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Base isolation systems have become a significant element of a structure to enhance
reliability during an earthquake excitation. It is an acknowledged method to reduce the
transmission of ground acceleration into the structural system, by increasing the natural
period of the structure. The need for a base isolation system may arise in an area of
high seismic activity, if increased safety and post-earthquake operability is required. One
kind of methods of base isolation is the Friction Pendulum Isolation System (FPS). This
study centres on the development of a dynamic responce analysis of a structural scheme
isolated with frictional pendulum system. Results of the mathematical model developed
are presented for two structure examples. The first one deals with the seismic response of
a conventional fix-based rigid superstructure and the second one presents the earthquake
response of a base isolated building supported on (FPS) isolators. Both structural
schemes subjected on the Kobe earthquake and a numerical simulation is performed in

order to demonstrate the effectiveness and applicability of the (FPS) system.
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Chapter 1

Introduction

Although isolation as a method for mounting mechanical equipment has been employed
for many years ago, the idea of isolating civil structures such as bridges, buildings etc
from the damaging effects of an earthquake has been introduced recently. During a
seismic event the ground motion interacts with the structure at the foundation level
and dissipates energy in the entire structure. Therefore it is of great importance to
isolate the structure at its base in order to prevent the earthquake-induced forces in a
structure and minimize damage caused by lateral displacements. There are three types
of base isolation mechanism that are commonly used in practice. High Density Rubber
Bearings (HDRB) are comprised by specially formulated rubber disks that serve as
damping agent. Laminated Rubber Bearings (LRB), which have similar characteristics
to the (HDRB) however, they use different type of rubber for damping agent. The
third type of base isolation mechanism is the Friction Pendulum System (FPS).Friction
Pendulum Bearings consist of three basic elements: A primary curved sliding surface,
whose radius of curvature determines the oscillation period of the isolator, a steel rocking
element equipped with a sliding material usually Teflon, which slides along the primary
curved sliding surface and a fixed steel plate designed to allow the rotations induced
by the horizontal displacement of the isolators. The size of the primary sliding surface
depends on the maximum desired displacement and the damping is selected by choosing
the the appropriate friction coefficient. In this thesis a structural control scheme will
be proposed in order to reduce the repsonse of a building under earthquake excitation.
The structure will be isolated at its base using the Friction Pendulum Isolation System
(FPS).



Chapter 2

Literature review

2.1 Base isolation: An Earthquake resistant Approach

The term isolation refers to the degree of interaction between objects. An object it is
said to be isolated if it has little or no interaction with other objects. By isolating an
object we provide an interface between the object and its neighbours that minimizes
interaction. This definitions apply to many other examples such as the isolation system
in Thermodynamics. A very common application is the design of isolation systems
for vibrating machinery. Another application is the concept of protecting a structure
from an earthquake by introducing some type of devices that isolate the structure at
its base from ground motion. These devices are called base isolation systems and many
types of them have been proposed in the past. Base isolation systems for Buildings
has been introduced to isolate the structure from the potential damages induced by
ground motion. The mechanism of base isolator increases the natural period of the
structure and simultaneously decreases its acceleration to earthquake motion. It is
based on the structural bearing technology, which is the connection element between
the superstructure and substructure and allows horizontal displacement, rotation and

movement.

2.2 History of Base isolation

The first base isolation device has been installed in the Tokoyo Imperial Hotel in early
1900’s and the first material that has been used was the Lead Rubber Bearing (LBR),
which provided high flexibility and damping. After 80 years the High Damping Rubber
has launched and used in structures in US. The only drawback was that these devices

had no restoring mechanism and they dislocate after a ground motion. Since 1840’s the

2
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FIGURE 2.1: Functions of a Bearing.

natural rubber has been used for base isolation. The material that has been developed
was the synthetic rubber or polytetrafluoroethylene (PTFE) for more than 50 years.
After a period of time the Lead Rubber Bearing technology (LBR) has been launched
and used especially in bridges, providing an increase of 7% in stiffness after 37 years
from installation, with oxidation restriction to 10mm to 20mm.[1] In 1891 a Japanese
person introduced a method for seismic isolation by proposing a base isolated structure
with timber logs placed in several layers in the longitudinal and transverse direction
[2] as shown in Figure 2.2. In 1906, Jacob Bechtold, a German Engineer applied a
patent in which he introduced a structure on a rigid plate which supported on spherical
mechanisms of a hard material.[3]. The first rubber isolation system installed in an
elementary school in Skopje, Yugoslavia in 1969, The Pestalozzi School which was a
three-storey concrete building designed and built by Swiss engineers. Unlike the rubber
bearing technology that is widely known in the engineering community, these bearings
are unreinforced so that the weight of the building causes them to bulge sideways. There
have been used special glass blocks acting as seismic fuzes are intended to break when
the ground shaking load exceeded a certain threshold. This bearing technology was

replaced by the reinforcing rubber blocks with steel plates.[4]



Chapter 2. Literature review 4

-

Wooden .

logs ;‘ ‘&z

FIGURE 2.2: Base Isolation by wooden logs [2].

