous optimisation of the
supporting brace elements and friction dampers while satisfying different performance

targets under the representative design earthquakes

1.4. AIMS AND OBJECTIVES

The aim of this research is to develop a low computational cost-cnitdtiia performance
basedoptimisation framework for optimal design of frictidvased passive control systems.

This was achieved by fulfilling the following objectives:

1. To define detailed nglinear FE models of different mulstorey RC buildings with

wall-type frictionbased pasege energy dissipation devices.

2. To propose a simplified method for practical seismic design and strengthening of RC
frames with passive friction dampers by considering a broad range of frame geometries,

damper capacities and seismic excitations.

3. To developa low computational cost method for mudtiteria performancéased

optimisation of friction dampers.
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4. To assess the efficiency of the new optimisation framework for simultaneous optimal

design of friction dampers under different earthquake intensities.

. To evaluate the effects of different parameters on the computational efficiency and
convergence rate of the proposed optimisation methods.

. To compare the efficiency of the proposed performdrased optimisation methodology
with a global optimisation methaiich as GA.

. To assess the efficiency of the proposed performiaased design methodology through
several practical design examples

1.1. TASKS AND METHODOLOGY

The following methodology is adopted to achieve the objectives.

1. Perform a comprehensive overall wi of the stat@f-the art of the research on passive

control systems with a focus on frictitmased energy dissipation devices and-lioear

optimisation methods such as Genetic Algorithm (GA) [Objective 1, 2 and 3].

2. Design a series of prototype 2D fratmeildings with different geometries (3, 5, 10, 15

and 20storey frames with 3 and 5 bays) based on-BBC5 (2015) and Eurocode 8
(ECS8; CEN, 2004) response spectrum procedure. Develop detailed FE models of the
prototype structures (with and without frimtibased passive control dampers), using
DRAIN-2DX and OPENSEES. Perform ntinear dynamic analyses to assess their
seismic performance in terms of maximum irggrey drifts, maximum column axial

load, base shear and energy dissipation parameter ¢(ahbettiveen the work of the
friction device to the work of the beam and column elements) subjected to a set of

synthetic and natural (fdield and neafield) ground motion records [Objective 1].

. Perform a parametric study of seismic performance of theefsawith friction dampers
by considering a variety of frame geometries, dampechanical propertiesnd seismic
excitation records to determine more efficient range and heiglet distribution of slip
loads; and therefore, a more practical design meikodeveloped for frames with

friction-based dampers [Objective 2].

. Establish a practical multriteria performancéased optimisation framework for
optimum design of friction dampers based on the concept of Uniform Distribution of
Deformation (UDD) to dgieve desired performance levels under the design earthquakes
[Objective 3].



Chaptéentfioducti on 20

5. Perform a parametric study on optimum design of friction dampers in RC structures by
considering a variety of initial slip load distributions, earthquake excitations and
convergene parameters to evaluate the computational efficiency and convergence speed
of the proposed optimisation method [Objective 4, 5].

6. Propose a more efficient adaptive optimisation approach (Adaptive UDD; based on the
standard UDD), and evaluate it for perfancebased optimum design of 3, 5 and 10
storey frames. Its computational efficiency is then compared wstaradardGA global
optimisation method [Objective 6].

7. Extend the proposed multriteria optimisation method (UDD) to a thrphase
optimisation grategy for simultaneous optimum design of chevron bracing elements and
friction dampers in a Storey frame under a design earthquake to demonstrate the
efficiency of the method for different design examples [Objective 7].

1.5. THESIS LAYOUT

This thesisispeent ed i n an fdalternative formatod and c

which were published (or submitted faublication)as journal papers:

1.1.1. Chapter 1

In this chapter is provided an overall introduction to the problem, research motivation, aims
and objectives and the thesis layout. In addition, a general background review is briefly

summarised. The literature review is presented on the following topics:

i Existing passive control systems including 1) Dynamic vibration absorbers 2) Viscous

and viscotastic dampers, and 3) Hysteretic dampers.

9  Existing friction dampers including 1) Limited Slip Bolted (LSB) joints, 2) Pall friction
dampers, 4) Sumitomo dampers, 5) Slotted Bolted Connections (SBCs), 6) Rotational
friction damper and 7) Friction wall pels.

1 Existing optimisation strategies for passive control systems and general information on
Genetic algorithm (GA).

1.1.2. Chapter 2

A practical method for optimum seismic design of friction wall dampers
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Chapter 2 addresses parts of the objectives 1 and & dvaked on the following paper:

Nabi d, N. , Hajirasouli ha, . and Petkovski

seismic desi gn o fEafthguake Specr833y 808311058.a mper s . 0

This chapter deals with proposing an empirical equdtorpractical optimum design of
friction dampers by considering different frame geometries and earthquake excitations. A set
of buildings with 3, 5, 10, 15 and 20 storeys and 5 spans equipped with friction wall
dampers in their middle span is subjectedatset of natural and synthetic spectrum
compatible earthquakes. In this chapter, different heigée distributions of slip loads are
considered and their optimum ranges are determined based on the maximum energy
dissipation efficiency for the spectrumompatible earthquakes. Subsequently, a
straightforward empirical equation is proposed for more efficient heaig#t distribution of

slip loads by considering the frame geometry.

1.1.3. Chapter 3

A simplified methodology for optimum design of friction dampers byconsidering near

field and far-field ground motions

In Chapter 3, seismic uncertainty is considered when addressing the objectives 1 and 2. This
chapter is based on a recently submitted pdpebid, N., Hajirasouliha, I. and Petkovski,

M. (2018) ified inéthodslogyn ot optimum design of friction dampers by
considering neafield and farf i e | d g r o uWoudhal of BartihqoakesEngineering

To take into account the characteristic of the input earthquake, in this chapter, 3, 5, 10, 15
and 20storey RC frames with 3 spans are subjected to two sets of areaifarfield ground
excitations. The optimum ranges of the slip loads are obtained for the selected earthquakes
with different Peak Ground Accelerations (PGA) and Peak Ground Velocities (PG¥). It
observed that the optimum design solution depends more on the PGV of the earthquake
rather than the PGA. Accordingly, to achieve an efficient and practical optimal design of the
friction dampers, an empirical equation is proposed by considering theenwh storeys

and (PGV) of the earthquake.

1.1.4. Chapter 4
Performance-based optimisation of RC frames with friction wall dampers using a low

cost optimisation method

This chapter which addresses parts of the objectives 3 and 5 is based on thblgdziger:
N. , Haj irasoul i ha, . an d,-badec aptimosatisnkaf RC M.

(2
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frames with friction wall dampers using a l@vo s t opt i mi sBulteinooh met hod. 0
Earthquake Engineerind,6(10): 5017 5040.

In this chapter is presented the develeptmof an efficient (low computational cost)
optimisation method based on the theory of UDD for optimum design of friction dampers. In
this method, the slip load at each storey level is modified, while the total slip load is constant
(sum of the slip loadat all storeys), until a more uniform distribution of deformation (lateral
inter-storey drift) is achieved. The efficiency of the method is evaluated through the
optimum design of 3, 5, 10, 15 and-&0rey RC frames equipped with friction wall
dampers uder natural and synthetic spectraompatible earthquakes. In addition, the
effects of different parameters such as different initial slip load distributions, convergence
parameters and earthquake records are assessed on the computational efficiency and

convergence rate of the proposed optimisation algorithm.

1.1.5. Chapter 5

Multi -criteria performance-based optimisation of friction energy dissipation devices in

RC frames

Chapter5 addresses the objectives 3 and 4 based on a submitted journalNesmdr: N.,

Haji rasoul i ha, . and Praerikperfosnaricbasedoptimisaionl 8 ) AMul t
of friction energy di s slouma ofiStructurad Engineermg 1 n RC f
(ASCE)

While the proposed empirical equation (in Chapter 2) may not necessatidfy a desired
performance level, in this paper single and ritieria performancdased optimisation
methods are proposed for optimum seismic design of fridtamed energy dissipation
devices. According to this method, the total value and thghhwise distribution of slip

loads at the friction devices are modified until the predefined performance target levels are

simultaneously satisfied under the representative earthquakes.

1.1.6. Chapter 6

Performance-based optimisation of friction dampers using aeptive and genetic

algorithm methods

This chapter which addresses the objectives 5 and 6 is based on a ready for submission
paperrNa bi d, N. , Haj i rasoul i hAdaptive low campdtatiéhalt k ov s ki , [
cost optimisation method for performards@sed seismic design of friction dampeid

Journal ofEngineering Structures



Chaptéentdoducti on 23

In this paper, the effect of different convergence factors are investigated on the optimisation
speed of the proposed UDD optimisation method, and subsequently, an efficienteadapt
convergence parameter is proposed. The efficiency of the proposed adaptive optimisation
method is then demonstrated through optimum design of 3, 5, astorey RC frames with
friction dampers and the results are compared with those obtained froneic@dgorithm

(GA) as a global optimisation method. A combination method is also evaluated using the
results of the adaptive UDD optimisation as the starting point of the GA optimisation that
can lead to considerably higher convergence rate. In thigechéipe accuracy, computation
efficiency and simplicity of the proposed UDD method is proved against the standard

evolutionary optimisation method such as GA.

1.1.7. Chapter 7

Application of UDD optimisation method in RC frames strengthened with friction

dampersusing chevron bracing system

This chapter addresses the objective 7 by extending the UDD perforrasex
optimisation method to a thrgdase algorithm capable of simultaneous optimum design of
chevron bracing system and friction dampers to satisfyefirestl performance objectives.

At the first phase, a discrete optimisation algorithm is defined for size optimisation of the
brace elements when the friction devices are fixed (i.e. very high slip load values) to satisfy
Immediate Occupancy (I0) performandevel underDesign Basis Earthquake (DBE)
record In the second phase, slip load distribution of the friction devices is optimised in order
to satisfy Life Safety (LS) performance level under a Maximum Considered Earthquake
(MCE) record. In the last phasthe optimum design solution is checked undeB& event

and the slip loads are only allowed to increase for those storeys which violate the 10

performance target and the final results are eventually obtained.

1.1.8. Chapter 8

This chapter contains a summanl/the results, followed by recommendations for future

work.
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CHAPTER 2

A Practical Method for Optimum Seismic
Design of Friction Wall Dampers

2.1. ABSTRACT

Friction control systems have been widely ussdone of the efficient and cost effective
solutions to control structural damage during strong earthquakes. However, thenisgght
distribution of slip loads can significantly affect the seismic performance of the strengthened
frames. In this study, aractical design methodology is developed for more efficient design
of friction wall dampers by performing extensive nonlinear dynamic analyses on 3, 5, 10,
15, and 26storey RC frames subjected étevenspectruracompatible design earthquakes
and five diferent slip load distribution patterns. The results show that a uniform cumulative
distribution can provide considerably higher energy dissipation capacity than the commonly
used uniform slip load pattern. It is also proved that for a set of design e&dhgtleere is

an optimum range for slip loads that is a function of number oéywtoBased on the results

of this study, an empirical equation is proposed to calculate a more efficient slip load
distribution of friction wall dampers for practical applicms. The efficiency of the

proposed method is demonstrated through several design examples.
2.2. INTRODUCTION

Much of the existing building structures in developing countries are designed primarily to
sustain gravity loads with little or no seismic detailiMany catastrophic failures in RC

buildings during recent major earthquakes (e.g. Kashmir, 2005; China, 2008; Indonesia,
2009; Haiti, 2010; Turkey, 2011; Nepal, 2015) have highlighted the urgent need to improve

Eart hqguake S chtyF arna2ylols7uPrdd 8180 5 2
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the seismic performance of these substantaiidings. Passive energy dissipation devices
have been proven as one of the most efficient and cost effective solutions in terms of
controlling structural damage during strong earthquakes by dissipating the imparted seismic
energy and reducing damage itrustural elements (Symans et al., 2008; Soong and
Costantinou, 2014). Among the different types of passive energy dissipation devices,
friction-based dampers usually have the highest energy dissipation capacity for the same
levels of force and deformatiofiPall and Pall, 2004). Moreover, friction devices are in
general velocity and temperattirelependent, can be easily tuned to the characteristics of
the structure, and provide sustained performance under large number of cycles (Grigorian et
al., 1993; Ailen et al., 1993; Pall and Pall, 2004).

Pall and Marsh (1982) introduced the first generation of friction dampers for braced steel
frames, which were designed to slip under a predetermined load before the buckling of the
braces occurred. Wu et al. (2008vedloped an improved model of Pall friction dampers
using a Fshaped core plate, which was easier to manufacture and assembly. Slotted Bolted
Connections (SBC) were initially used by Fitzgerald (1989) to dissipate earthquake input
energy and prevent buckli of brace elements in steel braced frames. The energy absorbing
mechanism in SBCs is based on the friction between the gusset plates and the sliding
channels. More recently, shear slotted bolted connections (SSBC) were proposed to extend
the applicationof SBC in members with shedominated behaviour (Nikoukalam et al.,
2015).

While most of existing frictiorbased dampers were developed for steel bracing systems,
using brace elements in RC frames can lead to high stress concentration and damage in the
connection zones. This problem can be addressed by usingyp&lsystems that provide
enough space to transfer lateral forces to the adjacent elements. Sasani and Popov (1997)
experimentally and analytically investigated the performance of atyyalfriction damper

using lightweight concrete panels. Their proposed system consisted of a precast concrete
wall which was connected to the lower floor beam by bolted supports and to the upper floor
beam by friction energy dissipating connectors. In a followswaly, they increased the
efficiency of their proposed system by using eparghored bolts to provide adequate
strength and stiffness at the base supports to minimise the rocking movement of the wall
panels during strong earthquakes (Sasani and PopoY). Z&kovski and Waldron (2003)
studied the effectiveness of frictidrased concrete wall dampers (with and without opening)

to improve the seismic performance of 6, 8 anestbBey RC structures subjected to four

real earthquake records. They concludet,tirrespective of the stiffness of the wall panels,

there was an optimum range for the slip force in the friction connections that led to the best

Earthquake S3IhEchty arna2§0ols7uPrdd 8180 5 2
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seismic performance. Although their proposed friction wall dampers were designed not to
transfer additionlashear forces to the adjacent columns, the results of their study showed
that they still considerably increase the base shear and the axial loads of the columns.
However, these adverse effects can be controlled by limiting the slip forces in the friction
dampers as it will be discussed in this study. A similar wall friction damper was proposed by
Cho and Kwon (2004), incorporated an RC wall connected to the upper floor beam using a
T-shape steel device with Teflon sliding sheets. In their system, theiotafopce could be

easily adjusted based on the expected earthquake magnitude using an oil jack loading

system.

While several research studies have covered the optimum design of viscous and viscoelastic
dampers (e.g. Park et al., 2004; Levy and Lavang2U@kewaki, 2011; Whittle et al.,

2012; Adachi et al., 2013, Sonmez et al., 2013), very limited studies are focused on the
optimisation of frictioabased dampers subjected to seismic actions. In one of the early
attempts, Filiatrault and Cherry (1990)opbsed a simplified seismic design procedure to
obtain the optimum slip load values by minimizing an energy derivation parameter denoted
as relative performance index (RPI). It was shown that the optimum slip load values depend
more on the amplitude andeffuency of the design earthquake rather than the structural
characteristics. Subsequently, Moreschi and Singh (2003) used Genetic Algorithm (GA) to
determine the optimum heighitise placement of yielding metallic and friction dampers in
braced steel frame®atro and Sinha (2010) investigated the seismic performance of shear
frame building structures with difyiction devices, using uniform heightise slip load
distribution. They showed that, in general, a suitable slip load range can be determined such
that the seismic response of the structure is nearly optimal for a wide range of ground
motion characteristics. Fallah and Honarparast (2013) optimised the slip load distribution
and placement of Pall friction dampers in mgtibrey shear braced frame usiaghon
dominated sorting genetic algorithm (NSE@A In a more recent study, Miguel et al. (2016)
adopted a backtracking search optimisation algorithm to simultaneously optimise the

location and slip load distribution of friction dampers subjected tongeisading.

It should be noted that most of the above mentioned optimisation techniques may not be
suitable for practical design purposes due to the high computational efforts required to
analyse a large number of nbinear dynamic systems. This studyns to develop, for the

first time, a practical method for more efficient design of fricti@sed wall dampers under
earthquake loads without using complex optimisation techniques. To obtain the best slip
load distribution along the height of the buildjrextensive nonlinear dynamic analyses are

conducted on 3, 5, 10, 15, and&0rey RC frames subjected to a set of earthquake records
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representing a design spectrum. The results are then used to develop an empirical design
equation, which leads to desigolutions with maximum energy dissipation in the friction
wall dampers. The efficiency of the proposed equation is demonstrated through several

design examples.

2.3. MODELING AND ASSUMPTIONS

2.3.1. Reference Frames

In this study 3, 5, 10, 15 and -8forey RC frames &re selected with the typical geometry
shown in Fig. 2.1. The frames were assumed to be located on a soil type D of the IBC (2015)
category, with the design spectral response acceleration at short periodsengetiod
equal to 0.40g and 0.64g, respeely. To represent substandard RC structures, the frames
were designed based on the lawmedium seismicity regions using a design earthquake
with PGA of 0.2g. The uniformly distributed dead and live loads were assumed as  kN/m
and 2 kN/m for interior storeys and 5 kN/miand 1.5 kN/rfor the roof level. The frames
were designed to support the seismic loads based on IBC (2015) and ASCER5R02.0)

and in accordance with the minimum requirements of ACI 318 (2014) for RC frames with
intermediate dudity. The concrete compressive strengifd)(and the yield strength of steel
reinforcement bars"®@) were assumed to be 35 and 400 Mpa, respectively. Square and
rectangular sections were used for column and beam elements as shown in Eigttel f

10-storey frame.

To predict the seismic response of the RC frames, nonlineathistwy analyses were
carried out using computer program DRABDX (Prakash et al. 1993). Rayleigh damping
model with a constant damping ratio of 0.05 was assitméte first mode and to any mode

at which the cumulative mass patrticipation exceeded 95%. Nonlinear muootetian (M-

d) a n dnoment (PRl plastic hinges were assigned at both ends of RC beam and
column elements, respectively, using element Typen2DRAIN-2DX. The friction
mechanism at the top edge of the panel was modelled by means of an inelastic link element
(element Type 4 in DRAINDX) to provide an ideal Coulomb friction hysteretic behaviour.

In this study, it was assumed that the strengtthefconcrete wall panel is always greater
than the effects of the maximum slip load of the friction device. Therefore, the wall panels
were modelled with elastic panel elements (15 cm thickness) using element Type 6 in
DRAIN-2DX. To consider rigid diaphrags in the analytical models, the frames nodes were

constrained to each other in horizontal direction.
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Fig. 2.1. Schematic geometry of the reference RC frames and the analytical model of the
studied frictionbased wall dampers

2.3.2. Proposed Friction-Based Wall Damper

The frictionbased wall damper used in this study consists of a structural concrete panel that
is connected to the frame by using two vertical supports in the sides, one horizontal
connection at the bottom, and a frictidevice at the top. Fig. 2.2 illustrates the details of the
proposed friction panel. The vertical support for the concrete panel is provided by using
panelto-column connections with horizontal slots, which prevent transfer of shear forces to
the columns The panel is connected to the lower floor by horizontally fixed connections
with vertical slots to avoid transferring shear forces to the beams. This arrangement will
ensure that the displacement of the friction device at the top of the panel is dhedhter

storey drift at each level. The proposed friction device is a simple-pafraime Slotted
Bolted Connection, which consists of two steel plates bolted at the top of the panel (external
plates) clamped together over a slotted stainless stgelghchored to the top beam (central
plate). The friction mechanism is obtained through friction between the central stainless steel
plate and the two brass plates (see Fig. 2.2 (b)). Extensive experimental tests conducted by
Grigorian et al. (1993) demstrated the reliable hysteretic behaviour of this type of friction

device under sinusoidal and simulated seismic imposed displacements.

By using overssized holes in the central steel plate (as shown in Fig. 2.2), the largest friction
forces will occur betwen the central and the brass plates. The size of these holes in the
horizontal and vertical directions can be calculated to accommodate the expected maximum

lateral drift and vertical deformations of the beam, which would prevent transfer of large

Eart hquake S chty arna2y0ols7ubRrded 8180 5 2



Chapter 2. B a s A& gractmal methbddor gp@nmura seismid design o 3
friction wall damperé

stresse on the central plate around the slotted holes. The concentrated moments applied to
the columns at the location of the connections should be considered in the design process of
the proposed friction wall system. The results of this study indicate theet tdditional

loads are relatively low compared to the maximum bending moments in the corresponding

bare frame.

Friction Device Central Steel Pla Central Stainless Steel Plat
with Oversized Hole

External

Steel Plate Brass

Plate

(b)

Fig. 22. Schematic view of the (a) proposed friction wall damper, (b) friction device

2.3.3. Slip Load Distribution Patterns

The slip force in the friction connections of the proposed wall damper can be adjusted and
tuned independently for each storey by controlling the clamping forces of the bolts. Such
capability provides the possibility of using the same connectitm aifferent (optimised)

slip loads. Wall dampers with very low slip loads (i@e 1) do not have any lateral load
resistance and, therefore, are not considered as structural elements. On the contrary, using
large slip load values may lead to a connection-lgekunder design earthquakes, which
implies the passive control systerahlaves as a fixed wall panel with negligible energy
dissipation capacity. In practical applications, a uniform heigae slip load distribution is

usually employed for design of passive friction dampers. However, this may not necessarily

lead to an optimm design solution for a range of structures and design earthquakes.

To identify more efficient slip load distributions, five different distribution patterns are
considered: (1) uniform, (2) uniform cumulative, (3) triangular cumulative, (4) inverted
triangular cumulative and (5) a distribution proportional to the storey shear strengths. Fig.
2.3 shows the different slip load distribution patterns, scaled to produce the same base shear

in first mode response (i.&O=constant). The shear strengtheazich storey"Q; can be

calculated from a nehnear pushover analysis (Hajirasouliha and Doostan, 2010).
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Fig. 2.3. Typical patterns of the selected slip load distributions with the same average value

2.3.4. Selected 8ismic Excitations

The reference structures are subjected to six real strong ground nsmieatedrom the

Pacific Earthquake Engineering Research Center online database (PEER, 2016) including
Cape Mendocino 1992, Duzce 1999, Superstition Hills 198petial Valley 1979, Loma
Prieta 1989, and Northridge 1994. The characteristics of the selected records are listed in
Table 2.1. All of these ground motions correspond to soil class D of2[BG and are
recorded in low to moderate distances from the epiegless than 45 km) with high local
magnitudes (i.e. M>6.5). Fig. 2.4 illustrates the 5% damped elastic acceleration response
spectra of the six natural earthquake records in Table 2.1. It is shown that, on average, the
selected ground motions provideclnse approximation to the design response spectra of
IBC-2015 for the site class D in high seismic zones (i.e. PGA=0.4g). This is particularly
evident at the first mode periods of the bare frames denoted as Th3 to Tb20. Therefore, in
this study these eidngquake records are used directly without being normalised. A set of five
synthetic earthquake records with a PGA of 0.4 g is also generated using SIMQKE program
(Vanmarke, 1976) to be compatible with the soil type D of IBC (2015) elastic design

spectrum.
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Table 21. Characteristics of the selected seismic excitation records

No. Earthquake Name M Record Duration PGA PGV PGD
(s) (@) (Cm/s) (Cm)

1992 Cape Mendocinc 6.9 CAPEMEND/PETO0( 36  0.590 48.4 21.74
1999 Duzce, Turkey 7.2 DUZCE/DZC270 26 0.535 83.5 51.59
1987 Superstition Hills 6.7 SUPERST/BICCO00 60 0.358 46.4 17.50
1979 Imperial Valley 6.5 IMPVALL/H-E0414C 39 0.485 37.4 20.23
1989 Loma Prieta 6.9 LOMAP/G03000 40 0555 35.7 821
1994 Northridge 6.7 NORTHR/NWH360 40 0.590 97.2 38.05

D OB~ W NP

To simulate nosstationary spatially variable ground motions, a trapezoidal intensity
envelope function with the rise time, level time and total duration of 2.5, 12 and 35 sec,
respectively, was applied. Fig. 2.4 demonstratesa gompatibility between the average
spectrum of the synthetic earthquakes and the IBC (2015) design spectrum. Therefore, these
synthetic earthquakes can be considered to be good representatives of the design response

spectrum.

25
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Fig. 24. Comparison between elastic spectral acceleration of the six selected earthquakes,
average of five synthetic earthquakes and-E®Q5 design spectrum for soil type D, 5%
damping ratio. Thto Thy, are first mode periods of the bare frames

2.4. RC FRAMES WITH FRICTION -BASED WALL DAMPERS

To investigate the efficiency of the proposed passiv@rol system, a wide range of slip

load values and heightise distribution patterns are considered, aiming to cover all practical
design solutions. Different strtural performance parameters such as maximumsmoeey

drift, roof displacement, maximum axial load in columns, base shear, and cumulative energy

dissipation are calculated. For comparison purposes, the slip loatratiodefined as:
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.
a. FS,i

FSR: I:]' (21)
é. I:y,i

whereg¢ is number of stays "G; is slip force atQ storey, andQy, is storey shear strength

of the’Q storey. Using ths parameter helps to compare the effects of using different slip

load distributions, while the base shear force remains constant.

2.4.1. Maximum Inter -storey Drift

Maximum interstorey drift is widely used to evaluate the level of damage to both structural
and ron-structural elements in RC structures (Hajirasouliha et al., 2012). Fig. 2.5 shows the
variation of maximum intestorey drift ratios (normalised to the bare frames) for 5, 10, 15
and 20storey frames using five different slip load distribution pattevitls a wide range of

slip load ratiosO . The results are the average of the displacement demands obtained in the
six selected earthquakes listed in Table 2.1. The energy dissipation capacity of wall panels
with very small'O values is neglidple, and therefore, their response is close to that of bare
frames (normalised response parameters are close to 1.0). Fig. 2.5 demonstrates a similar
trend for different slip load patterns, where the maximum drift ratios generally reduce by
increasing thdriction slip load ratios up to a certain limit. This is followed by a constant

trend in 3 and Storey and an ascending trend in 10, 15 anst@fey frames.

The results in Fig. 2.5 indicate that there is an optimum range for slip load ratios that, on
average, leads to lower intstorey drifts. Similar conclusions have been reported by
Petkovski and Waldron (2003) and Fallah and Honarparast (2013) for other types of friction
dampers. Fig. 2.5 shows that by using friction wall dampers with more effaipnibad
distributions, the maximum intestorey drift of 3, 5, 10, 15, and Aforey frames reduced

by up to 85%, 75%, 38%, 40%, and 30%, respectively. This implies that the reduction in
maximum drift ratio is more prominent in low rise buildings. WhHe inverted triangular
cumulative slip load distribution (Type 4 in Fig. 2.3) seems to be less effective in reducing

maximum interstorey drifts, other distribution patterns lead to similar levels of reduction.

Eart hquake S chty arna2y0ols7ubRrded 8180 5 2



Chapter 2. Ba s Amactecal methoddor gpamura seismid design o 4
friction wall damperé

= -4 Uniform - -— Uniform Cumulative —a— Triangular Cumulative

—e— Inverted Triangular Cumulative—— Proportion to Storey Strength

1.2 1.2
S-Storey 10-Storey
1.0 1.1
2 9 1.0
0.8 - =
o X o9
Eos6 £
a 0 0.8
x x
© 0.4 -
s o7
0.2 06 |
0.0 ; ; ; ; ; ; 0.5 : ; ;
0 0.5 1 15 2 25 3 35 0 05 1 15 2
Slip Load Ratio Slip Load Ratio
1.2 1.2
15-Storey 20-Storey
11 1.1 -
.21.0 + 9210 #
IS IS
Xoo Xo.9
E E
00.8 00.8 -
x x
Lo ek T LTSN I 1.y
0.6 0.6
0.5 : ; ; : 0.5 ; ; ; ; ;
0 0.3 0.6 0.9 1.2 1.5 0 0.2 0.4 0.6 0.8 1 1.2
Slip Load Ratio Slip Load Ratio

Fig. 25. Variation of maximum intestorey drift for 5, 10, 15 and 28orey RC frames
using different slip load distributions, average of the six selected earthquakes

2.4.2. Column Axial Load

Figs. 2.6 (a and b) display the maximum axial load ratios (normalised toateeframes) of

the columns connected to the friction wall dampers in 10 andtd8y frames using
different slip load ratios. The results show that, regardless of the selected slip load
distribution pattern, the maximum axial load in the columns inesehyg increasing the slip

load ratios up to a steadyate level (see Fig. 2.6 (b)). At this stage, the wall dampers are
|l ocked at al | storey | ewal d,0 whmi ahiiss srtafdegr r éAcks
increasing slip load ratios beyond thisit does not affect the seismic performance of the
frames. It is shown that, for the same slip load ratio, using uniform distribution (Type 1 in
Fig. 2.3) results in lower axial loads compared to other slip load distributions. However, for
practical desig purposes, it is important to obtain slip load ratios that control the lateral
displacement demands of the structure without imposing high axial loads to the columns and
foundations. Fig. 2.7 (a and b) compare the maximum column axial load ratio foemwtiffe

slip load distributions as a function of maximum irg&srey drift. The results in general

indicate that, for a specific intastorey drift, using a uniform cumulative distribution (Type 2
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in Fig. 2.3) leads to minimum axial loads compared to ofiefaad distributions. A similar

trend was observed for the other frames with different number @fystor
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Fig. 26. Variation of maximum column axial load ratio as a function of slip load ratio for
(a) 10 and (b) 26story frame, average of the six selected earthquakes
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Fig. 2.7. Variation of maximum drift ratio as a function of (a) column axial load and (b) base
shear ratio for 1@torey frame, average of the six selected earthquakes

2.4.3. BaseShear

Increasing the base shear demand is one of the main barriers to the use of passive control

systems such as shear walls and bracings. Although the proposed friction wall damper

increases the base shear demand of the bare frame, this increase tiaiebtyefontrolled

by using appropriate slip loads in friction devices. For examples. R@ (a)and (b)

compare the maximum column shear foesel the base shesatios of 10storey frames

with different slip load distributions as a function of thig $bad ratiq respectively The

results show that increasing the slip loads is always accompanied by an increase of the base

shear until a maximum level is reached. For similar slip load ratios, using uniform slip load
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distribution leads to lower base sinewhen compared with other distribution patterns.
However, for the same intstorey drift ratios, uniform cumulative slip load distribution in
general leads to lower base shear values compared to the other distribution patterns (see Fig.
2.7 (b)).
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Fig. 28. Variation of: (a) maximum column shear force ratio, and (b) base shear ratio as
functions of slip load ratio, X8torey frame, average of the six selected earthquakes

It should be noted that the proposed friction walingher is capable of transferring some of

the base shear forces directly to the foundation at the ground floor. Therefore, despite
increasing the total base shear, the proposed wall dampers can generally reduce the
maximum shear forces in the columns atlihee of the structure. For instance, the results in
Fig. 2.8 @) indicates that unlike the base shear, increasing the slip load ratio is usually
accompanied by a decrease in the maximum column shear forces until a minimum value is

reached.

