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ABSTRACT

— Y ol .
Base isolation is a novel co'ncept for the protection of-buildings up
to eight storeys against severe earthquakes. The reduction in seismic <
forces on the buyilding is achieved by inserting horizontally soft iso-

lation eTements between the superstructure and the foundation. As a’
-

result, inelastic deforgatibns. are limited to the isolators a.nd'the fur_\da- {'/
mental frequency is reduced from 2-3 Hz to typically 0.5 Hz ""H;'th the -
adoption of -the base isolation concept. and- the research already devoted_

to it, the quest.\ons remain as to the effect of soﬂ structure inter-
l-action. the resporlse. to turbulent mnd__m view of the -1ncfeesed f]e;d»:".\

4] ) "
bility and approximate methods of analysis for both seismic and wind
- . . . W R ‘i . >

loading, ’ )

-

In the first part of the study, the complex eigeo(qlbe;ei\alygfs' is*j. R

used to study the modal properties of three and five storey plane frames.

.
\‘u . ‘e wa

The effect of soil- structure interaction is investigated for: motings LT

acting 1ndependent1y and also with dynamic interaction (crots-interac,tww)

.-

included.. The effect of 1ntroducmg vertical f'lexibﬂitx in th‘é‘ iso-'

‘lators (rocking) is examined. " The suitability of approxinatwthods .,n :3 .

.
s
.

for free vibra‘tion analysfs. idearlizing the buildings as a s]iding mass

or as>a rjgid body on springs. is verified. ) R - A

2/
-

1

In the second part of the study. the seismic analysws of a fwe

storey plane frame 1s‘uperfdrhed in the time domain. The effect of base _

oo
iso!ation in reducing the acceleratlons induced in the buﬂﬁing is denon- '

[4

stnte_d. "An approxiute procedure for the tiae do-ain analysis of the
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.1  INTRODUCTION

L3
- .
- L} ‘
~
. L

Earthquakes have devdstated c1t1es causrng sevece damage. ﬁa‘l11t1es

and economic setbacks as thnessed by the‘1985 Mexico C\ty earthquake g

{Popov, 1987). Horizbontal gr0und accelerations are: amD11f1e¢~uD a con-

N ~

ventwonal building producang IDert1a forceS‘that are detrlmental “to the

structure and its contents (F]gure 1)) ’Traéitxonal!y. structural
engineers have protected structures against severc certhquakes by pro-.

viding additional strength and duct111ty The 1ne}ast1c defOrmat1ons

~

lengthen the natural periods‘and increase’ the dgmping of the structure.

The increased natural period may reduce the seismic forces by detuning
- - . T - \ } .
the building from the earthquake excitation. The effect of .the damping |

is to reduce the response of the building. The byildings ‘updergo con-
siderable structural and non-structural damage as well as dahage'to

their contents and this involves even important buildings, such as hos-

[A)

pitals, which are required to be functiqnal after earthquakes. Contents,.

-

,Such as telecommunication equipment are rendered ineffective qnd‘\e-lec-

“trical switchyards lie in ruins when1thgy are most needed. Previous tp
the 1970s the only solution to this cycle of death, destruction and re- ,

building was increasing structural strength and ductility. However, with
the applitation of simple vibration isolation principles, an elegant, -

alternative solution has been found. :

\

Ll
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FIGURE 1.1 .Buildings. having conventional structural systems'during
"earthquakes (Tarics, 1987) -
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“méntal'frquency‘is between 2-3 Hz.(corresponding to 1-8 storeys) stand
9 .

" base-isolated bullding which .ha

and sliding atcesses are standard detaild of base-iiapated buildings.

The principle of vibration isolation uses a flexible mounting
h . .

{helical spring or rubber blocks) to detune an objegt from its suppdrt -
thereby reducing incoming or gutgoing vitrations. Base isolation uses

this principle to protect buildings ffthfaFthQUake excitation The
L

reduction in seismic Toadang on the bu14dfnq is ethueved by xnsertang

horizontally soft 1so1at1on elements betweef the Superstructure and the
e

foundation (Fiqure '1.2). The inelastic deformatwong, if any. are 1imi ted

to the .isolating elements and the structure remains e‘astnc -Ihe addi-
. ¢ *
tional damping provided by the isolators further reduces the resonant 2

- 7

component of the response. TAL building responds very nearly 1n a rigid

- body, modeiunth approxtmateiy gpual dtsplacements at all levels theredby - .,
reduc1ng interstorey drifts and possxb1e damage The accelerations in-

duced in the superstructure aqg_limﬁted toor below the ground.accelera-

tioﬁ The isolation ;ffect shifts the-natural frequenCy away from the

h1gh energy portion ‘of the earthguake spectrum»(typxca11y 2-3 HZ) to a .

4frgquency of about 0.5 Hz. This 1mp11es that structures whose funda-

to benefit mest from base isolation. The vertical load of the structure

uﬁst bé Sugportéd as the large relative displacenents occb} between the ‘

Supérstruéiure‘and foundation. For this purpose, various systems, e.g.

. ) -

elastomeric bearings similarcto bridge béaripgs. have been used. A
}‘peén constfucted in the U.S.A. is shown
in Figure 1.3. The seismic gap between the Building and foundation

accoamodates the relative disptaceueﬂ&;. Flexible utility connections

O

N
Base isolation is particulariy suited for retrofitting older

v
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= L . o
buildings, especiallyaihose of architectural value, because it reduces
’he amount of strengthenrng reqQquired for .the superstructure. 'An example
of Such app11cat10n is 'he 92-yéar-old munxcwpa1 buyilding in Utah which

has been retrofitted by base isolation (Elsesser and Walters, 1987).

Structurgs founded ar soft soils are not suitable for base isolation
as the bu1} of the enmergy of .the earthquake spectrum would 13ie at low
frequencies {Bucharest 1977 N-S and Mexico City 1985 E-W, SCT).

. -

. 1.2 0BJECTIVES AND SCOPE

- r
-

With the adoptrpn ‘of the base 1so1atlon concept, questions arise as
to the effett of *so0il 3tructure rnteract1on the response to turbulent
wind in view of the indreased flexibility and approximate methods of
analysis for both seismic and wind loading. The objectives of this study
are: S

. To investigate the effects of $bil-structure interaction and
1 rocking resdfting from i£ ;nd from vertical flexibility of the
i;otators on the modal properties‘of buildings.

To invesiigate the accuracy of approximate methods for computing
‘ ‘ . the modal. properties. B ‘
| " To demonstrate the effectiveness of base isolation for reducing
the seismic loading'on buildings.
. To establish an-appropriate M!théd for the bre]iminary anaIysf!
- of base-isolated buildings using time hi;tory analysis in con:

) Junction with an approximate jdealization_of the building.

- . To determine the wind parameters in the wind tunnel i.e. mean

- *

want [



wind profile, coherences and longitudinal - wind velocity spectrum
for the region close to the ground and for open, suburban and
srban exposures. {

To determine the wind forces ac:wng‘on models of low-rise buridings
and their drag coefficients.

Using the experimental resylts, tc formu'ate a procedure similar
to current Codes for the prediction of the response of base-
isolated burldings.

To verify the adequacCy of existing Codes for the evaluation 0f the

response of base-isolated buridings to wind.
The scope of the thesis is as follows:

In this chapter the concept of base isolaticn is introduced and
the objectives of the study are stated. -
~Chapter 2 ﬁriefly reviews the history of base isolation and des-
cribes various base isolation systems: | k
' In Chapter 3, the properties of base isolators are outlined along
with two methods of equivaleni linearization”™
The soil impedancé functions used in this study are presented in
Chapter 4. N ®
The free vibration ana1y§i§'of structure-isolator-soil! systems are
investigated in Chapter S. Also, approximate methods of free vibration
analysis are investigated.
The seismic analysis of a base-isolated building is investigated

in Chapter 6.2 A simple method of determining the seismic response is

demonstrated. .



- The wind tunnel experiments are described and the results are pre-

sented in Chapter 7.

~

In Chapter 8, the alongw:ind response theory 's out''ned with appro-

priate modifications. The response of base-isclated buildings 15 computed

and compared with the response using the Canadian anc American (odes. The

J/:or51ona? response s computed anc the approximate procedures are pre-

sented.

The conclusions of the study and recommencdatlons ‘ar ¢ rtner

research are presented ‘n Chapter §.

‘e



CHAPTER 2 -
BASE ISOLATION REVIEW

™

2.1 WISTORICAL REVIEW

The first base isolation systems were proposec a: the segrnn\ng of
this century. [n 1908, an [talian commission recommended separating a
building from 1ts foundation by a layer of sand or roilers while in 909
a medical doctor prohosed the use of a layer c¢ sand ‘xelly, 198€', The
first yse of this concept was n 1921, Frank Lloyd Wright, in designing
the Imperial Hotel in Tokyo, isolated this building by supporting the
foundation by a series of short piles driven into an 8 foot layer of good

sail overlying a layer of soft mud. The soft mud acted as an isolator

aN@TNe—besiding performed well in the 1923 Tokyo earthquake.

The concept of flexible first storey was introduced by Marte!l in

1929. He proposed that the lateral stiffness of the columns comprising

,

the first storey be much smallier than the columns of the upper levels.
Elastic deformations during an earthquake would occur mainly in the
first storey. However, the P-.: effect associated with such a system
could cau;e the building to collapse. An extension of this concept,
known as the ;oftlfirst-storey. was proposed by Fintel and khan (1969).

-

The columns were allowed to yield and stability walls with neoprene pads

. [

 were incorporated. The additional damping was intended to reduce dis-

. placements. Nevertheless, there was a large ductility demand and: the
system would have %o yield elastic-perfectly plastic {Chopra, 1973).°

 The Olive View Hospital in California, with architectural features such
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More recently, fhe Friction Pendulum System (FPS) was tested experi-
'nntglly by the Earthquaie Engineering Research Center of the University
of falifornie at Be?ke1ey {Mahin, 1987). A cross-section of the FPS
torrection is shown in Figure 2.4. It operates on the principle of pen-(
dulum motion and damping is provided through sliding on a spherical con-
céve surface. For wind and sm$$1 earthquakes the building responds in a,
conventional ngnner.‘ For severe earthﬁuakes. thg isolation system is
activated thereby increasing the périod of vibration and providing'fric-
tion damping to further reduce the }esponse. “

The sleeved-pile concept utilizes a free lengtﬁ'of ﬁile to achieve
the isolation. The pile is used within 3 sleeve to limit the lateral
displaceneqp. A mild steel tapered plate provides hysteretic damping
and acts as a2 wind restraint. ' A 12-storey building in New Zealand

—

-(Union House) incorporated this system (Boardman et al., 1983).
Roller bearing isolation systems have been proposed (Caspe, 1970,

) ~ . .
1984 and Stiengr. 1985). For bi-directional excitation two IayeQ§ of

rollers need to be provided. Also, there is the problem of fusiqj of

the rollers to bearing plates because of pigh contact stresses. A building
in the USSR (KeTIy..ISés) used spherical ovoids for isolation and a dry
?fiction element for daqping. The building reported1y-perfo;ﬁed to

expectation in a 1977 earthquake.

.
A

The spring-dashpot isalation system uses helical springs and visco-

dg-pers_¢Tezcan, 1980; Huffmann, 1984). The vertical stiffness of the

springs is twice the hdrizontal stiffness and also provides isolation

-
e

from vertical excitation. This system is more expensive than laiinhted

. . ' \ ) ~ A}



2.2 BASE ISOLATION SYSTEMS

.

The mos: common type cf base isolation systems are laminatec
. . 1 Y

bearings {(Figure 2.1'. These are s1miiar to bridge bearings anc compr:se

layers of rubber bondec 2o thin stee! plates tc provide high vertrcal

. ‘ .

st1ffness and ‘ow horizontal shear st ffnass. The bear'ngs are tyDi- o
cally 300-500 mm square or 'n diameter with 3 mm thick steel plates and

[y

16 mm thick rubber layers. “he thickness 5% the rubber lavers anc steel’

. .

plates may vary w'th the overa ' thickness berng.between x5(0-330 =m.

. . -
The high vertical st:ffness, resyliing €rom Poisson’s ratsc # 2.3, suD-,

«

ports the weight of the building while the low horizonta' st:ffness pro-

————

_vides isolation in this. direction. The rubber may be natural rubber but

recently rubber compounds (rubber contaﬁnxng filler' have been used.

Addwtional damping is obtained 1n’one 0¢ several ua;s. In ;he con-
structién of the William C]Sytou Building ; ie;d core was insertec
(Figure 2.1) to provide hysteretic damping by pure shear deformation

‘
(Robinson and Tucker, 1977). The damping is increased from 3% for the..
rubber to IO-IS: uith'the lead plug. However, the lead‘Eeﬁds ta frac-.
ture or work into t;e rubber. High viscosity ;ubber without the lead
core was used in the Foothill Communities Law and Justice Center in
California to provide 10-20% damping for high and low s;rains respec-
tively (Celebi and Kelly, 1985). The high initial stiffness is ;educed
"by a factor of fbﬁc or five &% the strain appéoaches 50%. As the
st};ins exceed 1007, the stiffness ;gain increases providing é.fail-safe
act{on. Hysteretic damping.may ée provided by steel members yielding in .

torsion or flexure (figure 2.2). In Japan the dampers used tn a building.

-
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, FIGURE 2.2 Steel hysteretic dampers (a) torsional beam
. _ (b) flexural beam (c} coils (Okumyra Corp.)
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constructed by the Okumura Corporation, consist of steel coils SO mm in

diameter {Figure 2.2c).

The E.D.F. system {Electricité de France) is used for the seismic’

protection o0f nuclear power plants (Plichon, 197§ and Wolf, 1983). The
reactor and its ancillary buildings are collected on a raft forming a

nuclear 1sland. The upper raft rests on a lower raft and are séparated

- -

by an isolation system which consists of laminated neoprene bearings with
lead bronze-stainless steel slip plates on top of each bearing (Figdre
2.3). "'The bearings isolate small earthquakes while sliding occurs on the

slip plates for large earthquakes. The plates have a friction coeffi-

z

cient of 0.2 which allows a standard power plant design for a seismic

loading of 0.29. A nuclear power plant incorporating this system has

~been constructed in South Africa. This system is reportedly costly and

therefore is not syited for ordinary construction.

In the slié%ng system, the isolation is obtained by purelty sliding
friction. It was observed in China that masonry builidings in which.the

reinforcenent did not extend into the foundation, performed better

during the:1976 Tang Shan earthquake. In one building a horizontal crack

occurred dnd there was a residual displacement of 6 cm. From these

observations a system for low-cost low-rise houses emerged (Li, 1987).

It consists of placing a layer of screened sand between two smooth plates

separating the building and its foundation and forming the isolation

/
system, A one-storey building, built of poor material and incorporating
this system, was tested by an explosively generated ground motion. The

butliding survived by sliding.

12
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FIGURE 2.3 Nuclear island on aseismic bearings (NWolf, 1983)
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More recently, the Friction Pendutum System (FPS) was tested experi-
'entgn'ly by the Earthqualie Engineering Research Center of the University

of California at Berkeley {Mahin, 1987). A cross-section of the FPS’

. correction is shown in Figure 2.4. It operates on the principle-of pen-

dulum motion and danping is provided through sliding on a spherical con-
csve surface. For wind and smatl earthquakes the building responds in a,
conventional manner. " For severe earthauakes. the isolation System is

activated thereby increasing the pertod of vibration and pr0v1d1ng fr1c-

-f

tion damping to further reduce the response

The sleeved-pile concept utilizes a free length-of bi]e to achieve
the isolation. The pile is used within a sleeve to limit the lateral
displacement. A mild steel tapered plate provides hysteretic danpang

and acts as a wind restraint. A 12-storey building in ‘New Zealand

.(Union House) incorporated this system (Boardman et al., 1983).

—~—

~ ' . '

Roller bearing isolation systems have been proposed (Caspe, 1970,
\ . '~

1984 and Stielgr. 1985). For di-directional excitatioﬁttuo 1ayet§ of

rollers need to be provided. Also, there is the probﬂen of fusind of

the rollers to bearing plates because of high contact stresses. A building

in the USSR (Kelly. 1985) used spherical ovoids for 1solatiqn and a dry
ffiction element for damping. The building reportedly perfpraed to

expectation in a 1977 earthquake.