2.3 Applications of Base Isolation Worldwide

2.3.1 Base isolation in United States

The first base isolated building in the US was the Foothill Communities Law and Justice
Center (FCLJC), legal services center for the Country of San Bernardino, located in
the city of Rancho Cucamonga, about 97 km away of Los Angeles. It was also the
first building that made use of isolations bearings made from high-damping natural
rubber. The country of San Fault which is located about 20 km away from the (FCLJC)
building was very seismically active, because of generating very large earthquakes in its
southern branch. The four-story building was designed to withstand an 8.3 magnitude
earthquake supported by 98 base isolation high damping bearings. The building began
to being constructed in the early 80’s and was completed in 1985. It costed around $38
million. Another interesting example was the Los Angeles City Hall. A 28th storey
steel frame building with a total floor area close to 83.000 m?. The structure which was
supported by steel cross bracing, reinforced concrete walls and masonry infill perimeter
walls. The building was hit by the North bridge earthquake in 1994. Severe damages
have been inspected on the twenty-fifth and twenty-sixth floors which are the more
elastic stories. The Los Angeles City Hall building was supported by 475 high-damping
rubber isolators at its base combined with 60 sliders. Also it is to be installed about
52 mechanical viscous dampers at the foundation level and 12 viscous dampers will be
placed between the twenty-fourth and twenty-sixth floors in order to control the lateral
displacements at these storey levels. A recent application of Friction Pendulum System

(FPS) base isolation is the seismic retrofit of the U.S Court of Appeals building in San
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Francisco. It is a five storey building with a total area of 32.516 m? and was built around
1900’s. It is placed by steel gravity frame with unreinforced granite and brick masonry
walls. The FPS base isolators were installed in the undercroft level of the structure with

new concrete columns and a new rigid diaphragm system above the isolation level [4].

2.3.2 Base isolation in Europe

Base isolation is studied actively also in Europe and has been applied in many structures
under the guardianship of the National Working Group of Seismic Isolation [Gruppo de
Lavoro Isolamento Sismico (GLIS)]. Mainly in Italy several buildings have been built
using base isolation. The new administration Center of the National Telephone Com-
pany (CIP) is complex of five seven- story structures in the port of Italy, Ancona that
have been seismically isolated. A second base isolated building has been constructed in
Ancona for the Ministry of Defence. Also the church of St.Peter has been retrofitted
using high-damping rubber bearings.

2.3.3 Base isolation in Japan

Due to high seismic activity in Japan, Japanese structural Engineers generally design
more earthquake-resistant structures than U.S or European Engineers and are willing
to consider more costly designs. There are companies that introduce different kinds of
mechanisms for the seismic protection of buildings and consequently are highly devel-
oped in terms of seismic isolation technology. The first base-isolated building in Japan
completed in 1986. Five years later, the use of seismic isolation increased to 10 buildings
per year. Due to the economic crisis that troubled Japan, the rate of construction of
base isolated buildings slowed down to around 4 or 5 structures per year. At the time of
the Kobe earthquake happened in 1995 the number of isolated structures rose to around
80. A very large base-isolated building in Japan is the West Japan Postal Computer
Center (JPCC) located in in Sanda, a region around 30 km far from the epicenter of the
1995 Kobe earthquake. It is a six-story building with a total area of 47.000m? supported
on 120 elastomeric base isolators. This building has an isolated period of 3.9 sec and no

damage has been reported after the earthquake.
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2.4 Applications of Base Isolation in Greece

2.4.1 Stavros Niarchos Foundation Cultural Center (SNFCC)

The inspiration of this thesis came during my internship at the joint venture Impregilo-
GEK-TERNA S.A. These two construction companies are the main contractors of the
Stavros Niarchos Foundation Cultural Center (SNFCC) project. The (SNFCC) project
site (Figure 2.3) is located 4.5 km south of the center of Athens, on the edge of Faliro Bay
and is designed as a multifunctional arts, education and entertainment complex. It will
include within its 170.000 m? park, new state of the art facilities for the Greek National
Opera of Greece and National Library of Greece. The buildings were designed by Renzo
Piano, the internationally acclaimed architect for the Centre Georges Pompidou in Paris.
The project budget is $ 706.78 millions and is the largest construction project Greece.
In order to ensure that the buildings of the National Library of Greece an the Greek
National Opera will survive a serious earthquake, these two structures are built on (FPS)
base isolators specifically on RESTON PENDULUM Curved Surface Sliders. This type
of base isolation bearing is in terms of technology very advanced. It is based on the
physical model of a pendulum and during an earthquake event it can achieve the re-
centering which is so important for the supported structure. The two structures are
supported on 323 seismic isolators that can allow movements up to 350 mm and carry
loads of up to 70.000 kN. Figure 2.5 shows the positions of the 151 bearings that support
the Library building.

FIGURE 2.3: Stavros Niarchos Foundation Cultural Center (SNFCC).
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FIGURE 2.4: Stavros Niarchos Foundation Cultural Center (SNFCC) 3D Model.
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2.5 Types of Base Isolation

2.5.1 Low-Damping Natural and Synthetic Rubber Bearings

This type of seismic isolation has been applied mainly in Japan in conjunction with
supplementary damping devices such as viscous dampers, sliding mechanisms and so on.
These isolators have two thick steel endplates and many thin steel shims. The rubber
is vulcanized and bonded to the steel in a single operation under heat and pressure in a
mold. The steel shims prevent bulging of the rubber and provide a high vertical stiffness.
The advantages this kind of seismic isolation has are many: First of all, they are simple
to manufacture (the compounding and bonding process to steel is well known),easy to
model and their mechanical response is unaffected by rate, temperature, history or aging
[4]. The only disadvantage is that an extra damping system is needed. Below a variant
of this approach, the lead-plug bearing will be discussed, which is the most frequently

used isolation system.

2.5.2 Lead-Plug Bearings

The lead-plug bearing technology was in invented in New Zealand in 1975 and has
been used mainly in New Zealand, Japan and United States. Lead-Plug bearings are
laminated rubber bearings similar to low-damping rubber bearings but contain one or
more lead plugs that are inserted into holes. The steel plates in the bearing force the
lead plug to deform in shear. The lead in the bearing deforms physically at a flow stress
of around 10 MPa, providing the bearing with a bilinear response. It is very important,
the lead to be fit tightly in the elastomeric part of the bearing, and this is achieved by
developing the lead plug few millimetres larger than the hole and forcing it in. Before
the installation of the lead rubber bearing, it is necessary to specify the displacement at

which a specific damping value is required.