The most redun in the maximum column shear forces was observed in the frame with the
inverted triangular cumulative pattern (Type 4 in Fig. 2.3). The main reason is that, for the
same average slip load, the inverted triangular pattern has larger slip load valoes at
ground floor. This implies that the friction wall system can transfer higher shear forces
directly to the foundation, which reduces the maximum shear forces at the columns.

2.4.4. Energy Dissipation Capacity

In this study,Y is defined as the ratio of the deformation work of structural elements in

the structure with friction wall dampera () to that in the corresponding bare frarae ():

Earthquake S3IhEchty arna2§0ols7uPrdd 8180 5 2



Chapter 2. B a s A& gractcal methbddor gpénmurma seismid design o1 4
friction wall damperg

Wes _ Wep+ Woe) s
Wor (W + W)yt

R/\A:

(2.2)

where®w andw denote the static work of the beam and column elements, respectively.
Y decreases by increasing the efficiency of the friction wall dampers in dissipating the
earthquake input energy. Fig. 2.9 (a) showsYheas a funtion of the slip load ratio for 5,

10, 15 and 2@torey frames using different slip load distribution patterns. In gen¥ral,
reaches a minimum value at a slip load ratio which is almost independent of the selected slip
load distribution pattern. T implies that there is an optimum range for the slip load ratios
that leads to the lowest deformation work (or structural damage) in the structural elements.
The reduction inY is more evident in lowto mediumrise buildings. The results also
indicate that the optimum slip force ratios decrease by increasing the numberegft stor
(from "O =1 in 3storey to"O =0.15 in 20storey frames). Also it can be noted that, in

general, the optimum range narrows by increasing the number eystor

The amount of energy dissipated in the friction device under a design earthquake can be
evaluated by calculating the ratio of the friction work in the wall dampers)(to the

deformation work of the main structural elememss §:

_ (st )CS
RNz ) (\Nsb + V\éc) cs @3

While 'Y gives a measure of the efficiency of the dampers in reducing the energy
dissipation demand of the structural elemets, represents the energy dissipation capacity
of the dampers. Ae variation ofY as a function of the slip load ratio is illustrated in Fig.
2.9 (b) for 3, 5, 10, 15 and Hlorey frames. Th&y parameter tends to zero for very low
and very high slip forces. The reason is that the energy dissipateddartipers with very

low slip forces is negligible, while the dampers with very high slip forces are locked and
hence do not dissipate any energy. The results indicate that the overall tréhd isf
similar for all the reference frames irrespectivetiie number of steys However, on
average, by increasing the number of systhe maximumyY values are reached at lower

slip load ratios.
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It is evident that the uniform cumulative slip load pattern is usually the most effective
pattern in terms of increasing the energy dissipation capacitpeofrictionbased wall
dampers (except for thestorey frame), while the inverted triangular cumulative pattern is
the least efficient. Based on the results in Fig. 2.9, the optimum range of the slip load ratios
for 3, 5, 10, 15, and 26torey frames witruniform cumulative slip load distribution is
within 0.650.95, 0.5%0.85, 0.250.45, 0.160.30, and 0.0®.15, respectively.

Fig. 2.10 shows the variation of energy dissipation paraméteras a function of the slip

load ratio for the 1&torey and 2@&torey frames subjected to the six selected real excitation
records. It is evident that the amount of energy dissipated in the wall dampers is highly
dependent on the input earthquakd #re slip load ratio. However, the results show that the
range in which the slip load rattd reaches maximum (i.e. the best damper performance)
is not significantly affected by the selected design earthquake. This conclusion was

confirmed by theeasults for all the reference frames.
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Fig. 210. Envelope ofY energy dissipation parameter for (a)<itBrey frame, (b) 20
storey frame as a function of the slip load ratio, selected real earthquakes

25. A PRACTICAL DESIGN METHOD FOR FRICTION
DAMPERS

Fig. 2.11 shows the optimum range of the slip load ratios obtained in the previous section as
a function of number of steys The optimum design solutions for low rise buildings tend to

a fixed wall system, while for highise buildings the best design solutions have lower
average slip load ratio$he results of this study indicate that the optimum range of slip load
ratio for RC frames with friction wall dampers is mainly a functiothefnumber of storeys,

and it is not cosiderably affected by the selected earthquake records if they match a similar

design spectrunsing the median values of the optimum slip load ranges and a regression
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analysis, t is shown in Fig. 2.11 that the average value of the optimum slip load G&tn
be represented by the following exponential function:

R=1.12¢ 011 (24)

whereR is the most appropriate slip load ratio amds the number of steys which is
indirectly representative of the fundamenpariod of the structurelThe slip load ratidR
calculated from Equation 2.4 is the ratio between the average of the slip loads with uniform
cumulative distribution and the average of the storey shear strengths. Therefore, the
following equation can be uséadl acquire the more efficient slip load values at each storey:

n

i -0.1
2 E 3R aF 3112
Fo=83% R {n Bi) —=2%
ooy
2

n(n -EL%

wheren is the number of steys and™Q; and™Oy; are the slip load and the storey shear. It

(n = i) (25)

should be noted that Equation 2.4 is based on the models considered in this study, and the
optimum range might change for structures with other dynamic characteodstiesry

different g@metries (e.g. different storey heights)

1 = = - Empirical Equation

I Optimum Range
0.8 1

2 N
&
AN
= 06 « R=1.12¢1n
© N
o N
- N
2 04 S o
n S o
=~ ~
<
021 ‘l* - I
0 : : . .
0 5 10 15 20

Number of Storeys

Fig. 211. Comparison between the empirical equation and the best analytical slip load range
for frames with different number of says

2.6. EFFICIENCY OF THE PROPOSED DESIGN METHOD

The eficiency of the proposed equation to obtain more efficient design solutions is
investigated for 3, 5, 10, 15, and-2@rey frames under a set of five design spectrum
compatible synthetic earthquakes (see Fig. 2.4). For comparison purposes, the seismic

performances of the frames with friction wall dampers designed using Equation 2.4 are
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compared with those designed based on the uniform slip load distribution (i.e. conventional
design) as well as the frames with fixed patodirame connections. The moreiefént slip

load values at different steys are calculated by using Equation 2.5. For a better
comparison, the slip load values are scaled in the frames with uniform slip load distribution
(without changing the distribution pattern) to have a similar ageevalue in all design

solutions.

Fig. 2.12 shows that, in general, the frictinssed wall dampers designed with the proposed
slip load distribution pattern provide better design solutions with lower maximum drift and
roof displacement ratios compared ttoe conventionally designed wall dampers with
uniform slip load distributions. This is especially evident for medium to-tigghbuildings.

As illustrated in Fig. 2.12, in some cases, using a fixell system can lead to lower inter
storey drift and robdisplacement demands compared to the frames with fribésed wall
dampers. However, fixedall systems considerably increase the total base shear and also

transfer excessive additional axial loads to the columns and foundation (Fig. 2.12 ¢ and d).

mEmpirical Equation (a) o mEmpirical Equation (b)
0.8 | guniform M| & 08 ouniform —
o . - 14
b= OFixed Wall a OFixed Wall
@ 06 - @ 06 -
£ a
0 04 3 04
é @
=
0.2 4 g 0.2
0 - o -
3 5 10 15 20 3 5 10 15 20
Number of Storeys Number of Storeys

8 4
o (C) m Empirical Equation (d) - mEmpirical Equation
< - OUniform ) ] OUniform
s 6 1 oFi g 3 Fixed Wall
g — OFixed Wall o OFixed Wal
a ®
T 4 2 >
X n
< Q
e 2]
S
o 2/ & 1
B
]
=

0 0 -

3 5 10 15 20 3 5 10 15 20
Number of Storeys Number of Storeys

Fig. 212 The ratio of (a) maximum drift; (b) maximum roof displacement; (c) maximum
column axial load; (d) maximum base shear to the bare frames, average of five synthetic
earthquakes

To ensure that these added axial éodemands are within the load bearing capacity of the
columns, the momeraxial load interaction curves of the column sections are investigated.

The example in Fig. 2.13 shows that the critical moraerdl load combinations (at the first
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storey) in the 1@nd 15storey frames with fixed walls are generally beyond the load bearing
capacity of the sections under the set of five synthetic spectoumpatible earthquakes,
while the friction wall dampers designed with the proposed methodology lead to acceptable
design solutions. It can also be noted that fixed wall systems under seismic load will produce

large tensile forces in the columns that can significantly reduce their moment resistance

capacity.
25000 35000
—— Capacity N, kN 10-Storey —— Capacity N, kN 15-Storey
@ Friction Wall & Friction Wall
A Bare Frame 28 A Bare Frame 250007
m Fixedwall 159997 m Fixed Wall

® o
5000 -
A

M, KN.m

T T * (S -3500 -2500 -15 =308
-2500 -1500 00 }a/ 1500 2500 - ]

uuuuuuuuuu

Fig. 213. Comparison of the st floor column axial loatinoment interaction for the bare
frames and the frames designed with the empirical equation and fixed wall, average of five
synthetic earthquakes

In the case of friction walls designed using the proposed empirical equation thentmom

axial load demands on the columns are all within the acceptable range. This is a result of the
limits to the storey shear introduced by the friction connections. The results also indicate that
the performance of the columns of the frames with moreieffi design of friction walls

can be better than those in the bare frames. The reason is that the increase in axial load of the
columns in these frames is accompanied by a decrease in the maximum bending moments
due to reduction of intestorey drifts. Hj. 2.14 shows that the proposed slip load
distributions in this study can lead to up to 61% higher energy dissipation capacity in the
friction devices (i.e. highely factor) and up to 40% lower energy dissipation demand in

the structural elementsdi lowerY factor) compared to the conventional solutions.
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Fig. 214. Energy dissipation parameté¥s and’Y as a function of number of stys,
average of five synthetic earthquakes

2.7. GLOBAL DAMAGE INDEX

A linear cumulative damage model is used to calculate the overall damage index of the
structure during seismic excitations by taking into account the changes in the energy
dissipation capacity of the structure as a function of displacement demands (M#ter, 19
TeranGilmore and Jirsa, 2004). In this model it is assumed that the damage caused by
plastic excursions are independent, while excursions are identified by using the Rainbow
Counting Method suggested by Powell and Allahabadi (1987). In this studlyté¢instorey
inelastic deformation is chosen as the basic damage quantity, and the cumulative damage
index after N excursions of plastic deformation is calculated using the following equation:

_N e
Dii=a (") (26)

where’O "Os the cumulative damage index'@t storey, ranging from 0 for undamaged to 1

for severely damaged stys N is the total number of plastic excursions, is the plastic
displacement of th& excursion] is thenominalyield deformationandc is a structural
parameter which accounts for the stability of the hysteretic behaviour. In this stigly,
considered to be 1.5, as suggested by Cosenza and Manfredi (1996) for damage analysis of

reinforced concrete structures.

The global damage indeX0(Q evaluates the damage of the whole structure by considering
the weighted average of the storey damage indices. The following equation is used to

calculate the global damage index of the structures:
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N
— a ilelini

DI « N
ai:lwpi

g 2.7)

wheren is the number of steys w and'O "Care the dissipated energy and the damage

index of the’Q storey, respectively.

In Fig. 2.15, the global damage indices of the bare frames under the set of five synthetic
spectrumcompatible earthquakes are compared with the frames with frictisad wall
dampers designed using the proposed equation (Equation 2.5) and the uniform slip load
distribution. In general the results indicate that frictimsed dampers could significantl
improve the seismic performance of the bare frames, especially for low to raesium
buildings where the global damage index was reduced by up to 91%. Fig. 2.15 (a) shows that
friction dampers designed with the proposed equation could reduce thedgatsde index

of the 3, 5, 10, 15 and Zforey frames by 45%, 19%, 43%, 50% and 26%, respectively,
compared to conventionally designed dampers.

50 100
(a) — mEmpirical Equation - -A- Empirical Equation (b) /,,’8
/
X 40 OUnifrom o 80 { - <- Uniform ,:/
- 1 /
% OBare Frame :’5 - O- Bare Frame ./ | A
T 30 - 260 S
IS < ’ e
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o (_U // /, //
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Number of Storeys PGA (1 9)

Fig. 2.15. Global damage index of (a) the bare frames compared to the frarhefsieon-

based wall dampers designed using the proposed equation and uniform distribution and (b)
the 10storey frame under different earthquake PGA scale factor, average of five synthetic
earthquakes

The efficiency of the proposed optimisation methodalso investigated for different
earthquake intensity levels. Fig. 2.15 (b) compares the global damage @derf(the 10

storey bare frame with the frames with friction wall dampers designed using Equation 2.5
and uniform slip load distributionsubjected to the set of five synthetic earthquakes with
PGA levels ranging from 0.05 to 0.8 g. It is shown that on average the friction wall dampers
with the slip load distribution suggested in this study always exhibit less global damage

compared to thadmes with conventional friction walls at all PGA levels. The results in Fig.

2.15 (b) imply that the effectiveness of the wall dampers with a uniform slip load
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distribution was considerably reduced at higher earthquake intensity levels (e.g. PGA> 0.6
0)- This is because using equal slip loads at all storey levels led teuniform distribution

of lateral displacement demands and consequently high local damage concentrated at some
of the stoeys(i.e. soft storey failure), while the proposed slip loastritiution resulted in a

more uniform distribution of storey damage.

Although in general the seismic performance of friction wall dampers depends on the
frequency content of the input earthquake, number oégs@nd the earthquake intensity,
the outcoms of this study demonstrate that the dampers designed with the proposed method

consistently outperform those designed with uniform distribution of slip forces.

2.8. SUMMARY AND CONCLUSIONS

In this study, the efficiency of a frictidmased wall system was intigmted by extensive
nonlinear dynamic analyses on 3, 5, 10, 15, andt@®y RC frames subjected to six real

and a set of five synthetic design specttompatible earthquakes. To obtain the most
efficient heightwise slip load distribution, five differg distribution patterns were
investigated, including uniform, uniform cumulative, triangular cumulative, inverted
triangular cumulative and a distribution proportional to the storey shear strengths. Based on
the results presented in this paper, the falhmwconclusions can be drawn:

T Uniform cumulative slip load distribution is usually the most effective pattern in terms
of increasing the energy dissipation capacity of the friehased wall dampers.
However, irrespective to the slip load distributiorgre is always an optimum range
for the slip load ratios (normalised to the storey shear strength) that leads to minimum
displacement demands under design compatible earthquakes. For slip load ratios lower
than the optimum value, the effectiveness of thegers can be limited due to the
small energy dissipation in the friction devices. Larger slip force ratios, however, may
lead to connection loelps resulting in a linear elastic response with large dynamic
magnification and low energy dissipation. Theults show that the optimum range of

the slip loads exponentially decreases with the increase of the numbeeg$ stor

1 Based on the results of this study, an empirical equation was proposed to calculate a
more efficient slip load distribution for seisnmstrengthening/design of RC structures
with different humber of stelys The friction wall systems designed based on the

proposed equation was shown to result in lower displacement demands (by up to 30%)

Eart hquake S chty arna2y0ols7ubRrded 8180 5 2



Chapter 2. B a s A& gractmal methbddor gp@nmura seismid design o 5
friction wall damperé

and higher energy dissipation capacities (by up 8)tompared to the conventional
systems with a uniform slip load distribution.

1 It was shown that friction wall dampers designed with the proposed equation can
significantly reduce the displacement demands of the bare frames without large increase
in baseshear. Although friction wall dampers impose additional axial loads to the
adjacent columns, it was shown that by using the proposed design method the axial
loads generally remain within the capacity of the column sections. However, if fixed
panels are addl to the bare frame (as a retrofit measure) the maximum axial loads can

be well beyond the maximum capacity of the columns.

9  The results of nonlinear incremental dynamic analyses show that the friction dampers
designed with the proposed empirical equatian reduce the global damage index of
the RC frames with conventionally designed dampers by ug3%6. While the
efficiency of the wall dampers with a uniform slip load distribution was considerably
reduced at higher earthquake intensity levels, the stggedesign solutions were
efficient at all PGA levels.
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CHAPTER 3

A Simplified Methodology for Optimum
Design of Friction Dampers by Considering
Near-Field and Far-Field Ground Motions

3.1. ABSTRACT

A simplified method is proposed for optiim design of friction dampers by considering the
characteristics of design earthquakes. Optimum slip loads for 3, 5, 10, 15-atue30RC
frames with friction waldampers are obtained for a set of 20 near anfidiarearthquakes

as well as artificin spectrumcompatible records scaled to different acceleration levels.
Optimum solutions are shown to be more sensitive to Peak Ground Velocity (PGV) than
Peak Ground Acceleration (PGA), especially for Fegld earthquakes with high velocity
pulses. Foidentical PGA levels, fafield earthquakes on average result in 1.5 times lower
optimum slip loads compared to ndald records, while they lead to 118% higher energy
dissipation and 24% lower maximum intorey drifts. Empirical equations are propbse
predict optimum slip loads (as a function of number of storeys and PGA/PGV of design

earthquakes) and their efficiency is demonstrated through selected examples.

Keywords: Near and farfield earthquakes; Optimum design; Friction damper; Slip load
distribution; Energy dissipation

3.2. INTRODUCTION

Friction-based passive energy dissipation devices have been successfully used in practice to

enhance seismic performance of both newly designed and existing structures subjected to

Submitted to the Journal of Earthquake Engineer:i
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earthquake excitations (Vezrand Pall, 2004; Pasquin et al., 2004). The design of a friction
energy dissipation system is essentially a problem of finding the optimum values of slip
loads in the friction devices (the loads at which the friction devices start slipping and hence
disspating energy). These values can be sensitive to the characteristics of the seismic

excitation.

Several research studies have been carried out on optimum design of friction dampers under
earthquake excitations using different optimisation techniques asicBenetic Algorithm

(GA) (Moreschi and Singh, 2003; Mohammadi et al., 2018), backtracking search
optimisation algorithm (BSA) (Miguel et al.,, 2016) and Uniform Distribution of
Deformation (UDD) (Nabid et al., 2018), or used iterative methods to find gtisnum

range of slip load values. However, the aforementioned optimisation approaches are
computationally expensive and/or require complex mathematical calculations, and therefore,
may not be directly used in practical applications. On the other hand ofmib& existing
research studies on optimum design of friction dampers have been either based on a code
based design spectrum, a set of specttampatible natural/synthetic earthquakes or a
single natural earthquake (Petkovski and Waldron, 2003; PalPalid2004; Lee et al.,

2008; Shirkhani et al., 2015; Nabid et al., 2017), where the effects of different types of
earthquakes have been neglected. For more accurate design, however, the earthquake
uncertainties should be taken into account in termsuwf fgpe, earthquake intensity, peak

acceleration and velocity, frequency content, duration, earthquake magnitude and distance.

In an early attempt, a design slip load spectrum was developed by Filiatrault and Cherry
(1990) to obtain the best slip loadsttibution for friction dampers by minimising an energy
performance index while considering the properties of the structure and the ground motion
anticipated at the construction site. They concluded that the optimum slip load is not only a
structural propey but also depends on the frequency and amplitude of the ground motion.
The values of the optimum slip loads in their study were shown to be linearly proportional to
the peak ground acceleration of the input earthquake. In a more recent study, Kiris and
Boduroglu (2013) investigated the correlation between the peak displacement demand of a
RC structure with friction damper and different parameters used to measure the severity of
ground motions. It was demonstrated that depending on the fundamentalgb¢hiedrame,

the strength ratio of the system at slip displacement and the soil profile, different ground

motion parameters can play a dominant role in the seismic response of the structure.

In general, the distance of the structure from the fault rupgurae of the dominant factors

influencing the imposed peak displacement demand. Thefielwhrzones are typically
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considered to be within 12 km from the fault rupture, whilefiield regions are those with
epicentral distances of the recording statisasging from 12 to 64 km (Chopra and
Chintanapakdee, 2001). Some researchers have classifiefletetaones as those within
20-60 km from the fault rupture (Stewart et al., 2002). In general, in afiedchzone and at

a particular site, the earthquasiearacteristics are significantly influenced by three factors:
the rupture mechanism, slip direction relative to the site and the residual ground
displacement at the site due to the tectonic movement. Fodiraativity pulses usually

occur when the rupte propagation velocity is close to the sh@awe velocity and the
direction of slip on the fault is aligned with the site (mainly oriented in the-feufhal
direction due to the radiation pattern of the fault) (Somerville and Smith, 1996; Bray and
RodiguezMarek, 2004; Davoodi and Sadjadi, 2015). Due to forvehrectivity effect,
largeamplitude pulses of motion are generated with long peribtl. $1s) and short duration
while having a high ratio of Peak Ground Velocity (PGV) to Peak Ground Acdelerat
(PGA) (Somerville et al., 1997). Therefore, in néald areas high velocity pulses, which

are extremely destructive in nature, are one of the main factors to define the severity of the
seismic input rather than the PGA value. Regarding the last félototectonic deformation
associated with the fault rupture may contain a significant permanent static displacement
termed flingstep effect (Bray and Rodrigudfarek, 2004). It produces a high amplitude
velocity pulse and a monotonic step in the disptaent time history (Somerville, 2002).
Additionally, hanging wall and footwall effects can be observed in dipping fault
earthquakes. The fault plane has generally closer proximity to the sites on the hanging wall
than the sites on the footwall at the sadigtance. The hanging wall sites have larger
amplitude and slower attenuation in ground motion parameters than the footwall sites with
the same distance. These effects have higher influence on the acceleration spectra in short
periods. The aforementionelinfy-step effect is the relative slip between the hanging wall

and footwall (Abrahamson and Somerville, 1996).

Nearfield earthquakes transfer a major portion of fault energy in the form of pulses, which
can be frequently seen in displacement, velocityl aoceleration time histories. These
pulses tend to have high Fourier spectrum in limited periods, while-firefdrearthquakes

the high Fourier spectrum generally occurs in broad range of periods (lwan, 1994; Bhandari
et al.,, 2017). In the frequency dam, depending on the fautbrmal or faulparallel
components of the forwaidirectivity ground motions in nedield region, neafield
earthquakes can have either higher or lower frequency contents compared tefitid far
earthquakes (Davoodi and $adi, 2015). Davoodi and Sadjadi (2015) also showed that the

maximum Fourier amplitudes of ffield earthquakes and fatparallel component of
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forwarddirectivity ground motions are distributed at higher frequencies (mostly beyond
1Hz) compared to the mamum Fourier amplitudes of neéield earthquakes with flingtep

and faultnormal component of forwardirectivity records which generally occurs at
frequencies less than 1Hz. It was demonstrated by Malhotra (1999) that, for the same PGA
and duration ofshaking, ground motions containing directivity pulses can result in much
higher base shear, intstorey drift, and roof displacement in highe structures as

compared to those without pulses.

Previous studies show that structures designed using oldaric@&esign provisions, based

on farfield earthquakes, may experience extensive damage or failure in case-tiéldear
earthquakes (Alavi and Krawinkler, 2001). The main reason is that large displacement
demands can be imposed to the structures by esgudses of nedield ground motions
compared to the fdield earthquakes. In puldike ground motions, the amplitude and
period of the pulse in the velocity time history are the key parameters to control the
performance of the structures, and therefthey should be taken into account for both
design and retrofit of structures in the néald zones (Alavi and Krawinkler, 2001). There

is also displacement amplification in the lgpgriod structures caused by the large
amplitudes in the long period mge of displacement response spectra (Anderson and
Bertero, 1987). The results of Alavi ansd Krawinkler (2001) study indicated that
conventional retrofit techniques accompanied by increasing the stiffness and/or strength of
the system are not efficient fdongperiod structures subjected to severe plikee
earthquakes. This is due to moving the structure into a range of higher spectral accelerations
by increasing the stiffness (or decreasing the period) of the system. Unlike the cumulative
effects of faffield ground motions, the structure dissipates the earthquake input energy in
few large displacement excursions under +iedd records, where most of the seismic input
energy arrives in a single lofmeriod velocity pulse associated with forward dinatyi or

fling step displacements and response amplification of the-perigd structures
(Somerville, 1998).

Tirca et al. (2003) investigated the response of middke steel momenesisting frames

with and without shear link (SL) devices subjectedh¢arfield ground motions. Based on

their results, the nedield earthquakes expose the structure to higher ductility demands than
the far or intermediatéeld ground motions. Also, they showed that for the stiffer structures,
the shear forces were geally higher at the upper storeys. In a study performed by Xu et al.
(2007), the performance of yielding and viscous passive energy dissipation systems were
investigated subjected to ndagld ground motions by using an analytical ground velocity

pulse malel. They concluded that the performance of different passive energy dissipation
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systems depends significantly on the period of the pulse excitation, and therefore, to achieve
the best performance, the pulse periods must be taken into account when dgsgaine
energy dissipation systems. Lin et al. (2010) evaluated the efficiency of using initially
accelerated passive tuned mass damper (PTMD) to reduce the dynamic responses of
structures under nedault ground motion records. They showed that an gpfate PTMD

initial velocity used to accelerate the motion can efficiently reduce the local peak seismic
responses of the system under reait earthquakes. In another relevant study,
Hatzigeorgiou and Pnevmatikos (2014) developed a straightforward endthothe
evaluation of effective velocities and damping forces for sidglgreeof-freedom (SDOF)
structures with supplemental viscous dampers undersoesice earthquakes. Using their
proposed method, it was observed that the inelastic velocity sastoangly affected by the
period of vibration, the effectiveiscous damping ratio, the forceduction factors and the

type of seismic fault mechanism. In a more recent study, Bhandari et al. (2017) investigated
the behaviour of a bassolated buildingstructure subjected to féield and neafield
earthquakes with directivity and flirgjep effects. According to their results, under the-near
field earthquakes with flingtep effect, the base isolation proved to be ineffective in terms

of reducing basshear, top storey absolute acceleration and maximumstuaesy drift.

The research on the effects of near andfitdd earthquakes is mainly focussed on the
efficiency of baseésolated systems, viscous dampers and s@&tive control devices, with

few efforts in the design of frictichased passive control systems subjected to the near and
far-field records. This study aims to evaluate the effects of-iieddrand farfield ground
motions on optimum design of friction wall dampers leading to a maximomount of
energy dissipation efficiency in friction devices. To achieve this, at first, a comprehensive
parametric study is performed on 3, 5, 10, 15 andt@fey RC frames equipped with
friction wall dampers (using a wide range of slip load values) usgectrum compatible
earthquakes scaled to different PGA levels as well as a set of 20 near diedd far
earthquake records. Based on the results, empirical equations are proposed to obtain the
optimum slip load values by considering the effects of numbettoreys and earthquake
PGA and PGV levels. The efficiency of the proposed design method is then demonstrated

through several design examples.

3.3. NUMERICAL MODELLING

In this study 3, 5, 10, 15, and-8ry RC frames were selected with the typical getoyne

shown in Fig. 3.1 (a). The utilised friction damper (schematic view shown in Fig. 3.1 (b))
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comprises a reinforced concrete wall panel connected to the frame through a friction device
at the top, a horizontal connection at the bottom, and two vertippbsts in the sides. The
connections are designed to transfer the loads to the-b@amn connection, thus avoiding

extra shear forces in the middle of the adjacent columns and beams. The friction device is a
Slotted Bolted Connection (SBC) using twoedtplates over a centrald§hape slotted steel

plate anchored to the top floor beam (see Fig. 3.1 (b)). It should be noted that the bottom of
the concrete panels at ground level is fixed to the base to transfer the imposed loads directly
to the foundationand therefore, reduce the maximum axial loads in the columns at the

ground level. More detailed information about the adopted friction wall damper can be

found in Nabid et al. (2017).

(aa]

Ox30 E
=
(a2
i

=

(e}
30x3

=3

tal

(=l

l
o
||
(53]
®
wv
| =
()
i
o
®
(e
N |
=)
w
i
S) A
£ SO SE— S
[l
T
o
S
=
5 &
«—3@5=15m — «—3@5=15m — «——3@5=15m —

(a)
Fig. 31. (a) Geometry of the referenc&CRrames equipped with friction wall dampers, (b)
schematic view of the friction wall damper (adopted from Nabid et al. (2017))
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Fig. 31. (Continued) (a) Geometry of the reference RC frames equipped with friction wall
dampers, (b) schematic view dietfriction wall damper (adopted from Nabid et al. (2017))

The frames were assumed to be located on a soil type C of Eurocode 8 (EC8; CEN, 2004a)

category and were designed for kevmedium seismicity regions, using PGA of 0.2 g. The

uniformly distributel permanent and ngrermanent loads were considered tbbes k Nu m2

and2. 5 kNum2 for i58kNHO0mM2I0kMNtion@r $ orandhe roof, resf
The reference frames were initially designed to resist the seismic loads based on EC8 (CEN,

2004a) and in accordance with the minimum requirements of Edeo2o(EC2; CEN,

2004b) for momentesisting RC frames with medium ductility (DCM). The concrete

compressive strengtiY) and the yield strength of steel reinforcement b&@ ere

assumed to be 35 MPa and 400 MPa, respectively.

Pushover andonlinear timehistory analyses were conducted using the OpenSees software
(McKenna and Fenves, 2000). Concrete and reinforcing steel bars were modelled using a
uniaxial constitutive material with linear tension softening (Concrete02) and a Giuffre
Menegotoi Pinto model (Steel02) with 1% isotropic strain hardening, respectiBeigm

and column members weddvided into three elemenend modelled using displacement
based nonlinear beaoolumn elements with fibre sectionshile four GauskLobatto
integration points were considered for each elemBridelta effects were taken into account

and the Rayleigh damping model with a constant damping ratio of 0.05 was assigned to the

first mode and to the modat which the cumulative mass participation exceeds 95%.