\

The spring-dashpot isalation system uses helical springs and visco-
dampers (szcan, 1980; Huff-ann 1984) The vertical stiffness of the
springs is twice the horizontal stiffness and also provides isolatjon

from vertical excitation. This system is more expensive than laminated

.
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bearings and the rocking motions may induce high accglerat%ons at -
i >
corners. For conventional buildings vertical isolation is not necessary.
However, as will be shown in a later chapter, large dalpi\ng ratio may be
obtained from this system. ‘ -7
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CHAPTER 3 - £
L
PROPERTIES OF -BASE ISOLATORS

3.1 PROPERTIES OF LAMINATED BEARINGS

Laminated bearings have evolved as a practical means of base isd-
lating buildings, as discussed in Chapter 2. Three devices, steel, lead.

N\
or high viscosity rubber are used to provide hysteretic damping. These

devices have different characteristics but their load deflection relation-

ship can be approximated by a bilinear hysteretic loop.

Steel devices exhibit different characteristics depending on the
mode of straining. Testing of a single taper cantilever, Figure 3.1,
indicated that the elastic and post-yielding stiffnesses are (Blakeley

et al., 1979) ' - g

ko \ | 3

k
L2 ! and =i S®

aa = 85 l-

where k] is .the elastic stiffness, k2 is the post-yield stiffness and

Qd is the force in the dissipator at zero displacement. The stiffnesses

" for the torsional beam device are 20% greater.

The fBad dispficeuent relationship, for a lead/rubber bearfng is
shown in Figure 3.2. The laminated bearing without the lead plug -

(rubper fn Figure 3.2) describes a very small hysteretic loop and there-

fore dehaves approximately elastic. The stiffnesses of the lead/rubber

- - .

beaé%ng are - :
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FIGURE 3.1 Force- deflect1on hysteretic Ioep for steel taper device
nyler. 1977) .
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_earthqueke equivalent linearization are discussed and used.

e

k k ) ' - O
1. -1 2 _ -1 L
7| 113 m and (o] 14 m ~. . ) -

.~

The area of the lead cylimder controls the ratio of ‘the post-yield stiff-

" ness of the lead/rubber bearing to the stiffness of the elastomeric

dearing alone. . . . _ N

' 4 . \ »
. .- N/
™ N

More recently, high viscogity rubbe; Séarings became available. ‘They
have ; shaar modulus at low strains (less than 5%) which is,fou? to five
times greater than the value at 50% strain (Celebi.aad 5;11X, 1985) ..
Figure 3.3 shows the hysteretic curve for a high.viscosity rubber bearing

used in- the Foothill Couiunities Law end Justiceétenter. DSnping ratios

[y ‘. .

-of 10 to 20% were estlnated. usvn,rthe area of the hysteresis loop and

[

"

the laxinu- elastic stored energy. The }arger value . is for lower::strains

while the smaller value 1s for- higher stratns. These bearings exhibit *
. -, ' - - Y e . ) .

strain hardening for strains in.excess &f 100% (Kelly, 1986).

' '.. . "“‘.e"'
3.2 EQUIVALENT LINEARBZATION OF BASE ISOLATORS S S

. /“ . . ‘e .
. /! - T

Linearizetion is used to simplify couputations and censeqdent¥y to

’reduca'bOlputational cost. The non 1inear soil- isolatot strutture systen.

‘\-

described with apprapriate linear para-eters can be ana]yzed usingfthe

complex eigenvalue approach The equivalent linear systeu depgnds on

- the properties of‘the non-1inear syste- and the nagnxtude of displace-

_lent. Consequent]y. equivalent Iinearization ‘ha$ been derived for har-

monic, renda- and earthquake excftatlons In this study, harmonic and .
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3.2.1 Equivalent Linearization for Harmonic Excitation

™
Equivalent 1inearization for harmonic excitation is suitable for

free vibration analysis-and also for earthquake excitation for which an .
‘effective amplitude' is used. There are many methods of equivalent
linearization for harmonic excitation (Jennings, 1968 and Hadjian, 1982).
The basic principle is to assume one of the parameters (stiffness or
damping) of the equivalent linear system and to compute the other. Of

the models proposed, the Geometric Stiffness is the simplest and yet

adequate and is also quite acceptable on the grounds of physital represen-

“tation ef the stiffness and damping of the system (Hadjtan, 1982). This

model was proposed by Rosenblueth and Herrara (1964) and will be given

further consideration herein.

. *
T?g bflinga: hysteresis loop is shown in Figure 3.4. For the Geo:
metric Stiffness model, the stiffness of the equivalent system, k_, is
equal to the secint stiffness ‘
(-0 (3-1)
o : .
where P, {s the force on thgliSAIator at u_, its maximum displacement.
The characteristic strain enefgyrof the loop, W.. is taken as the area
under'thg‘secant wodulus in positive displaceﬂeﬁt. The equivafeng ‘
viscous damping ratio, cé. is given by o . , "M, !
AM C :
% " T, % L (3-2)

.where AW is the energy dissipated per cycle or the area bounded by Xhe . .-

hysteresis loop. Then, thg equivalent viscous damping ratio is expressed as

— . - »

. . : 4 . . . s
- ' - ' : ' K

A - e ; . e .. ., . . .
Lom sl B . Lol .. [ Cen oL . 3 P . e . et
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(Matanabe and Tochigi, 1985)

g 1oy (,°°])
=

Taufy 1)y, ‘ (3-3)

S
e

where . is the ratio of the post-yielding stiffness, kz. to the elastic

(initial) stiffness, k,, and y, is the ratio of the displacement, u % to

-~

. > i ] i .. - = v l
the ’yietd displacement, uy. e,y Tug uy

3.2.2 Equivalent Linearization for Earthquake Excitation

Several models have been proposed fors earthquake excitation (Hadjian,
* 1982). Of these, the Iwan model (Iwan, 1980) is selected for use.  Iwan

analyzed six non-linear systems subjected to an ensemble of twelve earth-
duakes and computed £hé ine]astic response spectra.' From these spect}a.
he proposed efﬁgctlve linear period and damping parameters as a function
of the duct1?\ty rat1o ~ The enplrlcal reiationships for the period and

dampung are

T .
e . " 0.939
T; 1 + 0.121(y°-1) . . (3»4)

and

T +0. 0587(y .1)0.371 - (3-5)

where T ~is the equivalent linear period, T .is the initial period {asso-

b
ciated with the elastic st1ffness). %o is the equivalent damping, G 1S

“\*4he’fiscous danping-at sma!l amplitudes {y or51) and y = v, /u is the
\,, / .

ductility ratio. N NG



A )

. the forces on the massless foundation were computed and the force-

. CHAPTER 4
FOUNDATION IMPEDANCE FUNCTIONS
ay

4.1 IMPEDANCE FUNCTIONS FOR RECTANGULAR FOOTINGS

In order to study the dynamit interaction between structures and the
supporting‘soil (soil-structure interaction), it is necessary to deter-
mine the impedance functions of the soil. In its basic form, the approach
typically consists og'evaluating'the steady-state force-displacement

relationship of a massless foundation resting on a viscoelastic halfspace.

P4
Wong and Luco (1976) presented a method that was applicable to flat

rigid foundations of arbitrary shape placed on the surface of an elastic

medium. The contact area, between the foundation and soil, was divided

into sub-regions (squares). The contact stres;es (of unknown magnitude)
were assumed t& be uniform within each sub-region. The displacements were
cast in terms of these uniform strgg;es with the displacement boundary
conditions taken into account. After evaluatjhg the contact stresses,

b}

di;placeuenf relatién was determined. - The authors found good agreement

_between their results and Luco and Westman's (1971) solution for a cir-

cular foundatfon."This technique became widely used. In ; subsequent
report (1978), thf authors compiled an extensive list of impedance func-
tions for reétangulai fqundatjons of different aspéct ratios and varying
§ot1 parameters. The wethod desér*bed above (Wong and Luco, 1976) was

-

used in their evaluation.

- Pajs and Kausel (1985) used regression analysis to fit polynomial

N 3

U ¥ | L
. . - N
M L . .



expressions to selected numerical results. The impedance function for

rectangular surface foundations cap be expressed :in general as

d

KT = (k) +K,) = Ks(i + iaoé) . (3-1)

where Kd i® the impedance function {dynamic stiffness), K1 is the real

{in-phase) stiffness, XK, is the imaginary {out-of-phase) componen? re-

-

lated to the damping in the medium, K, s the static stiffness of the
foundation, and k and C are dimensionless stiffness and damping coeffi-

cients respectively. The dimensionless frequency, 3, is defined as

a = — i (4‘2).

in which vS is the shear wave velocity of the medium, B is the half-width
of the foundation and o is—tQe circular frequency. The equivalent viscous

damping is given by

-

K Kac. KBc :
2 _ so _ s
= = . .. (38-3)

S w
.

The 'real’ stiffness is given by

Y

- T . -
K=K K | (4-4)

Using the above equations, the polynomial expressions proposed by Pais ‘
- ! * -
and Kausel are restated as follows:

<
Vertical vibration ~

E=1.0—% L o (8e8)

. gt g
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Rocking vibration
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dance function- (Figure 4.2). .
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where x ]r;;isson's ratio .,0f.s011 and subscripts v, u and ., refer to ver-

tical translation, horizontal translation angd rock'ng respect'vely « figure

.
-\ \

in this stucv, square #Oundat1ons are assumed (L B = 1). Pais and

}

%
.
Kausel compared the impedance functions 0f a square ‘oundation with the

results of Wong and lLuco. The graphs are reproduced 'n Fiqure <.0.
For the buildings considered (Chapter S}, the dimensionless frequency
is less than 0.6. The approximate and numerical formulae compared wel)
‘ ® T
over this range except for the imaginary component of the vertical impe- "~

Material damping in the medium may be incorporated approximately by °
the correspondence principle in lieu of using the compiex shear modulus.
The complex stiffnesses described in the above equations are multiplied

by (1+i28). The material damping ratio, £, is related to the loss angle,

43

5, by . . . .. .

= (4-9)

| —
("}

a_l £ -~
-—ztanc-

in which G' and G are the imaginary and real components of the complex
shear modulus respectively. Perforgling the multiplication and separating

the real and imaginary parts gives once more the true stiffness, k', and

(Y}
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‘the CQUiv;lent,viscous‘dalping constant, ¢'. "The adjustment to the above

equations is

K' = K - 2&& )
i N (e-10)

For this studj‘ihé frequency, .. was taken as the fundamental natural
freqdency, wy - Ehuatiogs 4.10 are adequate for low dimensionless fré-
quencies. For higher frequencies, the complex shear modulus has to be
included in a, also. "
: » PY .
" The equations described so far were derived with reference to the
centre of the base qf the foupdation (foundation-soil interface); 'Fbr
computational purposes, it %s desirable to use the centre of mass of the
foundation as the reference point. The stiffness and damping matrices

are transformed to this reference point by the following expressions

(K] = [TYT [k 107] . |
and . (4-11)
fed = (117" 3N

where the transformation matrix [T] is given by '
1. Ye 0 . i~
(fl={o 1. o | a2y
. 0 0 1.
. - - e . v

with the displacements taken in order as u, y and v at the centre of mass,

distant yc‘f%ou the surfice of the medium.

4
& 4



- Many other data on impedance functions are also available. For large:
foundations, a layered halfspace should be assumed instead of the homo-

geneous one.

INTERACTION WITH DYNAMIC INTERACTION OF FOOTINGS

4.2 SOIL-STRUCTURE N

The buildinés considered in this studw.rest on individual f&btings

. (Chapter 5;' Figures 5.1 and §.2). In computing the foundation impedance
‘ functions, the cross-interaction of the footings is first neglected re-
'Sulting jﬁ a tr{diagona1 impedance matrix. Dynam{c interaction {(dynamic
cross-interactiﬁn) depends on the frequency of vibration, the inertia,
size and separation of the footings, and the flexibility of the footings
and its effect in altering the displacement field. The cross impedances
f are oscillatory, with sign reversals, depepding on the frequency of

‘'vibration (i.e., the wavelength of the waves generated in the medium)

and the §ébaration of the adjacent footings. Therefore, cross-interaction

\ My increase or decrease the stiffness and damping coming from the soil.

When computing the flexibility matrix for footing-soil-footing inter-
aciion anmalysis, footing inertia as uél1 as the inflyence of the adjacent
footings on the displacement field are ngglected._ The displacement under
the rigid base is computed at & representative location of the displace-
ment field due to a flexible footing and the displacements (fle;ibilities).
o€:£he other footings: and estqblishe& at the centre of each of them. An

e v . o .
elastic halfspile is assumed. '/ Fos

v s - B . . B . -
- " o o~ - ® N . . . - . R - - D e N L . -



4.2.1 Displacement Field at the Halfspace Surface

L4

Consider a halfspace loaded over a rectangular surface element by a

# . .
vertical dynamic pressure {Figure 4.3)

{ -B explivt) 31,18 <1,
cyy(x.yio.z,t) = }

X N4
0 S;‘;'IE?. > 1
in which the amplitude of the complex dynamic pressure

P (4-14) .

_ gl-nl

F is the amplitude 6f the harmonic load and a and b are the half-widths =~
- > $

of the loaded area. - The dynamic vertical displacement field at the half:

space surface is written as’

"

v(x.o,z.é).a v(x,Z)exP(iut) , {4-15)
‘in which the alp1itu§e of the displacénent is ‘
v(x,2) = g% [fix,z2) *lig(x.é)] (4-16) :
. : \

6 is the soi! shear modulus and f and g are the real and imaginary parts,

respectively, of the'complex compliance. G&ul (1977) presented the

following solution for the vertical displacement in which material damping

of the soil is incorporated by complex Lamé moduli:

bl - »

-
]

v(x.o.z,t)-’y(x,z)exp(imt)
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FIGURE 4.3 A rectangular.loaded element resting on a‘x}scoelésti;- :
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. l(‘thM » f(x.z)*ig(x.z)' = --g—? fa AOKVH(K ) ’
INOF (2n) K 20 ‘
. . ‘ {’/2 ]
_ [ . T(A K, .8)deldK, ~ ; |
- 2 °p % . AN
R Bk UD[-(Y-F, (w))cos5 -2Zn(w)sin 5 ¢ . R
H(K ) = z . ol
v L= dc*e
A O (1end(u))[262-1)2-n2(L)-aK%U U cos (50)
v v $D
] ¢
<-(l-r~,2(¢))sin TD + 2n{w)cos -22 >] .
2 2 +QD . .
e . i<2n{a )(ZK -1)-4x USU sin( 1>] -
;',’\ 2. . . C
St
. W . 12 1/4' - nnlw) -
ao ‘v— - UD = [(K%) +(n n(w)) ] arc tan —2-:1—'2——,. Oi¢0<“
. s -, Kv-n
K- a° = [ -1) 2217t o = drc tan 22 gy o
5 oo s .S @yt
KK o) - 2 (1) 5‘"("1onuc°fe)$'"(bkt_’voKvs‘“e) 2. -3 ‘
O ke [KoxvcoseﬁboﬁoxvswpeT . ?H;-v.i . ~‘
by, = b/a - ay , = (x/a + 1) by o =(z/b + 1) oo (8-17) - .,
a .o . ] o i’\ ’\:}
In the above expressions, 3, is the dimensionless frequency, w is™the
angular frequency, Vs is the soil shear, “," velocity, v is Poisson’s
. ratio and n{w) is the mterw] dampin rame For nstant
mping pa Les,: M\ ‘
".* hysteretic model, n(m) =, and the conplex sm/rinodu\n is G'-G(lnnv) .
The damping ratio, 8 = n/2, and n is, therefore, the tangent of the loss:
angle. Analogous expressions can be written for the vertical and rocking
compliances.
- :‘ - '.— ¢ - - ‘/.‘
. 'R - N
@ | ~ |
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., &R.2 Foundation Compliance and Impedance Matrices .-

" . .