2.5.3 High-Damping Natural Rubber Systems (HDNR)

Malaysian Rubber Producers’ Research Association (MRPRA) based in United Kingdom
developed a natural rubber compound with enough damping in order to reduce the need
for extra damping devices during seismic isolation. By adding extrafine carbon block,
resins and other proprietary filters, damping is increases to levels between 10 and 20%
at 100% shear strains and a shear modulus around 0.34 MPa at lower levels of hardness
and 1.40 Mpa at higher levels. This specific material is non linear at shear strains less

than 20% and is focused more on higher stiffness and damping in order to minimize
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FIGURE 2.6: Lead-Rubber Bearing Isolator.

seismic and wind loads. Between 20 and 120% of shear strain the modulus is constant
and low and at large strains it increases because of a strain crystallization process in the
rubber which can increase energy dissipation. At large strains, the increase in stiffness
and damping can develop a stiff system for small input and a linear and flexible at design
level input. It can also limit displacements under unexpected input levels that exceed

design levels.

The Damping in seismic isolation systems is between the viscous and hysteric phase.
In a clear linear viscous element the dissipation of energy is quadratic in the displace-
ment unlike in a hysteric system it is linear. Results from tests from many kinds of
rubber isolators demonstrate that the energy dissipation per cycle is proportional to
the displacement around the value of power 1.5. This characteristic can be exploited to
model effectively the bearing response, which combines linear viscous and elastic-plastic

elements (Fig 2.7).

Another very important characteristic of high damping rubber isolators is that they
provide vibration reduction by filtering high frequency vibration caused by underground
traffic. [4]

2.5.4 The Friction Pendulum Isolation System (FPS)

Another seismic isolation method is the Friction Pendulum Isolation system (FPS) that
has been extensively used (Fig 2.9). The sliding and recentering mechanisms take place
in one unit and the sliding surface takes a concave spherical phase.[5] The functional
principle of the friction pendulum bearing is simple: a spherical bearing surface which
realizes a pendulum system whose fundamental period is related essentially to the length

of the pendulum, otherwise the radius of curvature of the spherical sliding surface, and
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FIGURE 2.7: Hysteretic behaviour of high damping rubber isolation systems

therefore the dynamic response of these bearings is strictly related to the friction be-
haviour. The articulated slider is based with a high bearing-capacity composite material.
The bearing is sealed and installed with the sliding sliding surface down, so that the
contamination of the sliding interface is avoided. The FPS bearing acts as a fuse, which
is activated only when the shear force overcomes the static friction force. During the
motion, the articulated slider moves along the the concave spherical surface, casing the
supported mass to rise with motions which are the same of a simple pendulum. The
kinematics and operation of the bearing is the same whether the concave is facing up
or down. Essentially, geometry and gravity achieve the desired seismic-isolation re-
sults. During the rise along the spherical surface the bearing develops a lateral resisting
force equal to the combination of the mobilized frictional force and the gravity-induced

restoring force. The lateral force is equal to:

F = (W/R)u+ uWsgn(i) (2.1)

Equation (2.1) shows that the lateral force is directly proportional to the supported
weight. The center of stiffness and lateral resistance of the bearing is directly connected
with the center of mass of the supported structure and compensates for mass eccentric-
ities. This property minimizes the torsional motion of the supported structure, which
can cause damage to the structure. When the threshold of static friction is exceeded
the structure responds at its isolated period with the dynamic response and damping

controlled by the seismic isolator bearing. Moreover the natural period of the isolated
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the FPS isolated structure is independent of the weight of the building and is given by
the equation (2.2)

Ty, = 2n(R/g)"/* (2.2)

The coefficient of sliding friction of the FPS bearing is given by the equation (2.3):

H = fmaaz - (fmaa: - fmm) eXp(—ﬂDD (23)

where fq, is the value of coefficient of friction at high velocity of sliding; fin is the
value at low sliding velocity; £ is the parameter that controls the variation of the co-
efficient of friction with the velocity of sliding. Typically, fja: is dependent on the
bearing pressure and is attained at velocities that exceed about 50 mm/s (The parame-

ter € equals to 0.1 to 0.2 s/mm). And D represents the velocity of the bearing movement.

The post yield stiffness is represented by the equation 2.4 as shown below.

ky = (2.4)

=

where R represents the radius of curvature of the sliding surface. Test results indicate
that the elastic stiffness of the friction pendulum bearing, k. is normally 100 times larger
than the postyield stiffness, k,.[6] Accordingly, the yield displacement, D,, is shown in

the equation below:

SPC S
D=9 ~ Q@ _ sl sl (2.5)
ke —ky 100k, | ooFe 100
R

Essentially equation 2.5 implies that the yield displacement, D, is a very small value
nearly 2.54mm. The effective stiffness of the friction Pendulum Bearing at the design

displacement, Dp can be written as follows:

_ Q 1 Hes
berp=hp+ 5 =Fe( 5+ 5 (2.6)
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Since the yield displacement, D,, is much smaller than the design displacement, Dp the
hysterisis loop area of the friction pendulum bearing can be simplified and is approxi-

mately estimated in the equation 2.7[6]

ED = 4Q (DD — Dy) ~ 4QDD = 4,LLSPCD (27)

Finally by substituting Equations 2.6 and 2.7 into the following equation (2.8):

g, = 4QD - Dy) _2Q(D — Dy)
I T omke s D2 hess D2

(2.8)

The effective damping of the friction pendulum system is expressed as in the equation
2.9:

— Ep _ dpsP.Dp _ 2 @ 9)
2nkess D3 2mP(1/R+ ps/Dp)D3, — w(Dp/R+ ps) :

Beff

Figure (2.8) presents the values of coefficients of friction fiin, fmaer and pp which
is the breakaway or static value of FPS bearings as measured in four different test
programs. Essentially in the FPS seismic isolation bearings the static friction is less
than the value at high velocity of sliding, the fi.qz. The controlling value f,q, has
values between about 0.12 and 0.05, depending on the bearing pressure. The tests in
the figure (2.8) extend over a range of bearing pressure of about 17 MPa to 275 Mpa. The
polytetrafluoroethylene (PTFE) composite which is used in the FPS bearing technology
is rated to pressures of about 300 MPa and has an ultimate capacity of over 415 MPa.