In this study, it was assumed that the strength of the concrete wall panels (15 cm thickness)
is always higher than the maximum loads transferred from the friction device, and therefore,
they were modelled using equivalent elastic elements. A nonlipeizigswvith an elastic
perfectly plastic uniaxial material, representing an ideal Coulomb friction hysteretic
behaviour, was used to model the friction device. The Hearnlumn connections were
assumed to be fully rigid with no shear failure in the pamogles. A computer code in
MATLAB (2014) was developed and linked to the OpenSees (McKenna et al., 2000)
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program to calculate the energy dissipation in the beam and column elements and friction
devices under earthquake loads.

3.4. GROUND MOTION DATASETS

3.4.1. Natural Near-field and Far-field Earthquake records

Two sets of 10 nedield and 10 faifield ground motions werselectedirom the Pacific
Earthquake Engineering Research Center online database (PEER,t@Gdvaluate the
seismic performance of the 3, 5, Iy and 26storey frame structures with friction wall
dampers. All the selected ground motions correspond to soil class C of EC8 with surface
magnitudes ranging from 6.5 to 7.4. Tables 3.1 and 3.2 list the designations and
characteristics of the selectedsonled neafield and farfield ground motions, respectively.

The rupture distances (R: distance from the fault rupture plane to the site) are within 10 km
for the neaffield records and between 12 and 30 km for the selectefiefdrground
motions. The dult rupture mechanisms are strike slip and reverse for all the records. It
should be noted that the forward directivity effect of the 4fietdt ground motions generally
leads to more intense fauwlbrmal component compared to the fadrallel component
(Somerville, 1998). In this study, the fanibrmal components with higher intensities were

selected for the nonlinear time history analyses.

Fig. 3.2 (a) and (b) compare the 5% damped elastic acceleration and velocity response
spectra of the studied uraded neaffield and farfield earthquakes, respectively. The
acceleration response spectra show that the mean spectrum of tfieldezarthquakes is

well above whereas the ffield mean spectrum is well below the EC8 design spectrum.
This implies thatwith the same range of surface magnitudes, the intensity offintghr
records is much higher than those recorded far away from the earthquake epicentre.
Although the elastic acceleration response spectrum provides the basis to identify the
characteristis of the design earthquakes, in case of ffielt ground motions, the
acceleration response spectrum does not adequately characterise the design earthquake. This
is because nedield earthquakes are mainly characterised by a relatively long period pulse
of strong motion with fairly short duration, while the-fagld motions have relatively long
duration (Somerville, 1998). Therefore, to better show the characteristics of the selected
earthquakes, the elastic velocity response spectra of the selectdikldeand farfield

earthquakes with their mean spectra are also shown in Fig. 3.2.
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Table 31. Properties of the selected ndigld ground motions

No. Earthquake Ms Station Abr. R PGA PGV PGV/PGA
(km) (9) (cm/s)(s)

1 1999Duzce 7.14 Duzce DUZ 6.58 0.515 84 0.166

2 1992 Erzincan 6.69 Erzincan ERZ 4.38 0.387 107 0.282

3 1994 Northridge 6.69 Rinaldi Receiving Sta RIN 6.50 0.874 148 0.173

4 1994 Northridge 6.69 Newhall- Fire Sta NEW 592 0.590 97 0.168

5 1994 Northridge  6.69 LA-Sepulveda Hospital SEP 8.44 0.932 76  0.083

6 1995 Kobe 6.9 KJIMA JMA 0.96 0.630 76 0.123

7 1995 Kobe 6.9 Takatori TAK 1.47 0.671 123 0.187

8 1995 Kobe 6.9 Portlsland POR 3.31 0.290 51 0.179

9 1979 Imperial Valley6.53 Meloland Geot. Array MEL 0.07 0.298 93  0.168

10 1979 Imperial Valley6.53 EI Centro Array #4 ARR47.05 0.484 40 0.084

Table 32. Properties of the selected feld ground motions

No. Earthquake Ms  Station Abr. R PGA PGV PGV/PGA
(km) (9) (cmis)(s)

1 1994 Northridge 6.69 Canoga Paropanga CAN 14.700.358 34  0.097

2 1994 Northridge 6.69 NorthridgeSaticoy St SAT 12.09 0.459 60  0.133

3 1994 Northridge 6.93 Capitola CAPIT15.23 0.511 38 0.076

4 1989 Loma Prieta 6.93 SunnyvaleColton Ave. SUN 24.23 0.207 37 0.182

5 1989 Loma Prieta 6.93 Gilroy Array #3 GIL3 12.82 0.559 36 0.066

6 1987 Superstition hill6.54 El Centro Imp. Co. CentCOC 18.20 0.357 48  0.137

7 1987 Superstition hill6.54 Westmorland Fire St. WES 13.03 0.211 32  0.155

8 1971 SanErnado 6.61 LA-Hollywood Stor Lot HOLL 22.77 0.225 22 0.100

9 1992 Landers 7.28 Desert Hot Springs LAN 21.78 0.171 19 0.113

10 1978 Tabas 7.35 Boshrooyeh TAB 28.79 0.106 13 0.125
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Fig. 32. Elastic acceleration @nvelocity response spectra of the selected (at-ieldrand
(b) farfield earthquakes and the EC8 design spectrum, 5% damping ratio

Figs. 3.2 (a) and (b) show that while the rfégld ground motions have a narrower veloeity
sensitive region at long@eriods, they have wider acceleratgensitive region compared to

the farfield excitation records (except SUN). These results are in agreement with those
obtained from the research carried out by Chopra and Chintanapakdee (2001) and Hall et al.
(1995). Rg. 3.3 compares the mean velocity response spectra of the selected near and far
field ground motions showing significantly higher velocity for the Hesdd records.
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Fig. 3.3. Mean velocity response spectra of the selectedfiedd and farfield earthquakes,
5% damping ratio
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3.4.2. Synthetic Earthquake Record

The previous research by Nabid et al. (2017, 2018) implied that the earthquake uncertainty,
in terms of acceleration response spectra, can be efficiently managed bysyrsimgtic
earthquakes representing the average spectrum of a selected set of natural earthquakes.
Therefore, a synthetic earthquake is generated using the TARSCTHS (Papageorgiou et al.,
2002) program to be compatible with EC8 design response spectrurigliosdismicity

regions (i.e. PGA=0.4g) and soil class C. Fig. 3.4 shows the good agreement between the
elastic acceleration response spectrum of the simulated earthquake record and the

corresponding EC8 design spectrum.
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Fig. 34. Elastic acceleration response spectra of the synthetic earthquake record and the
EC8 design spectrum, 5% damping ratio

3.5. EFFECT OF EARTHQUAKE INTENSITY LEVEL ON
ENERGY DISSIPATION EFFICIENCY

The synthetic earthquake (compatible with the EC8 spectram)uiised to investigate the

effect of the peak ground acceleration (PGA) used as a measure of earthquake intensity level
on the maximum energy dissipation efficiency of the selected frames with friction wall
dampers. The energy dissipation parameter, RWich is the ratio between the work of the
friction devices to the work of the beam and column elements (introduced in (Nabid et al.,
2017)), is considered as an effective factor for assessing the efficiency of the proposed
friction wall dampers. Fig. 8. shows the relationships between the slip load ratio (ratio
between the average of slip loads and the average of storey shear strengths at all storey
levels) and the energy dissipation parameter, RW, for the 3, 5, 10, 15-atmt@pframes,
subjected tahe selected synthetic earthquake with a range of different PGA values (ranging
from 0.1g to 1.2g). The optimum value of the slip load ratio is considered to be the one at
which the RW factor reaches its peak. The results in Fig. 3.5 show that for stronge

earthquakes (higher PGA levels) the optimum slip load ratios are higher and distributed over

Submitted to the Journal of Earthquake Engineer:i



Chapter 3. Based on the paper of AA 6
friction dampers by considering ndfigld andfarf i el d gr ound mot

a wider range. It is also shown that the energy dissipation efficiency (RW) is generally
increased for lower earthquake intensity levels. This can be attritutbe fact that most
structural elements remain in the elastic (or near elastic) range under low intensity
earthquakes. The results also show a clear difference between the optimum ranges of slip
load values for structures with different number of stoesywiill be taken into consideration

in the empirical equations proposed in the following sections.
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Fig. 35. Variation of energy dissipation parameter, RW, of the 3, 5, 10, 15 astb&y
frames as function of slip &ml ratio under a synthetic earthquake record with different PGA
levels

The results of a previous study (Pall and Pall, 2004) suggested that variations up to £20% of

the optimum slip load do not significantly affect the response; howeverarige of these
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variations dependsn the earthquake intensity. The results in Fig. 3.5 imply that this is true
for high PGA levels but not for low PGA levels, where the optimum response is
significantly affected by small variations in the optimum slip load ratio. Therggn
dissipation effectiveness of the friction wall dampers in low to medigen structures
initially increases with the increase of earthquake intensity up to a certain level. For the
high-rise structures (15 and -2@orey); however, RW decreases monaalty by increasing

the PGA. This can be mainly caused by the high stiffness of thedevbuilding that in turn

leads to smaller deformation demands under low PGA level earthquakes, and therefore, less
energy dissipation through the work of the friatidevices. This is more highlighted for the
3-storey frames with almost 70% higher RW for the 0.3g input compared with that for 0.1g.
Fig. 3.6 illustrates the variation of the energy dissipated through the work of the friction
devices in the 3, 5, 10, 15éa 20storey frames under the selected synthetic spectrum
compatible earthquake with different PGAs. As can be observed, a negligible amount of
energy is dissipated by the friction dampers in the 3 astbrey frames under the 0.1g
earthquake compared tioe other earthquake PGA levels.

The results of the initial study conducted by Nabid et al. (2017) indicated that the optimum
range of slip force ratio for RC frames with friction wall dampers is not considerably
affected by the selected earthquake regdrdhey match a similar design spectrum. While
Nabid et al .6s (2017) equation may not be dir e
earthquakes with different PGA intensity levedgparametric study wagerformed on the
selected low to highise struciresunder a range of PGA levels and thailergy dissipation
parameter, RW, was obtainedhéh, theslip load ratios for which the R\WWarameteiis

greater than 90% of the its maximum value (i.e. less than 10% reduction), are considered as
the optimum pratical design range. The median (middle point) of the optimum slip load
ratio ranges for the selected frames is then calculated under the synthetic spectrum
compatible earthquake using different PGA levels. Based on regression analysis using the
median poiks, the following equation is suggested to calculate the optimum slip load ratio

as a function of the earthquake PGA and number of storeys:

Rsyn =1.16 %— 0.0 3 (ag) 0.75 (31)

whereY is the optimumslip load ratio obtained for the selected spectoampatible

synthetic earthquake (see Fig. 3.4) and defined as the ratio between the average of slip loads
and the average of storey shear strengths at all storey levidlshe number of storeys and

® is the PGA of the design earthquake (given as proportion dfhg).constant values are
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selected so as the discrepancy between the equation and the results is mifdihesed.
proposed equation, on average, leads to relatively small errors (9.8%) edmpathe
results obtained from the parametric study on 3, 5, 10, 15 astb&8y frames with friction

wall dampers. Fig. 3.7 shows the slip load design curves obtained from Equation 3.1 and the
corresponding optimum slip load ranges as a function dfigaake intensity (PGA). While
Filiatrault and Cherry (1990) suggested that the value of the optimum slip load is linearly
proportional to the PGA level, the results of this study show alinear relationship

between the PGA and optimum slip load values.
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Fig. 36. Variation of work of the friction devices for the 3, 5, 10, 15 and&t@0ey frames
as function of slip load ratio under a synthetic earthquake record with different PGA levels
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While PGA is the parameter mostnomonly used to identify earthquake intensity, it has

also been reported that it is not a totally reliable parameter to assess the seismic performance
of structures. For instance, according to Housner and Jennings (1982), peak ground velocity
(PGV) can be detter parameter due to its direct connection to energy demand. On the other
hand, neafault impulsive ground motions are often characterised by PGV (Malhotra, 1999;
Bray and Rodrigueiarek, 2004). For this reason, in the following sections the effiect o
nearfield and farfield earthquake ground motions with variable ranges of both PGA and

PGV is investigated in the optimum design of friction dampers.
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Fig. 3.7. Design slip load ratios for 3, 5, 10, 15 ands26rey frames @ a function of
earthquake PGA

3.6. EFFECT OF NEAR AND FAR-FIELD EARTHQUAKES ON
OPTIMUM DESIGN OF FRICTION DAMPERS

To evaluate the effect of nefield and farfield ground motions on optimum design
solutions, the 3, 5, 10, 15 and-&rey frames with frictio wall dampers are subjected to

the natural records listed in Tables 3.1 and 3.2. Figs. 3.8 (a) and (b) present the energy
dissipation parameter RW, as a function of slip load ratio for the frames under the selected
nearfield and farfield earthquakes, spectively. The comparison of peaks of the mean
value curves shows about twice higher energy dissipation efficiency of the friction dampers
for far-field earthquakes (i.e. 2.02, 1.81, 2.13, 2.18 and 2.09 for the 3, 5, 10, 15-and 20
storey frames, respectly). By considering the acceleration and velocity response spectra
of the earthquakes (see Fig. 3.2), those records with more intense velocity pulse and/or
higher response acceleration (such as SEP, TAK, RIN and JMA from th&ateéaet, and
CAPIT, SATand GIL3 from the fafield set of earthquakes), in general, result in maximum

energy dissipation efficiency at higher slip load ratios. The earthquakes with relatively high
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velocities at longer periods (e.g. MEL and SUN) led to higher optimum rangép tdasl

ratios for taller buildings, compared to their corresponding mean curves; whereas for the low
to mediumrise structures their optimum ranges are close to those of the mean curves. On the
contrary, for the low to mediwmse frames, the earthquakegh the maximum velocity at

lower periods (e.g. RIN) resulted in very high optimum slip load ratios. This is due to the
earthquake high velocity occurring at the periods close to the natural period of the structure,
and therefore, due to dynamic magrafion effects, higher friction forces are required for

optimum performance of the structure.

By considering no more than 10% reduction in the maximum of the mean RW curves, the
range of optimum slip load ratios for the selected fiietd earthquakes calpe defined as
0.891.51, 0.560.95, 0.340.54, 0.250.44 and 0.1°0.28 for the 3, 5, 10, 15 and -8frey
frames, respectively. The corresponding optimum slip load ratio ranges obtained for the far
field earthquakes are 0.8167, 0.320.73, 0.160.27, 0.8-0.16 and 0.0®.12. The results
indicate that the nedield earthquakes with higher velocity levels generally lead to higher
and wider optimum ranges of slip load ratios for the supplemental fribiead energy

dissipation devices compared to theffatd ground motions.
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Fig. 38. (Continued) Variation of energy dissipation parameter, RW, of the 3, 5, 10, 15
and 20Gstorey frames as function of slip load ratio under (a) -fielt and (b) faffield
ground motions

Fig. 3.9 shows the variation of maximum ingtorey drift raip of the 3, 5, 10, 15 and 20

storey frames as function of slip load ratio under the selectedfiakhrand farfield
earthquakes. It should be noted that, for better comparison, the results in Fig. 3.9 are scaled
to the maximum intestorey drifts of thecorresponding bare frames. It is shown that the
optimum slip load ratio ranges, defined earlier as those leading to the maximum energy
dissipation efficiency, also result in minimum drift ratios. The maximum -stieey drift

ratios were, on average, etuated by 94%, 80%, 55%, 44% and 34% for the 3, 5, 10, 15
and 20storey frames under the ndald earthquakes, respectively; and by 92%, 85%, 63%,
54% and 42% for the 3, 5, 10, 15 ands2frey frames under the fAeld earthquakes,

respectively. In geeral, the reduction in drift ratios was more noticeable infiééd
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earthquakes, with the difference between near anfieldrincreasing with the increase in
height of the buildings (i.e. by maximum 24% reduction irsfyey frame).

While Equation3.1 may not be directly applicable for the buildings uni@esfield and near

field earthquakes with different PGA intensity levefssw constant coefficients were
calculated based on regression analjsisnear and fafield earthquakes separatelyhe
corstants were obtained usinget results of a comprehensive parametric study on 3-to 20
storey structuresothatthe discrepancies between the proposed equations and the results are
minimised.Using individual optimum slip load ratios corresponding to theimam energy
dissipation efficiency obtained for each néiald and farfield earthquake with specific

PGA, Equation 3.1 can be modified to the following equations:

Riea = (1.29 €°%'3 (3)%79/100 (32)

R, =(0.86 &°%'3 (g,)*"9/100 (3.3)

where'Y and’Y are the optimum slip load ratios estimated for +iedd and farfield
earthquakes, respectively.
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Fig. 39. Variation of maximum intestorey drift ratio (scaled to the bare frame) of 3né,

10, 15 and 2&torey frames as function of slip load ratio under (a)-fielt and (b) far
field ground motions
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Fig. 39. (Continued) Variation of maximum intestorey drift ratio (scaled to the bare
frame) of the 3, 5, 10, 15 and-8tbrey frames as function of slip load ratio under (a)-near
field and (b) fasfield ground motions

Fig. 3.10 shows the variation of optimum slip load ratios of the 3, 5, 10, 15 astdr29

frames as function of earthquake PGA for the near anfieldrearthquakes overlaid with

their corresponding design curves (Equations 3.2 and 3.3). Equations 3.2 and 3.3 are
proposed to have, on average, minimum errors (i.e. 27% and 23%) to the optimum results
obtained for the near and ffield earthquakes, respectiye However, there are still high
dispersions of the results around the proposed equations especially for the 10stordyl5
frames.
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Fig. 3.10. Variation of optimum slip load ratio of the 3, 5, 10, 15 anes®bey framess
function of earthquake PGA level for the néieid and farfield earthquakes with their
corresponding design equation curves (Equations 3.2 and 3.3)

Based on Equations 3.2 and 3.3, for the same earthquake PGA, on averadjeldnear
earthquakes resulin 1.5 times higher optimum slip loads than those forfitdd
earthquakes. The reason for this is the higher PGV levels of thdigldaearthquakes
compared to the fdield records. For example, DUZ from the ndiaid set of earthquake
versus GIL3 fom the fasfield (Table 3.1) have PGAs of 0.515g and 0.559g, and PGV of
84m/s and 36m/s, respectively. As outlined in Zhu et al. (1988) and Pavel and Lungu (2013),
the PGV/PGA ratio can be used as an indicator of both frequency content of strong ground
mations and potential structural damage. They revealed that low PGV/PGA ratios generally

correspond to ground motions with a high frequency content in the strotign phase (e.g.
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SEP, CAPIT and GIL3), whereas high PGV/PGA ratios, in general, are assauithtete

ground motions with intense, loftyration acceleration pulses (e.g. TAK and NEW). In
pulselike ground motions, the coherent lepgriod pulses may lead to the PGV/PGA ratio

of ground motions become larger (e.g. ERZ and TAK). Therefore, thadjmotions with

higher PGV/PGA values generally have larger damage potential (Meskouris at al., 1992).
Ground motions at moderate distances from the energy source normally have a broad range
of significant frequency content, resulting in intermediate P@ARatios (e.g. TAB and

LAN).

Fig. 3.11 shows the optimum slip load ratios of the 3, 5, 10, 15 astb&8)y frames under

the selected near and fiield earthquakes as function of the earthquake PGV/PGA ratios.
For similar PGV/PGA ratios, the earthquakéth higher values of PGA and PGV result in
higher optimum slip load ratios (e.g. RIN compared to NEW, DUZ, POR and TAKie

the earthquake response velocity can affect the optimum design solution, the optimum
results were also depicted as a functibearthquake PGV level (see FR12) According

to the result, one single equation can be suggéstdibth near and fdield earthquaketo
capture the relationship between the optimum slip load ratio and the PGV of the near and
far-field earthquakesThe constants were obtained @t the discrepancies between the
proposed equations and the results are minimi$ee following equation calculates the
optimum slip load ratios for all types of earthquakes, giving an average error of 18% (better
than bothEquations 3.2 and 3.3) when compared with the results obtained for near-and far
field natural earthquakes. This implies that the PGV factor can be a better parameter to

estimate the optimum slip load values.

R, =(4.75 ¥°*"3 (3)%")/100 (34)

where’Y is the optimum slip load ratio for both nd&ld and far field earthquakes and
 is the PGV of the earthquakeéquations 3.1 to 3.4 are based on the models considered in
this study, and the optimum range mighiange for different structural systems or for the
structures with very different geometries.q. very different slenderness ratio or storey
heigh).

Finally, by using a previously defined uniform cumulative pattern (Nabid et al., 2017) for
the heightwise distribution of slip loads, the equation below can be used to find the slip load

values at each storey level:
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where "Q; and "Oy, are the slip load and the storey shear strength of®hestorey,

respectively.

The accuracy of the proposed empirical equation (Equation 3.4) can be assessed from Fig.

3.12, showing the individual optimum slip load ratitmained for the selected natural near

field and farfield earthquakes and the curves resulting from Equation 3.4 (as functions of

earthquake PGV level). The proposed equation curve is the best fit to the series of optimum

slip load ratios obtained for tieelected earthquakes.
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The comparison wh the results obtaineflom Equations 3.2 and 3.3, where PGA is the
optimisation parameter (Fig. 3.10), shows that PGV is a more reliable parameter to
determine the optimum design solutions for the frames subjected to both near-field far
earthquakeslt can be observed from Fig. 3.12 that the upper parts of the data sets with
higher optimum slip load ratios are associated with the results of théieldagarthquakes,

whereas the lower parts correspond to those of thfiefdrrecords. The dispersiasf the

results and discrepancy between the data sets and the proposed equation curve can be caused

by different pulse periods and frequency contents of the design earthquakes.
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3.7. EFFICIENCY OF THE PROPOSED DESIGN METHOD

To assess the efficiency of the proposed design equation, the sélaoted were designed
using the slip load values obtained from Equation 3.5 and the following degigition
suggested by Nabid at (2017):

jF,%112%0"
1

Fsi ™ n(n+1)/2 *(n+dA)

(3.6)

The designed frames were then subjected to tieetsel neafield and farfield earthquakes.

It should be noted that, unlike the equation proposed in this study, Equation 3.6 does not
take into account the characteristics of the design earthquake (ifeeldaand neafield

effects). Fig. 3.13 compasethe average ratios between structural responses (i.e. energy
dissipation parameters RW and maximum ksterey drift) obtained by using Equations 3.5

and 3.6 for the 3, 5, 10, 15 and-&0rey frames subjected to the selected sets of near and
far-field earthquakes. In general, the results indicate that the new design equation (Equation
3.5) increases the energy dissipation efficiency of the friction devices (i.e. average ratios
above 1) and slightly decreases the maximum-sieney drifts (i.e. averagatios below 1)

of the studied frames. Based on the results, on average, the proposed design method could
increase the energy dissipation efficiency parameters (RW) of the 3, 5, 10, 15stodef0

frames by 17%, 13%, 5%, 21% and 38%, for the selectedfieéd records and by 62%,

44%, 41%, 54% and 35%, for the field earthquakes, respectively. The maximum drift
ratios (Equation 3.5 to Equation 3.6) are decreased by 20% and 11.4% for tfieldeard

far-field earthquakes, respectively. While thengeal design methodology proposed in this
study can be easily adopted for any set of design earthquakes, the proposed equation should

prove useful in more efficient design of friction dampers in practical applications.

N

N

= oFarfiled | © oFar-filed
© ) 2 )
® ® Near-field \E; ® Near-field
15 &o15 F
= )
™ 1 N
= s 1
g w
E 05 505

x

©

s

o
‘,
o

3 5 10 15 20 3 5 10 15 20
Number of Storeys Number of Storeys

Fig. 313 Average ratios (this study to Nabid et
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storey frames under 20 near andffatld earthquakes
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3.8. SUMMARY AND CONCLUSION S

An efficient simplified model was proposed for optimum seismic design of fridiesed

dampers by considering the effects of Aléeld and farfield ground motions. To obtain the

optimum slip load ranges, a comprehensive parametric study was performesl, 0,315,

and 20storey RC frames with friction wall dampers under spectrum compatible earthquakes

scaled to different PGA levels as well as a set of 20 near atfigdlthearthquake records.

Subsequently, empirical equations were proposed to obtairptimeumn slip loads based on

the number of storeys and PGA (or PGV) of the design earthquake. The efficacy of the

proposed method was demonstrated through the optimum design of the selected frames to

achieve maximum energy dissipation efficiency. Based enrdsults of this study, the

following conclusions can be drawn:

T

Submitted to the Journal of Earthquake Engineer:i

By using synthetic spectrusompatible earthquakes scaled to different PGA levels, it
was shown that higher PGA (or PGV) levels generally lead to lower energy dissipation
efficiency with higler and wider range of optimum slip load ratios. However, the
relationship between the PGA and optimum slip load values is not linear and depends
on the number of storeys.

Friction wall dampers were found to be more efficient undefiédd earthquakes. It

was shown that, on average, 118% higher energy dissipation efficiency and 24% lower
maximum interstorey drifts were attained for the field earthquakes compared to the
nearfield records. In general, the optimum ranges of slip load ratios obtainddefor
frames under the neéield earthquakes were noticeably wider and higher compared to
those achieved under thefagld ground motions. By considering the same PGA level,
nearfield earthquakes led to about 1.5 times higher optimum slip loads théieldar

earthquakes.

It was shown that for the same PGV/PGA level (or similar frequency content), the
earthquakes with higher PGA and PGV values resulted in higher optimum slip load
ratios. In addition, the earthquakes with relatively high velocities doguiat the
periods close to the period of the corresponding bare frames result in higher range of

optimum slip load values.

The optimum response of the structures was more sensitive to the PGV than PGA. The
proposed design equation for (optimum) slip loatib R as a function of PGV resulted

in better curve fitting (lower dispersions of the results) than the equations using PGA as
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a design variable. In general, the upper parts of the equation curve based on PGV were
compatible with the results obtained the neaifield ground motions while the lower

parts were corresponding to those of thefiield earthquakes.

1 Compared to the previous equation suggested by Nabid et al. (2017) (without
consideration of fafield/ nearfield effects), the design methgoroposed here is
considerably more efficient in increasing the energy dissipation efficiency of the
friction devices (up td62%) and decreasing the maximum ingtorey drift of the

studied frames (up to 20%) subjected to bothfield and farfield earhquakes.
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CHAPTER 4

Performance-based Optimisation of RC
Frames with Friction Wall Dampers Using
a Low Computational Cost Optimisation
Algorithm

4.1. ABSTRACT

Friction-based dampers have been extensively used for seismic strengthening and
rehabilitation of existing substandard structures. The main issues in the design of the system
arethe magnitude of the maximum slip force and the distribution of slip forces along the
height of the building. In this study, a practical performaoased optimisation
methodology is developed for seismic design of RC frame buildings with friction energy
dissipation devices, which allows for an accurate solution at low computational cost. The
proposed method aims at distributing the slip loads of the friction dampers to achieve a
uniform distribution of damage along the height of the building. The effigiaf the
method is evaluated through the optimum design of five different low torlighRC
frames equipped with friction wall dampers under six natural and six synthetic spectrum
compatible earthquakes. Sensitivity analyses are performed to asseshathikity of the
method using different initial heightise slip load distributions, convergence parameters
and earthquake records. The results indicate that optimum frames exhibit less maximum
inter-storey drift (up to 43%) and global damage index @@F%%), compared to uniform

slip load distribution. The method is then developed to obtain the optimum design solution

for a set of earthquakes representing a design spectrum. It is shown that the proposed
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method can provide an efficient tool for optimueissnic design of RC structures with
friction energy dissipation devices for practical purposes.

4.2. INTRODUCTION

Passive energy dissipation devices have been widely used for improving the seismic
performance of new buildings or strengthening of existing snflatd structures. Friction

based dampers are among the most popular passive energy dissipative devices due to their
high energy dissipation capacity resulting from Coulomb dry friction (Pall and Pall, 1995;
Aiken, 1996; Sadek et al., 1996; Marsh, 2000) Titst generation of friction dampers was
introduced by Pall and Marsh (1982) for braced steel frames using series of steel plates
clamped together designed to slip at a predetermined load. Fitzgerald (1989) utilised Slotted
Bolted Connections (SBC) inestl braced frames to dissipate earthquake input energy and
control the axial loads in braced elements to avoid buckling. Subsequently, several other
friction-based dampers were introduced mainly combined with steel bracing systems such as
Rotational Fricton Damper (RFD) (Mualla, 2000; Shirkhani et al., 2015). Improved Pall
Friction Damper (Wu et al.,, 2005) and Shear Slotted Bolted Connection (SSBC)
(Nikoukalam et al., 2015). However, using braygge control devices in RC frames may be
accompanied by thésk of damaging the concrete at the connection zones due to high stress
concentrations. To address this issue, Hygle systems can be used to provide adequate
space to transfer forces to the surrounding elements. In one of the early attempts, Sasani and
Popov (1997, 2001) studied the behaviour of friction energy dissipators combined with a
lightweight concrete panel for different input displacements. The fridtémed damper they
proposed incorporates a precast concrete wall fixed to the lower floor usagranchor

bolts and to the upper floor beam using SBC friction energy dissipators. The results of their
study indicated that this type of damper can provide a stable hysteresis loop through friction
mechanism between the sliding metal surfaces of dheectors. In another relevant study,
Petkovski and Waldron (2003) showed the efficiency of SBC devices attached to concrete
wall panels (with and without openings to enhance the seismic performance eftoreli

RC structures subjected to a set of ratearthquake records. More recently, Nabid et al.
(2017) investigated the efficiency of frictidrased wall dampers designed with different slip
load distribution patterns in improving the seismic performance of substandard RC
structures. Based on thestdts of their extensive analytical study, an empirical formula was
proposed to obtain more efficient heighise distribution of slip loads by considering
different seismic performance parameters. However, they did not use any optimisation

method to obtai the best design solutions.
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Obtaining the optimum design solutions of energy dissipation devices can be a challenging
task due to complexity and high nonlinearity of these systems under earthquake excitations
(Whittle et al.,, 2012 and 20130ver the pastwo decades, a number of different
optimisation methods have been used for optimum design of energy dissipation devices,
including Simulated Annealing (SA) (Milman and Chu, 1994), Linear Quadratic Regulator
(LQR) (Gluck et al., 1996; Agrawal and Yang, 89%radientbased Optimisation (Singh

and Moreschi, 2001; Park et al. 2004; Lavan and Levy, 2006; Fujita et al., 2010), Fully
Stressed Design Optimisation (Levy and Lavan, 2006), Genetic Algorithm (GA) technigues
(Moreschi and Singh, 2003; Asahina et 2D04; Lavan and Dargush, 2009; Honarparast
and Mehmandoust, 2012; Hejazi et al., 2013) and a successive procedure using Sensitivity
Analysis and Redesign (Takewaki, 2011; Adachi et al., 2013). While conventional structures
are expected to exceed their élaimits in severe earthquakes, for simplification purposes,
most of these studies assumed a linear behaviour for the structural systems equipped with
the supplemental energy dissipation devices. Moreover, the above optimisation
methodologies were mainfjeveloped for viscous and viscoelastic dampers.