Suen (1987) compared Gaul's (1977) compliance-functions for a square

}igid base with compliancé“£¢n§tions of a flexible base at a representa-
. . s
tive location, (2a/3, 2b/3), and by averaging over nine points. The

N

three solutions agree ueil for low dimensionless frequency, a - 0.5.

Therefore, the campliance of the loaded rigid footing is coapugsé from

-—

”

the complex displacemggg'at this representative 18cation while the Eom- i\;
pliance of adjacent f%e(ings is Computed from the complex displacement

¢ . ™ \
e at their centres. (14 o~
. ;

LN

~, For a’'sét ofxﬂ}footings, supporting a planefframe;’the foundation

)

)

compliance matrix is complex, symmetric and of dimension 3a x 3n, i.e.

, _ _ ’ -
~ [y - [fyy o (Flyy 1

.

M G R S R S T

./
"

Af]n] LI 2 [f]ni vess [f]

{f\} The 3 x 3 diagonat submatrices, [f];;, are the compliances of the indivit.
. X :j:
dual footfngs £gr vertical ransigtion, v, horizontalt™¢ranslation, u, and
A) ‘ roE}Jng. v, at the“fbotvng- soil interface. The off-diagonal suG;;;Licesiij
(£,
b A footing is subjected to a load in any o@ degree-of freedom,” the &ddaqe"z

, are the cross- complian@;}»ef the adjacent footings. When a

footings undergo displaceﬂents in all three degrees-nf—freedon lnverting

the complex compliance matrix (f ] gives the complex impedance natrf-

[Kf] égj:r stiffness of t fOundctton jkf] is the real part of—th}‘\
0

o v T
undatidg::;kping matrix is - (ij) _ o

‘g and t

ar .. . R
. A . 3 - -
N - . , .
. . .
> . . . . g . R -2 . ‘ .
ﬁ_ N P T Lo, L . - . TR g, : : :
Gy L L e e e o N L e P L i e ow s P -~ L LRG]S | .- L - D e "



AN (c.] = 1a{x, Y/w, (4-19)
f f J . L] ) .
~
"where 5 is the natural frequency of the jth viBration mode.
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. CHAPTER § i

< L)

FREE VIBRATION ANALYSIS OF )

.

STRUCTURE-ISOLATOR-SOIL SYSTEMS

5.1 INTRODUCTICN

!sda1 superposition 1s a common technigue for the dynamic analys1s
of structuresf _The first step is the free vibration analysis. There are
two types of free vibration analysis: analysis of undamped modes and
analysis of damped modes. The first one yields the normal modes and
natural frequencies. It is usual to perform the undamped analysis, .
classical analysis, and to.assiqn the damping td-each,Gibration mode $ore
or less arbitrarily. The mode shapes.j;19;69é;t0r;i ?ba{ure stationary -

i _ . -
nodes with every point attaiﬁ?;;.ﬁts maximum displacement simultaneously.
The damped modal analysis may assume proportional, Rayleigh, damping
{{c] = a[m] . 3[k]) in which case the mode shapes are the same as the
undamped modes but the natural frequerties are reduced: This reduction

is small for thé’damping usually encountered in~strvctb(gs.

Noaniassical analysis incorporates non-proportional damping. The
vibration modes thereby obtained are complex and no longer feature sta-..
tionary nodal points.‘"ﬁ1so. the maximum displacements are not attained

simultaneously dbut feature phase "shifts. .The damping due to soil is
: s L :
non-proportional. A non-classical free vibration analysis reveals the

damping acquired by each mode in a mathematically accurate %@;a

Regardless of the type of dynamic analysis chosen, a free vibratien

-

analysis 1s usually carried out. It reveals the vibration characteristics
i !

ss v
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~

of the structure and enables ihe modification-of mass, stiffness, and in

some instances damping, befo a dynamic analysis of response to loads

is carried out. The first/few modes of vibration can be used in a modal

analysis as a check for Jubsequent analyses.
5.2 EQUATIONS OF “CTIPHN AND THEIR SOLUTION

5.2.1 Equations of Mption

The equations motion of an n degree-of-freedom system may be

written in matrix fprm as
§

[m)ix3 + [cJiki » [KIix: = {p(t)} (5-1)

where (m], {c] a?ﬁ (k] are nxn mass, damping and stiffness matrices res-
pectively, {p(t)} is the nxl vector of excitation, and {x}, {x; and {X:
refer to the nxl vectors of d?splacemeﬁt.'ve1ocity and acceleration res-
pectively. The damped free vibration equations are obtained by setting’
the excitation vector td zero, giving
®,y
§¢ ‘v
(m1{%} + [c)ix} + [k]{x} = {0} (5-2)

] | -

»

]

For the undamped free vibration analysis, the damping matrix and the

velocity vector are dropped from Equation (5-2).

when lumped masses are used the mass matrix [(m] is giagonal with
the diagona} elements associated with the rotational degrees of freedom
being zero if rotary inertia is neglected. For the consistent mass

approach, the matrix [m] contains off diagonal terms. In soil-structure

1nteractiqn. rotary inertia of the foundation is included. The stiffness

36
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matrix is 'generany sparse or banded.

In general, there are six degrees-of-freedom at each joint (node),
. three translations and three rotations. -In this Study; a plane frame
system with three degrees-of-freedom {one horizontal transtation, one
vertical translation and sne rotation) at each joint 1s considered.
If the degrees of freedom are numbered sequentially from thé top of the

strucYure down to the base, the following forms of the matrices ocCur:

m] = ™s el Ss ke K TE
S Ingd el SO I

- - [ Py - -

where the'subécripts f refer to the foundation awd s refers to the super-
structure. Mass, stiffness and demping terms of the superstructure

-~ .
occupy the entire matrices while the terms associated with the foundation

are assembled (added) in'their corr€fponding degrees-of-freedom. The

foundation stiffness and damping matfices are frequency dependent.

- hY

o {herefore, the assembled stiffness and damping matrices with soil-
~

structure interaction are frequency dependent. To avoid sqlving the
- '

non-linear eigenvalue'pfoblem. the foundation impedances are assumed to

be frequency ?qdependen} and the eigenvalue solution 1s obtained itera-

.. tively.

‘/The number of equations obtained are large, requiring much computer
\ >

time; for the solution of the eigenvalue problem. Usually, one is inte-
rested in only the firdt few vibration modes. It is therefore appro-
- priate to reduce the number of eguatroﬁs required to be soiveq. This can

_ be done by assembling all the degrees-of-freedom and condensing the

matrices before the solution of the eigenvalue problem.is performed.

L
° - - . -
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.2.2 Reduction of Mass, Stiffness and Damping Matrices

" . 3 .
Static condens¥tion has been used in structura’l analysis to reduce

~a .
S arl WK .85Cr,

the number Cf equations tC be scived . Gha’ " anc “evi e, 'S

19737, The degrees-of-“reedom o be retainec are ca''ec masters whi'e

those eliminated are €3’ '€ siaves. The eq.tlibriLm eguat-ans,

¢ .
F ‘; X
T T L TS_e Dy <.
v I S X "
s 5™ S s .
. ’
{ .
By symmetd :‘s*: ‘s tne transpose oF :iﬁsj wmere — re¥Fers ¢ Tas‘ers

and s to slaves. The forces, :s‘ are zerc. The s'aves, A cocan e

el 1minated from Ejuation [5-4' to give

on
)
U

CE s e Y LT 3k K x -
LIS -'3‘ . mSJs S. |8 an m .

- *
Thuy, the condensed sti1¥fness matrix 1s

. CRERCBENCIS RORMN O ' Cosee

Equation {5-5) is equivalent to a coordinate transformation

(x) ix 3 157
*'nx1 I:T.‘Inmm"‘m mx] =
where the transformation matrix-[T] 15 given by '
i} .
. aLl W
= i ’ (5~8)
\ | -1 P i
{/ el [kgmd - ' * -

\‘__4<Eere [ is the unit matrix of dimensions mxm,

~




\ . . ) ' ‘ "a

’

The triple products in t@%s equation reduce to real constants which are,
greater than or equal to Zero for forces opposing the motion. Defining

these products as

T
oY) [m]{e.} = M
G (m] 3 ; ]

v \T -

7 [klie) = K
{e3) (k] o} j - - -
a1’ [ede = C. . (5-19)

i it . 9),

the roots {(complex conjugate eigenvalue pairs) of Equation (5-18) for

mode j can be expressed as

.___;__12
C. Y(4M K _-C) .
by e e i —id (5-20)
’ J J ; ' .
- Rewriting this equation as -
- .- T |
Wt -(;j Wy + 1 uj/(l-;j) {5-21a)
__or
. “1.2 = -cj u.lj + i W (5-21b)
uhe're.
) wy r Ry = ol {s-22)
the daaping.r_atio in the jth mode is .
- C Re u
o Gy * i | (5-23) .
S Zujﬁj uj, :

and the daiped cirtu]ar'natural frequency in‘the Jth mode is

.

: e o . D
' -
2. . - . . .
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fe,] + [e] - [e, dx 1 Tk - (01 Tk 217 -
ER{IB RN N O W O (5-9¢3-

Equations (5-%9a) and (5-9c) reduce to Equation (5-9b) f k.is Suﬁstitutéd,
for m and ¢ respectively. Once the reduced mass, stiffness and damping
matrices are evaluated the solution of the eigenvalue problem can be

obtained.

5.2.3 Modal Damping Using the Complex Eigenvalue Analysis

The solution of the damped (nonconserwvative) free vibration equa-
tions is called a complex eigenvalue analysis. The eigenvalues and
eigenvertors obtained are complex and the eigenvalues can be used o

establish the damping in each mode.

-

The, n, S€qond order differéhtial equations (Equation 5-1) can be

transformed into a 2n first order system (Pipes, 1969; Fraser,-1946;

Veletsos, 1986; Novak, 1983;: Foss, 1958)

[A)(z} + [8){z} = {F(t)) S (5-10)
where .
. {x}] {0}
{z} = | ' , {F(t)} = I ;
- {x} (plt)}
- ) .
and .
, 0] * [m] . |-(=] (o]
L) 1. [8] -
(a1  (c] RV G ’

-

-
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N
diénﬁﬁteyents of the joints. The isolators are assumed massless. The. -
footings are treated as rigid bodies and thus possess both mass and mass
moments 0¥ tnertia.
£.3.2 The Structure o
hY

The stiffness of the beams anc¢ columms 1s compuzted from the .sual
st ffness matrix for elastic plane rame members ,weaver, 1980}, matrix
GO

nysteretic behav'our cf the members-1s mode'lel b, a complex elast:c
modulus * -7

£Y = E - iE (5227
where the real (in-phase} elastic modulus, E, 15 complemented by an 1ma-
ginary (out-of-phase) component E'. The dimensionless ratio E' E s ex-
pressed in terms of the loss angle, &, as ’

«
. £ ¢
tand = — (5-28)
E a
) or in terms of the material damping ratio assumed to be frequency inde-

pendent and defined as

- £’ AW ' . ) I

3= o = = 5-29)

2E u.us i A
in which AW is the area bounded by the hysteretic laop and ?s is the
, strain energy. Then, the complex elastic modulus 1s

Ev = E(L s 122) ' (5-30)



I

where . is a parameter (etgenvalue) and {C} a 2n column vector., Substi-
tuting (5-14) in (5;13) and dropping thé'exponentia1 term we have the

complex eigenvalue problem .
(0] - ek = o (5-15)

which can be solved by a suitable subroutine e.g. EISPACK's RGG. The

non-trivial solution of Equafion (5-15) requires that

get ([0] - .[1]) = :0; (5-16)

Equation (5-16) is of 2nth degree in .. The 2n roots of the equation

are complex eigenvalyes which occur as complex conjugate pairs if the

coefficients are real numbers with corresponding complex cbnjugate eigen- -~

vectors. Each eigenvalue has a negative or 2ero real part. For high

values of damping the imaginary part of the eigenvalue becomes zero.

‘The lower n elenéais‘of the eigenvector {C} represent the modal
displ&cgnents (¢}, white the upper n elements are the modal velocities,
{¢}. thq_displacenents-of the éysten in mode j-are given by .

ujt .

‘{xj} = {los} e _ (5-17)

Substituting in the free vibration equatién (5-2) and premultiplying by

{03 T. the transpose of the jth conjugate_mode gives
¥ 2 RS ST
({o%) [ﬂ{oj})u + ({85} Telta;

+ (o3} k1Mo, 1) = (O} , (5-18)



The triple products in this equation reduce to real constants which are,

greater than or equal to 2zero for forces opposing the motion. Defining

these products as

ST .
Tevs mijia.: = M.
R [m] j ]
S ¢ L
. ._v k oL = K.
R (k1< 3 3
T .
Al (a0 = (.
(33 lcd: ; ;

the roots {complex conjugate eigenvalue

*

mode j can be expressed as

c. (MK .-C2)
ot
! J J

Rewriting this equation as -

\ - _r . s . -

2 7 ey eyt eyrlegg)
or

Hp,2 TRy g b Ty
uhé}e.

oy = z |

R IRATAT T

the damping ratio in the jth mode is

-

c Re
¢y o =i - - :
o.M, ®
2wy i

-

. (5-19}

pairs’ o? Equatron {5-18) for

(5-20)

(5-21a)

(5-21b)

(5-22)

(5-23)

and the damped circular natural frequency in.the jth mode is



‘h'cj = Ia UJ' (5-24)

)
,.Cuj wj

L 3
The complex eigenvector, & = ¢ *~i¢2. has a phase shift
. &3
s = arctan — (5-2%)
g

-

For non-classical damping, the imaginary comporients are nomn-zerg and the, *
. . [ 4

phase shift changes from station to station. There are no stationary

nodal points and the maximum or minimum displacements do not occur at

all, points at the same instant.

Damping satisfying the identity (Caughey and Q'Kelly, 1965)

[c)(a]" ] - (k1(m]" ' [c] (5-26)

-

is termed classical Rayleigh damping. [c] = a[m] + 5[k, is a particular
case of Equation (5-26). For classical damping, the eigenvectors are
real (02 = 0) and are identical to the undamped modes. Then the modulus

of the eigenvalue, ;j' is equal to the undamped circular natural fre-

quency.

~ 5.3 BUILDINGS ANALYZED

Figures 5.1 and 5:2 show the plane frames that are analyzed. The
buildings are retnfdrced concrete of wonolithic construction. The® .
columns ;re of constant square cross-section throughout the height 6f
the buildings. The beams on thé first and second floors are deeper to
r(fiecs'the greater loads 3tiﬁh%ated in building codes for these floors.

The effective slab width acting as a T-beam is taken as one quarter the

»

v
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FIGURE 5.2 Five-storey base-isolated building




centre-to-centre distance of frames. The gross cross-sections are used

-

in computing the moment of inertia and cross-secti§63} area. MNo reduc-
tions are applied to these values as the suaerstrué%hre of base-isolated

<

buildings are expected to remain elastic during an earthquake.

- /‘i~
The base isolators are capable of displacing in the horizontal awé
vertical directions and also in‘rotation. The rotational stiffness is
initiall}>assuned to Se Zero as it was found that its inclusion did not
influence the resulés. The ratio of the vertical to the horizSnnql

stiffress is varied to reflect the type of isolator befing used. The

"horizontal étiffness—ﬁs selected to provide effective isolation of the

building.

The - footings are square and are connected by tie beams. The soil
is a viscoelastic.halfspace with'shear wave velocity, vs. of 150 mys
and a bearing capacity hetween 100-120 KP3. For the unisolated building,

the shear wave velocity is varied between 100 and 350 m/s.

‘ i . |
The floors of the building are taken as rigid diaphragms. “Conse-*

quently, all joints on each floor have the same horizontal translation.

The same constraint is applied to the footings which are connected by

+

tie beams. A relaxation of the footing constraint proved this assumptipn
to be well justified.
i
5.4, MASS, STIFFNESS AND DAMPING MATRICES
5.4.1 The Masses

‘€4

The mass of the floors and columns is lumped at the nodes on each

floor. The floor rotational inertia is accounted for through vertical
L



ﬂist{?tﬁygnts of the joints. The isolators are assumed massless. The. . ~
<’ - . .

footings are treated as rigid bodies and thus possess both mass and mass

moments of inertia. .