Very often vertical ground accelerations and overturning moments cause fluctuations in
the axial load carried by the bearings. The effect of varying axial load can affect first
the mechanical properties of the bearing by increasing the stiffness and friction force
and second the design forces sor the bearings and foundation of the structure. Under

extreme earthquake conditions uplift may occur, which needs to be evaluated.

In particular the FPS seismic isolator is constituted by a slider that oscillates around
the surface of a concave spherical surface whose radius is equivalent to the pendulum

length as shown in Fig 2.9 and 2.10.

2.5.5 Installation of FPS Bearings according to the manufactures guide

It is of great importance the Friction Pendulum Bearing or the VFPI bearing to be

installed correctly in order to function efficiently. Therefore it is recommended to install



Chapter 2. Literature review

13

COEFFICIENT OF FRICTION

Zayas at al. 1987
Constantinou et al. 1993
Al-Hussaini et al. 1993
44 Prototype Bearings of U.S. Court of Appeals

010+

0.08 1

0.08 +

0.04

0.02 -+

0.00 : } t t
0 50 100 150 200 250 300

BEARING PRESSURE {MPa)

FIGURE 2.8: Frictional Properties of FPS Bearings

———— POLISHED STAINLESS
STEEL OVERLAY

SPHERICAL SURFACE
RADIUS R=1880mm

INSERT PLATE

WITH STUDS .
SEAL GASKET \ :

CONCRETE
BLOCK

PLATE CONNECTING
CONCRETE BLOCK TO
UPPER CONNECTING

ALL AROUND f PLATE.
_ 1 i e i
ANGLE ;ﬁg%%%m
z =, =24 g
B 2
S SRR NS SN, T
LEVELING b
NUT.
ANCHOR
BOLTS.
EXISTING FOUNDATION

R NEW FOUNDATION
PEDESTAL.

HIGH STRENGTH HOUSING PLATE

NON-SHRINK  GROUT
ABOVE AND BELOW
ISOLATOR UNIT ——

- CONCAVE PLATE

FIGURE 2.9: Cross Sectional View of FPS Bearings



Chapter 2. Literature review

14

Spherical Sliding Bearing

Column Base

Buildiné Foundalion %Wiﬂﬁjﬂj

FiGURE 2.10: Friction Pendulum Sliding Isolator

Spherical sliding

l / surface

b)

FIGURE 2.11: a) The mathematical model of the pendulum in the Equilibrium Phase

b) Dynamical Characteristics of the FPS



Chapter 2. Literature review 15

the first pendulum isolator under expert supervision and guidance from the manufac-
turer’s engineer. Dust, dirt, grit, mortar or any foreign matter must not be allowed
to enter the moving parts. Therefore the FPS isolators should not be dismantled after
leaving the manufacturer’s workshop. Drawings should be checked against the project

drawings with respect to the installation marks.

2.5.5.1 Acceptance of the Pendulum Bearings

After arrival on the site, the pendulum isolators must be checked via an acceptance
procedure. First of all, the seismic isolator bearings, should be free of external visible
damages, they must be clean and protected from corrosion damages. Furthermore, they
must be tight temporary fixed and checked of working scale and value and direction if

are pre-set by the manufacturer.

2.5.5.2 Storage

If the Pendulum Isolator Bearings are not installed upon delivery, they must be stored
on wooden pallets at an appropriate place in the interim time. During storage, seismic
isolators must be kept clean and protected from mechanical damages, moisture, excessive
heat, sunlight, oils, fuels and other possible effects. In order to prevent condensation of

water, air circulation must be ensured.

2.5.5.3 Placing and Adjusting

The construction company is required to provide all the appropriate tools, lifting equip-

ment and if necessary scaffolding for the installation.

Elevation and direction of axes must be defined by the bridge design engineer. The axial
directions are to be marked on the concrete substructure. The location drawing is the
basis for setting out the Friction Pendulum Bearings in their correct position. It is very

important, all the markings and adjustments to be observed.

X— and Y —axis are indicated on the lower and upper part of the friction pendulum
isolator with center marks. Positioning has to be such that the center marks coincide

with the axial directions marked on the superstructure.
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The installation level and horizontal position are adjusted with shim plates. Small pen-
dulum isolators are placed on the shim plates on the concrete surface of the substructure
and should be fixed to the reinforcement with additional re-bars in order to prevent dis-

placement during grouting’.

2.5.5.4 Grouting (Mortar Bed)

The pendulum isolators shall be evenly supported over their entire area. Therefore,
bedding surfaces must be flat and free from high points and hard spots. The thickness

of the mortar bed is described in the construction drawings.

The choice of bedding material is influenced by the size of the gap to be filled, the size of
the pendulum isolator, the strength required, access, and the required setting time. In
some cases it may be necessary to carry out trials to ascertain the most suitable material

particularly if flowable mortar is used.

After alignment, the temporary support of the pendulum isolator must remain in place
until the mortar is properly set. The seismic isolator bearings have to be fixed properly
in their required position, e.g. by welding of studs to the reinforcement. The recess
spaces for the sockets or the shear connectors should be concreted before providing the
mortar bed in order to avoid a local post- shrinkage in this area. The Seismic Isolators

and the concrete of the substructure must be free of grease and oil.

I mortar gets on the pendulum isolators during the grouting procedure, it must be

properly removed immediately.