The efficiency of frictionbased dampers is strongly associated with the location of the
dampers and the heighise distribution of slip loads, which can be then tuned to obtain the
required performance ddgtives. While most optimisation techniques developed for
hysteretic dampers (e.g. Uetani et al., 2003; Murakami et al., R0r8nez et al. 2014can

be also adopted for frictiebased devices, there are limited studies available on the optimum
design éfriction-based dampers. In one of the early attempts, an optimisation algorithm was
developed by Filiatrault and Cherry (1990) which was capable to achieve the optimum slip
load values while minimizing an energy performance index (RPI). Based on tlis mésu

their study, a design slip load spectrum was proposed to obtain the optimum distribution of
the slip loads. It was also shown that the optimum slip load values are more affected by the
amplitude and frequency of the input earthquakes (e.g. pealkcdjemaeleration) rather than

the characteristics of the structure. Patro and Sinha (2010) evaluated the seismic
performance of shear building structures with-ftigtion devices using a constant slip load
distribution pattern subjected to a set of earttkguground motions. They concluded that
while the optimum slip load values can be considerably affected by the characteristics of the
selected input earthquake, a suitable range of slip loads can be obtained which generally
leads to a better seismic perfmance under a wide range of design earthquake ground
motions. In another relevant study, the Genetic Algorithm (GA) optimisation method was
used by Moreschi and Singh (2003) for optimum placement of friction and yielding metallic

dampers in multstorey stéel braced frames to satisfy a prescribed performance objective.
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Using a similar approach, Miguel et al. (2014) adopted a GA methodology for- multi
objective optimisation of friction dampers in shear building structures subjected to
earthquake ground motienin more recent studies, a Backtracking Search Algorithm (BSA)
was adopted by Miguel et al. (2016a, 2016b) to optimise simultaneously the location and the
slip force values of the friction devices in shear buildings subjected to seismic loads. It
should be mentioned that most of the aforementioned optimisation methods are
computationally expensive and/or require complex mathematical calculations, and therefore,

may not be suitable for practical applications.

This study aims to develop a lesost perfomancebased optimisation method for seismic
design of nodinear frictionbased wall dampers based on the concept of Uniform Damage
Distribution. The proposed optimisation method can considerably improve the seismic
behaviour of the structures in only avateps by controlling performance indices such as
maximum interstorey drift and maximum energy dissipation capacity. The efficiency of the
method in improving the seismic behaviour of RC frames with friction wall dampers is
demonstrated through severalsihn examples under a set of natural and synthetic spectrum

compatible earthquakes.

4.3. MODELLING AND ASSUMPTIONS

4.3.1. Reference Frames

Friction energy dissipative devices are commonly used in practice to reduce earthquake
induced response of structures for bo#w building designs and strengthening purposes. In
this study, five different substandard momesgisting RC frames with 3, 5, 10, 15 and 20
storeys are strengthened with wigdbe friction energy dissipation devices in their middle
span as shown in Fig.1. To represent substandard structures in-ddggmic regions, the
reference frames were designed using the-2BC5 (and ASCE/SEI-I0 (2010)) proposed
design spectrum with 0.2g peak ground acceleration (PGA), 20d @nd (B2g spectral
response aelerations at short andskc periods, respectively. The site soil profile was
assumed to be type D of IBC (2015) soil category. The dead and live loads for interior
storeys were considered to be 6 kRiand 2 kN/m, respectively, while the corresponding
loads were reduced to 5 kNfrand 1.5 kN/rfi for the roof level. The RC frames were
primarily designed to satisfy the minimum requirements of ACI-B48(2014) for

intermediate ductility level. The yield strength of steel reinforcemeBt &nd the

compeessive strength of concreté&)(were selected to be 400 and 35 MPa, respectively.

Bulletin of Earthquake Engineering504®I| ume

16,



Chapit.erBased

wi th fri

on

on

t he

‘paped
wad d mgduatmeptesr tsn eupsti inngi saa

opt NfMies & i

91

Nonlinear timehistory and pushover analyses were performed using DRAIX computer

program (Parkash and Powel, 1993). The Rayleigh damping ratio of 0.05 was assigned to the

first mode of vibration ashto the mode at which the cumulative mass patrticipation exceeds

95%. Nonlinear beam and column elements wespectivelymodelled using moment

rotation (MA) andaxiakmomentinteraction (PM) plastichinges at their both ends.
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Fig. 4.1. Geometry of the reference RC frames equipped with friction wall dampers

4.3.2. Friction Wall Dampers

Fig. 4.2 shows the schematic view of the friction wall damper used in this study, which

consists of a concrete wall panel attached to the suresubdam and column elements by

using a horizontal support at the bottom, two vertical supports in the lateral sides and a

friction connection at the top. Partelcolumn connections with horizontal slots are used in

the vertical supports to prevent transigg shear forces to the adjacent columns. The

support between the wall panel and the lower floor beam is also fixed horizontally by using

vertical slots to avoid transferring additional shear forces to the floor beam. By using this

configuration, the laral movement of the friction device connected to the top of each wall

panel would be equal to the intgiorey drift at that level. The friction device is a typical

Slotted Bolted Connection (SBC) with two external steel plates fixed to the top edge of th

wall panel and a central-3hape slotted stainless steel plate sandwiched between the two

external plates and anchored to the top floor beam. Thesmest holes located at the
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central stainless steel plate ensure the dry friction between the ceatmlapd the two
external brass plates (see Fig. 4.2).

The reliability of the hysteretic behaviour of the slotted bolted connection was proved by
Grigorian et al. (1993) through extensive experimental tests under sinusoidal and simulated
seismic excitatios. In the analytical models developed in this study, an inelastic link
element was used to simulate the ideal Coulomb friction hysteretic behaviour of the friction
device. An elastic panel element with 15 cm thickness was also utilised to model the wall
panel. The concrete wall panels were designed based on the maximum loads that could be
transferred from the friction devices and therefore were assumed to remain in the elastic

range.

1 _ Central Steel Plate

Central Plate withi = S8 ST
Oversized Holes '

Wall Panel : 7

s External ;
ey Steel Plate
Wall Panel

Fig. 42. Schematic iew of the adopted frictiothased wall damper and the utilised slotted
bolted connection

4.3.3. Selected Excitation Records

To demonstrate the efficiency of the proposed optimisation framework, six maium
strong ground motions obtainém the Pacific Earthgake Engineering Research Center
online database (PEER, 2016) were selected including: Imperial Valley 1979, Superstition
Hills 1987, Loma Prieta 1989, Cape Mendocino 1992, Northridge 1994 and Duzce 1999 (see
Table 4.1 for more details). These ground mugibave high local magnitudes (i.e. Ms>6.5)

and were recorded on IBE015 soil class D profiles with less than 45 km distance from the
epicentre. A set of six synthetic earthquakes were also generated using SIMQKE program
(Vanmarke, 1976) to be wethatchal with the IBC (2015) design response spectrum for the
high seismicity regions (i.e. PGA=0.4g) with site class D. Fig. 4.3 illustrates the elastic
acceleration response spectra of the six selected natural earthquakes,-Bd 5Bdesign
spectrum and thevarage spectrum of the generated synthetic earthquakes. It is shown that
both the average spectrum of the natural ground motions and the average spectrum of the

synthetic earthquakes provide a close approximation to the IBC response spectrum. This
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impliesthat on average these earthquake records can be used as good representatives of the
selected design spectrum

25

Toz | Tos To1o Tors | Tozo —— Imperial Valley
2 | " \A - - - Superstition Hills
r | ./ \ Loma Prieta

- - - Cape Mendocino

=
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Fig. 43. Elastic spectral acceleration of natural and synthetic earthquakes and the IBC
design spectrum for soil tyge, 5% damping ratio

Table 41. Selected natural earthquake ground motion records

No. Earthquake Ms  Station/Component Duration PGA PGV PGD
(s) (@ (Cmis) (Cm)

1979 Imperial Valley 6.5 IMPVALL/H-E04140 39 0.485 37.4 20.23
1987 Superstition Hills (E 6.7 SUPERST/BICC000 60 0.358 46.4 17.50
1989 Loma Prieta 6.9 LOMAP/G03000 40 0.555 357 8.21
1992 Cape Mendocino 6.9 CAPEMEND/PET00C 36 0.590 48.4 21.74
1994 Northridge 6.7 NORTHR/NWH360 40 0.590 97.2 38.05
1999 Duzce, Turkey 7.2 DUZCE/DZC270 26 0.535 83.5 51.59

o O~ WN P

4.4. PRACTICAL DESIGN METHODOLOGY

One of the main features of the friction energy dissipation devices is their capability to
adjust the slip forces&() of the friction connections independently at differtavels by

regulating the clamping forces of the bolts. This offers the opportunity to use more efficient
heightwise slip load distributions to improve the seismic performance of friction energy

dissipation devices.

4.4.1. Performance Parameters

In this study,maximum interstorey drift and energy dissipation capacity of friction device
were used as main performance parameters to obtain the best design solutions. Maximum

inter-storey drift has been widely used in seismic design guidelines (e.g. ASCE/SBI 41

Bulletin of Earthquake Engineering50MbIl ume



Chapit.erBased on the -paped opt ifimMes dtoi 94
with friction waddmpuwumtnmgptes tsn aufsti inngi saa

(2014)) as a simple and practical failure performance criterion to assess the damage in
structural and nostructural elements. The energy dissipation capacity of the dampers is
also a good measure to assess the efficiency of the passive control systemseisnde

loads.

To assess the energy dissipation capacity of the friction devitess introduced as the
ratio between the friction work of the friction device, , and the deformation work of the

main structuraklements (Petkovski and Wiabn, 2003; Nabid et al., 2017)

W,

R,=— > (4.1)
st + V\éc

wherew andw represent the static work of the beam and column elements, respectively.

Fig. 4.4 illustrates the variatiorf the average maximum intstorey drift ratio and energy
dissipation parametety , versus slip load ratio for the 3, 5, 10, 15 anes@0ey frames

under the six selected natural earthquakes. The frames were designed using the conventional
uniform heightwise slip load distribution. For better comparison, the maximum-giteey

drift ratios of the frames with friction wall dampers under different earthquakes were scaled
to the maximum intestorey drift ratios of the corresponding bare frames fiicefriction
damper). The slip load ratio used in the figures also repretbentatio between the average

of the slip loads and the average of the storey shear strengths at all storey levels.

12
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Fig. 44. Variation of (a)maximum drift ratio and (b)Y of 3, 5, 10, 15 and 26torey
frames versus slip load ratio (ratio between average of slip loads and average of storey
strengths), average of six natural earthquakes

As shown in Fig. 4.4, there is an optimum range ipfIsiad ratios for althe studied frames
that on average leads to higher energy dissipation in the friction dampers and lower inter

storey drift ratios. This conclusion is in good agreement with the results reported by
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Petkovski andValdron (2003) and Nadb et al. (2017)It can be noted from Fig. 4.4 (a) that
using the friction wall dampers with uniform slip load distribution was more efficient for
low to mediurarise frames (i.e. 3 and-&orey frames) with almost 80% reduction in
maximum interstorey drft compared to the frames with no friction damper (i.e. slip load

ratio of zero). This will be discussed in more details in the following sections.

4.4.2. Optimum Slip Load Range

In a recent study, Nabid et al. (2017) compared the seismic performance of 315,al@
20-storey RC frames with frictichased wall dampers designed based on five different slip
load distribution patterns. According to their results, the optimum range of the slip load ratio
decreases by increasing the number of storeys, while iargeit is not considerably
affected by the selected slip load pattern. The following empirical equation was proposed to
obtain the optimum slip load ratio for seismic design of muitirey RC frames with

friction-based wall dampers:

R=1.12¢ 011 (42)

where'Y is the optimum design slip load ratio aads the number of storeys. Considering

Equation 4.2, the total slip load values can be calculated as follows:

é_ FS,i = RS é_Fy’l (43)
1 1

Where G, and’Oy, arethe slip load and the storey shear strength ofQhstorey. The shear
strength of each storeyQ; can be easily calculated by conducting a-tioear pushover
analysis (Hajirasouliha and Doostan, 2010). The total slip load values caanbdigtributed
along the height of the structure using any prescribed distribution pattern. If the uniform
heightwise slip load distribution is considerdte slip load values at each storey leve}

can be easily calculated using the equahtielow:

-0.11n
R, . 1.12 n.
.=—3 o= . 4.4
Fs)i n al- Fyi - 38.1 Fyi (44

It should be mentioned that for practical applications a uniform slip load distribution is
commonly used for the seismic design of friction dampers. While this distribution pattern
can simplify the design process, it does not necessarily lead to the best design solution under

different input earthquakedNébid et al., 2017)Therefore, in the following section, an
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optimum design methodology is proposed to obtain more efficient slip Iedbdtion
patterns.

4.5. PROPOSED PERFORMANCE-BASED OPTIMISATION
METHODOLOGY

In conventionally designed friction wall dampers (i.e. uniform slip load distribution), the
deformation demand under strong earthquakes may naettie maximum level of seismic
cgpacity in certain storeys while localised damage may be observed in the other storeys. If
the slip loads at storeys with large ingorey drifts are increased incrementally, while the

slip loads are decreased at storeys with small drifts, it is expaxtedentually obtain a
status of uniform displacement demand. In such a case, the maximum capacity of each
friction device to dissipate the earthquake input energy is utilised. It should be mentioned
that a similar concept has been previously used by o#isearchers for optimum seismic
design of different types of structural systems including she#dings (Moghaddam and
Hajirasouliha, 2008; Ganjavi et al., 2016), tHike structures (Hajirasouliha et al., 2011),

RC frames (Hajirasouliha et al., 2012nd viscous dampers (Levy and Lavan, 2006).
However, this is the first time that this concept is adopted for seismic design of friction
based energy dissipation devices to obtain the best hgightdistribution of the slip loads.

On the other hand, &w iterative process is suggested for frictmsed dampers to provide
optimum design solutions at low computational cost. The proposed method can be used to
optimise the seismic behaviour of the structures using different performance parameters such

as nterstorey drift and energy dissipation capacity of the dampers.

Maximum interstorey drift is widely accepted as an effective and practical response
parameter to estimate the damage to both structural andtmmtural components in
building structurege.g. ASCE 4413 (2014)). By considering the maximum ingtorey

drift as the main design parameter, the following optimisation algorithm is adopted in this

study:

1) The friction wall dampers are initially designed with uniform slip load distribution
usingthe slip load values obtained from Equation 4.4. It will be shown in the next section

that the optimum design solution is independent of the initial slip load distribution.

2) The structure is subjected to the selected design earthquake and the corresponding
performance parameters (here maximum isterey drift values) are obtained. The slip load

values are then redistributed based on the ratio between the maximuwstorggrdrift at
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each level and the average of the all storey dtiftsng the proposeédquation, the slip load
is increased in the storeys where the isterey drift exceeded tlaverage intestorey drift
and reduced in the storeys with instorey drifts below theveragevalue until a uniform

heightwise interstorey drift distribution is obtained:

Fua=lrel B2 §

whereY andY  are the maximum drift 40 storey and the average of all storey drifts,
respectively, at iteration.| is a convergence parameter ranging from 0 to 1. It will be
shown in the following sections that this parameter ogmifecantly affect the convergence

and the computational cost of the nonlinear optimisation probléw.value of this factor
depends on several parameters such as the type of structure, number of storeys and
optimisation algorithmln this study, factor was set to be 0.2 for all the optimisation
procedureslt should bementioneahat the proposed equation is general and can be applied

to any RC frames with friction dampers irrespect/¢he number of storeys and the type of

the friction dampers (i.avall or braceype).

3) To control the additional base shear and column axial forces imposed by the friction
wall dampers, the new slip loads obtained from the previous step are scaled so as the average
of the slip loads in different storeys remains uncleangompared to the initial steg £ in

Equation 4.4).

4) The coefficient of variations defined as the ratio of the standard deviation (the
square rootf the variancé to the mean value of a population. It shows the extent of
variability in relation to the mean of the populatidine coefficient of variation (COV) of
inter-storey drifts (selected damage index)calculated for each step using Equation 4.6 to
control the dispersion of each storey drift relative to the mean vEtheedesign procedure is
then repeated from step 2 until thel wis small enough (e.g. less than 10). Based on the
concept of Urfiorm Damage Distribution, the design solution can be considered as

practically optimum at this stage.

a 0
LI P 9

©06h " §

wherem Gyiand0 LyQ@re the variance and the average of all storey drifts, rexaplgc
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4.5.1. Optimum Design for the Selected Natural Earthquakes

The proposed optimisation algorithm is used to obtain the optimum slip load distribution of
the 3, 5, 10, 15 and Zorey frames for the six selected natural earthquakes given in Table
4.1. Fig.4.5 compares the heightise interstorey drift distribution of optimum design
frames and those designed with uniform slip load distribution under each design earthquake.
The horizontal axis is the ratio between the maximum drift of the reference frasaehat

storey to the maximum dri ft of the correspondin
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to the maximum drift of the corresponding bare frame) for 3, 5, 10, 15 asy frames,
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The results in Fig. 4.5 indicate that the optimum design frames exhibit @ undiorm
heightwise distribution of intestorey drifts and a considerably lower maximum inter
storey drift ratio, which is consistent with the concept of Uniform Damage Distribution.
Therefore, the proposed design method can efficiently prevent damagentration and

soft storey failure in mukstorey frames. Table 4.2 summarizes the reductions in the
maximum lateral drifts for the reference frames under the six natural earthquakes when
designed using the proposed optimum design methodology compathd tonventional
design using the uniform slip load distribution. It is shown that using the optimum
distribution of the slip loads in the friction energy dissipation devices resulted in up to 33,
50, 39, 34, and 23% reductions in the maximum drift sdfiio the 3, 5, 10, 15 and -2forey

frames, respectively.

It should be mentioned that the efficiency of the proposed optimisation method is in general
lower for highrise buildings (i.e. 15 and 2orey frames), since the uniform slip load
distributionsled to a relatively more uniform distribution of maximum lateral drifts and

therefore loweb 0 ywyalues as shown in Fig. 4.5.

Table 42. Reduction of the maximum drift ratios for the optimum design 3, 5, 10, 15 and
20-storey frames compared to conventionally designed frames, six natural earthquakes

Earthquake 3-Storey 5-Storey 10-Storey 15-Storey 20-Storey
Northridge 30.5% 49.7% 33.2% 6.3% 23.3%
Loma Prieta 22.6% 31.1% 22.4% 16.4% 4.3%
Imperial Valley 23.9% 43.9% 32.9% 15.8% 12.5%
El Centro 19.1% 14.1% 39.4% 33.5% 5.6%
Duzce 22.9% 38.0% 36.6% 26.6% 19.7%
Cape Mendocino 32.6% 47.8% 37.6% 21.3% 20.1%
Average 25.2% 37.4% 33.7% 20.0% 14.3%

4.5.2. Optimum Design for the Synthetic SpectrumaCompatible Earthquakes

To include the ghund motion variability, the accuracy of the proposed optimum design
method is also evaluated for the set of six synthetic speatounpatible earthquakes having

the average acceleration response spectrum close to th20BEdesign spectrum. As
mention@ before, the obtained synthetic records can be considered as good representatives

of the IBC design response spectrum.

Fig. 4.6 (a) shows the variation of the maximum wstrey drifts for the reference frames

as the optimisation iterations proceed.aster convergence was generally observed for the
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low-rise frames (i.e. 3 and-&orey); however in all cases the optimum solution was
obtained in less than 20 steps with almost no oscillation. It should be noted that to obtain the
optimum design solutiongsing heuristic optimisation methods such as Genetic Algorithm
(GA) and Particle Swarm Optimisation would require over 50,000linear dynamic
analyses (e.g. 100 samples, 500 generations). This clearly highlights the computational
efficiency of the propsed optimisation method. As an example, the evolutionary change in
the heightwise maximum drift distribution of the i€torey frame is illustrated in Fig. 4.6

(b). It is shown that the maximum drift distribution is considerably more uniform in the
optimumsolution (i.e. step 20) compared to the conventional design based on uniform slip

load distribution (i.e. step 0), while the maximum drift is also reduced.

1.2

=
o
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o

Fig. 46. Variation of (a) maximum intestorey drift ratios gcaled to the maximum drift of
the corresponding bare frame) for 3, 5, 10, 15 angt@fey frames, and (b) heighise
distribution of maximum drift ratios for 16torey frame, average of six synthetic
earthquakes, U=0.2

Fig. 4.7 shows the heightise didribution of the maximum intestorey drift ratios (ratio of

the maximum drift in the frame with friction damper to that of the corresponding bare frame)
and the slip load ratios (ratio of the slip load to the average of the storey shear strengths) for
3,5, 10, 15, and 28torey frames designed based on the conventional uniform and optimum
slip load distributions (with the same average) subjected to the synthetic design earthquakes.
Similar to the natural earthquake records, the results in Fig. 4.7 {@tmthat the optimum
design models always exhibit a considerably more uniform distribution ofstaesy drifts

and a lower maximum intestorey drift compared to the conventional design solutions. The
proposed performandeased optimisation proceduteuld efficiently identify the storeys in

which the friction wall damper is not required. For example, it is shown in Fig. 4.7 (b) that
the slip load values at the first and the upper storey levels in medium tdsgdhames (10,

15 and 26storey framestend to zero. This will in turn lead to more economical design

solutions with less number of friction dampers.
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Fig. 4.7. Heightwise distribution of (a) maximum drifatios (scaled to the maximum drift

of the corresponding bare frame) and (b) slip load ratios (scaled to the average of storey
shear strengths) for 3, 5, 10, 15 ands&frey frames designed with uniform and optimum

slip load distributions, average of siynthetic earthquakes
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Fig. 4.8 compares the maximum ingtorey drift, column axial load, base shear and energy
dissipation capacity2( ) of the optimum design frames with those designed using uniform
slip load distributions. The results in Figs. 4a3 {0 (c) are the ratio of the response of the
optimum frame to that of the corresponding bare frame. The results in general indicate that,
compared to conventional design solutions, using the proposed optimisation method could
considerably increase theergy dissipation in the friction devices (up to 46%) and reduce
the maximum intestorey drifts (up to 43%) under synthetic spectaompatible
earthquakes, while the maximum column axial load and the base shear ratios were almost

unchanged (less than 4%fdrence).

It can be notedrbm Fig. 4.8 (d) that the improvement in the energy dissipation capacity was
less pronounced in the -Adorey frame; however, using the optimum slip load distribution
could still reduce the maximum intstorey drifts by 28%The maximum reduction in the
inter-storey drift was observed in the 10 andsiérey frames, where the optimum design

procedure could reduce the maximum irgtarey drifts by more than 40%.
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Fig. 48. (a) Interstorey drift, (b) axial load and (c) base shear of 3, 5, 10, 15 astb&y

frames with damper to those of the corresponding bare frames, and (d) energy dissipation
capacity of the optimum and conventional design frames, average of six t&ynthe
earthquakes
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4.6. SENSITIVITY ANALYSES

4.6.1. Effect of Initial Slip Load Distribution

The effect of initial slip load distribution was investigated on the proposed optimisation
method by considering three different distribution patterns including the conventional
uniform, inverted triangular cumulative and uniform cumulative (shown in Fig. 4.9) for
preliminarily design of the Storey frame under a synthetic earthquake. For better
comparison, a similar average slip load was used in all preliminarily designed frigige

4.9 compares the corresponding variations of the slip load values for each individual storey

as the iterations proceed.

Uniform - ¢ -Uniform Cumulative = —e— Inverted Triangular Cumulativ
1stStorey 2nd-Storey 3d-Storey
2200 2300 1600
>
Z 1800 2000 1400 +
X
'%' \ 1700 ’
S 1400 -\ / 1200 -
o 1400 §*
n ’ 3
1000 1100 1000
. [
600 | ‘ ‘ : 800 | ‘ ‘ ‘ 800 ‘ ‘ ‘ ‘
0 10 20 30 40 50 0 10 20 30 40 5C 0 10 20 30 40 5C
Step Number Step Number Step Number
Mean Mean .
4h-Storey 5th-Storey : O >y GO
1200 1200 Oy : —>¢ CGhjO
I n
1000 A 1000 4 G 1%
Z e ——¢ 1Gijo
'%; 800 800 e — ™ vGijo
c A~ 600 _ . -
= 600 ] Uniform  Uniform Cumulative
= 400 PG X
400 200 | _r Ol X
> ! [ ¢0ni X
200 | ‘ ‘ ‘ ‘ 0| ‘ ‘ ‘ | ——>% o T x
0 10 20 30 40 5(C 0 10 20 30 40 50 —_— e p (O] X
Step Number Step Number Inverted Triangular i
Cumulative

Fig. 49. Variation of slip load at each individual floor using different initttribution
patterns, %5t or ey fr ame, U=0.2, synthetic earthqual

The graphs show that in the first few steps of the optimisation, there were considerable
discrepancies between the slip load values using different initial slip load patterns. However,
asthe iterations proceed, depending on the floor level and the initial distribution pattern, the
slip loads were either decreased or increased to converge to a certain value. This implies that
the final optimum solution is independent from the initial Bbigd distribution considered in

the optimisation process. However, using an appropriate initial design can result in a faster
convergence to the final optimum solution. In this example, the uniform cumulative pattern
Bull etin of 1
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which was previously suggested by Naéidl. (2017) as a more efficient slip load pattern is
shown to converge to the optimum solution in a slightly smaller number of steps.

4.6.2. Effect of Convergence Parameter

The convergence paramejeplays an important role in the computational efficiencyhef
proposed optimisation method. Comprehensive sensitivity analyses were performed to
obtain the most appropriate values|dbr optimum design of RC frames with friction wall
dampers. For example, Fig. 4.10 illustrates the variation of the maximurstotey drift

ratios in 5 and 18torey frames during optimisation process under a synthetic earthquake for
] values of 0.01, 0.05, 0.1, 0.2, 0.5 and 1, starting from a reference frame designed with
uniform cumulative slip load distribution. It is showrathin general ag increases from

0.01 to 0.5, the speed of convergence increases without any significant fluctuation.
However, for] values greater than 0.5, the proposed method does not converge to the
optimum design solution in both 5 and-di@rey franes. Also it can be noted that the
convergence speed for thevalues less than 0.2 is very slow, and therefore, a substantially

higher number of steps is required to obtain the optimum solution. This indicates that an

acceptable convergence is obtainedlbbg i ng U factor bet ween 0.

conclusion was obtained from other frames and seismic excitations. All analyses in this

study were carried out using the convergence factor equal to 0.2.
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Fig. 410. Variation d maximum interstorey drift ratios (scaled to the maximum drift of the
corresponding bare frame) for (aptorey and (b) 18torey frames using different values of
convergence parameter U

4.6.3. Effect of Design Earthquake

The optimum distribution of the slijpad pattern is influenced by the characteristics of the
design earthquake and therefore varies from one earthquake to another. To study the effect

of the design earthquake on the optimum solution, the reference frames were optimised for
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the six natural eghquake records listed in Table 4.1. Fig. 4.11 compares the optimum and
uniform distributions of the slip load ratios (ratio of the slip load to the average of the storey
shear strengths) under the selected earthquakes for the 5 -atmtel0frames. Fobetter
comparison, the results are scaled to the average storey shear strength. It can be seen that
while there are some discrepancies between the optimum slip load values at each floor for
different earthquakes, the general distribution of the optimumligtids follow a similar

trend. A similar conclusion was also obtained for the other frames. This can be explained as
the selected spectrum compatible earthquakes are all strong ground motions recorded on a

similar soil class profile, and therefore, hal@a@st similar characteristics.
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4.7. GLOBAL DAMAGE INDEX

To assess the efficiency of the adopted optimisation methodology to reduce the overall
structural damage under seismixcitations, a cumulative damage index is used based on a
classical lowcycle fatigue approach (Kravkler and Zohrei, 1983). Variations in the energy
dissipation capacity of the structure were taken into account as a function of displacement
demands in the adopted damage model (Miner, 1945; Taitamore and Jirsa, 2004).
Independent damages are assuntetet caused by different plastic excursions which are
identified by using a Rainbow Counting Method (Powell and Allahabadi, 1987). The

cumulativedamage index is calculated using the following equation:

N aDd, ‘G
DI, =E':la=:0,—pJ ¢ (4.7)
j=1¢ Hu -

whereO "@nd N are defined as cumulative damage indéR attorey and the total number

of plastic excursions, respectively. The cumulative damage index ranges from 0 for intact to
1 for completely damaged storeys. is cansidered as the plastic displacement of the
excursion] is the ultimate plastic displacement, and the power faktsrthe structural
parameter accounting for the effect of plastic deformation magnitude. As suggested by

Cosenza and ManfreflL996),c is assumed to be 1.5 in this study.

To estimate the level of damage exhibited by the entire structure, the global damage index,
‘O "Qis defined as a weighted average of the damage indices at all storey levels, with the

weighting functiorbeing the energy dissipated at each storey.

5" DIW,,
o= &= (48)
a i=1Wpi

wheree is the number of storey level§ "Os the damage index @ storey andv is the

DI

dissipated energy & storey. Fj. 4.12 (a}ompares the average global damage indices of
the 3, 5, 10, 15 and Zlorey bare frames with the frames designed using the conventional
uniform and the optimum slip load distributions under the spectrum compatible synthetic
earthquakes. It isvident that the proposed friction wall dampers with the uniform slip load
distribution could considerably reduce the global damage index of low to medieiare
frames (i.e. 3 to 18torey), while they were not very efficient for tall buildings (i.B.ahd
20-stroey). Using optimum design dampers, however, could efficiently reduce the global

damage index in all cases. The results indicate that, compared to the conventionally designed
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frames with uniform slip load distribution, the proposed optimum gtesnethodology
decreased the global damage index of the 3, 5, 10, 15 asidr2§ frames by 49%, 23%,
75%, 65% and 38%, respectively.
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Fig. 412 Global damage index of the bare frames and the frames with friction dampers
designed based on uniform and optimum slip load distributions: (a) 3, 5, 10, 15 and 20
storey frames, (b) Incremental dynamic analysis ofstbdey frames, average of six
synthetic earthquakes

The efficiency of the proposed optimisation method is also ewlutor lowto-high
earthquake intensity levels. Incremental dynamic analyses were conducted orstbeeyt0

bare frame and the frames with friction wall dampers designed based on uniform and
optimum slip load distributions. Fig. 4.12 (b) compares theameeof the global damage
indices 'O "0 of the frames under the set of six synthetic spectampatible earthquakes.