$.4.2 The Structure - e

hY
The stiffness of the beams and columns 'is computed from the usual

stiffness matrix for elastic plane frame members {Weaver, 1980), matrix

().

Hysteretic behaviour of the members-is modelled by a complex elastic

modulus - : -~

E¥ = E + iE’ : - (5-27)

-

where the real (in-phase) elastic modutus, E, is complemented by an ima-
ginary (out-of-phase) Component E'. The dimensionless ratio E'/E is ex-

pressed in terms of the loss angle, &, as . ’

tané = Et- , : (5-28)

-

or in terms of the material damping ratio assumed to be frequency inde-

penazit and defined as

™M

AW

B = = iﬂ—u—s- (5'29)

~n
™

A

in which AW is the area bounded by the hysteretic Toop and qs is the

strain enérgy. .Theq. the complex elastic modulus is

E* = E(L+ i28) = (5-30) ™~




To account for structural damping, the complex stiffness matrix is for-

mulated using the complex elastic modulue as -
(k] = [k + i[x,] (5-31)
in which the imaginary cComponent is ) ' t

(x,] = 28(x;] ‘ (5:32)

-
A d
-
-»

The matrix of equivalent viscous damping of structural members is defined

as

[k, ] .
(c.] - 7;2— . ;ﬁ [K,] , (5-33)

where Wy is the first modal frequency. For the reinforced concrete

®  members, the material damping ratio, 8, is taken as }z.

5.4.3 The Isolators

- The force-displacement relationship.af the base isolators is assumed
to dbe governed by a hifinear hys;eretic 1o0p (Figurg 3.4). The post
~ yielding stiffress, kz. is taken as 1.0 Wt per metre with Wt béing the
. uéight of the building. This stiffness represeats éhe summation of the
‘horizontal sti?fnesséf of the isolators. The initial stiffness, k]. is.

5 k, and the yield force, Pye is 0.05 Wt.

Two levels of the displacement u, are considered and termed small
stréjn and large strain. For the first level of -displacement, small
- . strain, the isolators re-a{xy4% the elastic range and their horizontal

stiffress is equal to the initial stiffness, k,. This state is for




r -
displacements <10 mm expected under wind loading qr small earthquakes.

For the second level of displacement (large strain), expected under
design earthquake loadwng, the isolators undergo large dtspIacements for

which a nominal value of 300 mm is adopted

The vertical stiffness of isolators is typically 100 to 460 times~
th; ﬁéfi;onia}_stiffness. A vertical stiffness of 200 times the hori-
zontal stiffness is chosen for the isofated or no rocking case. In addi-
tion, the butldwngs are analyzed with a much smaller vertical st1ffness
of-the 1solatcrs equal to twice the horizontal stiffness. This Case

involves the building rocking as well as sliding.

The area of the hysteretic loop is almeaéuce of the energy dissi-

pated in the isolators. The hysteretic loop indicated in Figure 3.4

implies nonlinearity. However, the complex eigenvalue approdch presumes

- linearity and viscous damping. For large strains, an equivalent linear

‘stiffness of 1.13 Wt per metre and an equivalent viscous damping ratio

of 7.2% is computed usin§ the geometric stiffness method outlined in -

Chapter 3. For small strain, the'damping ratio is taken as 11. The

damping matrix is established from'Equationt(5-33);

5.4.4 The Foundations ¢ ‘

The impedance functions are computed using the approximaté equa-

tions of Pais and Kausel (1985), gfven in Chapter 4. The fundanental .

e

‘.'frequency of the building. wys 15 used in computing the impedance func~;

tions. The footing damping®and stiffness matrices thqreby obtained are

‘transformed to the centre of mass oF-the foundationh(EquatiOn 4-11)?



~

Interaction between individual‘ﬁootingS'is first neglected.and then exa-

mined separately. LT

5.5 SOLUTION PROCESURE . -

Since the soil impedances and the damping cf the reinforced concrete
nelbers are fregquency dependent, an initial estimate of.the building’s
fundamental frequency is made using the expression w = 27 x 10/N, where
N is the number of storeys. The mass, stiffness and dampin trices
are assefbled in gToéa1 coord%nates using standaid algori s (Weaver,

1980). The horizontal translations at each floor and the foundation level
are taken as the master degrees-of-freedom and the ofhers are condensed.
For a building with N storeys, the number of masters 1s N, N+1 and N+2 .

. for the case of a f:xed base, base isolation and base 1361at10n with

'soﬁl-structure interaction respectively,

~ The complex eigenvalues and eigenvectors are computed uswng the
EISPACK's RGG subroutine. The natural frequencies and modal damping
N ratios are computed from Equations (5-23) and (5-24). The new value of

;“\.;ng~:fnd3lental fr!quency is used to compute 1mpedance matrices and the

structural daaping latrlx The solution procedure is repeated until

sutcessiveJytlues:of-the fundamental frequency &4ffer slightly (0.1
1Yy ! * - .
radian). Since the damping matrices. are established using the funda-

- ',; mental natural frequency, the damping in the higher modes is adjusted by

the factor “‘il“’j giving . | ) ’ ‘_ -

wy o s
- ‘ ' ' (5‘_-34)

A-.. cj’cjuj ‘ '. ) .




r+

where ;3 is the modal damping based on the frequency Wy - - y

~b -
5.6 RESULTS o
The frames shown in Figures 5.1 and 5.2 as well as two other frames,
half the width (i.e. with two bays), were analyzed for the following base
conditions: a). fixed base, b) frames on base isolators with no rocking
(isolated), c) frames on isolators with rocking, and d) frames on iso-

lators with no rocking and soil-stricture interaction included ‘isolated

-+ so0il}). Also, the unisolated four bay fram?s were analyzed with sgil-

strufture interaction.

The variation in the damped natural frequencies and damping due to

L)

5011 (so0il damping) with shear wave velocity are shown in Figures 5.3

and 5.3, for the unisolated four bay frameé. The variation in total
damglng is listed ¥n Table 5.1. The damped natural frequencies decrease.
while the damp1ng derived from the soil increases with decreasing shear
wavg velocity.™ The stryctural dampiqg decreases for the softer soi}

,’.‘-
which is attributed to a reduction in corvatire of the superstructure

caused by sliding and rocking of the foundatioﬁ;

The damped natural frequeddigs aﬁd modal damping ratios for the

f1xed base and base- 1solaxeﬂ,;9ndv:Tons‘are listed in Tables 5.7 and

5.3. The fol]owlng observations emerge <7 b

-

Base,is;*ation sbi%ts the fundamental freéuenéy of the buildlng‘hnay
from the high*epergy portignJof the earthqdeke spectrum: (2 1/2-3 HZ)
with the excepfion of deep, soft deppsits dhere,ﬁxolatiod'is not;

N * '

. .

-
LY
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TABLE 5.2 Damped natura)l frequencies (HZ) and danping ratios {3) of base

tsolated three storey buwldwngs (Isolation: k2=5 W/m,
7.2% for large st

strain or kp=*1.13 W/m, 8§

and -k

=2k
kg/m 3

9-1805

for rocking; footwng area 9 m<,

= 1% for small
00 kp for isolated

soil: VS-ISO m’'s, 3=5%,

MOl e : h - o
Base o2 L) -z \ M2 \ ¥ 4z

Tixed 7.5 ..o .36 L.° Lt.- ..0 - - N Z

Sma.: Tso.azed . - ..o 5.8 ... wm.: ..% . I =< -

> Stra: t9065S:L  L.26 i.Li $.3T L. L1.r 1.2 i3 L2 1.8 i
P Roecximg  + 3.8 LS LLTTOLUS L3 L. Lts oL - - .

s ilarge T ted  ..S5: .. 4..3 5.9 L..8 ... =1 .- - -

¢ serain | : sii 0 3,81 T.L 0 1038 1.3 LL.3 L.l LELLoL.ro2taosutt

i . Rpexl .36 1. .83 ~.2 .13 L.l 135 L.z - -

7. xed T 8 . . .o.-3 ..o .9 . .. - Z . Z

Smat. Tsc.ated . o L.-  f.1f ..T =L f . Tz - - .

3 Sctra.n  IsceS3il Y L.l8 Ll 8 Ll L oilA L0 iEoaolooer o~z

2 S mece<ns R T S S e A S S S -

= larce Isc.a%2s D 3= a:c?  am e e o<aT e - -

I Swra.- IsSe33il - E Do A S

= ezeims St oot T T -

TABLE 5.3

1solated five storey buildings (Iso]atign

strain or kn=1.13 W/m, 3=7.2% for large strain;

and kgxz k? for rocgrng, footing area 16 mz. sow]:
8

00 kg/m

v20. 2

!

Damped natural frequencies {%z) anc¢ dampimg ratios {:) of. base

g=1% for small
=200 kp for 1soiated
VS=150 m's, 3=51%,

khSHm

v=0.25,

Mode N 3 4 =
. ' Base | H \ 2 \ h L) ¥ \ 82
Fixed $2.06 1.0 6.81 1.0 13..6 5.0 =..2C0 ..° - B
i |Small” | Isolated ‘0.99 1.0 3.55 1.0 T.°8 1.0 33 7.3 - -
];'s::axn | IseeSoil 10.97 1.3 336 1.7 T.TT 1.0 1291 L.l I€.8T >ice
‘2 Rocking | 0.55 1.0 1.96 1.0 .69 -.C i3.58 -.3 - .
|= Large ! Isclated 10.51 6.9 2.8 2.9 .60 1l.. 2.2 1.2 - - '
;2 Strhih | IsoeSoil :0.51 6.3 .72 3.3 T.60 i.I 11.04 1.2 20.79 >:23
! Rocking 123,27 T.. 2.86 .3 .32 i.. 9.~ 1.t - .,
: Fixed 202 1.0 6.56 ..0 is.4: o.0 :9.47 1.2 - -
g_ Saall ¢ Isolated [0.98 1.0 3.5 1.0 - .85 1.0 i.8L 1.9 - -
> (Strain | Isoesoil ;0.9 1.2 3.47 1.4 T.S8S 1.0 12.46 1.1 30.92 >1a¢
- B L | mocking | 0.74 1.0 1,89 1.0 7.49 1.0 _9.64 1.0 . - -
» [Large ’ Tsolated | 0.51 6.9 1.10 2.0 .38 1.1 1..98 1.1 - - f
g iStrain | Isossoil | 0.81 6.9 3.00 2.3 7,38 i.l L8l i.. 20.82 >100
Lt I Mocking 10,37 6.9 0.85 T.L  T.27 1.1 8.98 1.0 - - |




effective. this coupled with the beneficial increase in damping can sub-
stantially reduce the seismic loading on the building. However, the-
reduction in the fundamental! “regquency brings the duilding toward the

high energy DOrtIon Of the wind spectrum [0 60 NIT.

The rocking 1solators are more €€fective 'n reduc ng the € vec base
frequencies “n the irst two Moces and pros'de more damping in these

modes, particslariy for large strains and the seccond mode.

-

Jhe three-storey frames benef:t mcre fram the rocking 1s50’ators n

the secanc.mode for large strains than the ‘ive staorey frames. [n tie

third mode, there are only small drfferences for .the various base condi- -

-

tions. ) s

Sorl-structure 1nteraction s negligidble for the cond:tions assumed.

The mode shapes of the three storey buiiding are shown for four
bays in Figure 5.5, and for two bays in Figure 5.6. The first and second
vibration modes of the five storey building (four bays) are shown in
Figure 5.7. Ffor no Focking, the buildings slide on the i1solators n the
first mode with the mode shape being almost unity throughout. This mode
shape has been-confirmed by vibration tests on a gase-iso1ated building
constructed by the Okumura Corporation in Japan. For rocking, the

buildinjs rock as well as slide on the 1solators.

The damping in the first mode 15 equal to the damping ass:gned to

the isolator. This also applies in the second mode for the rocking t{so-

lators. The seébnd mode is influenced quite significantly by rocking.

The second mode displays a linear variation of displacements for rock\nq.
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FIGURE 5.5 Mode shapes and damped natural ‘requencies of base-rsolated
three storey-four bay building
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FIGURE 5.6 Mode shapes and damped natural frequencies of base Tsolated
three-storey two-b_ay building

st I. . T
m'_m‘x'hﬂ L . . ab . I . . - - - |



MOOE 1 2

FIGURE 5.7 First and second moce shapes of base-'solated,
five storey-four bay burlding
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FIGURE 5.8 Influence of rocking on the second mode properties of
the three-storey buildings
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The shape of the second mode is favourable because it results in 2 smal}
participation factor. Tgis is desirable because the higher mode fre-
quencies are shifted closer to the peak of the earthquake spectrum. In
the highest mode, the foundation vibrates and the structure is almost

motionless. This mode is heavilyidamped due to foundation damping.

~

The second mode shapes normalized to unity at the top of the building
are shown in Figure 5.8. The modal coordinate corresponding to horizontal
transliation at .the level of the isolator is much larger for rockwng.than
in the absence of rocking. This factor, togetﬁer with the larger verti-
cal-defqrmation of the isolators, combines to more effectively reduce the
frequéﬁéjes and provide higher damping in the second mode. To examine
the efféct of the vertical flexihility on the isolators in more detail,
their damping ratto was increased to 30% in vertical translation. The
reguits in the first and second modes are displayed in Tables 5.4 and
5.5'f0r the,three-s;o;ey and five storey frames reSpecgively. For the
i§6lated case, the first mode damping is abproxinately eqdql to the damping
of the isolator in kliding. However, the second ;ode damping is increased
which indicates that rock%ng‘is influehtigl even in the isolated case
(i.e. with vertically stiff isolators). For the rocking isolators, the
~ damping in the first mode is significantly greater than in the isolated
cas;. For the second mode, the more significant increase in damping
occurd with the four bay, wider building. These.results indicate that
the use of &iscretg vertical dahbers. in buildings on rocking isolators,
éan be quite beneficial: Such a system, designed by GERB was tested ané

found to be effiqient {Huffmann, 1984).
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TABLE 5.5 Damped Natural frequencies (HZ) and Damping Ratios (%)
of Base-Isolated Five-Storey Buildings With the Vertical
" Damping Ratio Increased From 7.2% to 30% (large strain,
isolated: kv = 208 kﬁ, rocking: kv=2 kh}

Mode 1. 2
"Base . H2 b He k3
! T ~
| i ;
o tsolatet” 0.5! 7.3 2.64 9.3
. o=
' ) [ ‘
: : " Rocking 0.27 25.3 0.81 12.3
‘ ﬁt ’
1 @, & i Isolated 0.5 7.0 3.03 1.7
y =
F S
x = !'Rocking 0.37 19.7 0.77 16.7
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The bearing pressure under the inner & m by 4 m footings of the five
storey-four bay building is 112 KPa. The allowable bearing capacity is
increased to 300 KPa and consequently éhé footings' size is decreased to
2.5m by 2.5 m. The analysis was repeated for the éase of no rotking
with sovd-structure interaction. The modal damping ratios and the funda-
menta! frequency are the same (as in Table 5.3} while the second mode fre-

quenCy was reduced slightly to 2.95 Hz.

The effect of base isolation on structural damping is shown )n‘
Table 5.6 for the five storey-four bay frame. The 1solator damping 15
set to Zero and the dampinq ratio of the st}uctursT members 1§ IL.- The
structural damping is small in the first mode ‘for both rocking and no
rocking‘and in the second mode for rocking. Figures 5.9 and 5.10 show
the first two modes for the five ,storey building on rocking isolators and
vertically Stiff isolators respectively, for small strain,.evaluated using
the PAFEC finite‘element prsgram. Rotations and translations are included
in the analysis. Some flexing of the superstructure occursebut the general -
trend is one of a rigid body on springs; except with vertically stiff
isolators and the second mode for which considerable deformation of the .
superstructure occu;s. These mo&é shapes Qnd ihe reduction in structural
damping suggest a simplified analysis may be adequate.