2.5.5.5 Construction of Mortar Bed

For Seismic Isolation Bearings with sockets or shear connectors, flowable mortar or
grouts are the best choice. The grout can be poured with a limpid plastic hose and the

aid of a funnel into the form.

Another and easier possibility is to use a half pipe instead of a hose with funnel. This
requires more careful work in order to avoid spilling of grout onto the pendulum isolator.

The procedure is expressed in Figure 2.12.
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Plastic hose

Sufficient pressure (height)

Formwork

I

FiGURE 2.13: Construction and Installation of the Mortar Bed using the free flow
mortar

The most important part during the installation procedure is to de-aerate well, e.g. with
metallic chains which are pulled back and forth. The distance between the chains shall
be approx. 15 to 20 cm. The grout has to be poured until the gap is filled and about

lecm above the lower surface of the bottom plate.

! Grouting is the proper unreinforced concrete that will fill the gap between the concrete substructure
and bottom plate of the pendulum isolator
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2.5.5.6 Concrete Superstructure

Generally the superstructure will be poured directly on the top plate of the pendulum
isolator.The proper formwork has to be placed as close as possible to the top plate and
the remaining gap has to be carefully sealed to ensure that no grout leaks onto the
vertical face of the seismic isolator bearing. Sliding plates must be fully supported, to
prevent titling displacement or distortion of the isolator under the weight of wet concrete.
After removal of the formwork, the seismic isolators have to be cleaned and any damage
to corrosion protection must be repaired. These works must be done carefully in order

to prevent any further damage.



Chapter 3

Friction Models

3.1 Introduction

Friction is a phenomenon when two physical surfaces are in contact and can be appear
in different cases. For instance, friction appears when two solid elements are in contact
and are sliding at different velocities.

This phenomenon is very usual in physics and in the engineering field. For example, in
transmissions, in machines, in fluid mechanics. This phenomenon is non-linear, so it is
of great importance to study the real frictional effect as accurately as possible. This can
result in a reduction of errors consequential to the non-linear behaviour. In structural
engineering, friction is used for energy dissipation. There are control devices that use

friction to function and protecting at the same time structures from high seismic forces.

3.2 The phenomenon of Friction

Friction is a force that occurs between two surfaces in contact and acts in the opposite
direction of the displacement. It depends on the properties of the materials in contact,
the contact geometry, the velocity of the contact surfaces and the type of the contact
ivolved. For instance lubricated or dry contact.// Figure 3.1 shows us the mechanism
that is involved in a dry contact can be simplified as the contact between the micro-
asperities of the material. Each micro-asperity carry a load,the summation of which
will equilibrate the normal force N. The deformation of each asperity is elastic until the
tangential load exceeds the shear strength of the material used. Then the deformation

becomes plastic.

19
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FiGUure 3.1: Simplification of the friction Phenomena

The classical rule for the friction phenomenon depends on the normal force N and the

friction coefficient p.

F =uN (3.1)

There are two basic types of friction. The first is the static friction, that does not involve
a motion of the two surfaces relatively to each other. The second type is the dynamic
friction that involves the motion between the two surfaces. In each friction phase there
is another p. The coefficients pisiatic and fidgynamic respectively. In case of dry sliding
the friction coefficient does not depend on the normal force N. In order to control the

coefficient we need an extra interface between the two surfaces.

It is certainly more difficult to interpret the phenomenon of friction when between the
two bodies exist some kind of lubricant, because it affects the phenomenon of friction.
For low velocities and a low pressure distribution, friction depends on the shear forces
in the fluid because of the hydrodynamic effects in the lubricant. These shear forces are
related to the viscosity of the fluid and shear velocity. For high velocities and a high
pressure distribution, the lubricant reacts as a solid. In high pressures the liquid acts as
a solid while it is transferred from the liquid phase to the an amorphous solid phase. In
this case, shear forces are not related to the shear velocity. So the it is way more difficult
to evaluate the friction force[7]. For solid lubricants the shear strength of the lubricants
decreases by an increase in velocity. Thus, the coefficient of friction decreases with
increasing velocities. When the lubricant layer is thick enough to separate totally the
two surfaces, the friction coefficient increases because the hydrodynamic effects become
more significant. This effect is called the Stribeck effect. In general, it is difficult to
model the friction phenomena. However, several models have been introduced for both

static and dynamic friction and capture approximately all the parameters of friction.
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3.3 Classical Static Models

There are many static friction models. Some of these models account for several aspects

of the friction phenomenon and others are limited to the minimum aspects.

Friction depends on the velocity v and the contact area between two surfaces as described
in the equation 3.2.

FFriction = FSZgn(U> (32)

3.3.1 Coulomb Friction

Coulomb friction is defined by the equation 3.1.

<

FIGURE 3.2: Coulomb Friction

Figure 3.2 shows the Coulomb friction. The value of the force for v=0 can be anywhere

between -F and +F.

3.3.2 Coulomb plus viscous friction

The phenomenon Coulomb plus viscous friction corresponds to the case where there is
some lubricant between the two bodies that create friction. Viscous friction is described
by the equation 3.3.

F=F,w (3.3)

Viscous friction is usually coupled with Coulomb friction. The resulting friction firce is

described in the equation 3.4.

Frriction = Fv|v|a3ign(v) (34)



Chapter 3. Friction Models 22

This formulation provides a better approximation to the experimental data.

Figure 3.3 illustrates the profile of force vs. velocity in this type of friction phenomenon.

EA
/

<

/

FIGURE 3.3: Coulomb plus Viscous Friction

3.3.3 Stiction plus Coulomb plus Viscous Friction

Stiction is shorter than in dynamic friction. Basically it is a force that counteracts the
external forces and that is higher than the Coulomb force. The resulting friction force

is described below.