The PGA of the input earthquakes was ranged from 0.05g to 0.8g to cover small to large
magnitude earthquakes. The results showtti@frames with optimum design friction wall
dampers experience considerably less global damage (up to 77%) at all intensity levels
compared to those with conventional friction dampers. It is especially evident that the
efficiency of the friction dampersith uniform slip load distribution is significantly reduced

for earthquakes with PGA levels higher than 0.6 g. The main reason is that using identical
slip load values at all storey levels leads to a high concentrated lateral displacement and
localised darage at certain storeys, while the optimum slip load distribution obtained from
the proposed design methodology results in a more uniform distribution of storey damage.

4.8. OPTIMUM DESIGN SOLUTION FOR A CODE DESIGN
SPECTRUM

The seismic ground motion is the imasource of uncertainty in the seismic design of
structures. Therefore, there is a concern that this may influence the efficiency of the

optimum structures that are designed based on a single earthquake event. Prewidys stud
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Hajirasouliha et al. (2012onfirmed that, for performandsased design of RC structures, a
better seismic design can be obtained by using a synthetic earthquake representing the
average spectrum of a set of natural earthquakes. In this study, the efficiency of this concept
is evaliated for optimum design of RC frames with friction wall dampers for a specific code

design spectrum.

Fig. 4.13 compares the average optimum slip load ratio (ratio of the slpttotee average

of the storey shear strengths) distributions obtainedh®rlGstorey frames with friction

based wall dampers subjected to the selected natural and synthetic earthquakes. As it was
mentioned in Section 3.3, the average spectrum of the six natural ground motions and the
average spectrum of the six synthetic legquiakes both have a very good agreement with the
selected IB€015 design spectrum (see Fig. 4.3). It can be seen from Figthatlehe
optimum slip load distributions corresponding to the natural and synthetic earthquakes are
almost identical. This imp#s that there is a unigue optimum design solution for each frame
subjected to the design spectrum. Therefore, to manage the uncertainty of the design seismic
loads, the frames can be designed based on the average of the optimum slip load

distributions coresponding to the set of earthquakes representing the design spectrum.

iy
o

Uniform

OMean Synthetic-Optimum

mMean Natural-Optimum

Storey Number
P N W A~ OO N 0 ©

0 01 02 03 04 05 06 07 08
Slip Load Ratio

Fig. 413. Comparison of uniform and average of optimum slip load distributions for the six
synthetic and six natural earthquakes (scaled to the averat@ef shear strengths).

Fig. 4.14 compares the maximum ingorey drift ratios and global damage indices of the
10-storey frames designed based on (a) uniform slip load distribution, (b) average of
optimum slip load distributions for the six synthetmestrum compatible earthquakes, and
(c) optimum slip load distribution corresponding to each individual natural earthquake. The
results indicate that while using the average of the optimum slip loads obtained for the
synthetic earthquakes (i.e. Ave Syntbé&ptimum) is not as efficient as using the specific
optimum slip load pattern obtained for each earthquake, it is still considerably more efficient

than the conventional slip load pattern. For the same average of slip loads, it can be seen
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from Fig. 4.14(a) that the 1&torey frames designed with the Ave Synth€@jmimum

pattern exhibit on average 24% (by up to 34%) less maximumstuezy drift compared to

their conventionally designed counterparts using uniform slip load distribution. Similarly
Fig. 4.14 (b) shows that using the average optimum slip load pattern resulted in by up to
72% lower global damage under the selected natural earthquakes. This can confirm the
efficiency of using the average of optimum load patterns corresponding to a sethetisy
spectrurcompatible earthquakes (representatives of the design spectrum) to achieve better

andmore effective seismidesign solutions for RC frames with frictitvased wall dampers.

OUniform OAve Synthetic-Optimum BEOptimurr

1.4 50
_(a) B (b)
1.2 4 °
°
o B c:v 40 |
3 ¢
£ 08 £ 307
a a
X 0.6 T
© 20
> S
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10 -
0.2
0 0

Nor Lom Imp Elc Duz Cap Nor Lom Imp Elc Duz Cap

Fig. 414. (a) Maximum drif ratio (scaled to the maximum drift of the corresponding bare
frame) and (b) Global damage index ofdtOrey frames designed with uniform slip load
distribution, average of the optimum slip loads obtained for the synthetic earthquakes (Ave
SynthetieOptimum), and the optimum load patterns obtained for each individual earthquake

(optimum)

Overall, the results of this study demonstrate the efficiency and reliability of the proposed
optimisation method, which can provide an efficient tool for optimum seisl@sign of
friction energy dissipation devices for practical purposes. It should be mentioned that the
proposed methodology is general and can be adopted for optimum perfoitmaaede

design of other types of dampers and structural systems.
4.9. SUMMARY AND CO NCLUSIONS

A low-cost performancéased optimisation method was proposed to enhance the seismic
performance of RC frames with frictidvased wall dampers using the concept of uniform
damage distribution. The efficiency of the method was demonstrated thitzaigiptimum
design of 3, 5, 10, 15, and-8frey RC frames with friction wall dampers under six natural
and six synthetic spectruoompatible earthquakes. The proposed method could efficiently

converge to the best design solution by obtaining the optisliprioad distribution and
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removing less efficient dampers in only a few steps. The proposed method was then further
developed to deal with the optimum design of friction dampers for a specific design

spectrum. The following conclusions can be drawn baseitie results of this study:

1 It was shown that the convergence parameter,has a major effect on the
computational cost and convergence of the optimisation process. Tdlaes ranging
from 0.2 to 0.5 were shown to be generally more efficient tverge to the optimum
design solutions for frictiotbased wall dampers in only a few steps. The results of
sensitivity analyses also indicated that the optimum solution is independent from the
initial slip load distribution considered in the optimisatiogess. However, using a

suitable initial design can result in a faster convergence.

1 Compared to the conventionally designed friction wall dampers with uniform slip load
distribution, the optimum design dampers exhibited up @ 48d 75% lower inter
storgy drift ratios and global damage indices, respectively, when subjected to the
synthetic spectrummompatible earthquakes. It was shown that, for the same total
friction force, using the proposed optimisation method can increase the energy
dissipation capaty of the friction wall dampers by up to 46%. The improvement in the
energy dissipation capacity was more pronounced in low to medsenbuildings. The
efficiency of the proposed method was also demonstrated under the set of six natural
earthquakes, wherusing optimundesign dampers in 3 to Zlorey frames resulted in
up to 50% lower intestorey drift ratios compared to their conventionally designed

counterparts.

1 By performing nonlinear incremental dynamic analyses, it was shown that the proposed
optimum design method can significantly reduce (up to 77%) the global damage index
of the conventionally designed frames over a wide range of earthquake PGA levels. The
optimum design systems were shown to be efficient at all intensity levels, while the
efficiency of the frames with conventionally designed friction dampers was

significantly reduced at higher PGA levels.

1 Although the final optimum solution is influenced by the characteristics of the input
earthquake excitation, the results indicated that tbgiloltion of the optimum slip
loads for the set of spectrum compatible earthquakes follow a similar trend. It was
shown that the seismic load uncertainty can be efficiently managed by using the
average of optimum load patterns corresponding to the gimtlearthquakes

representing the design spectrum. The friction wall dampers designed with average
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optimum slip load pattern exhibited up to 34% less maximum-gtteey drift and 72%

less cumulative damage.
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CHAPTER 5

Multi -Criteria Performance-Based
Optimisation of Friction Energy
Dissipation Devices in RC Frames

5.1. ABSTRACT

A computationallyefficient method for multcriteria optimisation is developed for
performanceébased seismic design of friction energy dissipation dampers in RC structures.
The proposed method is based on the ephof Uniform Distribution of Deformation
(UDD), where the sligoad distribution along the height of the structure is gradually
modified to satisfy multiple performance targets while minimising the additional loads
imposed on existing structural elemeatsd foundation. The efficiency of the method is
demonstrated through optimisation of 3, 5, 10, 15 andt@@y RC frames with friction

wall dampers subjected to design representative earthquakes using single awcdteridti
optimisation scenarios. Treptimum design solutions are generally obtained in only a few
steps, while they are shown to be independent of the selected initial slip loads and
convergence factor. Optimum frames satisfy all predefined design targets and exhibit up to
48% lower imposedoads compared to designs using a previously proposedoatip
distribution. Dampers designed with optimum slip load patterns based on a set of spectrum
compatible synthetic earthquakes, on average, provide acceptable design solutions under

multiple natwal seismic excitations representing the design spectrum

Keywords: Multicriteria optimisation, Seismic performance, Friction damper, Slip load

distribution, Energy dissipation.
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5.2. INTRODUCTION

Supplemental passive control devices have been widely utdisel viable costffective
approach to enhance the seismic performance of existing and newly designed buildings by
modifying the dynamic characteristics and increasing the energy dissipation capacity of the
structures. As current design codes do not gdipgueovide guidelines for optimising the
configurations of passive control devices, this can be a challenging task due to complexity
and high nonlinearity of these systems under earthquake excitatititt€ et al., 2012 and
2013) Several optimisationomethods have been adopted for optimum design of energy
dissipation devices such as: Linear Quadratic Regulator (LQREK et al., 1996; Agrawal

and Yang, 1999)Simulated Annealing (SA) (Milman and Chu, 1994), Gradded
Optimisation §ingh and Morezhi, 2001; Uetani et al., 2003; Park et al., 2004; Fujita et al.,
2010) Genetic Algorithm (GA) techniqueMreschi and Singh, 2003; Lavan and Dargush,
2009 Apostolakis and Dargush, 2010; Hejazi et al.,, 2013), Fully Stressed Design
Optimisation (Levy andLavan, 2006) and a procedure using Sensitivity Analysis and
Redesign (Takewaki, 2011; Adachi et al., 2013; Murakami et al., 2013). The concept of
performanceébased seismic design was also adopted for optimisation of structures with
supplemental energy dipation devices. Liu et al. (2005), Lavan and Levy (2010) and
Lavan and Amir (2014) developed a performahased optimal design methodology to
obtain the best sizing and allocation of viscous dampers in regular and irregular building
structures. Similay, Kim and Choi (2006) proposed a displacentsaded design procedure

to obtain an optimum number of velocitgpendent supplemental dampers for existing steel
structures to satisfy a given performance limit state. Takewaki (2011) introduced <riteria
basedand sensitivitybased design algorithms for optimal quantity and placement of passive
energy dissipation devices, where displacement, acceleration, and earthquake input energy
were regarded as the main performabased design indices. It should be notkdt
majority of the above mentioned studies have been limited to the optimum design of velocity

dependent passive control systems such asudseal viscoelastic dampers.

Friction-based dampers are considered as one of the appropriate passive esgrgijveis
systems due to their high adjustability and high energy dissipation capacity resulting from
Coulomb dry friction (Aiken 1996). To avoid high stress concentrations at the connection
zones in RC frames, walype frictionbased wall dampers have begroposed by several
researchers (Sasani and Popov, 2001; Petkovski and Waldron, 2003; Cho and Kwon, 2004,

Nabid et al., 2017). In general, the efficiency of friction energy dissipation devices is highly

sensitive to the dawsedistrisudion bfslpdobds @Ghe lomdsa hei g
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which the friction devices start slipping and dissipating energy). In one of the early attempts,
Filiatrault and Cherry (1990) developed an optimisation algorithm to obtain the best slip
load distribution by minimisig an energy performance index. They showed that the
optimum slip load values are more dependent on the frequency and amplitude of the
earthquake input than the structural features. A Genetic Algorithm (GA) was employed by
Moreschi and Singh (2003) for t)mum heighiwise placement of friction dampers in steel
braced frames when satisfying a predefined performance objective. Using a similar
approach, Miguel et al. (2014) utilised the GA technique for robl:ctive optimisation of
friction dampers in sheduildings subjected to seismic loading. In a folop study,
Miguel et al. (2016) adopted a Backtracking Search Algorithm (BSA) for simultaneous
optimisation of the slip forces and locations of the friction dampers in -Bddimgs
subjected to earthipke ground motions. More recently, a practical optimisation
methodology was developed by Nabid et al. (2018) for seismic design of RC frames with
friction dampers. It was shown that the method can increase the energy dissipation capacity
of the dampers, hile preventing damage concentration and soft storey failure in the frames.
However, their proposed method is based on redistributing constant total slip load values
(sum of slip loads in all dampers), and hence cannot be directly used to achieve a specifi
target for performancbased seismic design purposes. Moreover, their optimisation
algorithm is not capable of satisfying multiple performance objectives simultaneously.

It should be noted that most of the aforementioned optimisation techniques least ahe

of the following limitations: (a) they are only adopted for viscous and viscoelastic dampers
and may not be appropriate for optimum design of friction energy dissipation devices; (b)
they assume a linear behaviour for the main structural systeinthus, do not capture the
damage of the structural elements which is generally unavoidable during strong earthquakes;
(c) they use equivalent earthquake static loads odinear push over analyses and therefore

do not take into account the effects dynamic loads; (d) they are computationally
expensive and/or require complex mathematical calculations and are not suitable for
practical applications. Consequently, there is a need for developing a computationally
efficient methodology for optimum desigf nonlinear structural systems with friction

based dampers under seismic excitations.

This paper introduces a completely new maitieria performancéased optimisation
framework for optimum design of frictiebased energy dissipation devices using th
concept of uniform distribution of deformation demands. The proposed method is used to

obtain the optimum slip load distribution for friction wall dampers in RC frames while
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satisfying prescribed performance criteria. The efficiency of the method is then
demonstrated for different performance targets and earthquake scenarios.

5.3. ANALYTICAL MODELLING AND ASSUMPTIONS

5.3.1. RC Frames with Friction Wall Dampers

In this study 3, 5, 10, 15, and-8ry RC frames were selected with the typical geometry
shown in Fig. 8l (a). The schematic view of the utilised friction damper (Fig. 5.1 (b))
comprises a reinforced concrete wall panel connected to the frame through a friction device
at the top, a horizontal connection at the bottom, and two vertical supports in thdbkales.
connections are designed to transfer the loads to the-balamn connection, thus avoiding

extra shear forces in the middle of the adjacent columns and beams. The friction device is a
Slotted Bolted Connection (SBC) using two steel plates over aat@rshape slotted steel

plate anchored to the top floor beam (Fig. 5.1 (b)). It should be noted that the bottom of the
concrete panels at ground level is fixed to the base to transfer the imposed loads directly to
foundation, and therefore, reduce the mmaMn column axial loads. More detailed

information about the adopted friction wall damper can be found in Nabid et al. (2017).

The frames were assumed to be located on a soil type C of Eurocode 8 (EC8; CEN, 2004a)
category and were designed for evmedum seismicity regions, using PGA of 0.2 g. The
uniformly distributed permanent and nparmanent loads wee®nsidered tob8. 5 K NU m
and2. 5 K firtinterior floors, and.3k N & and1.0k N & for the roof. The reference
frames were initially designed to resist the seismic loads based orCEGB 2004a and in
accordance with the minimum requirements of Eurocode 2 (EERL 2004 for moment
resisting RC frames with medium ductility (DCM). The concrete compressive stré@yth (

and the yield strength of steel reinforcement b"OswWere assumetb be 35 and 400 MPa,

respectively.

The pushover and nonlinear tirhestory analyses were conducted using the OpenSees
software (McKenna and Fenves 2000). Concrete and reinforcing steel bars were modelled
using a uniaxial constitutive material with linear tension softening (Concrete02) and a
Giuffrei Menegottd Pinto model(Steel02) with 1% isotropic strain hardening, respectively.
Beam and column members wedivided into three elementand modelled using
displacemenbased nonlinear beaocolumn elements with fibre sectiomile four Gausis

Lobatto integration points wer@sidered for each elemefDelta effects were taken into

account and the Rayleigh damping model with a constant damping ratio of 0.05 was
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assigned to the first mode and to the nsodewhich the cumulative mass participation
exceeds 95%. In this studywas assumed that the strength of the concrete wall panels (15
cm thickness) is always higher than the maximum loads transferred from the friction device,

and therefore, they were modelled using equivalent elastic elements.
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p ~ Brass External
(b) » s “ Plate  Steel

Fig. 5.1. (a) Geometry of the reference RC frames equipped with friction wall dampers, (b)
schematic view of the friction wall damper (adopted from Nabid et al. (2017))

A nonlinear spring with an elasterfectly plastic uniaxial material, represegtan ideal
Coulomb friction hysteretic behaviour, was used to model the friction device. Thetbeam

column connections were assumed to be fully rigid with no shear failure in the panel zones.
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A computer codén MATLAB (2014) was developednd linked tahe OpenSeedcKenna
et al., 2000) program to calculate the energy dissipation in the beam and column elements

and friction devices under earthquake loads.

5.3.2. Earthquake Ground Motions

To demonstrate the efficiency of the proposed performbased optimidson framework, a

set of six natural ground motions obtainfdm the Pacific Earthquake Engineering
Research Center online database (PEER NGA) was used in tlieegamndynamic analyses

in this study. Table 5.1 shows the characteristics of the seleatechhground motions. All
earthquake excitations had high local magnitudes (i.e. Ms>6.5) and were recorded on sail
class C of EC8 with less than 45 km distance from the epicentre. In addition, the
TARSCTHS program (Papageorgiou et al. 2002) was usedtrage synthetic earthquakes

to be matched with the EC8 design response spectrum for the high seismicity regions (i.e.
PGA=0.4qg) with soil class C. It should be noted that most seismic perforihased design
guidelines (e.g. FEMA 356 (2000) and ASCE/gE106 (2006)) aim to control the seismic
response of the buildings under two different earthquake levels: (a) Design Basis Earthquake
(DBE) with 10% probability of exceedance in 50 years, and (b) Maximum Considered
Earthquake (MCE) with 2% probability ofxeeedance in 50 years. In this study, it is
assumed that the DBE and MCE design spectra match with the EC8 design response
spectrum for soil class C with PGA levels equal to 0.4g and 0.6g, respectively. This means
that in this study the MCE events are take be 1.5 times of the DBE events.

Table 5.1. Properties of the selected natural ground motions

No. Earthquake Ms Station/Component Duration PGA PGV PGD

(s) (@  (Cm/s) (Cm)
1 1979 Imperial Valley 6.5 IMPVALL/H-E04140 39 0.485 374 20.23
2 1987 Superstition Hills (B) 6.7 SUPERST/BICC000 60 0.358 46.4 17.50
3 1989 Loma Prieta 6.9 LOMAP/G03000 40 0.555 35.7 8.21
4 1992 Cape Mendocino 6.9 CAPEMEND/PET000 36 0.590 48.4 21.74
5 1994 Northridge 6.7 NORTHR/NWH360 40 0.590 972 38.05
6 1999 Duzce, Turkey 7.2 DUZCE/DzZC270 26 0.535 83.5 51.59

Fig. 5.2 compares the elastic acceleration response spectra of the selected natural earthquake
records, the EC8 design spectrum and the spectrum of the generated synthetic earthquake. It

is observed that both theveragespectrum of the synthetic earthqualkand the average
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spectrum of the natural ground motions can represent the EC8 design spectrum with a good
accuracy, and therefore, can be efficiently utilised to evaluate the seisfoicr@ace of the

designed frames.

25
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Fig. 52. Comparison between the elastic acceleration response spectra of the selected
natural and synthetic earthquake records and the EC8 design spectrum, 5% damping ratio

54. OPTIMUM SLIP LOAD RANGE FOR MAXIMUM
ENERGY DISSIPATION

One of the main advantages of friction energy dissipation devices in general is the capability
to adjust the heighwise distribution of slip forces'@ to achieve predefined performance
targets. Nabid et al. (2017) studied the efficiency of friction wall dampers designed with
different slip load distribution patterns in improving the seismic performance of substandard
RC structures. Based on thesults of their study, the following empirical formula was
proposed to obtain an efficient heighise distribution of slip loads for buildings with

different number of storeys:

R=1.12¢ 011 (5.1)

where¢ is the number of storeys, aid is the slip load ratio defined as the ratio between

the average of slip loads and the average of storey shear strengths at all storey levels. By
considering the uniform cumulative pattern for heigige slip load distbution (as
suggested by Nabid et al. (2017)), the slip load values at each storey level can be calculated

using the equation below:
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: - 0.11n
a F.®R a Fy’i3 1.1%2 -
Fi=t—3(n4 ) + (31 iy 2
" n(n+1)/2 n(n 4)2

where "0Q; and "Oy, are the slip load and the sty shear strength of th&@ storey,
respectively. The shear strength of each stoi®y (can be calculated from a ndinear
pushover analysisHgjirasouliha and Doostan, 2010 this section, the adequacy of this
empirical equation in imoving the energy dissipation capacity of the friction wall dampers
is assessed for the set of RC frames used in this study (see Fig. 5.1).

The seismic performance of the selected RC frames with friction wall dampers is quantified
in terms of maximum intestorey drift, maximum axial load in the columns, base shear, and
an energy dissipation parametef | defined as the ratio between the friction work of the
dampers and the plastic deformation work of the structural elements (Petkovski and
Waldron, 2003; Nabid et al., 2017). While the maximum isterey drift and energy
dissipation Y ) paraneters are used to assess the efficiency of the dampers, the maximum
axial load and base shear values are considered to control the additional loads imposed by
the friction wall system to the existing structural elements. It should be noted that according
to EC8 (CEN, 2004 the column axial load ratio (definediag 6 "Q) should be limited to

0.55 and 0.65 for ductility classes DCH (high) and DCM (medium), respectively, where

is the cross section area of the column énds the column axial load under seismic and
concurrent gravity aons. This highlights the importance of reducing the additional axial
loads imposed by the utilised friction wall system.

Fig. 5.3 displays the average variations of selected performance parameters versus slip load
ratio for the 3, 5, 10, 15 and 2foreyframes under the six selected natural earthquakes. For
better comparison, the drift and base shear results in this figure are scaled to those of the
corresponding bare frames. Similar to the results reported by Nabid et al. (2017), it is shown
in Fig. 5.3that there is always an optimum range of slip load ratios for each selected frame
that in general leads to higher energy dissipation capacity and lower displacement demands.
The optimum slip load values were in the range of -0.85, 0.560.80, 0.250.45 0.1G

0.30, and 0.0®.15 for the 3, 5, 10, 15, and 8fbrey frames, respectively. These results
compare very well with the optimum slip load ratios calculated by Equation 5.1, irrespective
of the difference between the frame geometries used in thig ahedthose in Nabid et al.
(2017). It can be seen from Figs. 5.3 (c and d) that the base shear and axial loads imposed by
the wall dampers increase by increasing the slip load ratio (up to a maximum limit where the

friction devices are all locked). Thiseans that while using the optimum slip range can

Submitted to the Journal of Structur al Engin



Chapterobh. tBasedgen tefr i iaMopdedrefdo ronpatni« 1 2
friction energy dissipation devices

efficiently increase the energy dissipation capacity of the dampers, it may lead to excessive
base shear and column axial load values and, consequently, impart large loads on the
foundations. As shown in Fid.3 (d), some higher slip load factors may lead to maximum
axial loads which exceed the moderate and high ductility (DCM and DCH) EC8 target
limits, and therefore, cannot be used in practical design applications. To address this issue,
in the following ®ctions a methodology is proposed for optimum design of friction dampers

to satisfy predefined performance targets while minimising the additional imposed loads.
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Fig. 53. Variations of (a)'Y , (b) maximum drift ratio, (c) base shear ratio, and (d)
maximumi j 0 "Q for the 3, 5, 10, 15 and Zorey frames as a function of slip load ratio,
average of six natural earthquakes

5.5. DEVELOPING A PERFORMANCE -BASED
OPTIMISATION FR AMEWORK

In this study, an efficient performanbased optimisation framework is developed based on
the concept of uniform distribution of deformation demands (or damage) for optimum
design of RC frames with friction energy dissipation devices. The obgeidito find the

best heighivise distribution of slip loads in the friction wall dampers to satisfy a predefined
performance level under the design earthquake by using minimum total friction loads. This

will reduce the additional loads imposed to the tixis structural elements as discussed
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before. The slip load values of the friction wall dampers are considered to be the key design
variables as they have a dominant effect on controlling the seismic response of the system in
the nonlinear response rangiethe proposed approach, the slip loads of the friction devices
are redistributed using aterativemethod until all inteistorey drifts reach the target values.

It should be mentioned that a similar optimisation concept was previously used by other
resarchers for optimum seismic design of different types of structural systems such as RC
frames Hajirasouliha et al., 2012sheatbuildings Moghaddam and Hajirasouliha, 2008;
Ganjavi et al., 2016)russlike structures lajirasouliha et al., 2011xnd ¥scous dampers
(Lavan and Levy, 2006However, this is the first time that the proposed performaased
optimisation method is adopted for seismic design of friction dampers to obtain the best

heightwise distribution of the slip loads.

Current perforrancebased seismic design guidelines such as FEMA 356 (2000), ASCE/SEI
41-06 (2006) and EC8 impose limits on acceptable values of different response parameters
(e.g. maximum intestorey drift, plastic hinge rotation or axial compression stress) to
achievea specific performance level. In this study, maximum isterey drift is considered

as the performance criterion to assess the efficiency of friction wall dampers in controlling
the damage to structural and Ztnuctural elements under earthquake excitations. In FEMA
356 and ASCE/SEI 406, maximum intestorey drift limits of 1%, 2% and 4% are
considered for Immediate Occupancy (l0), Life Safety (LS), and Collapse Prevention (CP)
performance levels, respectiye In EC8 the intesstorey drifts are limited by the
displacement ductility capacity, or indirectly, by the curvature ductility capacity of the
structural elements, in accordance with the ductility class of the structure, In the following
sections, a praical performancédased optimisation method is developed for optimum
seismic design of RC frames with friction wall dampers based on the concept of uniform

distribution of deformation demands.

5.5.1. Single-Criteria Performance-Based Optimisation Method

As discissed above, in general, increasing the slip loads in the friction wall dampers can
reduce the maximum displacement demands during strong earthquakes. However, this may
be accompanied by an increase in the based shear and loads imposed to the existing
strudural elements. This highlights the need for efficient optimum design methods for
friction wall dampers that can satisfy the prescribed performance deformation and loading
targets under the design earthquake. To this end, the following optimisationhagit

adopted in this study:
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1) A predefined slip load distribution is assumed for the initial design of the friction wall
dampers. In this study the slip load distribution obtained from Equation 5.2 is used as
proposed by Nabid et al. (2017). It shouldrbentioned that the final optimum design
solution is independent of the initial slip load distribution as will be discussed in the

following section.

The RC structure with the designed friction dampers is then subjected to the selected
design earthquake aride maximum intestorey drift at each storey is calculated and
compared with the target value. The structure can be considered to be practically
optimum if all the inteistorey drifts are close to the performance targithin an

acceptable toleranc®therwise, the design algorithm is continued.

To satisfy the performandeased design objective, the friction loads in the storeys with
inter-storey drift higher than the predefined performance target should be increased. On
the other hand, in the storeysthvinter-storey drift less than the target value, the slip
loads (and hence the additional imposed loads) can be reduced. To achieve this, the

following equation is proposed to obtain a more efficient distribution of slip loads:

o a
(F ) —(F ) 3% 58 (53)
S,i - i :
n+1 S n (; target r§
whereY and¥y are maximum and target inistorey drifts of Q storey foré

iteration, respectively. is the convergence parameter ranging from 0 to 1. It will be
shown in the following sections that the convergence paramases kignificant effect

on the convergence rate of the problem, while it does not affect the final design
solution. The results of this study show thafactor of 0.5 always leads teliable

convergencéehaviour for the studied frames.

2) The design praadure is then repeated from step 2 until the coefficient of variation of
the interstorey drifts ¢ 0 ypdecreases to an acceptable level (e.g. less than 0.1). Based
on the concept of uniform distribution of displacement demands, the structure at this
stage is expected to satisfy the design performance target by using minimum amount of
total slip loads. This can minimise the adverse effects of using wall dampers on the
foundation and the existing structural elements as discussed before. It shoutddbe no
that some of the storey levels in the bare frame usually can satisfy the performance
target even without using friction wall dampers; and therefore, it is very unlikely to

reach a very uniform intestorey drift distribution in practical applications.
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Current performanebased design guidelines (such as FEMA 356 and ASCE/SB6¥1
usually aim to limit the structural and nstructural damage of ordinary buildings to the LS
and CP performance levels during DBE and MCE events, respectively. However, for
essential and safety critical facilities (e.g. hospitals) higher performance targets should be
satisfied. In this section, the proposed optimisation algorithm is used to obtain the optimum
slip load distributions in the 5 and -5@rey frames to satisfy I@erformance target under

the synthetic earthquake representing the DBE event (see Fig. 5.2). According to FEMA 356
and ASCE/SEI 4D6 seismic design provision, 1% target drift ratio (ratio of the storey drift

to the storey height) is considered as th@étformance level.

Figs. 5.4 (a) and (b) illustrate the average distribution of the maximumstotey drift
ratios for the 5 and 16torey frames, respectively, without friction walls (i.e. bare frame),
with friction walls designed based on Equatiof &nd those optimised using the proposed
optimisation method. It is shown that the proposed optimisation method could efficiently
satisfy the predefined performance target while led to a uniform distribution of maximum
inter-storey drifts, which in turn gwvents damage localisation and soft storey failure
mechanism. Using Equation 5.2 for designing the friction wall dampers provided very
conservative design solutions with maximum irdtorey drift ratios well below the target

value.