5.7 APPROXIMATE ANALYSIS ‘“

-

In order to obtain the preliminary estimate of the first natural fre-
quency, the buildings can:be modelled as a rigid body stiding on the 'iso-

lators. The circular frequency is given by

,
s 4
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TABLE 5.6 Structural Damping of Five-Storey-Four-Bay Frame When Base-
Isotated With %o Damping in the Base [solators and 1 Per (Cent
*~ - Damping in the Structural Members .

.

-

<

—Rg——

Structural Mode 1 Mode 2 Mode 3 Mode & Mode 5 Mode 6

Damping < -
Base .
Smatl Rocking 0.2 0.1 1.0 1.0 1.0 1.3
Strain  [solated 0.2 0.8 1.0 1.0 1.0 1.0
Large Rocking 0.} 0.0 1.0 1.0 1.2 1.3
Strain  [solated 0.1 6.8 . 1.0 0 1.0 1.2
Fixed 1.0 1.0 1.0 1.0 1.0 1.0
f
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First and second mode shapes for the five-storey frame

with rocking for small strain

9

FIGURE §.

e

4 -
'SR S - -
D U S S
3
ﬁ..lvqu.\§|.l.:.r.l.1
.
"
. .
>
L
PR .||Lr|. PRV SRy N N
: '
b
PR R S S
Y S B
L)
[SUPNISY USSR S—
.4
SRS SR S g
- 4 -
. e Al4
- ¥ W 'il.‘]lgv'l’]‘
. ¢ L .

-

t
-

FIGURE 5.10 First and secoﬁd mode shapes for the five-storey frame

with no rocking for small strain




o * R« AW = 35 (5-35)

where k = 3 ¥t is the horizontal stiffness of the isolators, Wt is the
- weight of the building and M 1ts mass, a is a coefficient and g is the.

acceleration due to,graLity (9.81 m/sz). The cyclic freguency is then

£, = 0.498 ,% "5.36)

1

-

For small strain, a = 5 while for large stravn a = 1.13. Therefore,

g . f] = 1.11 HZ for smgll.strain and f} = 0.53 42 for large strain, These

-
. .

values compare well with 1.07 Hz and 0.82 HZ fqr the thred storey buil
s I and 0.98 Hz and 0.51 Hz for the five storey bu??ﬂing. values found in the~

more accurate analysis.

. ) .
In order to account for the effect of rocking, the buildings can. be /
analyzed approximately as a rigid block on springs featuring two degrees-
of-freedom at the centre of mass, i.e. a horizontal translation and a !
L 4
rotation. Such analysis was employed by Kelly and Pan (1984). The
stiffness matrix is given by . .
L™ L o
)
: [ k 1 . )
v 3 . uu Uy
} (k] = ‘ (5-37)
[} ] ‘ . '
k -k
W w
The sliding stiffness is, as before, ‘
\ i . ' _ el
- kuw a Wt ‘ (5-38)
. . &
and the rocking stiffness is
. _ . r
kooazk a2 ek g2 . (5-39)




where kv is the vertical stif;ness of the isolator, d is the horizontal

distance of the isolator from the cent}e of mass and y; is the vertical

distance from the centre of mass to ‘the mid-height of the isclator. Thé

rocking stiffness of the individual isolators is neglected. The 3ross,
[ 4

stiffness terms are o

15-40;

(d ) “—

"For the case 0f s¢r! interaction, foundation stiffness can be added o
kv and kuu.
Iﬁcorporating both mass and mass moment of 1nertia, this analysis
yields the first and second mode shapes and frequencies given in Table
5.7. The modal damping is egual to Ehe damping ratio assigned to the
isolators. .
The fundamental frequencies compare well with those obtained pre-
viously. For the rocking isoIators,' the second rfgural frequencres are
¢ fairly close. For the isolated condition, the second natural frequencies
difﬁer substantially froar thdsé\of the plane fréme. The differences can
be attributed to the flexing and shearing of the frame memberse, The
modal damping ratios compare uel; except jn the second mode for the‘iso-

. lated condftion‘_where the rigid body damping is §ubstantia]iy higher than
the acchrate_jalue. For the second mode and the isolated cond1t{on. the
building rocks about a point quite close to its cenjre of mass while for
}he rocking condition, the centre of rotation is Tocated above the centre

of mass.



linearization, a direct so\ution of the equations of motion can be ob-
. tained by eanOying the Fast Fourier Transform (FFT) technique. This

approach is useful wﬁen soil-structure interaction is included since -the

T1

soil impedances are frequenc; dependent. . Lﬂ—*’}’h'»*

-6.2 CHARACTERISTICS OF EARTHQUAKES

. The-response of a given struc}ure depends upon the characteristics
oi the earthquake ground motion. The ‘most important of these are the
intensity, frequency confent. ‘and the duration of the strong motion part
of the'sfgnali The effect of intensity‘is‘straigﬁifbrward. and is usually
specified by the naxingm input acceler;tioﬁ. The earthquake saecirum
describes the distribution of energy with frequency. ?hé structyral res-

p;hse is determined by the amount of engrgy closé to the natural fre-

quency of vibration. The extent of damage depends upon the number of

. cycles of loading and therefore on the duration of the motion. These

characteriltics, in turn, are-dependent on the characteristiqs of the .

. eatthquake at its SOurce, the sourceato site transmission and attenq,;jun - -

(uave reflection and refraction. and energy dissipation; arid the modifying

e.ffgects of the local-site conditionsg , -

| " There-are two approaches to determining the design earthquake. The’
fip€t ap

proach is to determine the distance to a potenttal fault of the

ité and the expected magnitude of the earthquake. Then an existin& ~
‘.garthquake record of similar fault distance and magnitude must _be
‘ seietted Some ‘modiffcations nay be performed.on:the seiected record.
The second approach is to develop a desiqn response spectru- which s

A
| . , - :
.
. e
=N i . .
\
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' 5.8 PILE FQUNDATIONS

-

in some cases, piles may be used in co;junction with base isgola-
tors with the isolators resting on a rigid pile cap. Such an arrangement
was chosen to support a building of the Okamura Corp&ration in Tsukuba r
Spiencé City in Japan. Piles are quite flexible in the horizontal direc-
tion and 1€ they are friction piles, even in rocking. To examine their
effect on the five storey building, wooden piles with an average diameter
of 253 mm are assumed in groups of four supporting each column. The four
piles are connected by a 2 m square, 45 cm thick rigid reinforped concrete
pile cap. The soil is assumed o have a sheéar waverveTocity of 150 mss
at the pile tip with shear modulus diminishing parabolically upwards. .
Tﬂe'impedance functions were established for the {undamentai circular
frequency using the program DYNA {Novak et a§i ., 1983) uilh[p;lb-soil-pile

ﬁnteractioq accounted for.

With these data the pile founrdation horizgntal stiffress turns out
td be seven times lower than the horizongal st.iffne-ss of the spread
footing but this is still about ten times mere than the horizontal stiff-
. ness of the 1solators The soil-pile-structure \nteractfon effect reduced
the first mode damping to 6. from 6.9%. ' RN, .

‘ : -

5.9 FREE, WBRATION ANALYSIS WITH DYNAMJC INTERACTION OF FOOTINGS

o | - ‘uahk

- The fxve storey four bay plane frame 1s analyzed considernng fobtun
so:] -footing 1nteract1on The size of the individual fod{ings is 2.5 m
2.5 m corresponding to a bearrng stress of approxtnate?yditb KPa. §q=g:?
natural frequencies of the structure for large strains with vertically \‘ﬁu

» e ) ‘ ' \
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stiff isolators is 0.51 HZ and 3.00 Kz (Table 5.3, isolated + soil) in
the first and second modes respectively. The corresponding dimension-
less frequencies, 3. 3re 0.03 and 0.16. The shear wave velocity is

150 m/s and the damping ratio, & is 0.05 (- = 0.10).

///’7 .The evaluation of the vertical complex compliance is done using sub-
routine FIZGZ provided by L. Gaul. The vertical- compliance matrix is com-
p%;ed for the system of equally spaced footings and inverted to give the

vertical impedance matrix. The horizontal impedance matrix is éStab-

/ 1lshed apprOxlmately as the product of the vertical lmpedance matrﬁx and

- the ratio of the hor1zontal to vertical impedances of an 1nd1v1dua1 footwng
’ 4 -

conputed by the equations of. Pais and Kausej (Chapter 4&).

The complex eigenvalue analysis was‘performed with sotl impedances
for the first and second modes in turn. Table 5.8 lists the natural ?te-'
quencies and modal damping. The effect of dynamic interaction of the

fgotings is slight.
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TABLE 5. 8 Dalped natural frequéncies (Hz) and damping ratios (%)
for the first two modes of the base-isclated five storey
- building with dynamic interaction of 2.5 = by 2.5 m footings

[-
Mode . . 2 ) .
HZ L Hz 3
ao = 0.03 (mode 1) 0.5} 7.0 2.95% 2.3 .
a, = 8.16 (mode 2} 0.5} 6.9 - 2.95 -3
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. CHAPTER 6

SEISMIC ANALYSIS OF BASE-ISOLATED BUILDINGS
\ - - .

~

6.1 INTRODUCTION . {

—_ —————

The effectiveness of base isplation in reducing the sgismic loading
on'd’building can be examined by subjecting an unisolated and a base-
{sotated building to earthquake excitation and comparing fhe building
acéétgréiibns. For the unisolated buildinﬁ,.the input (groﬁnd) accelera-

tion is amplified up the dbuiiding: -for the base-isolated building the

. accelerations are expected to bé approximately the same at all levels..

Time history énalysis of buildfngs with non-linearities is usually

‘expensive and is reserve& for a final analysis. For a preliminary analy-

. sis of base-isolated'buildwngs. an equivalent linear stiffness and

* viscous danping can be used in a tine history analysis of the ault1-

»ﬁegree—of-fregdon system thereby reducing the computer time. The ‘effec-
tiy; ampl itude' fdr the sec;nt modulus Vineatézation and ghe ductility
‘rapio for.the Iwan linearizagion are obtained by firstly analyz;ng the
butlding as a ;liding mass on the isqiators, Alse, advantage may be taken
of the faci that the non-l}nearity is locilized‘in a base-isolatéd
bqiiding end'si-ple yielding in shear occurs in the isolators, to further
reduce the computing ‘time of the multi-degree-of-freedom system. The
accuracy of the procedure is verified. No attempt is made to quanti fy

the re&uctioﬁ,fn coppﬁter costs versus general analy§és. q -

3

The tquattons of lotion are solved by numerical integration d3d

. sot1-structure interaction’is not considereﬁ. With equivalent

» - "
.
¢ - . . . &
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lTinearization, a direct solution of the equations of motion can be ob-
tained by e-ploy1ng the Fast Fourwer Transform (FFT) technique. This
approacv is useful when soil-structure interaction is included since -the

" soil impedances are ;requenc§ dependent. . L"-’/’h'v«

-6.2 CHARACTERISTICS OF EARTHQUAKES

. The-response of a given structure depends upon the characteristics
o% the earthquake ground motign. The most important of these are the
intensity, frequency confent. and the. duration of the strong moi{on part
of the_sfgna1; The effect of intensity‘is‘straigﬁiforuard. and is usually
specified by the maximum input acceler;tioﬁ. The earthquake specirun
describes the distribution of energy with frequency. ?hé structpra1 res-

p;hse is determined by the amount of engrgy closé to the natural free
quency of vibration. The extent of damage depends upon the number of

. cycles of loadin§ and therefore on the duration of the motion. These
characteriltics, in turn, are-dependent on the char#cﬁeristiqs of the

. eatthquake at its source, the sourceato s1te transmlssion and attenq,;jun -

(Have reflection and refract1on. and energy disSIpation; arid the modifying

effects of the local-site conditionsg . : .

) f re~are'tuo'}pproaches to determining thg design earthquake; The'
fi?{:(::pioach is to determine the distance to a potential fault of the
ité and the expected magnitude of the earthquake. .Thpn an existin& /\:
,.;artrquake record of similar fault distance and magnitude sust be
seletted Some uodiftcations nay be performed.on-the se\ccted record. .
The qecond approach is to devolop a design response spectrum’which is.

.‘ o ' . ' : ..
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used directly or froa uhich_an-icce1eration time history is generatec Co

for a dynamic analysis. In this study the second approach is employed,
LY .

whereby the response spectrum of the soil deposit is selected and from

which an artificial time history is gemerated.

6.3 THE SIMULATED EARTHQUAKE . r | . -

— e — -

The artificial earthquake lot1on is generated us1ng the program

SIMQKE {(Vanmarke et al{ltIQGQ). The signal is formed by Superpositioning

3 series af sinusoids with random phase angles. The amp] itudes of the

components are determined from the selected stationary spectral density
function. The stationary motion is multiplied by a determin?®stic inten-
sity function to simulate the transient character of real earthquakes.

The simulated motion is then
!!
)
a(t) = I{t) I A, sin(u t + °i) (6-1)
i=l . )
. -
uhere a(t) is the nonstationary acceleration process; I(t) is the deter-

ainistie-intensity function. Ai is the ampli tude, ®, is the. phase angle
. N .
and &‘ fs the frequency of the ith contributing sinusoid. A description
. L

of the §elected parameters follows.

\

Tﬁe Kanai-TaJini'stationary filtere& white nodse'spectrup of ground

acceleration is (Taj%-i 1960) ,

, yosl v agd (0% N : -
| Sag(u‘) -.U n; L-z (u)? . . (5‘2) )
g tor ‘.-'i R \ *

.An which'S_ is the white noise spectrel awp) ttude (bedrock), w_ is the

9

“r!shnt.t frecﬁcncy of the transfer function of the overlying soi} which -

L4 L]

. '
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is characteristic of the ground irequency and & -is the Tharacteristic

damping ratio of.the soil., For f1r- soil cpnd1t10n§ the suggested

valyes are ¥5.6,rad/sec for wg ang 0.6 for Eg. The variance of ground

acceleration is (Penzien and Liu, 1969)

2 Sodq [ 2 ' '
A . = 1 + 4&r -
cug | Sug(»)du Eg { "9) . (_6 3)

Then, the normaliZed spectral density function is,

‘ 22 w2
1445¢ (2
sh . %ig . T ("’9) : PR (6-)
92 -7 v aen)? s el

9 g -
and is Shown in.Figure 6.1.
-ground acceleration of 610 m/secz

The r.m.s. (2.0 ft/segz) and the peak.

. qcce!e}ation of 0.3g are chosen which corresponds to the El Centro 1340

earthquake (Housner and Jennings, 1964 and 'Clough and Penzien, 1975).

The duration ié taken as 30 seconds. The cOmpound intensity function
for the nonstationary process is shown in Figure 6.2. The resulting

simulated earthquake signal is shown in Figure 6.3. °

-~

- . o
-6.4 EQUATIONS OF HDTION - /
d\ ) : .
The equations of motion pre solved numerically using Newmark s, Beta .
methodﬁ The matrix equat1on of motion at time t( is
SN [elhy? + P LR e (6-5) _
wﬁ!re (u } and {u } are tho vectprs of relative velocity. and aci'1era- Sy

tion respectively, [n] and [c] are.the mass “and damping natricessres--

. pectively, (Fi} is the restoring force. vector, and (P }] & the lead

- Q -
[y
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FIGURE 6.2 Intensity function [(t) for the non-stationary
process af(t)
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vector which is equal the product of ‘the floormass and the ground
acceleration at time t.. At time tigq = t; + At the eQuigion of motion

%

is given by
[m]ii eat) ¢ [cHugsaul ¢ (F, 03 = (P 08 - (6-6)
Tﬁe ‘incremental form of the equatiens of motion is

" [ml{aU} ¢ [c]HA0} ¢ {F 0} - (F} = iaP} - (6-7)
' ~ 2 : :

F :

These equations are solved by assuming the stiffress and damging properties

v

L]
. remain constant during the small time increment, At. The mass of the

[ 4

sysiell remaing consltant. The incresaqtal restoring force depends on the

hysteretic behaviour of thé s;ystem. Newmark (1959) suggested the

following relations for the velocity-and displacement at time to

-

» ) 2 . .