F. ifv=0 and |F.|<|F
FFriction = (35)
Fssign(F,) ifv=0 and |F.|> |Fs|

where F, represents the external force applied to the solid and F; the stiction force.

When the velocity is null, the friction force depends on the external force. Thus, stiction

can take any value between —Fs and +F(s)

The figure below (Fig. 3.4) shows the force vs. velocity profile of this type of friction.

F
/

v

/

FIGURE 3.4: Stiction plus Coulomb plus Viscous Friction
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3.3.4 Non-linearity: Stribeck effect

The last model that is the result of the observations made by Stribeck. The friction
decreases continuously in terms of velocity dependence. The phenomenon is described

below by the equation 3.6.

F, ifv=20
Frriction = F, ifv=0 and ’Fe| < ‘FS‘ (36)

Fssign(F,) otherwise
The F, is commonly a function of the form

")

i
Vs

F(v) = F,+ (Fy — F)e 1o ) 4+ Fo (3.7)

where F, is the Coulomb friction force and Fj is the stiction force.

Figure 3.5 illustrates the non-linear phenomenon of the Stribeck effect.

=

\_—

e
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el

FIGURE 3.5: Stribeck Effect

The static models that we have seen before take into consideration only a part of fric-
tion characteristics. However, more precision is needed in the engineering applications
in general. So, some dynamic models have been constructed in order to provide more ac-
curacy in modelling friction. Besides that, numerical simulations are difficult to achieve

with static models as sticking is difficult to distinguish from sliding.

3.4 Dynamic Models

3.4.1 The Dahl Model

The Dahl model is based on the stress-strain curve that is defined by the equation 3.8.
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dF F
e o(l— chign(v))“ (3.8)
where v is the velocity, ¢ is the stiffness coefficient, F, is the Coulomb force and a

determines the shape of the stress-strain curve where is presented in Figure 3.6[8].

FIGURE 3.6: Friction Force vs. Displacement for the Dahl Model

In this case, the friction force is a function of the displacement. It is called rate indepen-
dent, because it is dependent on the displacement and not on the velocity.[7],[8]. The
stiction phenomenon and the Stribeck effect are rate dependent and the Dahl model

cannot model these two phenomena.

A time domain model of the Dahl model can be obtained by

dFr  dFdx dF F

_—=—— = — = 1 — —31 a .

i " dwar  ant "o goim) (39)
This model models neither the Stribeck effect nor the stiction phenomenon. It is the

most general dynamic friction model because it is a generalization of the Coulomb fric-

tion phenomenon.

By setting the coefficient a equal to 1, the time domain equation becomes

dF F
i o(l— Esz’gn(v))v (3.10)
And by introducing the variable z such as F' = oz, the model can be written as in the

equation 3.11.
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i ol (3.11)

and Finally
F=o0z (3.12)

3.4.2 The Bristle Model

This model has a very special characteristic. It tries to capture the frictional phenomenon
at the microscopic scale. Moreover the irregularities of the surfaces that are in contact
are the areas where friction happens. As the surfaces move relatively to each other,
the bristles act like springs when in contact with the bonds. This creates friction force

generated by the contact as shown in Figure 3.7.

z’/

Z

FIGURE 3.7: Asperities between two surfaces in contact

Essentially, the friction force is the sum of the forces created by each bristle. The friction

that is created is given by the equation 3.13.

N

F =Y ooz —by) (3.13)

t=1

Where oy is the stiffness of every bristle, x; the position of the bristle and b; the posi-
tion of the bound. Thus, N is the number of the bristles and represents the number of

contacts between the two bodies.

We have to admit that this model is very difficult for simulation as it is very complicated
to know the number of the microscopic contacts between the two bodies. It needs a lot

computational power and it is not efficient when N increases.
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3.4.3 The LuGre Model

The concept of the LuGre model is nearly the same as the Dahl model except that the
LuGre model can capture booth the stiction and the Stribeck effect. It introduces an
evolutionary variable that,for the LuGre model, corresponds to the bristle deflection

(Figure 3.8). That is the reason why it is related to the Bristle model.

Z

F1GURE 3.8: Evolutionary variable that corresponds to bristle deflection

The model is describes by the following equations:

— =V —0p—— 3.14
v Uogvz ( )

F =00 + Jl(v)% + ) (3.15)

In equations 3.14 and 3.15, z represents the bristle deflection and v represents the velocity
of sliding motion. The equation 3.15 corresponds to the equation of motion of the system.
The variable oy corresponds to the stiffness of the bristles, o1 corresponds to the damping
and the function f(v) describes the viscous damping, which is linearly proportional to

the velocity and can be expressed by the equation 3.16.

f(v) = ov (3.16)

The function g(v) is a function that describes the Stribeck effect.
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A reasonable function to describe the rate-dependent relationship of the Stribeck effect

is equation 3.17.

g(v) = ag + aze Gs) (3.17)

When the velocity id null,
g9(v) =ap + a1 (3.18)

which corresponds to the stiction force.

When the velocity is high,
g(v) = ap (3.19)

which corresponds to the Coulomb friction. Thus, the description for this model is the

following;:

dz ]
— =V —0p—— 3.20
dt v Uog<v)z ( )
g(v) = ap +are \Ys (3.21)
F =o0pz+4 012+ o9v (3.22)

3.4.4 The Leuven Model

This model is developed by Swevers and is a modified LuGre model. The difference
lies within the pre-sliding stage, the behaviour being a hysteretic function Fj(z) with
nonlocal behaviour. For the sliding stage bith Leuven and LuGre model share the same

properties.