Fig. 5.5 compares awage of slip load distributions (scaled to the average of storey
strengths), column axial load and base shear ratios (scaled to the corresponding bare frame),
and the energy dissipation parametérs)(for the 5 and 1Gtorey frames with optimised
friction walls and those designed based on Equation 5.2. The results indicate that the wall
dampers designed based on Equation 5.2 could dissipate significantly higher energy levels
compared to the optised dampers (see Fig. 5.5), which is in agreement \ighrésults
reported by Nabid et al. (2017). However, this is accompanied by imposing considerably
higher column axial loads and base shear demands (up to 32%) to the structures compared to
the optimum design solutions due to using higher slip load valithés.implies that the
proposed performandeased optimisation methodology fulfils the desired performance
objective with the minimum additional imposed loads to the main structure, while it can also
reduce the strengthening cost by removing unnecessetipririvall dampers (with zero slip

load values).
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frames with optimised friction walls and those designed based on Equation 5.2, DBE event

5.5.2. Multi -Criteria Performance-Based Optimisation Method

The proposed optimum design method can be easily extended to achieve an optimum slip
load distribution pattern that satisfies multiple performance objectives. To fulfil this,
Equation 5.3 in the proposed optimisatadgorithm should be substituted with the following

equations:
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(Fsi)...p=(Fsi). {ORT? (54)

é, (Di)l ( @2 (Di)J

DR =Maxé , (5.5)
é(Dtarget)l ( Dar@t) 2 ( Rrget) j
where ¥ and ¥ are the maximum andtget interstorey drifts of théQ storey

for 'Q performance objective, respectively. To demonstrate the efficiency of the multi
criteria performancéased optimisation algorithm, the 3, 5, 10, 15 andt@fey RC frames

with friction wall danpers were optimised to simultaneously satisfy IO and LS performance
limits under DBE and MCE representative spectrum compatible earthquakes, respectively.
Figs. 5.6 (a) and (b) show the distributions of the maximum-gtteey drift ratios and slip

load mtios for 3, 5, 10, 15 and Zorey frames without friction walls (bare frames) and with
friction wall dampers designed based on Equation 5.2 and the proposed optimum design
methodology. The results generally show that while the bare frames clearlyedidie
performance targets with the damage localised in certain storey levels under the design
earthquakes, the optimum solutions could efficiently satisfy the required performance levels

with rather more uniform int&torey drift distributions.

As illustrated in Fig. 5.6 (b), in the case optimum slip load distributions, the slip load values

in certain storeys (here mainly at lower and upper storey levels) tend to zero, and
consequently, the corresponded supplemental devices can be removed from theestruct
which in turn leads to more cestfective design of friction wall dampers. The results shown

in Fig. 5.6 indicate that using the slip load values from Equation 5.2 generally leads to
acceptable design solutions; however, the lateral-siteey drifs may be considerably less

than the performance targets. As discussed before, this can impose unnecessary additional

column axial loads and base shear demands.

To quantify this effect, Table 5.2 compares &xél load and base shear ratios of 3, 5, 10,

15 and 26storey frames designed using fixed wall (i.e. very high slip load values),
optimised friction walls and those designed using Equation 5.2 under representative DBE
and MCE events. According to the results, using fixed walls leads to excessive @lial

load values, and hence, exceeding the DCM ductility class in medium toisegframes

under both DBE and MCE events. Although, using Equation 5.2 resulted in acceptable
design solutions, optimum designed wall dampers could reduce the maxinmamQ and

base shear ratio of the studied frames by up to 37% and 48%, respectively. This is in

agreement with the results presented in section 5.5.1.
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Table 52. Comparison of maximumi j 0 "Q and base shear ratio (scaled to the
corresponding bare frame) for 3, 5, 10, 15 angt@@ey frames designed with fixed walls,
optimised friction walls and those designed based on Equation 5.2, DBE and MCE events

3-Storey 5-Storey 10-Storey 15-Story 20-Storey

Uq Base Uq Base Uq Base U Base Uq Base
05%F shear 05F Shear 05F Shear 05 Shear 05 Shear

DBE 040 4.74 048 415 067 325 087 265 090 341
Fixed Wall
MCE 046 588 058 546 071 3.72 1.04 3.25 1.02 3.63

""""""""""""""""""""""""""" DBE 0.18 1.859 0.25 1.930 0.38 1.653 048 1.404 045 1.316
MCE 0.18 2.300 0.25 2.100 0.38 1.840 0.49 1547 0.45 1.443
"""""""""""""""""""""""""""" DBE 0.11 1.024 016 1.310 0.30 1.309 0.35 1.063 0.32 1.109
MCE 0.15 1.190 021 1.179 031 1.252 0.35 1.077 0.32 1.120
Reduction DBE 36.8 449 340 321 194 208 282 242 297 158

(%) MCE 170 482 167 439 20.1 320 294 304 292 224

Optimum

Fig. 5.7 compares the distributions of the maximum isterey drifts and optimum slip load
ratios for the Estorey frames optimised to satisfy 10 performance limit under DBE events
(singlecriteria optimisation) and the frames optimised to simultaneously satisfy 10 and LS
performance levels under DBE and M€@¥ents, respectively (multiriteria optimisation). It

is shown that the frames optimised only based on DBE events, did not satisfy the required
performance level under MCE events. However, by performing the -omitéiia
optimisation, both 10 and LS perfimance targets were satisfied while the total required

friction force was increased by 18%.

--e--- Single Opt-DBE 5 @Single Opt
--#-- Single Opt-MCE mMulti Opt
s 4 —e— Multi Opt-DBE | § ,
a —4— Multi Opt-MCE | €
§ \ = — -10 target E
Z3 A _ . _|Starget >3
) : o
5 : 2
Do A
-, l
1 A &£ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 15 2 25 3 35 4 0 0.1 0.2 ) 0.3 0.4 0.t
Max Drift Ratio (%) Scaled Slip Load

Fig. 5.7. Distribution of (a) maximum drift ratios, and (b) optimum slip load ratios for 5
storey frames optimised based on sifgiteria and multicriteria optimisation algorithms,
DBE and MCE events
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5.6. SENSITIVITY OF THE OPTIMISATION METHOD TO
THE  INITIAL DESIGN AND CONVERGENCE
PARAMETER

In previous sections, the slip load values calculated based on Equation 5.2 (uniform
cumulativedistribution) were used for the initial design of the friction wall dampers in the
optimisation process. To investigate the effect of the predefined initial slip loads on the final
optimum design solution, the optimisation process was also started witbathpers
designed based on a uniform distribution of slip loads with very small slip load values (5
kN) at all storey levels. Fig. 5.8 (a) compares the variation of maximumsiatezy drifts
versus iteration steps for thestorey frames designed withethwo selected slip load
distributions under the DBE event. While the maximum drift ratios of the initial structures
were considerably different, they both converged to the target value (i.e. IO performance
limit) at the end of the optimisation processwéwer, a faster convergence was achieved by
using the distribution pattern obtained based on Equation 5.2 as the starting point. Fig. 5.8
(b) shows that the final distribution of the optimum slip loads was not affected by the initial
slip load distribution

Fig. 5.8 also shows the effects of using convergence paramete®s?2 and 0.5 on the
convergence rate and the final distribution of slip loads. It can be observed that while the
both selected values can efficiently converge to the same optimum desidution; in

general, faster convergence was achieved by ysiadues of 0.5.
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Fig. 58. (a) Variation of maximum intestorey drifts versus iteration steps and (b)
distributions of optimum slip loads ford&orey framesnitially designed based on Equation
5.2 and very low slip load values at all storey levels, DBE event
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5.7. OPTIMUM SEISMIC DESIGN FOR AN ENSEMBLE OF
EARTHQUAKES

While the seismic excitation is the main source of uncertainty in the seismic design of
structures, there is a concern that this may affect the efficiency of the optimum structures
designed based on a single earthquake event. One of the most important limitations of the
adaptive method is the sensitivity of the optimal frame to the selected desigal gnotion.
Therefore, the optimum design solution under a specific earthquake may not be optimum for
a different design earthquake. Previous studies by Hajirasouliha and Pilakoutas (2012) on
shear type buildings showed that, to overcome this limitatiaet af synthetic spectrum
compatible earthquakes can be used in the optimisation process. In this section, the
efficiency of their proposed design concept is investigated for optimum design of RC
structures with friction wall dampers subjected to an ebszif EC8 spectrummompatible

natural earthquakes.

The 5 and 1Btorey frames were optimised for IO and LS performance objectives under the
six spectrurrcompatible synthetic DBE and MCE events. The average of the optimum slip
load values was then useddesign the frames (see Fig. 5.9) and their seismic performance
was assessed under the six natural earthquakes listed in Table 5.1. As discussed in section
5.3.2, the average response spectrum of these natural earthquake records compares well with
the seleted EC8 DBE. Similar to the simulated earthquakes, a scale factor of 1.5 was used
to obtain MCE natural events used in this section. Fig. 5.10 compares the average height
wise distribution of the maximum drift ratios for the frames without friction walkre

frames) and those with optimised friction walls subjected to the selected natural earthquakes.
Based on the results, the optimum design frames, on average, could satisfy the target
performance levels under both DBE and MCE events with a very goodhagdless than

5% error on average). It can be also noted that the optimum design frames exhibited
significantly lower maximum drift ratios (up to 51%) and a relatively more uniform

distribution of maximum drift ratios compared to the corresponding bamees.
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Fig. 59. Average optimum slip load values for (a)storey and (b) 18torey frames,
Average of six synthetic DBE and MCE events

It should be noted that the proposed approach is general and can be used for any set of
earthquake records representing a design spectrum. Considering the low computational costs
and simplicity of the proposed performadzased optimisation method, the results of this
study should prove useful in practical design of RC frames with fridiémed dampers.
However, the efficiency of the method should be further investigated for other structural

systems and types of dampers.
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Fig. 510. Maximum drift ratios of (a) Storey and (b) 18torey frames with optimised
friction walls obtained fosix synthetic DBE and MCE events, Averagesof natural DBE
and MCE events

5.8. SUMMMARY AND CONCLUSIONS

In this paper is presented a new, computationally efficient (low computational cost) multi
criteria optimisation method developa performancébased seismic design of RC frames
with friction wall dampers. The method is based on the concept of uniform distribution of
deformation demands, in which the heighse distribution of slip loads is modified until

multiple predefined perfomance objectives are simultaneously satisfied with minimum
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additional imposed loads to the base structure. The efficiency of the proposed optimisation
method was demonstrated through the optimum design of 3, 5, 10, 15, at@te30RC
frames with frictim wall dampers subjected to DBE and MCE representative spectrum
compatible earthquakes using singiad multicriteria optimisation scenarios. According to

the results, the following conclusions can be drawn:

1 Using the slidoadrange suggested by Nal®tial. (2017) could efficiently increase the
energy dissipation capacity of friction wall dampers under a set of six natural spectrum
compatible earthquakes. However, it was shown that the designed dampers may lead to

excessive base shear and column dg&ad values.

1 The proposed muktriteria optimisation method was shown to be efficient to satisfy
multiple performance objectives under DBE and MCE representative earthquakes,
leading to rather uniform distribution of lateral deformations. Compared weatigers
designed to have maximum energy dissipation capacity, the proposed optimisation
method resulted in design solutions with less number of required dampers and up to
37% and 48% lower column axial load and base shear demand, respectively.

i Based on theesults, the proposed low computaticnast method generally leads to
optimum design solutions in only a few steps. It was shown that the final optimum
solution is independent of the selected initial slip loads and convergence parameter;
however, a conderably faster convergence can be achieved by using an appropriate

convergence parameter and slip load distribution pattern as the starting point.

1 The uncertainty in the design earthquake excitation was taken into account by
optimising the frames based timee average of a set of synthetic spectaampatible
earthquakes. The results indicated that the optimised frames could satisfy the
performance targets under multiple natural seismic excitations representing DBE and
MCE design spectra, while exhibitedysificantly lower maximum drift ratios (up to

51%) compared to their bare frame counterparts.
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CHAPTER 6

Adaptive Low Computational Cost
Optimisation Method for Performance-
Based Seismic Design of Friction Dampers

6.1. ABSTRACT

This study aims to develop an adaptive Jowst optimisation method for optimum design of
friction-based dampers based on the concept of Uniform Distribution of Deformation
(UDD). In thisapproach, the mechanical properties of the dampers are modified according
to the maximum displacement demands at different levels until-degpireed performance
target is satisfied for a design earthquake. It is shown that the computational cost can be
considerably reduced by using a convergence factor that is modified in proportion to the
level of performance violation. To investigate the efficiency of the proposed method, 3, 5
and 10storey RC frames with friction dampers are optimised using adapti2 td€hod,
Genetic Algorithm (GA) and a coupled UBBA approach. The results indicate that the
adaptive UDD method can lead to optimum design solutions with significantly lower
computational costs (up to 300 times lower number of-lm@ar dynamic analysgs
compared to both GA and coupled UBEA methods. It is shown that frames optimised
under a under a single spectraompatible earthquake can efficiently satisfy the predefined
performance targets under a set of synthetic earthquakes representing thesplesigim.
Therefore, the proposed method should provide a reliable approach for more efficient design

of friction-based dampers.

Keywords:Friction damper; Adaptiveoptimisation; Uniform Distribution of Deformation; Genetic

Algorithm.
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6.2. INTRODUCTION

Friction and metallic dampers dissipate considerable amounts of seismic input energy
through vyielding metal and friction between two or more solid bodies, respectively. Both
dampers, which are referred as hysteretic dampers, exhibit hysteretic behaviour thet can
idealised by an elastic perfectly plastic ledidplacement relationship (Filiatrault et al.,
2013). Due to their high energy dissipation capacity, the hysteretic dampers are considered
as potentially efficient passive control systems to enhance seipeiformance of
substandard structures. The key task in the design of friction energy dissipation devices is to
determine the slip load values (the loads at which the friction devices start slipping and
dissipating energy) at each floor leading to bestnsie performance in terms of lateral
displacement, energy dissipation or imposed forces to the structural elements. Lateral
displacements have been considered as appropriate parameter to measure structural damage
under earthquake excitations. Displacenuamitrol method is one of the main approaches in
seismic performanebased design, in which the lateral displacement of each storey level in
the structure is restricted using a predefined displacement target value to satisfy a desired
performance level uredt a design earthquake.

The concept of performandmsed seismic design was also utilised for optimisation of
structures with supplemental dampers. Several perforrzassd optimal design
methodologies were developed by Liu et al. (2005), Lavan and &30} and Lavan and
Amir (2014) to obtain the best sizing and allocation of viscous dampers in regular and
irregular building structures. Similarly, a displacembased design procedure was
developed by Kim and Choi (2006) to obtain an optimum numberrelafcity-dependent
dampers for existing steel structures while satisfying adpfimed performance limit state.
Takewaki (2011) proposed criteftersed and sensitivilyased design algorithms for optimal
design of passive energy dissipation devices byideriag displacement, acceleration, and

earthquake input energy as the main performdmased design indices.

In one of the early attempts, Mohammadi et al. (2004) used the concept of uniform
deformation of displacement demands to determine the optistaibdiion of stiffness in
sheasbuildings by using a basic iterative procedure. In follgwstudies, Moghaddam and
Hajirasouliha (2006; 2008) and Hajirasouliha and Moghaddam (2009) proposed an empirical
equation to improve the efficiency of the optimisatprocess for performandmsed design

of sheafbuilding structures subjected to seismic excitations.
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The concept of UDD has been adopted in several studies for optimum seismic design of
passive dampers. For instance, Lavan (2015) used the same coocepesent a
performancébased approach for optimum design of nonlinear structures with viscous
dampers aimed at limiting the maximum drift and acceleration of all the storey levels as well
as reducing the seismic forces applied to the structure. In@udiiohammadi et al. (2018)
proposed optimisation design methods based on the theory of UDD for optimum stiffness
and distribution design of metallic yielding dampers in concentrically braced steel frames
subjected to strong ground motion records. Moremdg, Nabid et al. (2018) utilised the
same concept to develop a practical optimisation methodology for seismic design of friction
dampers in RC structures. However, their proposed method is based on redistributing a
constant total slip load value (sumsatip loads in all dampers), and hence cannot be directly

used to achieve a specific target for performamased seismic design purposes.

During the optimisation process, the convergence factor is considered as one of the key
parameters to determine thpeed of the optimisation. The value of this factor depends on

the type of structure, number of storeys, optimisation algorithm or, in general, seismic
response of structures. It should be mentioned that the majority of the above mentioned
researches areither used for the optimum design of velocity dependent passive control
systems such as vise® and viscoelastic dampers or are based on a constant predefined
convergence parameter which leads to low convergence rate if it is not properly selected. In
this study, an adaptive equation is proposed for the selected frames to increase the speed of
the optimisation process. The convergence rate of the proposed adaptive UDD optimisation
is then compared with those obtained for the previously proposed standded UD

optimisation algorithms using constant values of the convergence factor.

Genetic Algorithm (GA) is a directed populatibased random search, based on a biological
evolution mechanism and Darwin's surviedthefittest theory for solving complex
problems where the number of parameters is large and the analytical solutions are difficult to
obtain (Holland, 1975; Goldberg, 1989). Unlike to most classical optimisation methods, GA
produces multiple optima, rather than a single local optimum, with no egdadient
information that makes GA a powerful tool for global optimisatiganter, 2010)

Due to the high accuracy and reliabilig)andard GA and its improved versions are widely
adopted in optimisation of fierent control systems. In an early attempt, Hadi and Arfiadi
(1998) employed the genetic algorithm method to find the optimum mass value of TMD
dampers. In a research conducted by Singh and Moreschi (2002), GA was utilised for

optimal design of size anldcation of viscous and viscoelastic dampers by considering a

ConsideredibaorisubihmegiJmeemiahg o$tructures



ChaptBears ed on tAdeappapeer loofw icomput at 14
met hod for-bpeefloemasmec dei gn of f

desired level of reduction in the performance index. Moreschi and Singh (2003) also used
GA for optimum heightvise placement of friction dampers in steel braced frames when
satisfying a predéfied performance objective. A simultaneous optimisation design method
using GA was presented by Park et al. (2004) for a ‘é¢astically damped structural
system by considering the structure and the damper as a combined or an integrated system.
In their proposed method, the size of structural members, the amount and the location of
viscoelastic dampers are considered as design variables while tbegcldecost is adopted

as an objective function to be minimised. Using a similar approach, Miguel &0a#)(
applied the GA technigue for multbjective optimisation of friction dampers in shear
buildings subjected to seismic loadirig.this study, a standard GA is adopted to find the
global optimum design solutions for selected RC frames with frictionpdes as a bench

mark for comparison purposes.

In this study a practical performanbased optimisation methodology is developed to find
optimal configuration of friction dampers in RC structures under seismic excitations, based
on the concept of Uniform iBtribution of Deformation (UDD) using an adaptive
convergence parameter. The computational efficiency of the proposed method is then
demonstrated through optimisation of 3, 5 anesttBey frames with friction dampers and
comparison with the results ohted from standard UDD optimisation with constant
convergence factors as well as a Genetic Algorithm (GA) and a coupledGfOdpproach

6.3. MODELLING AND DESIGN ASSUMPTIONS

6.3.1. Design Assumptions

In this study thebenchmark structures a® 5 and 1&torey RC frames equipped with
friction dampers with the typical geometry shown in Fig. 6.1 (a). The details of the friction
damper are shown in Fig. 6.1 (b). The employed assembly comprises a concrete wall panel,
a friction device at the top, horizontal ggots at the bottom, and vertical supports at the
sides. A Slotted Bolted Connection (SBC) is used as the friction device, and the friction
mechanism is provided by the relative movement between the two external steel plates
attached to the wall, and ashape central steel plate, attached to the beam; with brass plates
inserted at the interfaces. The lateral connections can prevent transferring extra shear forces
to the adjacent columns and the floor beams by using appropriate slot direction. More

detailedinformation about the adopted system can be found in Nabid(204lr)
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The studied RC frames were assumed to be located on a soil type C of Eurocode 8 (EC8)
(CEN, 2004a) category and were designed based on thdmedium seismicity regions

using PGA 0f0.2g. The uniformly distributed live and dead loads were considered to be 1.0
kNHmM? and 5.3 kMm? for the roof level; and 2.5 kiin® and 5.5 kMm? for all the other

floors. The reference frames were initially designed in accordance with &8, 2004a

and Eurocode 2 (EC2)CEN, 2004B; for momerndresisting RC frames with medium
ductility (DCM). The concrete compressive strengid) (and the yield strength of steel

reinforcement bars®) were assumed to be 35MPa and 400 MPa, respectively

6.3.2. Opensees Modelling

In this study, the OpenSees software (McKenna and Fenves, 2000) was used for modelling
and conducting the pushover and nonlinearnstory analyses. To model the concrete and
reinforcing steel bars, a uniaxial constitutive material withear tension softening
(Concrete02) and a Giuffitenegottd Pinto model (Steel02) with 1% isotropic strain
hardening were used, respectiveBeam and column members wetvided into three
elementsand modelled using displacemdrased nonlinear beaocolumn elements with

fibre sectionswhile four GausklLobatto integration points were considered for each
element P-Delta effects were taken into account and the Rayleigh damping model with a
constant damping ratio of 0.05 was assigned to the first mod® ahe mods at which the
cumulative mass participation exceeds 95%. In this study, it was assumed that the strength
of the concrete wall panels (15 cm thickness) is always higher than the maximum loads
transferred from the friction device, and therefaleey were modelled using equivalent
elastic elements. A nonlinear spring with an elagédectly plastic uniaxial material,
representing an ideal Coulomb friction hysteretic behaviour, was used to model the friction
device. The beafto-column connectins were assumed to be fully rigid with no shear
failure in the panel zone#& computer coden MATLAB (2016) platform was developed

and linked to the OpenSees program to analyse the output data
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Fig. 6.1. (a) Geometnof the reference RC frames equipped with friction wall dampers, (b)
schematic view of the friction wall damper (adopted from Nabid ¢2@L7)

6.4. SYNTHETIC EARTHQUAKE RECORD

Previous research studies (Hajirasouliha et al., 2012; Nabid et al, 2018) haveezlitfgest

the earthquake uncertainty, in terms of acceleration response spectra, can be efficiently
managed by using the optimum design corresponding to a synthetic earthquake generated to
match a response spectrum obtained as an average of the respana@tpeselected set of
natural earthquakes. It should be noted that most seismic perforrased design
guidelines(e.g. FEMA 356 (2000) and ASCE/SEI-86 (2006))aim to control the seismic
response of the buildings under two different earthquakdstefgg Design Basis Earthquake
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(DBE) with 10% probability of exceedance in 50 years, and (b) Maximum Considered
Earthquake (MCE) with 2% probability of exceedance in 50 years. In this study, the
optimisation process is conducted under DBE level and thdtseare then controlled to
satisfy MCE level requirements. This implies that the structure is optimised under an
earthquake event with higher probability of occurrence and then is controlled under a less
frequent earthquake scenario. A similar approaah been adopted by Hajirasouliha et al.

(2012)for optimum seismic design of RC frames.

Six synthetic DBE level earthquakes compatible with the EC8 design response spectrum
were generated using the TARSCTH&pageorgiou et al., 200 ftware, assuming high
seismicity region (i.e. PGA=0.4g) and soil class C. &ig.demonstrates the elastic response
spectra of the generated synthetic earthquake records and the EC8 design spectrum. It should
be mentioned that although the generated synthetic eartlsjaakeall compatible with a

same design response spectrum, they have random acceleration vibration specifications. In
this study, SIMO1 is assumed as the DBE event to be used during the perfebasede
optimisation process, while the other earthquakerdsc are then used to evaluate the
sensitivity of the optimum design solutions. The MCE records were obtained by scaling the

generated records to have a PGA= 0.69.
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Fig. 62. Elastic acceleration response spectra of the syathatthquake records and the
EC8 design spectrum, 5% damping ratio

6.5. ADAPTIVE UDD OPTIMISATION ALGORITHM

This section presents the details of the proposed adaptive UDD optimisation algorithm for
optimal configuration of friction dampers in RC frame struesuunder a design earthquake.

In this study, the structures are assumed to satisfy the Life Safety (LS) and Collapse
Prevention (CP) performance levels under DBE and MCE events, respectively. Therefore, in

the proposed iterative optimisation method, the klad values of the friction devices are
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gradually modified until the prdefined performance targets are satisfied under the
representative design earthquakésnlike the previously adopted UDD optimisation
algorithms with constant values of convergepeeameters (e.g. Mohammadi et al., 2004;
Hajirasouliha et al., 2012; Lavan, 2015; Mohammadi et al., 2018; Nabid et al., 2018), the
proposed method employs an adaptive equation in which the convergence factor is modified
in proportion to the level of penfmance violation. The suggested optimisation algorithm

comprises the following iterative steps:

1) A uniform slip load distribution with identical slip load values for all the storey levels is
assumed for the initial design of the friction devices. It shdeldoted that the final
optimum design solution is independent of the initial slip load values as shown in a
previous study performed by Nabid et al. (2018), however, the optimisation rate can be

affected by the initial design.

2) The benchmark structure ithen subjected to the selected synthetic speetrum
compatible earthquake and the value of maximum-sttaey drift is obtained at each
storey level and compared with the performance target value. For the initial designs
with very high or very low slip ladvalues, the maximum drifts may be far below or far
above the performance target, which increases the number of iterations in the

optimisation procedure.

3) During the optimisation process, the slip loads are changed so that all of the relative
displacementseach the predefined performaru@sed design objective. To satisfy this,
the slip load is increased in the storeys where the-#tteey drift exceeded the
predefined performance target, and reduced in the storeys wittsiatey drifts below
the targt value. The process continues until all irdErey drifts are close to the
performance target within a predefinderance, when the structure is considered to be
practically optimum. The following equation was used to obtain the optimum

distributionof slip loads:

(F ) (F ) o L g

S,i B [ % .
n+1 Sl/n € Drarger 8 (6.1)

whereY and ¥ are maximum and target intstorey drifts of'Q storey fore

iteration, respectivelyQy, is defined a the slip load of the friction device at tkestorey; U
is the convergence parameter, which has a prominent effect on the speed of the optimisation

process.Previous studies have proposed different ranges for the convergence parameter
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including: Q1 to 0.2 proposed by Hajirasouliha et al. (2012) for shadding structures,
0.4 to 0.8 suggested by Mohammadi et al. (2018) for steel frames with mygittiing
dampers, 0.2 to 0.5 suggested by Nabid et al. (2018) for RC frames with friction damper

and 0.5 recommended by Lavan (2015) for nonlinear structures with viscous dampers.

To provide the best convergence rates, in this studgdaptive equation (Equation 6.2) is

proposedas the convergence factor of the UDD optimisation algoritithe adapve

convergence factor is determined proportional to the ratio of the relative displacement

obtained from the nehinear dynamic analysis in each step and the constant, predefined

target displacement. The proposed equation has a power factor obtainddohase

extensive parametric study to sufficiently accelerate the convergence of the optimisation
process by adapting the U value based on the di/
performance target. The powe diffefeacehbetoveenthencr eases t
maximum drift and the performance target is small. On the contrary, to avoid significant

changes in the slip | oads of the storeys, t he ¢
where the ratio between the drift and the targgbldecement is large. However, for faster

convergence, there is still more alteration of the slip loads in storeys with higher ratio of drift

to target displacement compared to those with smaller ratios. The proposed equation is
dimensionless and expectedatthieve a good convergence during the optimisation process

irrespective to the size of the selected frame.

a4 p ¢
a; = Absgdr———) § (62)
g target -

It will be shown in the following sections that the adaptive convergence parammeter, i
general, leaslto the highest convergence rate compared to the optimisation with constant
values, while the final design solution is unique. In every optimisation iteration, the
coefficient of variation of the intestorey drifts # / 9 is also calculated. The optimisation
algorithm continues from step 2 until an acceptable levél bfgis achieved (e.g. less than
0.1). The final design solution is then subjected to the MCE record and the maximum inter
storey drifts are controlletb ensure CP level is satisfied. If the performance criteria are
violated at any storey level, the corresponding slip load is adjusted using a simple iteration
process.Since the initial structure is designed for gravity and seismic loads based on a
seisnic design code, at some storey levels the target-gtbeey drift may be satisfied
without using friction dampers. Therefore, it is not usually possible to reach a very uniform

inter-storey drift distribution (i.e. very low / 8, especially when the effect of gravity loads
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is dominant. However, as will be discussed in the following sections, the proposed algorithm
is capable of removing the unnecessary dampers during the optimisation process.

To demonstrate the efficiency die proposed performantased adaptive optimisation
algorithm, the 3, 5, and i€torey RC frames with friction dampers were optimised. In this
study, LS and CP performance limits were considered to be 2% and 4% maximum inter
storey drift ratio under DBEral MCE representative spectrum compatible earthquakes,
respectively. Fig. 6.3 demonstrates the variation of (a) convergence parameters and (b) slip
load values in different storey levels of the 3, 5, anestbPey frames as the iterations

proceed.
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Fig. 6.3. Variations of (a) convergence parameter and (b) slip load value at each storey level
for 3, 5, and 1&torey frames, DBE event
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As expected from Equation 6.2, the storey levels with higher maximumsitaiey drifts,

and in turn higher values of slip loads, exhibited more fluctuations in the convergence
parameter. According to the results, in general, the slip loads reached their final optimum
values in less than 25 steps. As illustrated in Fig. 6.3 (b), the slip dballs first floor and

the top two floors tend to be zero as they have already satisfied the predefined performance
levels without using friction dampers. The reason for the low lateral displacement of the first

floor is the fixed connections at the base.

6.6. COMPARISON BETWEEN ADAPTIVE AND STANDARD
UDD OPTIMISATION METHODS

According to previous research (e.g. Hajirasouliha et al., 2012; Nabid, 2018; Mohammadi et
al., 2018), the range for the efficient convergence rate varies for different optimisation
problens. In addition, while this parameter is affected by the type and size of the structure, it
may not be efficient to use a constant value for frame structures with different number of
storeys. In this section, the efficiency of the proposed adaptive UDBisgtion algorithm

is compared to the standard UDD method with constant values of the convergence factor for
the selected 3, 5, and -$@orey frames under the representative DBE event. In case of
standard UDD optimisation, the convergence factors aretedldetween 0 and a value
which leads to the fluctuation of the results and divergence of the iterations. Fig. 6.4
compares the convergence rate of the adaptive and standard UDD in terms of maximum drift
ratio (drift scaled to storey height) and total slgmd value required to satisfy LS
performance target under the DBE representative synthetic earthquake.