(g} = Gg) + O™ vl e (6-8)

.
e
L]

and ‘ ' —

lug gl = Qugd ¥ ﬂtf;j} + (%L-.s)(at)?{u,} + B(At)z{ﬁi+]}

.. (6=9)

>
The para*ter Y controTs the artificia‘l (nu.ervcal) -damping. For vy less
than l/2 negative danpinq is produced while for_Lgr‘eater than1/2 the
dminq is posit’we. » For no artificial damping, y.is equal to 1/2 which
"is the value used in this study. The paraneter B detemines she varia-

tion of the acceleration within the tine step. Linear variation of the

-

_dcceleration fs assumed for which B = 1/6. For the linear acceleration

method. the critical Ytime step for numerical stab¥lity of the solution is

Té

<

e
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(8t} = 0.551 T ; T being the smallest period of the structure. A °
. commonly used time step is At = Tn/IO. For the base-isolated buildings
the fundamental elastic period is 1 second approximately. A tiné step
of 0.02 seconds is used. Considering that the response is dominated by
the firsf mode, the time step is 1750 of the elastic period and is ade-
quate. - N
. . A"‘.\.A.p\f .
The 1ncrement:* veloc1ty and dispiacement are
u? =,[(1-7)€Ui‘ + yfﬁ{;11];t .
~
= {ljat + yladtae . (6-10)
and 2
fe et e 2 s 2
faul = {ug2at « 172 fi.r(at)” + slaidi{at) (6-11)
From which the incremental accéleration is
(a5} = — s {Au} (6.}« o (G} (6-12)
' 2 BAt ‘Ui 28 Ui
8(at) .
.'- * .n‘ '. -» ' b
- 4And the fncremental velocity can be.cestated as v « v 2/
- - 3»; . AR N . . : ‘
- L ] ’ ‘-.. l .
= - { Y - - "r -]
N {Bu} {Au) B {u;}, -(28 Vatfi} (6-13)
Defining the vectors {Qi}_an& {Ri}. at time t., as : ‘
=z .._l_ 3 .]_ u . : | : ‘ A - .‘
{Qi} AL {ui}'t 38 {yi} (6.1 )
- . - )
and i
=X 1y - H - | -
FCARE NUNENC RRILUN (6-15)
b .
e
- ‘ “. .. _
b r
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'

thed,'EquStions'(s—iz) and (6-13) are rewritten as ’ | .
(83} » —t (aw} - (Q} . (6-76)
B{at)
and s
faul = E.Lt fAub - :’Ri} . - (6-17)

Substituting (6-16) and (6-17) in the incremental equation of motion,

{6-7), gives \ s -
] . .
3 [mJicu} - [(m]iQ.;: + ,_‘L [c]<su
g(at) - | ast _
S e I AL E L LTIt B (6-18)

ﬁhiqh can be written in the pseudostatic ‘form

. e :
[K J{au} = fap } - | (6-19)
in which the effective stiffness matrfx is ' - \
. ‘ . .‘ -"
[KJ = —1— [m] + e lel vl Y (6-20),
g(at) ,
and the efféctive load vecto}‘ts' . i , -:
{ap,} = (4P} + [m] (@} + [c] (R,}- s © (6-21)

At time ti,y» the displacement is, {"i+l} = {ug} ¢ fAu} and. the accelera-

tion and véTocity are computed using equations (6:167 and {6-17) as- -

{6101} = {611 + {ai}) aéd {&i¢l} = {61} + {Au} respecfive1yi ..
. - &

~In Equation (6-18) the incremental restoring force is computed,
using the tingent stiffness at time t; as : , T

. ﬁ. .



. (Fo g} = F = [x.] (au; : L (6-22)

%

Consequently, at the end of the time step (t1¢]) a residual! (out-of-
balance} force occurs which must be corrected by ifposing total dynamic

equilgbrium or else erroneous results are obtained. /?he correction to

2

the dfspiagemqnt, velocity and acceleration vectors is done iteratively.

—

[ 2 A - b T . X -
The—out-of-balance force at the end of the time step is computed fcr the

jth iteration Ws

"j"‘_ -

S CE. 23-1 ) i _ . (6-23)

_in which {P. .} is the external load vector at time t. ,. The correc-
- 9 -2
tion to the -incremental displacement, {su}q. is computed from

Jooods op .. ‘ _ad4h
(K" {eu: P _ ‘ (6-24)

for which the effe&tive stiffness matpix is'updatea at each iteration.

The corrected !ncremental dxsp!acement is LAu}J = fAu)J + Tguij Then,
the corrected displacement. velocity and accelerlt1on are computed, It

1s uysual to carry éut-the 1ter§%1ve process unt11 the out-qfﬁbalance

force, or the vector norm of the correc™on to the dispTacement§:_is _ _
s;all. However, for the buil&ing considered, the nonlinearity is.tocp- -
lized and rigid floor dtaphragms pré assumed. The itération convergeéce )
.is checked, _'lng the displacement of .the base isolator, 3s | :
ieuj(bi)l/[uj(Bi)] < 0.001.. The updating of Lthe effective’sttffness
’ptrix at each 1te:‘at~ion carresponds to the :lfut‘bn Raphspnotechnlqut i
which fs depicted in Figure 6.4 for yielding of the isolators. Theq.

% only one iteration is required. Apart frnn numerical stability

4
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considerations, a small time step is needéd to follow the unloading be-

‘hgvi;ur accurately. The 0.02 sec time step is considered adequate for

this purpose and was checked by using a time step of 0.01 sec. No

appreciable change in the rgsults occurred.

Only the effec} of horizontal ground acce1eration'is studieq.
Therefore, the external load yector is given by the product of the mas;
of each floor and the ground acceleration, Ug
tions to be solved is reduceé by using condensed mass, stiffness and
ddmping matrices as;in the free vibration analysis. The process of up-
dating the effective stiffness matrix at each iteration is simplified by
forming two effectiv; stiffness matrices dutside the iteration loop
corresponding to the two possible states of- the leinear isolators
(e1a§tic and post-elastic); the isolators are assumed to yield and unload

together. -

6.5 DISCUSSION AND RESULTS

’

The five storey building, described in Chapter 5 (Figure 5-2), is
analyzed. Firstly, the structure is analyzed with a fixed base (uniso-
lated) assuming that the members remain linear. _The damping ratio of

the superstructure and the isolator in the elastic range is taken as 2%.

~—— -

The peak acceleration at roof level.is 0.77g. The frame is néxt analyzed

~with the isolators, having the properties described in Chapter 5, .and

—

the bilinear hyste}egéc loop is followed. In this case, the peak accele-

ration at roof level is reduced to 0.34g. Therefore, the seismic forces

s

on the building are considerably reduced. The unisolated and isolated

~

roof acceleration time histories are shown in Figure 6.5. The beneficial

81

(t). 'The number of equa- ——
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effect of base isolation is clearly demonstrdted. The relative displace-

ments are compared in Figure 6.6 ghere the Teduction in the frequency

of the base iso1a§gd building is quite apparent but the displadements

are increased from 46 mﬁ to 74 mm. For the isolated building, the accele-
.ration and displacement at the level of the isolators are 0.25g and -
&pdxmm }espectfve1y.\ This displacement must be. accommodated by the iso;

lators as well aé the utility connections and the accesses to the
building., )

The Sdequacy of a simple single degree-of-freedom model is examined
by analyzing the building as a sliding rigid mass. For this case, the
peak disp1acemeﬁt is 63 mm aqd the peak acceleration is 0.29g whicﬁ com-
pare well with the peak roof di;p]acement of 74 mm and the peak roof -

. ‘ \
acceleration 0.34g by the frame analysis.

;BFfETﬁg1e degree-o%=freedom analysis was repeaEed using equivalent
linear %so]ator properties based on the.secant deulus (Chapter 3) cor-J
responding to several fractions of the peak amplitude (63 mm). An effec-
tive amplitude of 80 per-cent of the peaﬁ amplitude results in a peak
disp1acemént of 62 mm and peak acceleration of 0.28g9. The associ&ted
damping ratio is 22.6% and the equivalent linear st}ffnesslis 1:79 times
the weight of the building per metre of displacement. The respomse of
the frame using these parameters results in a peak rdbf displacement and
acceleration of 72 mm anq 0.31¢ respectively._'The roof acceleag;?ons
and displademehfs usiﬁb the bilinear hystergtic loop and the secant
modulus ljnedrization are compared in Figbres 6.7 and 6.8 respectively.

The appropriateness of this simplified method. is quite evident.
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’ ) _
A maximum displacement of 63 mm (sliding mass) and a yield displace-

. ment of 10 mm were used in the computation of the equivalent {inear para-

meters by Iwan's method (Cﬁapter 3). The equivalent linear stiffpess is
©2.01 times the weight of the building per metre of displacement. For

2 per cent viscous damping associated with small di5p1acement§, the equi-
“valent viscous dampiﬁg_yatio is 12.9%. The peak roof displacement and

acceleration are 80 mm and 0.33g respectively. The roof acceleration

and displacement are compared with the accurate values in Figﬁres 6.9

and 6.10. The agreemént is very goad. A comparison of Figures 6.8 and

6.70 reveals that the sqcant modulus linearization provides a better

matching of the peaks.

e
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CHAPTER 7 -
. EXPERIMENTAL INVESTIGATION OF
- - WIND FORCES ON BASE-ISOLATED BUILDINGS

7.1 INTRODUCTION™ ~

- -

The methods for wind effects prediction.;re well established but they
are based on research that was mostly concerned with tall buildings. The
huestion therefore arises as io yﬁgther these;procedures are also adequétg
for low-rise base-isolated buildiabs\ﬂpose fundamental frequencies are
much lower than those of convention;1 bui]diﬁgs of similar size. In
this study, thf focus i§ on low-rise buildinds and the characteristics of
the turbulent air flow close to the grouuq. Th; models are tested in
threé terrain types némer. open, suburban and urban. .The models, experi-

mental procedures and results are described in the following sections.

7.2 MODEL LAWS

The wind fofce acting on a building depends on the aerodynamic shape
-and the following }hys1ca1 paraméters: the 3iy density, p, the wind

velocity, U..a chaFacteristic'dimeﬁsion, D,.-the viscosity aof air, u, and -

a characteristic frequency, f (Whitbread/ 1965; Simiu, 1985). Disen-

-sioﬁé] analtysis reveals thaf the force/coefficient (generally F/pUZDZf

is a function of the dimensionlessTfumbers f0/U and u/pUD if gravita-

tional effects are neglected. .

-

The dimensionless number, fD/U, is-the reduced frequency amd is

ggnoted‘by n. Its-reciprocal, U}ﬁD. is the reduced veloci%y. The -

‘._"J,ﬁ”:'_ .
- ' -
. i . p
* '
. ~ -
.
- ’
., .
. -
»

G 1



Reyno-'l-ds m:zfnbe‘r- ¥s pUD/u or UD/v, where v is the kinematic visc0$ity-. Other
dimensionless numbers associated with the above par;meter; are the Strouhal
nu@bér and the éossby number (U/ch) which requires scaling the Coriolis
parameter, FC. Neither are considered in the ensuing discussion. These
simi]ar%ty laws must be adhered to in making prototype predictions from

[y

model test results.

- For~sh&rp-edged“ﬁodies the separation points are fixed and therefore
the drag on the body is only siigpt]y influenced by the Reynolds_number.
However, if there is a 1ong'afterbody, reattachment‘occurs and the drag
coefficient is reduced (wake width is reduced). The drag on the body is

-
then dependent on the Reynolds number. -

"The necessity for the dimensionless numbers in the model and the proto-

“type to be the same leads to severa! dcaling considerations. The length

scale is defined as . -

A, = =2 (7-1)

(7-2)

where U_ is the wind tunne} ity and U is the natural wind velocity.

- -

: -
The density scale is -

‘ pl'll - . ) '
l‘o ,.p_p .. . . L ) . .(7-3)

‘Nﬁth is unity for tests qS%ng air Jhden~atmosbheric conditions. The

.- similitude of the reduced frequency requires ‘that

-

-
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@, = P . (7-4)

!::\ = _‘F_E‘. = i! . (7-5&)
] T TR .
or __
P o lm . (7-5b)
m AL Up .

Fhe reciprocal of the frequéncy scale is the time scale, KT' Reynolds

number scaﬂing requires that

uo, _ (U0, | ]
(S = 5 N (7-6)
, .
For model and prototype in air under atmospheric ponditions Vm = vp and

L 2 .
__thMerefore Equation (7-6) becomes

N3 1A 3 - (2-7)

which méy not be achieved. It is therefore considered nhecessary to vio-
late Reynolds number scaling, wh?gh should oqu induce errors when the '

que] is tested with its Iong dimension downwind (reatfachment of flow).
The Qimensions'of'the.qué1 are thereforé determined by the length scale,

AL} which is governed by the scaling of the boundary layer thickness and

the integral length scale of the wind turbulence (Davenport and Isyumov, ~

——1968)." . 3 :

. The forces and moments acting on the prototype are determined from

the tests on a stationary rigid model by the force and moment coefficients

defined genefﬁlly,as . ;

89



. _F
Force coefficient, CF =T (7-8).
?OU A
r
and

——  Moment coefficient, C, = — (7-9)

M 2.,

) §DUrAr*l

7.3 DESCRIPTION OF EXPERIMENTS

where F is the base shear force, M is the base overturning moment, Ur
is a reference wind velocity, and A and H are the frontal area and height

of the building respectively.
\

In relating the wind tunnei.fé}ce and wind spectra tc the full-scale
force and wind spectra, it is necessary to match the reduced frequencies,
Equation (7-4), or use the frequency scale, Equation (7-5). The inree
similarity conditions defined by Equations (7-4), (7-8) and (7-9) are
the relationships to béj)sed in transfering wind tunnel forces to full-

?
scale values.

7.3.1 Boundary Layer Wind Tunnel (BLWT I) ST

The experiments were conducted in the smaller boundary layer wind

tunnel of The Boundary Layer Wind Tunnel Laboratory at The University of

—destern Ontario:. The working section of this wind tunnel is approxi-

mately 24.4 m long, 2.4 m wide and has an adjustable height, variable
from 1.7 m at the entrance to 2.3 m at the end. Thé~wind'velocity is.
adjustable to a maxﬁmum of 15 m/s. The turbulent boun@ary Tayer develops

as the air flows over the roughness elements on the wind tunnel floor to
\

the test area 20.7 m from the entrance. A rough carpet simulates open

~ ) . 9

90



—— . -

(coherence functions).

. marked effect but such factors cannot be generally quantified. -,

81

terrain while»suburban and urban terrains are simulated by randomly spaced

foam blocks (25 mm high for suburban and 25-100 mm high for urban). A

0.25 m high‘grid of horizontal bars (trip) is used at the entrance to

the test section for'all three exposures to enhance tﬁe‘}urbu1ence scales.

This arrangementlgenerates boundary layers that approximately match the
turpg1ence intensity, mean velocity profiles and wind spectra of the

natural wind. The boundary Tayer thickness determines a geometric scale _ -
of 1:400. A more'dgtgiled descriptioq of this wind tunnel is provided

by Davenport and Isyumov (1968):

S,

For the three types of boundary layers (terrains), all the flow

characteristics were measured that are needed to calculate the wind

forces. These include the mean wind profiles, turbuTence intensities,

P

power spectra of velocity fluctuations and normalized cress spectra

[ ]

-

The flow cﬁaracteristics of the boundary layers geherated in- the
suburban and urban exposures correspond to ?athe#-homogenegus environ-

ments. Local irregularities in the vicinity of the building can have a

7.3.2 Base Balance
’ o N \ .
—In.the second series of.experiments, models constructed on the geo-

metricléca1e of 1:400 were used to directly'measure the wind forces
acting on the buildings.- Assuming a quasi-steady behaviour, i.e. the
1ndgfendenqé of the wind forces on the motion of the builﬁing (aerodynamic

damping is negligible), the wind forces can be established using rigid,

~
L d
- -~
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extremely 1ight models mounted on a special base balance. The,basé

—Dbalance is very rigid and thus has very hijh'natura] frequencies and yet

is véry sensitive. It measures all static and dynamic compohehts of the
resultant wind forces acting an the model, except the vertical one. Two

horizontal base shears, two overturning moments and the torque are mea-

sured (Figure 7.1).. The médis are constructed of lightweight white
styrofoam. A complete desc}iption of the base-balance technique can be

found in Tschanz (1982). ) ’ . .