= (o () [

) (3.23)

Vs

g(v) = (Fs —F,)e (3.24)



Chapter 3. Friction Models 28

d
Fr=Fp(z) + ald—i + o9v (3.25)

3.5 Friction Damping

Coulomb damping is characterized by damping force that is in phase with the deforma-

tion rate and has constant magnitude. The force can be expressed as follows:

F = Fsgn(u) (3.26)

Figure 3.9 shows the variation of F with u for periodic excitation. The work per cycle

is the area enclosed by the response curve.

u = i sin ¢
a=a

el

FiGure 3.9: Coulomb damping Force vs Displacement

Weoutomb = AF7 (3.27)

Structural damping removes the restriction on the magnitude of the damping force to
be proportional to the displacement amplitude. The definition equation for this friction

model has the form:

u = asin( t=

a=a /

FIGURE 3.10: Structural damping Force vs Displacement

F = kg |u| sgn(u) (3.28)
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where k; is a pseudo-stiffness factor. The energy dissipated per cycle is equal to

ksu?
Wtructural = 4 < 52 > = 2k5ﬂ2

(3.29)



Chapter 4

Non Linear Dynamic Analysis

Procedure

Nonlinear dynamic time-history analysis was performed to evaluate the performance of
the isolation system and superstructure for the FPS isolation system design. The system
comprises a five storey building with base isolation. The system that isolates the build-
ing is a friction pendulum isolator system. The floors have their own stiffness k. and
the friction pendulum isolator has it’s own stiffness k,, which depends on the radius of
curvature and the mass of the structure bearing down on that particular sliding surface.
The important acknowledgement in this thesis is that the system constructed models
the entire floor or ceiling as the sliding surface, rather than just the sliding surface that

exists between two FPS isolators.

The main concept is to isolate the building from it’s base and reduce the relative motion
and absolute motion of each floor and the shear forces during a seismic event. The

principle is to make the structure more flexible.

4.1 Modelling and Analysis Details

For the purposes of the system modelling a five-story reinforced structure (Figure 4.1)

is used and modelled as a mass, spring-damper model.

The equation of motion is the following.

30
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ROOF
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FIGURE 4.1: Model for dynamic analysis
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FIGURE 4.2: System modelled in Matlab

M +kem (um - um—1)+cm (um - am—l)_kcm—i-l (Um+1 - um)_cm—l—l (’&m—l—l - um) = _mug
(4.1)

In matrix form:

MU +CU + KU = —MU, (4.2)

Where C is the damping matrix of the structure and according to the equation 4.3 is

taken as proportional to the stiffness of the structure by the constant a[9].

C =aK (4.3)

Where a is a positive scalar and is expressed by the equation 4.4.

I (4.4)
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Where ¢ is the damping ratio is assumed equal to 0.02.

The stiffness of the floors were calculated as follows[9)].

Sk=M® (4.5)

K =w’k (4.6)

Where @ is the mode shape that describes the desired displacement profile.

These Equations were assigned into a Simulink Model using a State-Space function(See
Appendix). An unscaled Earthquake excitation was downloaded from the PEER Ground
Motion Database and then scaled in an upper bound of 0.12 g by a Gain block and
plugged into Simulink Model. Two models were constructed. One uncontrolled that
takes into consideration the structure without the FPS Bearings on it’s base and was used
as reference to which the controlled structure would later be compared. The main idea
was to decrease the acceleration and the inter-story displacement of the structure. An
extra stiffness parameter k, was included on the base of the structure which corresponds

to the stiffness of the Friction Pendulum System.

ky = 9 (4.7)

Where:
n = Number of stories above the FPS isolator Bearing
m = Storey mass

R = Radius of Curvature

For a given FPS, mass in the equation 4.7 is total mass of the stories above that point.
The Radius R was taken to be equal to 100 m according to the bibliography which
corresponds to a deflection of 0.3 m at mid-span of the floor. Besides that, the fric-
tion phenomenon which exists between the two curved plates of the isolator during the

earthquake excitation must be included in the model. This is expressed as:

F, = pmg (4.8)

Where:
1 = Coefficient of Friction
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m = Mass

g = Acceleration of gravity

The Force that was plugged in the Matlab Simulink Model is expressed as:

F = kyu + (pwmg) sign(a) (4.9)

4.2 The Concept of Base Isolation

The main concept of base isolation systems is to interpose structural elements with
low horizontal stiffness between the structure and the foundation in order to decouple
the structure from the horizontal ground motion which gives the structure a very low
frequency than both its fixed base and the ground excitation. The deformation of the
first dynamic mode happens in base isolation while the structure above is rigid. The
deformation of higher modes happens in the structure which is orthogonal to the firs
mode and to the ground motion. These higher modes do not participate in the motion.
Therefore the high energy in the ground motion cannot be transmitted to the structure.
It is clear that the base isolation system does not absorb the energy from an earthquake
excitation but it deflects it through the system dynamics which is not depending on the

damping level. Dampers are important to suppress resonance at the isolation frequency.

4.2.1 Effectiveness of base isolation

The main function of the base isolation is to reduce the base shear, for this purpose the
period ratio T3, /Ty should be large as practical, otherwise it will be harmful. For instance,
during 1985 in Mexico City the earthquake excitation that occurred in a one-storey
building with pseudo-acceleration value A(7T,(y) = 0.25g associated with Ty = 0.4sec
and ¢, = 10 for the isolated structure. The ratio A(Ty, )/ (T, () = 0.63g/0.25g = 2.52
means that the base shear in the base-isolated building is 2.52 times the base shear in

the fixed-base building as Tj, >> ;.
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FIGURE 4.3: Response spectrum for ground motion recorder on Sep 19,1985 at SCT
site on Mexico City and spectral ordinates for fixed-base and isolated building
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Results

Acceleration of top Floor vs. Time
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FIGURE 5.1: Acceleration of Top Floor VS Time

The Figure 5.1 presents the acceleration of the top floor in general. The magenta graph
describes the uncontrolled system and the black and blue graphs describe the controlled
system with the inclusion of friction. Obviously with the presence of the FPS isolation
bearing the acceleration of top floor has been significantly reduced. But by increasing

the friction coefficient to 0.05, the acceleration increases slightly.