Figure 6.4 shows that the small values of the convergence factor lead to very slow

convergence rates of both maximum drift and slip load, while tifeehivalues of this factor

results in divergence of the iterations. The pr
the optimisation in only a few steps (i.e. less than 10 steps). Previous studies conducted by
Hajirasouliha et al. (2012) and Nabid et @018) showed that their optimisation iterations

did not converge for convergence factors higher than 0.5 and 1, respectively. However, as
shown in Fig. 6.4 (a), for the current optimisa
leads to fluctuatiomf the results for the 3, 5, and-&tbrey frames, respectively. Therefore,

the efficient range of convergence factor is not limited to a specific domain for all problems.
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Fig. 64. Variations of (a) maximum intestorey drift ratio (scaled to the storey height) and
(b) total slip load value for 3, 5, and-&tbrey frames, DBE event

6.7. OPTIMISATION USING A GENETIC ALGORITHM (GA)

The genetic optimisation algorithm (GA) was first introducedHojland (1975)o simulate

the natural evolutionary process for generating the best or the fittest spegeseral, GA

aims at increasing the average fitness of the populatieach generation by combining the
more fit individuals to converge the solution to an optimal poirie evolution (or
generation) which is an iterative process, with a population of design solutions at each

iteration, is usually initiated from a populati of randomly generated individualshd next
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generation of population is produced using three dominant operators including selection,
crossover and mutatiofcach individual or design solution has a set of properties such as
chromosomegvhich can be mutated. The solutions can be represented in binary as strings of
Os and 1s. In each generation, fliteess (related to theobjective functioh of every
individual is evaluated and the individualith high fithess have several chancesjéiming

inthe reproductio p hase. Based on the individual 6s
individual for being selected as a parent. The next generation is developed from selected
parent strings and by using explorative operators such as crossover and mutation. The
crossover operator creates variations in the population by dividing the selected parent string
into parts and exchanging some of these parts with corresponding parts of another parent
string. Mutation operator is usually used as an insurance policy (Ggldb@89), and is
responsible for reintroducing random changes and diversity in a solution population.
Mutation enables children to have features that areeneni st i ng i n their
Without using the mutation operator, some regions of the lsespace may never be
discoveredThe termination criteria of the algorithm are to satisfy either a maximum number

of generations or a desired fitness level for the populéd@amp et al.1998)

Conventionally, genetic algorithms are developed to solve unconstrained optimisation
problems. For constrained optimisation problems, either GA operations should be modified
or the problem should be transformed to an unconstrained problem Hefo@Atcan be
adopted(Adeli and Cheng, 1994)To handle constrained optimisation problems, several
approaches have been proposed. They can be grouped in four major categori@e\iitizh

and Schouenauer, 1996): 1) methods based on penalty functions 2) methods based on a
search of feasible solutions 3) methods based on preserving feasibility of solutions and 4)
hybrid methods.

One of the most popular constraint handling methodbdspenalty function method in
which infeasible solutions are penalised by reducing their fithess values proportional to the
degrees of constraint violation (Smith and Coit, 1997). Different penalty functions have been
proposed to solve the constraint lplems such as Death Penalty, Static Penalties, Dynamic
Penalties, Annealing Penalties and Adaptive Penafifemniay, 2005) In most penalty
schemes some coefficients have to be specified at the beginning of the optimisation. It is
very challenging to estimate appropriate values as there is no clear physicalgrfeanin
these coefficient§Nanakorn and Meesomklin, 2001yvhen a big value of penalty can
prevent a search in an infeasible region, a small penalty will cause the algorithm to spend

time on searching an infabke region. In the first case, GA will converge to a feasible
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solution very quickly even if it is far from the optimum, while in the latter case, GA would
converge to an infeasible solutivieniay, 2005)

In this study, the following GA optimisation procedure is employed for optimum design of
the 3, 5 and 18tory frames with riction dampers, using a Matldiased(2016) coding
developed for this purpose:

1) The initial population of 50 individuals is randomly selected from a wide range of slip
loads starting from O to a relatively high value (almost equal todiresponding mean
storey shear strength).

2) Nonlinear timehistory dynamic analysis is performed using the representative DBE

event as input, and the maximum instorey drift of all the storeys is determined.

3) To consider the optimisation constraintshiststudy, an effective penalty approach
is applied, in which the penalised value for each violated optimisation constraint is
gradually decreased as thmaximum interstorey driftgets closer téhe predefined
performance target (i.e. LS performance IgvEhereforea penaltyproportioral to
the violation of the performandargetis applied to the slip loads of the storeys
which exceed that value. Thetie objective function(OF) which is defined as a
summation of the slip loads required for all the frictidavices is calculated.
Exploration of the optimal result is then performed according to the fitness of the
objective function. Equations 6.3 and 6.4 are used for calculating the penalty
function (PF) and objective functiofOF), respectively:

ap
PF=a®1e3 ge-rec- 1 (6.3)
(; target
N
OF=§ F,,+PF (6.4)

i=1
wherewis an empirical scale factor considered to be equal to 1, 1.5 and 3 for the 3, 5 and
10-storey frames, respectively. These numbersewleund to be sufficient to scale the
penalty value to the same order with the objective fundiien proportional to the number
of terms in OF)Y andy are themaximum and target intestorey drifts, andN is
the number of stetys. The proposed penalty function which was obtained based on several
trial and errors, adds an appropriate (not very large nor very small) expense to the objective
function based on the maximum intprey displacement and its exceedance of LS

performarme level. For an analysis with maximum drift less than the target value, penalty
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function is considered as 0. In this algorithm, Steps 2 and 3 are repeated for the entire
population of samples.

4) Using the GA operators, a new population is generated fromesteindividuals of the

previous generation.

5) The algorithm is then repeated from step 2 to 4 for each generation until the mean value
of the objective function converges to the best fitness function in the same generation or
the maximum number of gene@is is achieved. Subsequently, the final design
solution is subjected to the MCE representative record and the maximurstoreyr
drifts are compared with the predefined CP performance level target. If thatorey
drift exceeds the target at anymy level, the corresponding slip load is increased

using a simple iteration process

In this study, stochastic uniform approach is chosen as the selection function, and Uniform
and Heuristic methods are considered as the mutation and crossover opersperdively,

during the GA optimisation process. In uniform mutation strategy, the value of the chosen
gene is replaced with a uniform random value selected between thspas#ied upper and

lower bounds for that gengSivanandam and Deepa, 200T) heuristic crossover, the
fitness values of two parent chromosomes are utilised to ascertain the direction of the search
moving from the parent with the worse fitness value to the parent with the better fitness
value(AckoraPrah et al., 2014Fig. 6.5 illustrates the variation of the mean and best values

of the fitness function (objective function, Equati®d) for the 3, 5, and 16torey frames
subjected to the representative DBE event as the generations proceed during the GA
optimisation. For better ecaparison, the optimisation was repeated three times for each
frame using different sets of random initial populations (slip load values) and the answer
with the lowest fithess values was retained as the optimum solution. In all cases, the global
optimum amswer was reasonably achieved with a small standard deviation. Based on the
results, the optimisation procedures converged to the fittest values after about 40 generations
for the 3, 5 storey frames and about 60 generations for tetoldy frame. In thistudy, the

GA optimisation is considered to converge to an optimum design solution when there is
no/negligible (i.e. less than 1%) fluctuation in the best fitness values for several consecutive

generations (e.g. 10 generations).
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Fig. 65. Variations of fitness function of 3, 5, and-4torey frames versus optimisation
generation during GA optimisation, DBE event

Fig. 6.6 demonstrates the variations of irgtiErey drift and slip load in the friction device at
each storey levethe total slip load and the coefficient of variation of the isterey drifts

(# / ¥ for the 5storey frame under the representati®BE event as the optimisation
proceed. In the evolutionary GA optimisation, the number of nonlinear dynamic response
simulations is equal to the population size in each generation (e.g. in this study, one
generation is 50 nonlinear dynamic analyses). As can be observed from Fig. 6.6 (a), at the
beginning of the optimisation, when a set of slip loads (population) imagdselected

from a wide range of upper and lower bounds of slip loads (scattered points) the resulting
inter-storey drifts are considerably higher/lower than the allowable target value (i.e. 6 cm
;see Fig. 6.6 (b)). As the optimisation progresses, ssitdeimdividuals are mutated to
create a new population (a new set of slip loads) while satisfying the performance target
level (i.e. LS level) with the minimum value of total slip load (Fig. 6.6 (c)). Fig. 6.6 (d)
shows that the GA optimisation convergaftier about 2000 response simulations (i.e. 40

generations) with / ypdecreasing from 105% to around 16%.
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6.8. COMPUTATIONAL EFFICIENCY OF ADAPTIVE UDD
OPTIMISATION METHOD

In order to demonstrate the efficiency of the proposed adaptive optimisation method in terms
of convergence speed and optimum design solutions, the results are compared with those
obtaired from the optimisation using the Genetic Algorithm (GA) technique. In this section,
the previous GA optimisations are repeated for the selected frames, starting from predefined
slip load values rather than using random selections. The optimum slipaled wbtained

from the proposed UDD optimisation strategy are considered as the initial slip load values
(i.e. initial population) for the GA optimisation.

Table 6.1compares the objective functions and the total humber oflinear dynamic
analyses othe 3, 5 and 18torey frames optimised using (1) the proposed adaptive UDD
method, (2) GA optimisation starting with random values (i.e. GA) and (3) GA optimisation
starting with optimum values obtained from the adaptive UDD (i.e. {@&X) under the
repregntative DBE eventlt can be noted that the number of Himear dynamic analyses

required for the GA optimisation is significantly higher than those needed for the adaptive
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UDD (by up to 300 times), while these two methods lead to almost similar objectiv
functions. It is shown that for the 3 and-di@rey frames using the GA method results in a
negligible improvement (less than 2%) in the objective function of the final optimum design
solutions compared to the adaptive UDD method. For thergy framegven after 2000

analyseghe GA approach has not reached a better design solution than the UDD method.

It is shown in Table 6.1 that using the optimum results from the UDD as the initial
population of the GA (i.e. UDEBA) considerably decreases the numioé required
analyses (by up to 65%), which means that the WED combination is a significant
improvement in terms of computational costs comparted to the standard GA optimisation.
For example, the optimum solution of the coupled UGR method for the Storey frame,

with a total of 800 simulations, is only slightly better than the one achieved with the adaptive
UDD method after only 10 simulations (313.38 kN versus 318.04 kN). This confirms the
simplicity and computational efficiency of the proposed &stapJDD method compared to

the global evolutionary optimisation methods such as GA.

Fig. 6.7 illustrates the heightise distribution of slip load values for the 3, 5 andsidrey
frames optimised using the proposed adaptive UDD, GA and -GBDoptimisaton
methods under the representative DBE event. The slip load distributions follow similar
patterns for all the selected optimisation approachhs. only exception is the ifiorey
frame with higher number of variables, where the slip load distributitairas from the

GA optimisation after 3000 analyses is slightly different with the UDD and {@#2D
results. This implies that there are at least two different slip load distributions that lead to

very similar objective functions.

Table 61. Comparison of GA, adaptive UDD, and UBERA methods in terms of total
number of nodinear dynamic analyses and objective function (total slip load), DBE event

Adaptive UDD GA UDD-GA

No. of Objective No. of Objective No. of Objective
analyses  function (kN) analyses function (kN) analyses  function (kN)

3-Storey 6 61.83 2000 61.53 700 61.43
5-Storey 10 318.04 2000 323.41 800 313.38
10-Storey 14 556.92 3000 556.60 1450 541.78
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Fig. 6.7. Heightwise distributon of optimum slip loads for 3, 5 and -&tbrey frames
optimised using adaptive UDD, GA and UBRA optimisation methods, DBE event

6.9. OPTIMUM SEISMIC DESIGN FOR A SET OF SPECTRUM
COMPATIBLE EARTHQUAKES

In the previous section specific distributions of sliads were obtained for the studied
frames under a synthetic spectrum compatible earthquake (i.e. SIMO1). If the optimum
design solution is sensitive to the selected design ground motion, it may not necessarily
satisfy the predefined performance targetdibrer earthquakes. To address this issue, based

on the previous studies (e.g. Hajirasouliha and Pilakoutas, 2012), specmyatible
earthquakes can be used for the optimisation design process. Therefore, a better seismic
design can be achieved by usimgynthetic earthquake representing a spectrum calculated
as an average of the response spectra of several excitation records. In this section, the
sensitivity of the optimum design solutions obtained from the adaptive UDD method is
evaluated by using fivdifferent synthetic earthquakes with random acceleration vibration
specifications previously shown in Fig. 6.2 (SIM® SIMO06). As discussed before, these
generated synthetic earthquakes provide a close approximation to the spectrum of the design

earthquake.
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The frames initially optimised for the SIMO1 earthquake are subjected to the synthetic
records SIMO1 to SIMO6 as representative DBE events, and their lateral displacements are
compared to the LS performance target level. Fig. 6.8 shows the-hésghdistribution of
inter-storey drifts for the 3, 5 and Horey frames and their mean curves. As expected, the
results show that while the optimum design frames have a more uniform distribution of
deformation for SIMO1 (i.e. optimum distribution), they mlat perform optimally under the

other synthetic earthquakes. However, the optimum design solutions could satisfy the
predefined performance target (i.e. l&vel) under all spectrurmompatible earthquakes.

The seismic response of the 3, 5 anestiddey opimum design frames is also investigated
under representative MCE events (SIMO1 to SIM06 records scaled to have a PGA= 0.6g as
explained in Sectio®.4). It is shown in Fig. 6.9hat the optimum design solutions could
efficiently satisfy the CP performandarget under the set of MCE evenliscan be noted

that, in general, the MCE events were not as critical as the DBE records, which confirms the
suitability of the adopted optimisation approach (i.e. optimising the frames under DBE and
controlling their esponse under MCE). Therefore, tgpimisation method proposed in this
study should prove useful in performadmmsed design of RC structures with friction
dampers for any code based design spectrum.

3 5
—o— SIMO1 —o— SIM01
o-- SIM02 o-- SIM02
5 A— SIMO3 5 4 A— SIMO3
o o
c x — SIM04 c X — SIM04
3 5 o-sSIMo5 | = 3 0— SIMO05
& a--SIMO6 | & A--SIM06
2 —o— Mean 2 —o—Mean
@ -+ - LS target ) -+ = LStarget
1 L L 1 1 1
9 6 7 8 9
Max Drift (cm)
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o -- SIM02
. 8
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§6 x — SIM04
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24
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3 - - = LStarget
2
1

3 4 5 6 7 8 9
Max Drift (cm)

[EEY
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Fig. 68. Heightwise dstribution of interstorey drifts for 3, 5 and 1§torey optimum
design frames, representative DBE events (six synthetic earthquakes)
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Fig. 69. Heightwise distribution of intestorey drifts for 3, 5 and 1§torey optimum
design frames, representative MCE events (six synthetic earthquakes)

6.10. SUMMMARY AND CONCLUSIONS

An adaptive performandeased optimisation methodology based on the theory of Uniform
Distribution of Deformation (UDD) was developed as a tool for finding theéngp
configuration of frictionbased dampers in RC structures under seismic excitations. The
efficiency of the proposed adaptive UDD method is demonstrated through optimisation of 3,
5 and 16storey frames with friction dampers to satisfy LS and CP pmeoce limits under

DBE and MCE representative spectrum compatible earthquakes, respectively. The results
are then compared with those obtained from the standard UDD, standard GA and a
combination of UDD and GA methods under a synthetic speetampatibleearthquake.

Based on the results of this study, the following conclusions can be drawn:

1 The range of efficient convergence factors for the standard UDD method can be
different for different types of structures. The proposed adaptive convergence factor,

which was used for three very different mgtorey buildings, was shown to be more
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computationally efficient than standard UDD method with constant convergence
factors.

1  The optimum solutions obtained from the proposed adaptive UDD after a small number
of iterations (generally less than 15 nonlinear dynamic analyses) are either very close or
even slightly better than those obtained from the GA approach after at least 2000
nonlinear dynamic analyses. This demonstrates a significant advantage of the proposed
adaptive UDD over the GA method, in terms of computational efficiency and

simplicity.

1  Using optimum results obtained from the proposed adaptive UDD as a starting point of
the GA considerably increases the optimisation speed (up to 3 times faster) compared t
the standard GA using a random initial set. The optimum results obtained from the
UDD-GA approach were only slightly better (less than 3%) than those achieved with
the proposed adaptive UDD method alone. This indicates that the new adaptive UDD
method issufficiently accurate for most practical applications.

1 The sensitivity of the optimisation to earthquake uncertainty was taken into
consideration by optimum design of the frames using a synthetic earthquake compatible
with a given design spectrum. Theseuctures satisfied all the predefined performance
targets under a set of six different synthetic earthquakes generated to represent the

design spectrum
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CHAPTER 7

Application of UDD Optimisation Method
In RC Frames with Friction Dampers
Using Chevron Bracing System

7.1. ABSTRACT

A threephase performandeased optimisation methodology is introduced based on the
concept of Uniform Distribution of Deformation (UDD) for simultaneous optimum design of
friction dampers and bracing elements. In the first phase, a discrete optimisation method is
adopted for optimal design of the brace elements when unused material is shifted from
strong to weak parts of the structure to satisfy Immediate Occupancy (IO)rparice level

under a Design Basis Earthquake (DBE) event. In the second phasmeth@nical
propertiesof the friction devicesreoptimised to satisfy Life Safety (LS) performance level
under a Maximum Considered Earthquake (MCE) record. In the lasteplithe design
solution obtained from the second stage is evaluated under the DBE event to modify the slip
loads for those storeys in which the 10 performance target is violated until the optimum
design solution is eventually obtained. The efficiencyhef proposed optimisation method

is demonstrated through optimum design of a substandstal&y RC frame equipped with
bracetype friction dampers subjected to a synthetic spectrum compatible earthquake. The
results indicate that compared to the cbdsel design solution with fixed bracings, the
optimum frame requires 68% less amount of bracing elements by activating the friction
mechanism to satisfy the prescribed performance levels under the representative design

earthquakes.

165



7. Application of UDD optin 16

Chapte
with fricasiomgdampersen bracing syst

r
r

_Keywords: Friction damper; discrete optimisation; Uniform distribution of deformation;

Concentrically braced frame.

7.2. INTRODUCTION

Majority of existing buildings stk in developing countries with high seismicity risk were
designed based on no or low seismic loading, and therefogg may not have enough
lateral strength and stiffness to resist imposed seismic forces. As one of the solutions, braced
steel elements are frequently used in retrofit of existing structures due to their good
capability to increase the lateral stiffneaad strength of the structural system, and
consequently, reduce the lateral displacements under seismic events. Bracing systems
equipped with supplemental dampers such as friction, metallic, viscous and viscoelastic
energy dissipation devices can be édfitly used to reduce the inelastic energy dissipation
demand of structures, and therefore, control the damage during strong earthquakes
(Moreschi and Singh, 200Bavan and Levy, 2008;ee et al., 2008Karavasilis et al., 2012;

Kim and An, 2017) The seismic performance of these dual systems generally depends on
both the stiffness of the brackments and the hysteretic behaviour of the adopted energy
dissipation mechanism (Urand Mahin, 2004)However, in most of the previous studies,

the bracing system was assumed to be strong enough to behave in an elastic range without
considering the budikg of the bracege.g. Moreschi and Singh, 2008ymans et al., 2008;
Mohammadi et al., 2018While the overall buckling of the brace is more relevant to the
slenderness ratio of the member, the local buckling is more affected byidtetay
thickness ratio of the crosection profile (Uriz et al.2008. In addition, the buckling
strength is affected by the initial geometric imperfections, which should be taken into
account in the modelling and design of these systems. Previous studies demonstrated that
initial geometric imperfections in the brace elementy negult in premature buckling, and
therefore, different load distributions and inelastic deformation mechanisms in the whole
structural systenfUriz and Mahin, 2008Uriz et al.2008.

In general, optimum design of ndinear energy dissipation systems for seismic loads is a
challenging task due to the high computational costs and complexity @pthmisation
problem. In a study conducted by Park et(2004) a gradienbased optimisation method

was proposed for the simultaneous optimum design of viscoelastic dampers @rigDke

brace elements. In addition, the effect of the supporting braces on the control efficiency of
VEDs was investigated. Based on their results, the flexibility of the brace should be

considered in the optimisation process when sufficient stiffnessotde provided by the
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bracing system. Using their proposed optimisation method led to smaller amount of
supporting braces for the same level of safety. Zhu and Z(20a8) introduced a Self
centring Friction Damping Brace (SFDB) for seismic resistant Concentrically Braced Frame
(CBF). Their results indicate that compared to the conventional CBF, their proposed SFDB
led to minimum residual drift and was able tohgitand different earthquake levels without
being damaged. A research was carried out by Chen and20i4i)to assess the effects of
brace stiffness on seismic panhance of structures with supplemental brdamper
systems. They proposed a gradibased procedure that is capable of determining both the
minimum brace stiffness and a set of optimal damper coefficients to meet the target response

reduction.

The abovementioned studies either ignored the effect of earthquake dynamic loads for
simplification or utilised computationally expensive optimisation procedures which may not
be used in practical applications. To address this issue, in the investigation prasérited
study, a low cost threghase performandeased optimisation methodology is proposed
based on the theory of Uniform Distribution of Deformation (UDD) for simultaneous
optimum design of friction dampers and supporting brace elements in RC ssudthee
proposed method can satisfy multiple performance targets while the dynamic effects of
seismic loads and the effects of initial geometric imperfections on the buckling of the brace
elements are taken into account. The efficiency of the proposedttalgas demonstrated

for a 5storey RC frame, which is designed to satisfy Immediate Occupancy (IO) and Life
Safety (LS) performance levels under the Design Basis Earthquake (DBE) and Maximum
Considered Earthquake (MCE) events, respectively. It is shoamnuging the proposed
multi-criteria optimisation method can significantly improve the seismic performance of the
dual bracedamper system with notably less amount of bracing elements compared to a

codebased design braced frame without damping mechanism.

7.3. MODELLING AND DESIGN ASSUMPTIONS

7.3.1. Design Assumptions

A 5-storey substandard RC frame was considered as the case study example. The dual brace
damper system shown in Fig. 7.1 (a) was then used to improve the seismic performance of
the frame to disfy AISC (2016)design requirements. The bare frame (i.e. frame without
braces and friction dampers) was assumed to be located on a soil type D2FIBCD15)
category and was designed based on low seismicity regions using PGA of 0.1g to represent

substandard buildings in high seismic regions. The uniformly distributed live and dead loads
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were considered to be 2.5 kiW? and 5.5 kWm? for interior storeys, and 1.0 kih? and 5.3
kNHmM? for the roof level. The reference frame was primarily designed to withstand the
seismic loads calculated based on IBC (2015) and ASCE/2&1(Z010) and in accordance
with the minimum regirements of ACI 318 (2014) for RC frames with intermediate
ductility. For retrofittingpurposes, the bracing elements were then designed based on AISC
(2016) so that the structure can withstand the seismic loads of high seismicity region with

PGA of 0.65¢g without using friction devices (i.e. conventional chevron braces).

5@3=15m
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Fig. 7.1. (a) Geometry of Storey RC frame strengthenwaith bracetype friction dampers,
(b) schematic view of the friction device (adopted from Quint204.3)

The concrete compressive strengi) (and theyield strength Q) of steel reinforcement

bars were assumed to be 25 and 400 Mpa, respectively. Square and rectangular RC sections
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were used for beam and column elements, and rectangular Hollow Steel Sections (HSS)
were considered for bracing elen®nTable 7.1 listed the properties of the selected HSS

including the width (a), thickness (t), gross area of the cross section (A), Gyration radius (r),

critical buckling load 10) and the slenderness ratip%‘ . Based on AISG2016)design
code criteria, all compression HSS members were selected to have a slenderness ratio less
than 200. For brace elements with pin etkdactor was considered as

Fig. 7.1 (b) illustrates the schematic view of the studied friction damper including a chevron
steel bracing connected to the frame using a gusset plate with a friction device at the top, and
two gusset plates at the bottom in the be&ahmn connectins. The gusset plate
connections are assumed to be rigid and not to buckle under the earthquake excitation loads.
The friction device is a Slotted Bolted Connection (SBC) using two steel plates anchored to
the top floor beam over a central slotted stéstiepattached to the bracings (see Fig. 7.1 (b)).
Two brass plates are inserted between the steel plates to ensure more reliable friction

behaviour close to the dry Coulomb friction.

Table 71. Specifications of the selected HolN Steel Sections (HSS)

No. a(mm) t(mm) A(mnf) r(mm) Axr "O (kN) Q(‘:{

1 50 2.5 475 19.42 9224 24.34 190.80
2 50 3 564 19.23 10844 28.34 192.71
3 50 4 736 18.85 13874 35.54 196.55
4 50 5 900 18.48 16636 41.79 200.45
5 60 5 1100 2255 24801 76.00 164.33
6 70 5 1300 26.61 34599 125.15 139.21
7 80 5 1500 30.69 46030 191.97 120.74
8 80 6 1776 30.31 53830 221.75 122.24
9 90 6 2016 34.38 69311 323.86 107.77
10 100 6 2256 3845 86751 453.38 96.35
11 120 5 2300 46.99 108084 690.31 78.84
12 120 6 2736 46.60 127511 807.66 79.50
13 150 5 2900 59.23 171770 1382.78 62.55
14 150 6 3456 58.84 203347 1626.13 62.97
15 180 6 4176 71.08 296819 2867.34 52.13
16 180 8 5504 70.29 386902 3696.39 52.71
17 180 10 6800 69.52 472751 4466.94 53.29
18 200 10 7600 77.67 590326 6231.97 47.70
19 250 10 9600 98.06 941420 12547.31 37.78
20 300 10 11600 118.46 1374164 22124.50 31.28
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7.3.2. Modelling Assumptions

In this study, OpenSees software (McKenna and Fenves, 2000) was utilised for nonlinear
dynamic analyses of the selected RC frame retrofitted by using a chevrorglsgsieam

with friction energy dissipation devices. Concrete elements were modelled using a uniaxial
constitutive material with linear tension softening (Concrete02) and reinforcing steel bars
were modelled using a GiuffrMenegottd Pinto model (Steel02) wi 1% isotropic strain
hardening. Displacemefiased nonlinear beaoolumn elements were used to model RC
beams and columns using distributed inelasticity with fiber discretization of the cross
sections. The beam and column members were considered teédaare Gausdobatto
integration points along the length of each element. Rayleigh damping model was taken into
account with a constant damping ratio of 0.05 assigned to the first mode and to tke&imode
which the cumulative mass participation exceeds 95%.

Rectangular HSS were selected for brace elements which were modelled using
displacemenbased nonlinear beaoolumn elements and Steel02 material model wrapped
with Fatigue material suggested by Uriz and Mahin (2008). Each brace was divided to the
minimum number of two elements with three integration points along the length of each
element. To consider the overall buckling in the brace elements, an initial imperfection
(camber displacement) of 0.1% of the effective brace length (i.e. excluding theaigsd
attached to the gusset plates) was specified at the braemaridas recommended by Uriz et

al. (2008) The gusset plate connections were modelled using-f@sed fiber elements

with two integration points and Steel02 material. Figs. 7.2 (a) and (b) illustrate the details of
the brace elements and gusset plates modell€penSees. To model the friction device
with an ideal Coulomb friction hysteretic behaviour, a nonlinear spring with an elastic

perfectly plastic uniaxial material was adopted.

<

A) Multi-element brace

- Brace
model (minimum two)

FBE-Gusset plate

m—o———m C) Initial imperfection
B) Multi integration
points per element

@) (b)

Fig. 72. Schematic illustration of (a) a mukiement bracing element with initial
imperfection and (b) a gusset plate connection used in OpenSees modelling

e e e e e mmm-—————--
N




7. Application of UDD optinm 17
ictosiomgdamper en bracing syst

Chapte
wi t h f

r
r

The bearrto-column connections were assumed to be/fudid with no shear failure in the
panel zonesin order to analyse output dataMBATLAB (2016) scriptwas developednd
linked to the OpenSees program.

7.4. SYNTHETIC EARTHQUAKE RECORD

ScaledIBC (2015) spectrurcompatible synthetic earthquakes were utidliger optimum
performancebased seismic retrofittingf the 5storey braced frame. A synthetic earthquake
record with a PGA of 0.4g was generated using SIMQKE program (Vanji®ké) to be
compatible with the soil type D of IBC (2015) elastic design spacttFig. 7.3 demonstrates

the 5% damped elastic acceleration response spectrum of the generated synthetic earthquake
record and the IBC design spectrum. In this study, the seismic performance of the frame was
evaluated under two different earthquake Isvéh) Design Basis Earthquake (DBE) with

10% probability of exceedance in 50 yeaamd (b) Maximum Considered Earthquake
(MCE) with 2% probability of exceedance in 50 years (FEMA 356, 2000; ASCE/S&b 41
2006). The selected synthetic earthquake wasddta produce excitation records with PGA

of 0.3g and 0.65g to represent the DBE and MCE events, respectively, for the perfermance

based optimisation process.

15

——Synthetic

=
[N}

—IBC 2015

o
©
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Fig. 7.3. Elastic acceleration response spectra of the synthaticgeake record and the
IBC-2015 design spectrum, 5% damping ratio

7.5. PROPOSED OPTIMISATION ALGORITHM

In this section, a threphase performandeased optimisation algorithm is presented based
on the concept of Uniform Distribution of Deformation (UDD) fomsitaneous optimal
designof bracing elements and friction dampers under different design earthquakes. The aim
is to satisfy the IO and LS performance targets under the representative DBE and MCE

events, respectively while using minimum amount of braclaments and slip loads at the
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friction devices. The following algorithm is suggested for performdnased optimisation
of the dual bracelamper systems:

1) In the first phase, the initial codemsed design braced frame is considered to satisfy the
IO performance level under the representative DBE event. In this stage, a discrete
optimisation (using the sections listed in Table 7.1) is utilised to obtain optimum sizes
of the braces while the friction dampers are fixed and the slippage is prevented using
very hgh slip load values. The following equation is utilised to modify the brace
sections at each iteration until the optimum sections are obtained:

o 4
_ 5 ab o
(Ai)n+1_('01)n 8 (7.0
(; target
whereY and ¥ are maximum and target intstorey drifts of"Q storey for &

iteration, respectivelyd is the area of the bracing elements at'thestorey level andUis

the convergence parameter whislconsidered as 0.1 to avoid ragithnges in the size of

the sections and divergence. The optimisation iterations are then continued until the
performance target is satisfied and the minimum total area is obtained for the bracing
elements. The yielding strengths correspond to the optimaging elements are assumed

as the initial slip loads of the friction dampers for the next stage.