-

-

The advantagé of this techmiiqae is that the forces measured on the

stationary model are independent of building properties other than shape

-

aﬁd can be used to predict the_static and dynamic response of the proto-
. type for any structural properties. If-the prototype has a triangular
mode shape the measured overturning moment corresponds to the genéra1ized

force of the prototype. If the prototype mode is uniform in bénding and
. - .
torsion, as it is approximately for a base-isolated building, the measured
. . - ~

base shear and torque represent the force and twisting moment on the “\‘s._

prototype, respeétiveiy.‘ To obtain the data for prototype'reSponse pre-

diction the mean values, root-mean-square values (r.m.s.) and power

spectral densities' of all force components were established for different

_exposures (turbulence characteristics) and for different angles of attack..

The models are symmetrical about both axes, therefore the measurements ';

. , %
were taken through 90 degrees in increments of 10°. The analog signals

from the balance transducers were first amplified and then filtered.
The low pass filters e set at 50 Hz to remove the acoustical wave gene-
rated by the fan blades (58 Hz) and the noise at higher frequencies.

The filtered signal is digitized, processed and stored by a POP 11/23




FIGURE 7.1

Schematic of model on the force ba1ance
and measured force components

1



workstation. A data acquisition program on this computer continubusly
controls the wind tunnel velocity, executes the sampling and rotates the
model to the next test positﬁoﬁ. The entire process is fully automated.

The gradient wind velocity was set to 2.2 m/s (30 ft/s). For a velo-

city scale, \,, of 1:4 and a length scale, \L‘ of 1:300, the time scale,

v
\L/AV, is 1:100. Therefore, the ‘experimental sampling period of 60
seconds corresponds to full-scale sampling of about 1 2/3 hours.

7.3.3 Models

' | i

Three models of prototype buildings, denoted A, B ahd C, were tested.

The full-scale dimensions are listed in Tablélz.1_and tHe model dimen-
sions are g}yen in I;ble 7.2. The dimensions in thé narrow direction.
correspond to the plane frames analyzed in Chapter 5. Plate 7.1la showé
Model A in the>wind tunnel with urban exposure, Plate 7.1b shows Modef é
in suburban eiposure, and P]age 7.1c¢c shows Model C in suburb;n expoéure.
Models B and C were tested in all three exposures (open, suburban and -
urban) while Model A which is twice the width of Model B was tested in
open and urban exposures. ‘

—~

7.3.4 Measurement of Wind Parameters B

The mean wind profile was measured at the position corresponding ta

the centre of the.upstream face of Models A and B. The measurements

. N
~were done using two hot-wire anemometers with the lower probe starting

at 6 mm (0.25 in) above the tunnel floor. Thefean and r.m.s. wind velo-
city were measured using a 30 second sampling period at 6 mm (0.25 in)

intervals for the first 51 mm (2 in) above the starting position then

— e
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DIMENSIONS OF PROTOTYPE BUILDINGS

8%

TABLE 7.1 ]
Building Width . Depth Height
m ft m £t m fe .

A 120 393.72 30 98.43 20 65.62
8 60" 196.86 30 98.43 20 65.62
C '84.6 277.57 246 30, 71 10.25 313.63

TABLE 7.2 BIMENSIONS OF MODELS

Model Width Depth Height Aspect‘

. mn ., in mm in mm in Ratio

A 300 11.81 75 2.95 50  1.97 6:1.5:1
B - 150 . 5.9 75 2.95 50  1.97 - 1:1.5:1
¢ 62 . 2.44 "'26  "1.02  8.25:2.4:1

212 8.35




PLATE 7.1 MODELS IN THE WIND TUNNEL
(a) Model A - urbam exp.
(b) Model B - suburban e:p.
(c) Model C - suburban exp.




at 13 mm (0.5 in) intervals for the second 51 mm (2 in) and thereafter
-at 102 mm (4 -in) intervals. The experimental sampling period corresponds .

to full-scale sampling of about 50 minutes.

The auto-spectra and cdherencgs were established by means of a
Hewlett Packard Structural Dynamics Analyzer for both vertigéf_aﬁd hori -
Zontal directions u§ing two hot-wire anemometers. All measurements were
done at a position corresponding ‘to the u-pstream face of Models A and B.
For the vertical mgésurements, the reference positton (uppermost position)
was 51 mm (2 in) above the tunnel floor; the seconq probe was located at
Egints 13 mm (0.5 in), 25 mm (1 in) and 38 mm (1.5 in) above the tunnel
floor in turn. For the horizontal measurements, the reference position
was 76\ﬁm (3 in) to the r}ght (facing the jntake) of the wind tunnel
centreline and two sets of measurements at elevations of 25 mm (1 in)
and 51 mm (2 in) above the tunnel floor were obtained. The second probe
was positioned at points 76 mm (3 in), 152 mm (6 in), 229 ﬁm (9 in).and
305 mm (12 in) away from the reference probe, in turn..

\ ) ‘ ’ . . ) . 2
7.4 PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS

7.4.1 Mean Wind Profile

+

The variation in the mean wind velocity with height, for the three

-

exposures, is shown in Figures 7.2, 7.3 and 7.4. In these figures, the
fu1] lines are the thesret+eal variation of the mean velocity obtained
by fitting the experimental data points with the empirical power law

(Davenport, 1961)

W2y = T (2 ' | (7-10) -
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-~ . where B{Z) and U§ are the mean velocities at the elevation z and the

gradiént height, Zg respectively and a is an exponent less than unityl
“Figures (b) depict the profile for the lowest 30 m. The theoretical fit.

is excellent particq&arly for the )owest_30 m (full-scale), the region
L 4 ' .

v of particular interest in this study. Both the exponent and the gradient

-

. height increase with increasing terraig roughness. The logarithmic law
(Y v \ M - -

1s an afternat1ve expression

he 'wind profile near the ground and

.

U(z) = — 1L~ -, T to(7-)

wheré=r, e friction velocity which is.a function of the surface -
s shgaf stress, r;, and the gir'density,-o (u? = /?;76). The rOUthess‘ ‘
» < -, - length, Z s characterizes the extent of the'éurface roughnes; but is
considerably less than the actua1 size of the roughness elements The
von Karman constant k, is approxwmately 0 4, - Typical values of the
parameters for the power and logarithmic lfws are given in Table 7.3.

The wind profile parameterg measured for td; whole 5oundary layer are
listed in Table 7 4 and for the 1owesx 30 m in Table 7-5. The values
shown in Table 7.5 differ from those for tMe—whole profile which suggests
that the entire mean wind profiie is nof we]l suited for the lowest part -
of the boundary layer. The gradient’ hemghts_tn Table 7.5 are hypothe-
tiééi resu]t{nd from the optimum fit.. This is particularly obvibus for

the urban exposure.

.. _ . | . »
The variation in the mean wind velocity angd, thérefore, the mean

forces is slight over the lowest 30.m. Most base-{solated.buiIdings'are

about 5.storeys high (20 m)'or less. Thus, the mean velocity can be
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TABLE 7.3 TypicaI Va1ues of Parameters for the Power and Logarithmic
taws (Davenport, 1&77) R

~
. \
_ Terrain Zg (m) Z0 (em) ‘\\,_.'4 a
Open 300 1-10 0,16
Suburban 400 - 30-100  © - 0.28
*Urban " 500 ' 100-500 © - - 0.40

:,,-'\ .’
- ) .
‘TABLE 7.4 Power Law and Logarithmic Law Parameters for the Whole
. - - Boundary Layer by F1gures 7.2 to 7.4 -~

TN
{ <

-~ Terrain Zg (m) Zo (cm} . »:,Qf. :
Open 332 2.3 175
Suburban 332 TS Y
Urban T 3o - Lo gy
\-’y .. ] ) . ¢
JABLE 7.5 Power Law Parameters of Medn Hmd Profﬂe for Lowest
. b 30 m by F1gures 7.2 to 7.4
4
o _ : f .
Terraln | ' Zg (m) a, .
Open - 1565 - .06
" Subdrban 3337 .. 160" - -
Urbap-" ) 34836 .0 1457 " }

Lo ”

-
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4 assumed to be constant and equal to its value at the roof level for the .

practical analysis of the alongwind. response.

7.4.2‘ Turbulence Intensity

. ~ 7 Also shown in Figures 7.2 through 7.4 is the turbulence intensity
defined at any level z by - .
o OU(Z) .
1,(2) = — . (7-12)
i u(z) :

where ou(z) ig the r.m.s. wind velocity fluctuation. The furbu]ence jnten—
sity is approximéte1y equal to-the power law exponent, a. Turbulence
intensity variation over the whole profile is guite marked but over the
Iowest'ZO m it is practically constant and may be taken as equal to its

value at a suitable height such as 10 m.

7.4.3 Spectrum of Longitudinal Wind Velocity

The power Eﬁzctrum defines the distribution of the energy of the - -
wind fluctuations with frequency, The area under the spectrum is equal
to the variance and the auto-covariance (correlation) function and the
'wind spectrum for% a Fourier Transform pair. The peak of 'the velocity -

spectrum is at approximately T cycle per minute.

-

»
. ' Power spectra of the longitudinal wind velocit{ fluctuations were

measured at elevation§ corresponding to 5.1 m, 10.2 m, 15.2 m and 20.3 m
(full-scale) in the three exposures along the vertical centreline of the
wind tunnel. Evaluated in dimensionless form, the spectra for the three

exposures aré'shown in Figures 7.5 through'7.7 plotted versus frequency
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(a) and wavenumber (b). The spectral peaks are a1most'coincjdent along
the frequency axis’ indicating that the spectrum varies slightly over

the heisht considered. The spectra shift to tﬁe left along the wave-

number axis (larger wavelength), with increased.elevation, implying fha;
thé length scale of turbulence increases upward as the eddies’ are allowed
‘room to grow'. The spectral maximum aiso increases with height and the
spectrum becomes more pointed. It is emphasize& that the logarithmic

spectrum does not show the true distribution of energy with frequency as

its ordinates are multiplied by ‘freguency. ) .

rd
.

For the purpose of later structural response analysis, the measured T '
spectra are fitted with an analytical expression. In theAinertialisub- ,
range, Kolmogorov's second hypothesis states that the energy spectrum is'
determiried by the wavelength (U/f) and the rate éf,viscous &issipétion

of energy. Therefore, the variation of the spectral ordinate with fre-

quency is
s, (F) = £7°73 | (1-13) ©
Several spectra of this form have been Sugéested. Davenport's spectrum T
(1961) is
Su{f) 2,342 :
f > = 7473 (7-14)
o (1+n%)
u L

where the réduced frequency m = fL/ﬁ]O. with the length scale L = 1200 m,

U10 is the mean velocity at 10 m, f is the cyclic frequency and 05 is

the variance. Harris (1971) modified Davenport's spectrum so that there
is a value at. zero frequency {(giving an integral length sc3le). The
expression for the spectrum is

4 .



g

f Su;f) - . (7-15)
9, (2+n7)

in which the length scale, L = 1800 m. Simiu {1975) suggested the expres-

sion

__100/3 n
5 (1+50n)°"3

(7-16),

which is a modified form of the equation proposed.by Kaimal et al. (1972)

2

such that the variance 03 = 6.0 u,. Thus, the basic form of the spectrum

is well established.

"A model chosen for fitting the dimensionless spectra to measured

data is that of Olsen et al. (1984}, i.e.

/

£ S“(f) __An (7<17
7 90 ~17)
9, (1+8n~ )

-

where the reduced frequency is n = f.z/U(z), U(z) is the mean wind velo-

108
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city at height.z and A, B, vy, Q and 8 are fitting parameters. On a log-log

plot of the spectrum, y represents the low frequency slope while the high
frequency slope is given by y-Q8. The values of 2, 8 and y influence the

pointedness (or bluntness) of the spectrum. The position of the spectrum

is determined by the parameters A and B.

.

The spectrum may then be subjected to several theoretical conside-
f . *

. . e
rations. For the spectrum to conform to Kolmogorov's law in the in-

. ) , § '
ertial subrange, the siope of the high freéquency asymptote must be

~ -

y - Q8 = - 2/3 o (7-18)

and the ordinate of the dimensionless spectrum is

14



Ft— - C n"2/3 (7-19)

in which C is a constant of proportionality.

For the position of the measured spectral maximum, LU to coincide

“with the Mximum of the model, the fo]lowinb relationship must hold

_ (1.5y,\1/8 » )
o (—TTI) ‘ (7-20)

° ‘ )
which is obtained by differentiating Equation (7-17) with respect to the
reduced frequency, n. Substituting the expression for N in Equation

(7-17) éives the value of the spectral maximum, Sm, as

5. () . ] ‘
(F 5 )nay = Sp = AN P04150) 7 (7-21)
g : ,
u - I

The jntegral of the dimensionless spectrum must equal unity, there-

fore -
5,(f) )
f—é—c — df = 1.0 _ - (7-22)
u .
- — <
which implies, by integrating §quation_(7-17), that : -
) 2
Fy/8)T{sx) ‘
- ap~Y/6,1 39 . i
1.0 = A87YPUE) —ra— B (7-23)

« As pointed out by Harris (1971), in relation to Davenport's spectrum,

it is desireable.that the spectrum has a value at zero frequency. This

is required to define the integral time and 1en§th scales. Therefore,

the parameter y is set equal to unity aﬁg Q = 5/36. Another form of the
~ cﬁaracteristic length scale corresbonds to th peak of the fbgarithmic

spectrum, f Su(f).

. .

/'S ~

108
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L= Ual/f (7-28)

where f; is the freguency associatgd with the spectral peak. If, instead

of the height z, this length scale is used in the nprmalization for the
N >

reduced frequencyx then at the peak

£ L . ~ ' .
(7-25)

Substituting for N in Equation {(7-20) with y=1, the value of B becomes

1.5.

The high frequency portion of the dimensionless spectrum can be

-

-
o
<

approximated by

S (f) -
fu o B 23 en2/3 (7-26)
Q
o] 8 .
u
where
< = —gpmp ()7 (7-27)
].5 U(z) ' .
- Y
Rearranging this equation gives the length scale
L = UC§ 1.5°/3873/2 (7-28)
for which the spectral model conforms to Kolmogorov's law. The final
-expression for the dimensionless spectrum’ becomes B
S, (f) :
s el SO TET ‘ (7-29)
o, (1+1.5n7) .
* -
in which the reduced frequency is n = fL/U(z) and the length scale, L,’

is computed from Equation (7-28).
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The unknown parameters sre A and 6. The proportionality constant,
x, is determined by optimization of the spectral points in the high fre-
quency region.‘ The parameter A is expresséd in terms of & using Equa-
tion (7-23). The length scale, L, is given by Equation (7-28) which
allows the computation of the reduced frequeﬁc&_in terms of 8: The para-
meter, 8, is then computed by optimization of the ﬁeasured spectral
values. Once 6 is determined, A and L are computed. The parameters
es;ab]ished in this way are listed in Table 7.6. The measured spectra
and theoretical fitted‘spectra for the three exposures are shown in
Figureé 7.8 through 7.10. The area under the normalized fitted spectra
in oﬁen exposure varies from 0.97 to ]t03 (integrated numerically from
0 to ZOO‘HZ), a difference of 6 per cent. The spectral peaks on a log-
log plot correspond to the drooping portions of the spectral density
functions and the spread is much less pronounced. Consequeﬁt1y, the

differences in the areas are small.
- - Harris (1971) has shown that the time scale of turbulence is

T =5 (o) : (7-30)

which is obtained by integrating the auto-correlation function (norma-

——

‘1ized auto-covariance). The integral length scale, &, is

,

¢ = T(2) T = Efi% s, (o) ‘ (7-31)
 ae ‘
u

From Equation (7-29), the value of the spectrum at zpro frequency is

S (o) =l —Lt—n ° o (7-32
Uo OUU(Z) : )
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<o \

Y - fhen the integ%a1‘1ength scale’is related to the length scale L by

o,

- A - . . , » :
L=zt = . g (7-33) -

“o rer ama ..