Figure 5.2 presents the displacement of top floor vs time. The displacement is signifi-

cantly reduced with the interaction of the FPS isolation bearing.

Figure 5.3 presents the upper and lower Slab accelerations versus time. The blue graph

describes the uncontrolled system and the green graph the controlled system with the

35
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Displacement of Top Floor vs Time
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FI1GURE 5.2: Displacement of Top Floor VS Time
presence of the FPS isolator. The inter-slab accelerations will be higher because of
the elastic effect of the FPS system. On the contrary, near the slab of the fixed base

structure, smaller accelerations may occur.
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FI1GURE 5.3: Upper and Lower Slab Accelerations VS Time

Figure 5.4 presents the Hysteretic Behaviour of the friction forces that occur in the
sliding mechanism of the FPS system during a seismic event. According to the chapter
(3.3.1) the cyclic event of the friction force as shown in Figure 5.4 can be confirmed by
the Figure 3.2 which illustrates the profile of friction force vs velocity during the friction

phenomenon.
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FIGURE 5.4: Behaviour of Friction Forces (Fr) vs Displacement



Chapter 6

Conclusions

6.1 Conclusions

The research that accomplished in this thesis shows that Friction Pendulum System
Bearings implemented as seismic isolation devices on the base of a structure could be
an effective mechanism of damping seismic forces that occur in a structure during a
seismic event. The simulation that has been done in this thesis took into consideration
a structure with the presence of FPS isolation Bearings in its base and one without
any base isolation. Both structural schemes subjected on an earthquake excitation
and the difference in responses of both models was calculated by comparing these two
scenarios. Results have shown that the success of the FPS base isolation devices is
strongly dependent on the friction coefficient during the friction phenomenon that occur
between the sliding surfaces. Higher friction forces cause the columns above to absorb
a higher amount of seismic forces. However, by the carefully selecting the amount of
friction between the sliding surfaces, energy could be dissipated while transferring less
to the upper floors. The results show that the displacement of top floor is less with
the lower friction coefficient due to the fact that the floor system can dissipate more
freely. this effect is more safe as less forces are transferred into the upper parts of the
building and less shear forces occur during the seismic event. Overall the FPS isolation
system showed a significant improvement in dynamic response of the model structure
by reducing the lateral acceleration and increasing the damping of the system. However
the conventional isolation systems using pure friction and friction pendulum system have

many limitations, and are effective only for certain structural and excitation parameters.

There are some issues of the FPS isolation system that should be considered for its im-
plementation. In practice, flexible mechanical components should be considered in the

main construction plan. Such as seismic isolation components for pumping or HVAC

38
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systems. Another ceiling mechanisms should be installed and considered in the main
drawings of the structure such as elastic devices in the staircases, elevators and safety
gaps that will give the ability to the structure to dissipate freely without being damaged.
In addition FPS base isolation Bearings are expensive and the peripheral ceiling mech-
anisms that mitigate the shear forces which occur during an earthquake event increase

the cost of a structure.

In the Future, further studies should include tests of stronger earthquakes as well as
harmonic excitations to assess the behaviour of individual structures. Further research
should focus on the development of more efficient systems that can provide stiffness be-
tween the levels of discontinuity. Furthermore, mass production of FPS seismic isolation
system would have a positive impact in smaller scale structures that are located in places

where continuous seismic events occur.



Appendix A

MATLAB Simulink Models

The following graphs show the uncontrolled and controlled models that constructed to

simulate the structure.

i X' =Ax+Bu
X Y] »Bg V=30 pldusdt—»( 1 )
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FIGURE A.1: Uncontrolled Simulink Model
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FIGURE A.2: Controlled Simulink Model with the Inclusion of Friction
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Appendix B

State Space Formulation

The dynamic response of the SDOF linear system shown in Fig B.1 is governed by the

second-order equation[9]

mii + ct + ku = —mag +p+ F (B.1)

p——utu,

Ficure B.1: SDOF System.

where p is the applied external loading, F is the active Force, and m,k,c are constant
system parameters. Integrating Eq.(B.1) in the time and enforcing the initial conditions
on u and ¢ at t=0, we obtain the velocity and displacement as functions of time. These
quantities characterize the state of the system. Acceleration and internal forces can be

determined by backsubstitution.

It is more convenient to work with a set of first order equations rather than with a

second-order equation.
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This form is called state-space representation. By this form complexity in generating
both analytical and numerical simulations can be reduced. Defining X as the state

vector,

the matrix equilibrium equation is written as

X
o =X =AX+B;F + Byay, + Byp (B.5)

where the various constant coefficient matrices are defined as follows:

0 1
A= Lk e (B.6)
m om
0
B;=B,=| 1 (B.7)
m

The initial condition at t=0 are denoted by Xj.
0
x(0) = | " | = x, (B.9)
u(0)

With this representation, the problem is reduced to solving a first order equation in-

volving X.

The equations for an nth order linear system subjected too seismic excitation and a set

of control forces applied at various locations on the system are written as[9]:

MU+ CU + KU = ~MEa, + E;F + P (B.10)

where E; is an n x r matrix that defines the location of the control forces with respect

to the degrees of freedom. The initial condition involve constraints on the displacement
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and velocities at time t = 0.
U (0) = Uy (B.11)
U (0) =Uo (B.12)
So the state - space form is taken as:
X = AX + B/F + Bya, + B,P (B.13)
where X is a vector of 2n order.
and the coefficient matrices are giben by
0] I
A= (2n x 2n) (B.14)
-M 'K -M!
(0]
B, = 2n xr B.15
7= Mg, ( ) (B.15)
O
B, = ] (2n x 1) (B.16)
B, = M- ] (2n x 1) (B.17)
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