2) In the second phase, the optimal braced frame obtained from the first stage should
satisfy the LS performance target under the representative MCE eventfilltbiflthe
slip loads of the friction dampers are modified until the performance target is reached
and the minimum amount of total slip load is obtained. The following equation is

adopted to calculate the optimum distribution of the slip loads:

o a
(Fs,i)nﬂ:(Fsi)n %f)*' § (72)
C “target

where"G; is the slip load of the friction device at tiiestorey

3) In the last phase, the bradamper system with bracing elements obtained from the first
phase and the friction dampers achieved from the second phase is evaluated under the
DBE evernt. The slip loads of the friction dampers are then modified using Equation 7.2
only for the storeys in which the 10 performance target is violated. This is continued
until the 10 level is satisfied at all storey levels and the optimisation converge to the

optimal design solution.
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7.6. DISCUSSION OF THE RESULTS

The proposed algorithm was adopted for optimum retrofitingpe 5storey frame with the

dual bracedamper system and the performance of the optimum frame was then compared
with that obtained from theodebased design braced frame. Fig 7.4 (a) illustrates the
heightwise distribution of lateral intestorey drifts for the case study frame without bracing,
with codebased design bracing elements and with the optimum -oidroper system
subjected to the BE and MCE events. Based on the results, the bare frame was totally
collapsed as it violated the Collapse Prevention performance level (i.e. CP Limit) under the
MCE event. However, after retrofittingsing the AISC design bracing system, not only the
CP aml LS performance levels were fully satisfied under the DBE and MCE records,
respectively; the performance of the retrofitted structure was even upgraded to higher
performance levels when the lateral relative displacements of the structure were way below

the IO and LS performance limits (as shown in Fig 7.4 (a)).

Using the proposed algorithm, the optimum design braced frame is shown to efficiently
fulfil the requirements of the selected performance levels (i.e. IO and LS limits) under the
DBE and MCE recorg, respectively, without unnecessary pressure on the structural system.
Fig 7.4 (b) shows the optimum heighitse distribution of the slip loads of the friction
devices. It can be seen that the slip loads of the first and last floor tended to be zero, and
therefore, by using the friction dampers the number of the required bracing elements was
reduced. Fig. 7.5 compares the frame with optimum design dual-daageer system and

its codebased design braced frame counterpart in terms of maximum column cedal |

total base shear and total weight of bracing elements under the MCE event. According to the
results, the optimum design solution could massively improve the seismic performance of
the system by 63%, 65% and 68% reduction in the maximum column aadhldase shear

and the total weight of the braces, respectivé&lyis can highlight the efficiency of the
proposed methodology for optimum design of the frictiased supplemental energy
dissipation devices in concentrically braced frames. However, fuithestigation is
required on wider range of frame geometries, bracing cross sections and earthquake

excitations.
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7.7. SUMMARY AND CONCLUSIONS

A threephase performandeased optimisation methodology is developed based on the
theory of Uniform Distribution of Deformation (UDD) for simultaneous optimal design of
bracing elements and supplemental friction dewidn RC structures under seismic
excitations. The efficiency of the proposed optimisation method is demonstrated through
performanceébased optimum design of askorey frame with braegpe friction dampers

while satisfying 10 and LS performance targetsler DBE and MCE events, respectively.
Based on the proposed algorithm, in the first phase, a discrete optimisation is used for
optimum design of the brace elements while the friction dampers are fixed to satisfy the 10
performance level under the represgive DBE record. In the second phase, the slip loads

of the friction dampers are optimised so as the LS performance target is achieved under the
representative MCE event. In the last phase, the design solution obtained from the second
phase is evaluatathder the DBE event and the slip loads are modified for those storeys in
which the 10 performance level is violated. According to the results of this study, compared
to the codeébased design concentrically braced frame, the optimum design frame with
friction dampers can efficiently decrease the total weight of the bracing system by 68%
while the predefined performance target is fully satisfied. In addition, the optimum design
solution results in up to 65% lower imposed column axial load and base sheamtaith

structure.
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CHAPTER 8

Conclusions and Recommendations for
Future Work

8.1. SUMMARY AND CONCLUSIONS

The main purpose of this research was to develop ecémaputational cost performance
based optimisation methodology for optimum design of frame structures equipped with
nonlinear frictionbased passive energy dissipation devicedeu earthquake excitations.
Extensive nonlinear dynamic analysis was performed using DRBIX and OPENSEES
software by considering a wide range of frame geometries (i.e. 3, 5, 10, 15-atate30
frames with 3 and 5 spans), friction damper configuratigne. uniform, uniform
cumulative, triangular cumulative, inverted triangular cumulative and a proportional to the
storey shear strengths slip load distributions) and ground motion records (i.e. natural and
synthetic spectrum compatible earthquakes amdensembles of near and-feld records).

Based on the results of this study the following general conclusions can be drawn:

8.1.1. Practical Methods for More Efficient Design of Friction Dampers

U Among all the considered slip load distribution patterns, umfoumulative slip load
distribution is suggested as the most effective pattern in terms of increasing the energy

dissipation efficiency of the frictichased energy dissipation devices.

U Irrespective to the slip load distributions, there is always an aptimange for the slip
load ratios (normalised to the storey shear strength) that leads to minimum displacement
demands and maximum energy dissipation efficiency under spectmnpatible
earthquakes. For slip load ratios lower than the optimum valueffdotiweness of the
dampers can be limited due to the small energy dissipation in the friction devices. In
addition, for larger slip force ratios leading to connection d@gk, a linear elastic

response is usually resulted with large dynamic magnificaiod low energy

178
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dissipation. Based on the results, the optimum range of the slip loads exponentially

decreases with the increase of the number of storeys.

A practical empirical equation was proposed to determine a more efficient slip load
distribution forseismic design of RC structures with friction dampers by considering
different number of storeys subjected to spectoampatible natural earthquakes. The
friction wall systems designed based on the proposed equation was shown to result in
up to 30% lowerdisplacement demands and up to 61% higher energy dissipation

efficiencies compared to the conventional systems with a uniform slip load distribution.

It was shown that friction wall dampers designed with the proposed equation can
significantly reduce the isplacement demands of the bare frames without a large
increase in base shear. While in case of fixed walls (without friction slippage), the
maximum axial loads can be well beyond the maximum capacity of the columns, it was
shown that by using the proposddsign method the total axial loads in the adjacent

columns generally remain within the capacity of the columns.

It was demonstrated that higher PGA (or PGV) levels generally lead to lower energy
dissipation efficiency with higher and wider range of impim slip load ratios.
However, the relationship between the PGA and optimum slip load values is not linear

and depends on the number of storeys.

The results indicate that friction wall dampers performed better unddielfhr
earthquakes with, on averagkl8% higher energy dissipation efficiency and 24%
lower maximum intesstorey drifts compared to the ndaald records. In general, the
optimum ranges of slip load ratios obtained for the frames under thefigldar
earthquakes were considerably wider aigher compared to those achieved under the
far-field ground motions. For the same PGA level, Hedd earthquakes led to about

1.5 times higher optimum slip loads thanfigtd earthquakes.

For the same PGV/PGA ratio (or similar frequency conteht)yais shown that the
earthquakes with higher PGA and PGV values resulted in higher optimum slip load
ratios. In addition, the earthquakes with relatively high velocities occurring at the
periods close to the period of the corresponding bare frames resuitigther range of

optimum slip load values.

Based on the results of this study, in general, the optimum response of the structures
was more sensitive to the PGV than the PGA of the design earthquake. A practical

design equation was proposed to estimiagedptimum slip load ratios as a function of
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PGV and number of storeys and proved to be efficient for botfiefdrand neafield

earthquakes.

8.1.2. Low-Cost PerformanceBased Optimisation Methods for Optimum
Design of Friction Dampers Based on the Concept otUniform
Distribution of Deformation

Using a constant total friction damper capacity (obtained from the empirical equation):

U An efficient performancéased optimisation framework was developed based on the
concept of uniform distribution of deformation (UPDn which unused materials are
gradually shifted from strong to weak parts of the structure until a state of uniform
distribution of deformation (or damage) prevails. The efficiency of the proposed
method was demonstrated for the 3, 5, 10, 15 arst@®6y frames used in this study.

i Compared to the conventionally designed friction wall dampers with uniform slip load
distribution, the optimum design dampers exhibited up to 43% and 75% lower inter
storey drift ratios and global damage indices, respectiwghen subjected to the
synthetic spectruraompatible earthquakes. For the same total friction force, using the
proposed optimisation method can increase the energy dissipation efficiency of the
friction wall dampers by up to 46%. The improvement in therggnalissipation
capacity was more pronounced in low to mediige buildings. The efficiency of the
proposed method was also demonstrated under a set of six natural earthquakes, where
using optimum design dampers in the studied frames resulted in up tim&8¥inter

storey drift ratios compared to their conventionally designed counterparts.

U0 The results indicated that the convergence parametenas a major effect on the
computational cost and convergence of the optimisation process. It was olibatved
the| values ranging from 0.2 to 0.5 is generally more efficient to converge to the
optimum design solutions for frictidmased wall dampers when the total slip load is
constant. The results of sensitivity analyses also indicated that the optinutiorsd
independent from the initial slip load distribution selected for the optimisation process;

however, using a suitable initial design can result in a faster convergence.

i By performing nonlinear incremental dynamic analyses, it was shown thabiespd
optimum design method can significantly reduce (up to 77%) the global damage index
of the conventionally designed frames over a wide range of earthquake PGA levels. It
was concluded that the optimum design systems are efficient at all intensity; leve
while the efficacy of the frames with conventionally designed friction dampers is

significantly diminished at higher PGA levels.
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0  The earthquake uncertainty was shown to be efficiently managed by using the average
of optimum slip load patterns corresplimg to the synthetic earthquakes representing
the design spectrum. The friction wall dampers designed with the average optimum
pattern exhibited up to 34% less maximum irgErey drift and 72% less cumulative

damage.
Using variable total friction dampecapacity:

U It was shown that the friction wall dampers designed based on the proposed empirical
equation may impose excessive base shear and column axial loads to the main structural
elements. The additional imposed loads can be easily controlled byrapdaptult:
criteria performancéased optimisation method to satisfy predefined performance

targets.

0 The suggested multriteria optimisation method was shown to be efficient to satisfy
multiple performance objectives under the design earthquakes, letmimgther
uniform distribution of lateral deformations. Compared to the dampers designed based
on the empirical equations, the proposed method resulted in design solutions with
considerably lower column axial load (up to 37%) and base shear (up to 48&)dje
respectively. The proposed method was also capable of removing unnecessary (less

efficient) friction dampers.

0 The uncertainty in the design seismic excitation was taken into consideration by
optimising the frames based on a set of synthetic specioampatible earthquakes
representing the selected design spectra. Based on the results, the frames designed using
the average optimum solutions could satisfy the performance targets under multiple
natural seismic excitations representing the same desigirapehile exhibited up to

51% lower maximum drift ratios compared to their bare frame counterparts.

8.1.3. Adaptive UDD PerformanceBased Optimisation Method against
Genetic Algorithm (GA)

U To improve the convergence efficiency of the proposed optimisatiorochedldaptive
equations were developed for the convergence factors used in the optimisation process.
The accuracy of the results was also investigated by using a standard Genetic Algorithm
(GA) to obtain global optimum design solutions. Based on the sesuity after a few
iterations (usually less than 30 nonlinear dynamic analyses), the adaptive method led to
the solutions that were very close or even slightly better than those attained from the

GA approach afteat least3000 nonlinear dynamic analyses.
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0 It was demonstrated that using optimum results obtained from the adaptive optimisation
as the starting point of the GA can noticeably increase the speed of the optimisation
procedure (up to 10 times) compared to the standard GA using a random initial
population. It was also observed that the optimum results obtained from the
combination of the adaptive UDD optimisation and the standard GA (i.e.-GBD
were slightly better than those obtained for the proposed adaptive UDD method (less
than 6%). This highights the reliability and efficiency of UDD method for optimum
design of nonlinear frames with friction energy dissipation devices.

8.1.4. Application of UDD Performance-Based Method for Simultaneous
Discrete Optimisation of Bracing Elements and Continuous Opinisation
of Friction Devices

U0 A novel thregphase UDD performandeased optimisation methodology was developed
for simultaneous optimal design of bracing elements (discrete size optimisation) and
supplemental friction devices (continuous optimisation) deismic strengthening of
RC structures. Compared to the cdmesed design chevron concentrically braced
frame, the optimum design frame with friction dampers could considerably decrease the
total weight of the bracing system and the maximum column aadkland base shear,
while the predefined performance targets were satisfied under DBE and MCE records.

8.2. RECOMMENDATIONS FOR FUTURE WORK

U In this study, the nestructural concrete wall panel was assumed to be designed strong
enough to always have elastiehaviour. Therefore, no limitations were considered for
the activation of the friction dampers. However, for practical application, the friction
dampers should be activated before the concrete panel is damaged. Further investigation
is suggested to be perfned on the optimum design of friction dampers restricted by
the strength of the concrete panel.

U  The financial feasibility and whole life cycle costs of the proposed friction wall damper
compared to other conventional systems for seismic strengthenidgfiofent RC
buildings was outside the scope of this research, and therefore, may need to be

investigated in more detail before practical applications.

U0 The proposed mulitriteria optimisation methodology was developed for optimisation
of controlled struaires to simultaneously satisfy different lateral displacement levels

under design earthquakes. However, it can be easily extended for simultaneous
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optimisation of different seismic performance parameters such as maximum column

axial load, base shear or ege dissipation.

U  Further research can be conducted on developing new optimisation framework using
the same UDD concept for newly designed structures (e.g. steel structures) equipped
with supplemental energy dissipation devices for simultaneous optimisatio
structural elements and the added dampers. In addition, the developed perfermance
based optimisation methodologies can be modified to be used for other types of energy
dissipation devices such as viscous dampers by considering the limitations editire d

problem.



APPENDIX A

Optimum Energy Based Seismic Design of
Energy Dissipation Devices in RC
Structures

A.1l. ABSTRACT

Energy Dissipation Devices (EDDs) have been widely used for seismic design and
strengthening of both new and existing builgh. With designated supplementary EDDs
installed in a structure, a considerable portion of the input seismic energy can be dissipated
and the damage imparted to the framing system is reduced. However, the energy dissipation
of the EDDs depends on the dangpcharacteristic of the employed devices. In general, the
efficiency of the frictioabased supplemental devices is strongly associated to the design slip
load values and their heigitise distribution. In practical implementations, a uniform slip
load pdtern is usually considered for heighitse distribution of slip loads in mulitorey

frames equipped with the frictidmased EDDsHowever, this conventional design method
may result in concentrating and localizing damage in certain storey levelss lstulliy, a
practical performanebased optimisation methodology is developed for seismic design of
RC frame buildings with frictiotbased EDDs. The proposed method aims at redistributing
the slip loads of the friction dampers so as more uniform heigiedistribution of energy
dissipation capacity is achieved for the dampers. The efficiency of the method is evaluated
through the optimum design of 3, 5, 10, da%d 20storey RC frames equipped with wall

type friction EDDs under a set of four synthetic spectoampatible earthquakes. The

results show that the optimum design frames exhibit up to 33% and 72% less maximum
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inter-storey drift and global damage, resipesly, compared to their conventionally
designed counterparts.

KeywordsFriction damper; Energy dissipation; Slip load distribution; Structural damage;
Seismic performance

A.2. INTRODUCTION

The past three decades have witnessed significant progredsvelopment of passive
Energy Dissipation Devices (EDDs) to improve the seismic performance of new buildings or
strengthening of existing substandard structures. Among all the passive EDDs, friction
dampers exhibit a good performance characteristic &gftthenergy dissipation capacity
resulted from Coulomb dry friction law. Pall and Marsh (1982, 2004) introduced the first
generation of frictiorbased passive control systems for braced steel frames. An improved
model of Pall friction dampers was develdpey Wu et al. (2005) using a-Shaped core

plate, which was easier to manufacture and assembly. Fitzgerald (1989) used Slotted Bolted
Connections (SBC) for the first time to dissipate earthquake input energy and prevent
buckling of brace elements in stdmlaced frames. The energy absorbing mechanism in
SBCs is based on the friction between the gusset plates and the sliding channels. In general,
the efficiency of frictiorbased EDDs is strongly associated to the designed slip load values
(the lateral sheadoad in which the steel plates start sliding against each other) and their
heightwise distributions. This has motivated many researchers to develop methodologies to
optimum design of notinear dampers for seismic retrofitting purposes. Sasani and Popov
(1997) experimentally and analytically investigated the seismic behaviour of a lightweight
concrete panel that was anchored to the lower floor beam and connected with three friction
EDDs on the top. Petkovski and Waldron (2003) evaluated the effectivehassimilar
concrete wall system in muistorey RC frames under a set of natural earthquakes. They
showed that the slip load values have significant effect on the seismic performance of the
structures strengthened or designed with friction EDDs. Chd<awrah (2004) proposed a

new type of walltype friction damper for RC structures using Teflon sliding sheets in
contact with steel plates to guarantee an efficient friction hysteretic behaviour. More
recently, Nabid et al. (2017) investigated the efficienéyfriction-based wall dampers
design with different slip load distribution patterns in improving the seismic performance of
substandard RC structures. Based on the results of their extensive analytical study, an
empirical formula was proposed to obtain rmefficient heighwise distribution of slip

loads by considering different seismic performance parameters.
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By considering nonlinear dynamic behaviour of structures, employing conventional
optimisation techniques based on elastic behaviour of structusgsnot lead to the
optimum solutions in the nonlinear range of behaviour. While most of the existing
optimisation techniques for ndimear structural problems are complex and computationally
expensive due to high nonlinearity of the systems, there ane sfficient methodologies
leading to near global optimum solutions by using much less iterations. Moghaddam et al.
(2004) proposed a simplified ndimear optimisation methodology using the theory of
uniform damage distribution to modify the structuraltenals for more efficient seismic
design of concentrically braced steel frames. In their approach, the structural properties were
modified so as inefficient material was gradually shifted from strong to weak areas of the
structure. The process was congdwintil a state of uniform deformation was reached. In a
similar study conducted by Lavan and Levy (2006), a methodology was presented for the
optimal design of supplemental viscous dampers for framed structures. Their methodology
addresses the problemmifnimizing the added damping by constraining the maximum drift.
Hajirasouliha and Pilakoutas (2012) suggested a general lateral design load distribution for
optimum performancbased seismic design of structures using the same theory of uniform
damage disibution. More recently, Ganjavi et al. (2016) employed the aforementioned
theory to obtain optimum seismic design loads for-lveear sheabuildings on soft soils.

The seismic response of a structure can be described through the relationships tetween
earthquake input energy and the quantities of different energy dissipation systems in the
structure. In the RC frames with friction EDDs, apart from the kinetic, viscous and elastic
strain energy, a significant part of the imparted seismic energyssipdied through the
friction mechanism between steel plates. Therefore, the energy dissipation capacity of
friction EDDs plays an important role on seismic performance of the entire structure. In this
paper, a practical performanbased optimisation fragmvork proposed by Moghaddam et

al. (2004) is further developed to achieve more efficient distribution of energy dissipation in
the friction EDDs. The optimum design procedure works based on the concept of uniform
damage distribution and aims at redistribgtthe slip loads so as more uniform heiglige
distribution of energy dissipation is achieved. To investigate the efficiency of the
supplemental friction wall dampers using conventional designs and optimum design
solutions, extensive nonlinear dynamitalyses have been conducted on 3, 5, 10, 15, and

20-storey RC frames subjected to a set of four synthetic spectrum compatible earthquakes.
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A.3. MODELLING AND ASSUMPTIONS

A.3.1. Studied Reference Frames

Friction EDDs are usually used to reduce sésnesponse of structures for both new

buildings and strengthening of the existing structures. In this study, five substandard RC

moment resisting frames with 3, 5, 10, 15 and 20 storeys are strengthened witypevall

friction EDDs as shown in Fig. A.1hE frames were considered to be located on a soil type
D of the IBC (2015). The distributed dead and live loads were assumed to beakil/th

KN/m?,

respectively for interior storeys, while the corresponding loads for the roof level

were reduced to 5N¢m” and 1.5 kN/r The frames were designed based on-EBT5 (and
ASCE/SEI 710) and in accordance with the minimum requirements of ACI-1318

Nonlinear dynamic analyses were performed using the program DRBM (Prakash et

al., 1993).

5@6=30 m

Fig. A.1. Geometry of the selected RC frames equipped with friction wall dampers
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A.3.2. Studied Friction Wall Damper

As shown in Fig. A.2, the studied friction wall damper consists of astroigtural concrete

wall panel connected to theain beam and column elements by using four supports in the
lateral sides (Nabid et al., 2017). Pateetolumn connections with horizontal slots provide

the vertical supports which avoid transferring shear forces to the columns. The horizontal
support is ahieved by using vertical slots in the panel to the lower floor beam connection
which prevents transferring shear forces to the connected beam. This configuration
guarantees that the displacement of the friction device at the top is equal to Hséoimter

drift at each level. The friction device is a simple pandlame Slotted Bolted Connection

with two steel plates fixed at the top of the panel and clamped together over a central T
shape stainless steel plate fixed to the top beam. The friction mgthia achieved through

the friction between the central stainless steel plate and the two brass plates. Numerous
experimental tests performed by Grigorian et al. (1993) confirm a reliable hysteretic
behaviour of this type of friction device under sinudal and simulated seismic
displacements. The slip force of the friction device in the studied wall damper can be
adjusted and tuned independently for each storey by controlling the clamping forces of the
bolts. This characteristic provides the possibifityising optimised slip load values with the

same connection.

In this study, for the analytical models, an inelastic spring element was used to model the
friction device at the top of the panel to provide Coulomb friction behaviour. The concrete
wall pané was also assumed as an elastic panel element with larger strength than the

maximum slip load of the friction device.

Friction
Device

(a) (b)

Fig. A.2. Details of the (a) proposed friction wall damper, (b) friction deyiabid et al.
(2017))
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A.3.3. Selected Excitation Records

A set of four synthetic earthquakes were generated using SIMQKE program (Vanmarke,
1976) to be compatible with the design response spectra of IBC (2015) for the site class D in
high seismic zonef.e. PGA=0.4g). Fig. A.3 illustrates the elastic acceleration response
spectra of the four synthetic earthquakes, the-2BC5 design spectrum and the average
spectrum of the generated synthetic earthquakes. Fundamental periods of the bare frames
(i.e. frames without friction dampers) are also overlaid the response spectra in Fig. A.3. It is
shown that the average spectrum of the synthetic earthquakes provide a close approximation
to the design response spectra. This implies that on average these &arteqaeds can be
considered as good representatives of the selected design spectrum.

1.4 - T3 | Ts Tio Tis [Ty — - - Synthetic 01
Synthetic 02

o
15 Synthetic 03
= \
5] Synthetic 04
2
Q Synthetic (Ave
b \ Yy ( )

S~ ——IBC 2015
0.2 -

0.0

0 0.5 1 1.5 2 2.5
Period (Sec)

Fig. A.3. Elastic spectral acceleration of four synthetic earthquakes and0RBE design
spectrum for soil type D, 5% damping ratio.

A.4. DESIGN METHODOLOGY FOR FRICTION WALL
DAMPERS

One of the key properties of the friction EDDs is the possibility of regulating the slip forces
("O of the friction devices independently for each level by changing the clamping forces of
the bolts. Thereforat is possible to use more efficient heigtise slip load distributions to

improve the seismic performance of frictibased energy dissipation devices.
A.4.1. Energy Dissipation Parameter

Energy dissipation capacity of the friction EDDs is onehef main performance parameter
to obtain their best design solution and can be used as a good value measure to evaluate the
efficiency of the friction dampers under seismic loads. A weighted energy dissipation

parameter? is introduced to evaluate thiatio between the work of the friction device,
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@ , and the work of the main structural elements (Petkovski and Waldron 2003, Nabid et

al. 2017).

W,

— sf
AR -

wherew andw are the static work of the beam and column elements, respectively.

A.4.2. Optimum Slip Load Range

In a recent study conducted by Nabid et al. (2017), the seismic performance of 3, 5, 10, 15
and 20storey RC frames with frictichased wall dangrs were compared in terms of
different slip load distribution patterns. Their result indicates that the optimum range of the
slip load ratio has an exponential relationship with the number of storeys. By considering
conventional uniform heightise slip bad distribution, the following equation was
proposed to obtain the optimum slip load values for each floor of-staley RC frames

with friction wall dampers:

-0.11n
R, . 1.1% 7,
. =_3 o= . A.2
Fs,i n a1 Fyi - ElaFy,. (A.2)

where'Y is the optimum slip load ratio anéd is the number of storey¥},; and™Oy, are the

slip load and the storey shear strength of@hatorey. It should be noted that the commonly
used uniform slip load pattern for friction may nacessarily lead to the best design
solution. The following section will discuss an optimum design methodology to obtain more

efficient slip load patterns to improve the efficiency of the friction wall dampers.

A.5. A METHODOLOGY FOR MORE EFFICCIENT ENERGY
DISSIPATION

Under strong earthquakes, if the friction EDDs are designed conventionally with uniform
slip load pattern, their maximum seismic capacity may not fully exploited, and therefore,
leading to damage localisation in certain storey levels. To ssldhés issue, the slip loads of

the underused friction devices should be increased and the unnecessary slip loads should be
decreased. In this study, an optimum design methodology was adopted based on the concept
of the uniform damage distribution to olstaoptimum distribution of slip loads. A similar
concept was previously used by Levy & Lavan (2006) for optimum seismic design of
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viscous dampers. However, this is the first time that this concept is used for seismic design
of friction EDDs to obtain themiimum distribution of the slip loads by considering energy

dissipation capacity of the dampers as the main seismic performance parameter.

Energy dissipation capacity of the friction EDDs is one of the main performance parameter
to obtain their best desigolution and can be used as a good value measure to evaluate the
efficiency of the friction dampers under seismic loads. By considering energy dissipation

capacity of the friction device as the main design parameter, the following optimisation

algorithm B utilised in this study:

1) At the first stage, the RC frames are designed with the conventional friction wall
dampers with uniform slip load distribution using the slip load values obtained from
Equation A.2.

2) The frames are then subjected to the seledguthetic earthquakes and the
performance parameters such as the maximum -stbeey drift and energy
dissipation capacity of the friction devices are obtained. Using the following equation,
the slip load values need to be redistributed based on thebsttien the energy
dissipation of the friction device at each storey and the average of the energy
dissipation in all storeys:

E.

(FSJ )n+1 - (Fs,i)n gé?alve

whereO (orw )andO (orw ) are the dissipated energy through the friction

Qo

(A.3)

S ooy,

device atQ storey and the average dissipated energy of the friction devices in all
storey levels, respectively, at iteration.| is a convergence parameters from the
rage between 0 dnl. It was previously shown by the other researchers (Hajirasouliha
et al.,, 2012) that this parameter has a key role in the convergence speed of the
problem. The also show that for RC frames, an acceptable convergence is usually
obtai ned b ybetween 0lgndd.2.\unahis stagyfactor equal to 0.2 was

set as for all the optimisation procedures. More uniform distribution of energy

dissipation is eventually resulted by using Equation A.3.

3) For comparison purposethe new slip load valuesQ; in Equation A.3) obtained
from the previous step are scaled such that the average of slip loads in all storeys

remains unchanged compared to the initial step.
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o >
S ©
oo
= o

da(r,) O
LFsi) g 8 SIS q*si) (A4)
S, n+1 él:ded %( ) SI 1 .
c Silnel =
4)  To control the dispersionf energy dissipation at each storey relative to the mean
value,the coefficient of variation of energy dissipation () w is calculated for each
step. The optimisation design procedure is then repeated from step 2 until the small

value for6 0 ais achieved (e.g. less than 10).

The efficiency of the proposed design method is demonstrated by applying the optimisation
algorithm on the 3, 5, 10, 15 and-&@rey reference frames. Fig. A.4 shows the average
variations of the COVs of the energy dstions in the friction devices for the 3, 5, 10, 15

and 20storey frames under the four selected synthetic earthquakes. As displaiagl by

A.4, the COVs of the energy dissipations are generally decreased, and the maximum
reductions of around 97, 75, 533 and 4.5% were observed for the 3, 5, 10, 15 and 20
storey frames, respectively. It should be noted that the optimum design solution is selected
based on the minimum values of the COV of the energy dissipation, and therefore, this may

not result in theninimum of the maximum intestorey drift ratios.

100

== 3-Storey
80 O— 5-Storey
é 10-S
—x—10-Store
& 60 Y
LICJ %~ 15-Storey
8 40 —O—20-Storey
®)
20

V= oo o DO
o 1 2 3 4 5 6 7 8 9 10
Step Number

Fig. A.4. Average variation of the COV of the energy dissipation for the 3, 5, 10, 15 and 20 5
storey frames, four synthetic earthquakes, Uu=0. 2

Fig. A.5 compares the average heiglise distribution of the (a) energy dissipation in the
friction wall dampers® ), (b) maximum intesstorey drift and (c) slip load ratios for 3, 5,

10, 15, and 2@torey frames designed based on the conventional uniform and optimum slip
load distributions (with the same average) subjected to the selected synthetic design
earthquakesThe results indicate that, in general, the proposed optimisation procedure could
efficiently reduce the maximum intstorey drifts by more uniform distribution of the

energy dissipation parameter in the friction wall dampers (except for-shared/ frane).
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The maximum reduction of 24, 33, 27 and 8% were obtained for maximunsiatey drift
ratios of the 5, 10, 15 and -3forey frames, respectively.
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Fig. A.5. Average heightvise distribution of (a) esrgy dissipations in friction devices, (b)
maximum drift and (c) slip load ratios for 3, 5, 10, 15 anetey frames designed with
uniform and optimum slip load distributions based on maximum energy dissipation capacity,
four synthetic earthquakes
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Fig. A.5 (c) shows that for the optimum distribution of the slip load ratio, by considering the
same total slip load, the uniform pattern need to be modified so that more uniform
distribution of energy dissipation is achieved. To satisfy this, some slip |daesvaay be
increased and some may tend to zero, and therefore, a number of unnecessary friction wall
dampers can be removed from the RC frames (e.g. upper floors in 10, 15-arute®0

frames), and consequently the cost of the design project can béseptim

Fig. A.6 compares the average (a) maximum drift (b) column axial load and (c) base shear
ratio, and (d) the energy dissipation capacity for the 3, 5, 10, 15 ash2y frames with
optimum and conventional design dampers under the four synthdtiqeakes. The results

show that, in general, using the proposed optimisation method could efficiently reduce the
maximum interstorey drifts by up to 33% and increase the energy dissipation parameter (i.e.
RW) in the friction wall dampers by up to 34% endhe selected synthetic spectrum
compatible earthquakes. However, the maximum column axial load and the base shear ratios
were either remained unchanged or slightly increased (less than 8% and 14% difference,

respectively).
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Fig. A.6. Average of (a) maximum drift, (b) column axial load and (c) base shear ratio, and
(d) energy dissipation capacity of the optimum and conventional design dampers, four
synthetic earthquakes
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