For ankigprox1mate value of A equal to 0.6 gives ¥ = 0.15L. This

compares well with the relationship derived on the assumption of an ex-

S ponentially decaying auto-correlation function (Pasquill, 1962) which is

oo :
) e = 5= L= 0159 L . (7-34)

The~ fntegraI 1ength scales (full-scale) are listed in Table 7.6. Values
of t;\*+éngth sca1e, L derived from the reduced frequency corresponding

to spectral peaks are, accord?ng to Berman (1965)

L =200 208 . (7-35)

-
N

and, according to Fichtl and Mcvehil (1970) -

Ly T =600m. : - (7-36) *

—Berman's exprggsion which is based on spedtra from many locations, with \
roughness lengths varying from 1 c¢cm to 100 cm, compares well with.the
suburban exposyre length scales (Table 7.6). The length scale of 600 m

AE is close to:ﬁhe values for the open exposure. Equation (7-36) was de- .

Fived from data obtained in open terrain. . Hj?

-

- " The fitted parametérs of the dimensionless wind spectra do not vary
. much um height and fhus the mean vilue of these .parameters can bealilite
4appropr1ate for evaluating the dimensionless spectrum. The theoretical

Pl

spectra, calculated usiq::)he mean values, along with'the measured

. 3
- - -
- —

- . g '/: - ]
‘ . - ) “ . - .. h
. - - - LR S

spéctna are plotted in Figure 7.T1 for al}three exposures. In computing



117
3

—— -

-— — — theoretical mean

w ™ ] -
g \ spectrum. (U = U20)
«
-
>
~
o C 20m
pr
[Ty
- - .. \
2 3 1 T T L S T { T ‘1 Y L RS s e aun 1Y (a)
Lo 2 3 ¢ Se788) 2 3 ¢ S6789.
REDUCED FREQUENCY., FL/U '
u Oy
[
=
. <
=
<
> =4
~
R
w
[V
L : -
F U R R ¥ £ U S B T TR IR
REDUCED FR?Q NCY, FL/:U .
w =
- g
- =
- ( % -
i ~ 20m
&
4 .
.
o - :é‘l v v T T 17 T Y Y T YT '(C)
o B T IR LI, 2 .3 ¢ 56789
REDUCED FREGUENCY. L/

FIGURE 7.11 Measured spectra and theoretical mean spectrum
(a) open exp. (b) suburban exp. (c) urban exp.



the reduced frequency for the fitted spectrum, tﬁe mean wind velocity at
20 m is used. The elevation of 20 m is adopted siﬁce this is the common
roof level expected for base-isolated buildings and the wind velocity at
this level varies less with terraih roughness- than at the usua) 10 m.

The mean spectrum fits within the range of-spectra;very well.

- N
To indicate the comparison of other theoretica) spectra with the

measured ones, Figure 7.12 shows, for open and urban exposures, the wind

tunnel spectra at elevations of 5.1 m and 20.3 m, the mean fitted spec-

——

trum, Harris's spectrum and the ESDU spectrum (1986) versus full-scale
frequencjes. A length sca1é‘:f 400 is applied to the wind tunnel spectra.
The ESDU spectrum is height dependent and is presented for an élévation
of 10 m although this spectrum is recommended for elevations greater

than 20 m abdQe the general! level of obstructions. For the open exposure,
the ESDU spectrum is close to the wind tunnel spectra for the hijher frg-
quencies while there is some difference in the gpectral maxima. For the
urban exposure, ﬁarris's spectrum matChgf the wind tunnel spectra. better
than the ESDU spectrum. Similar differ;ﬁzgs in the spectral maxima and
their position were found by Flaga and Wrana (1587) for spectra at 10 m

elevation. Thus, the length 'scale of 400 is suitable for full-scale

computations.

Finally, the mean fitted spectra for all three exposures and the
spe;trum using tﬁe overa]f“ﬁean of sthe parémetgrs are shown in Figure
7.13. The spectra co11$pse in hoth the high frequency and low.frequency
regions. The differences occur in the ‘spectral maxima which result in

only a small difference in the variance. Thereforg:‘pne spectrum using

(/
. '\\'“
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the overal! mean of the parameters can be considered to be adequate for
all three .exposures. The overall means of the spectrum parameters are

A =0.58,5=2.44 and L = 483 m in full-scale.’

L
.

7.4.4 Horizontal and Vertical Coherences

The coherence functions describe the spatial correlation of the
]

frequency components of the wind velocity at two positions. The_cohe-

rence is defined as , ' ._ . .
on () 1512(\‘)!2 ; : (7-37)
coh(f) = ' R -

S](fiszifi

. LN .
in which S{(f)'and Sz(f) are the local spectra at positions 1 and 2 res-
pectively and S]z(f) is the cross-spectrum of the longitudinal wind velo-

city at positions 1 and 2. The Eagnitude of the cross spectrum is given

¢

by . .
2 _ .2 2
15,6015 =2 (f) +d (D) . o (7-38)
_ . 12 12 -
where Co (f) is the co-spectruM{real pért).and Qu {f) is the,ﬁuad-

: 12 12
spectrum (imaginary part). An often used empirical expression for the

root coherence is

_CA_f » -
vcoﬁf?i 3 e v ) . (7-39)

. . ¢ .
where* A is the absolute valde of the separation and f is the frequency.

For horizontal separations. U is the nmean velocity at the elevation upder
. e ! - Ve

consideration' while for vertical separations U is the average of the

mean V9lociiies at positzpns 1 and 2. Values of the cecay coef?\gient,

L
- — -
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c, commonly used are between 6 and Tbxfor vertica1-sep$ratiqh and between

+ . -

10 and 16 for horizontal separation.

v

\

The decay coefficients fot the coherences measured 4n the wiga
tunnel ;;re determined by optimization. The decay‘coefficients estab-
lished are listed in Table 7.7. The fit of Equation (7-39) to the data
is shown for one case in Figure 7.14. The trend is for the dec;y coeffi-
cient to decrease and the correlation to }ncrease as the terrain becomes
rougher, indicating that larger edqles are formed. The decay coefficient-
is actually dependent on both the separation aﬁd the e{evétion. An ex-

Y
pression reflecting these dependencies was proposed by Pdnofsky and Dutton

(1984); it is | '
(7-40)

where A/z is the normalized separation. The values of c, and ¢ are ob-

tained from a best fit to Equation (7-40).

More eéxtensive measurements of coherence were done by Ng‘(1986) in .
the larger wind tunnel at fhe University of Western Ontario. The varia-'
tion of the decay coefficients with normalized separation is shown in
F1gqres 7.15 and 7.16. The symbo1s indicate the measured values whw]e
the -1ines represent theoretical fits. The trends'of both data sets are
simf]ﬁr throughouf and the agreement is good in some cases. The measure-
mehts by Ng incorporate many more data points. The values of Co and €
‘to be used in the response calculations are, therefore, computed froh a

werghted average of those obtained by the present study and the study by

Ng. The weighting is based on the number of reliable data points in
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(a) Horizontal Separation - cy

TABLE 7.7 Measured Decay Coefficients (distances in mm)

Exp.- Ay 38 76 152
) 2

open 25 - 23. 54,

51 - 18. -

suburban” 25 - 30. 50.

: 51 - 27. -

urban 25 - 12. 26.

51 9. 14, -

(b) Vertical Separation (z 51 mm) - ¢
Exp. Z, 2 Az <,
open 38 a3 13 12.4
‘ 25 38 25 14.8
13 32 38 18.6
suburban 38 44 13 1.1
)' 25 38 25 13.3
13 32 38 16.2
utban 38 44 13 9.2
25 38 25 11.4
13 32 38 13.2
e )
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each case. The final values are listed in Table 7.8. Figures 7.15 and
7.16 also show the variation of the decay coefficient based on these
proposed values. It is'wofth noting that the variations in the decay
constants ¢ with &4/z are quite strong. The code data such as those of

the NBCC are based on decay coefficients independent of \/zZ.

7.4.5 Flow Over Low-Rise Buildings_

As the flow encbunters the building in its path, part of the air is
deflected upwards; some of the air flows around the sides; and the other
part deflects d;wnward forming vortices which eventually flow around the
sides (horse-shoe vortices). Pressures develop on the windward face and
suctions on the leeward face. The streamlines,separate from the front
roof edge (Figure 7.17) where a shear layer separates the outer region,
from the inner (wake) region. Large negative pressures (suctions) are
created which decrease downstream. When the roof is long, stre}mwisé.
compared to the height of the building,reattachment of the flow occurs
with:associated zero or positive pressures. Figures 7.18 and 7.19 show
examples of the pressure contours and trends in the pressure distributioq

L

on the roofs bf low-rise model;. The flow from the upper third of the
building goes dver the roof. In doing so, it displaces the flow having
more kinetic energy (mean wiﬁd profile increases with height) which lowers
the §eparation streamline. The difference in kinetic energy increases as

the terrain roughens leading to lower streamlines, smaller suctions and

garlier reattachment.
. . -

The pressure distFibution on the roof is important not only for the
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FIGURE 7.17 "Separation.and reattachment of flow over a roof
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roof itself but for the whole bu\ldwng because its nonuniformity results

in overturn1ng moments as d1scussed later hereing,

7 4.8 Drag Coefficfénts aqd\Effectwve Heights

’\_J

7.4.6.1 Drag Coeff1cxents

- R ) .

T

“ Apart from a small léyné]ds number effect, the forfe coeff1c1ents
r

A
'ﬁeasuked on the balance are equal to full-scale va]ues The total mean -

base shear in the .y direction is <;
R H 2 ~ * { - ,
S. =5 pCh W Uc(z) dz - " ’ (7-41)
y .2 D -~
0 -
R ~
. - ff-‘-
in which CD 1s the dragq coeff1c1ent W the w!dth and H tha height of the
building.® The mean wind velocity at elevation 2, below the height-ef s
the building, may be expressed as . , - <
———— — - \.
U(z) =T,(2) (7-42) - .
H-y - -2t

-

whére UH_= U(z=H). is the mean velocity at the roof level &f the buili;yg

and the pgggf law exponent az, expresses the variatlon'df the mean wjind
profile o&er the lowesf 30 m of the boundary layer. SubSt1tuting Equa¢ s

tion (7-42) in Equation (7-41) and 1ntggrat1ng, the total mean base shear

.

becomes P .
‘ 3 =1 o.C W H Uz-r—l——T ' - <;j o {7-43) Q:E'
o Yy _ 2 . D H 2(1?‘1']- - {"‘ \\)

wind velo¢ity U_ and base shear coefficient C_  as ™
3 osloc WwHT =3¢ (—zﬂ) ! (7-44)h @
y - 7P “sy g 2P sy H .. &~
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\

in which a is the pawer law exponent for the whole boundary layer. Com-

is obtained

<E}ring Equations (7-43) and (7-44), the drag coefficiént, CD’

from ‘the measured shear force coefficient as
« ;

~-

= 9
C csy (2a2+1)'( T

- -

2 S . '
) " ' ' (7-845)

The variation of the force coeffiéﬁents'(shear, moment and torque)
with the angle af attack (azimuth angle) are shown in Appendix I. The

drag coefficient, € is plotted for all three models in Figure 7.20.

D,
The maximum value is about 1.3 except for Model q‘in urban exposure for

3

which the maximum is abolit 1.6. The-value recommended for rectangular

buildings in the NBCC (1985) is 1.3 which agrees with the measured data.

7.4.6.2 Effective Heighgs

v

. . ] - ) . - —
The total mean overturning m¢mqnt due to forces in the y direction

is

- o, - :
M ==pC_ W zZ Ut{z)wd2 ‘ (7-46)
y 2 D o' <o SN .

which, upoii substitution of Eduation)(7-42) and integration reduces to

-
- .-

O | 2=2 1 :
."y ,-zDCDHH UH-(-2—62—+2-7 (7-47) )

Dividing the overturning moment by the base shear gives the éffective

. height at which the.drag force can be thought of as acting, that is

fx (2a,+1) , ' ' .
He 2 § =2 H m i . ' (7—48)
Yy .
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Therefore, the effective height depends only on the building height, H
and the wind profile exponent, - For open exposure, A = 0.106 and
H = 0.55H. A similar result was obtained by Tschanz (1982) in the wind

e

tunnel and by Joubert et al. (1967) in full-scale measurements. However,’
for lower buildings the effective height can be greater because the
overturning moment from the non-uniform pressure distribution (mostly

-suction) on the roof is not included in.Equations (7-47) and (7-48).

The effective heights are obtained for the models considered by
dividing the moment coefficients by the shear coefficients. These are
plottegty Figures 7.21 through 7.23 for the three models. The effective

heights on the broad side of Models A and B are greater than 0.55H. The

N .

\~effeciive‘heights on the narrow side of Models A and B (long afterbody)

~ ) -and on both sides of Model € (Tower model) are greater than unity. This
means that the drag force has to be applied above the roof level in order
to account for the total overturning moment from the drag as well as
suction on thé roof. For the long afterbody, reattachmeqt_of the flow

on the roof increases the ynbalanced force on the roof which} together
with its greater eccentricity, contributes significantly to the over-
turning moment. For.the lowest model, C, the flow is deflected only
siightly and reattachment occurs closer to the windward edge wh%ch're-

sults in effective heights greater- than unity for both sides. *

“ For base-isolated budeings, the effect of the uplift forces on the
roof increases the axial forces on the isolators. Consider the three

storey building shown in Figure 5.%’whith corresponds to Model C. With

axially soft isolators (kv=2kh), the building response also increases

133
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137
due to rocking unless the damping is increased sufficientty by rocking.
For an estimate of the increase in axial load, the building is idealized
s a rigid body on springs. The building is subjected to the peag over-
turning wind moment “inga plane normal to the broad side, assuming a peak
factor gp = 3.8. On the outer bearing, the axial loads due to wind are
20% of the seismic load (Figure 5.1) and 16% of the gravity load (assuming
office loads and the dead load in Figure 5.1 minus a seismic live load of
K 2) ‘

1 KN/m The axial loads for the building corresponding to Model! B8 are

127 of the seismic load (Figure 5.2) and 10% of the gravity load on the
outer bearing. In the above, the dead Toad is the same on- the outer and
inner bearings. If the dead load on the outer bearings is Tess, then

these percentages increase.



CHAPTER 8
RESPONSE OF BASE-ISOLATED BUILDINGS T

TO WIND LOADING

8.1 INTRODUCTION

The response of base-isolated buildings to gusting wind can be pre-
dicted theoretically if the characteristics of the turbulent wind in the

lTowest part of the boundary layer are known. Such data were eitablished
- - . - L4 -.

in Chapter 7. ’ ’ *

The -existing procedures for the prediction o% structu}al'reSponse ‘
to gusting wind were found, to be adequate for tall buildings (Loh and
_Isyumov, 1985) but their adequacy for low-rise b;se-isc1ated buildings
has not been'verified. Differences- in the flow characteristics as well
as the modal properties exist for these two types of buildings. Ffor
-examples” the procedure fo? computing the Lipd Toad in the NBCC uses a
triangular mo&é‘shape while base-isolated buildings slide on vertically
Stiff but horizontally soft isolaters with a uniform or nearly uniform
mode shape. The fundamental frequency of the base-isolated building is
lowered being approximately 1-Hz for displacements less than the yield
displacement. The lower frequency éakes the building more sensitive to
dynamic wind loading than conventional buildings of comparable size.
The theory for the alongwind response to gusting wind waé formulated
previously (Davenport, 1967; vickery, 1971; Yang and Lin, 1981 and
Solari, 1982) and is well egtabl{shedn Some account for the c;};élation

of wind pressures on all faces of the building while others assign all

138 -
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wind pressures to the projected area of the building. The latter, simpler,
assumption is adopted here because-the differences.in the results are
small. fhe ¢haracteristics of the lower part.of the boundary 1ayer'as-
cerfﬁined in the experimental parf of the study are incorporated in the -

theory. 3 -

The adequacy of existing codes for the evaluation of wind loading
on base-isolated buildings is examined. Such a verification is desireable
because the w{nd.ve1ocity.spectra and coherences found suitable for base-

isolated buildings as well as their vibration modes differ from those

assumed in the codes.

- 5

-~

8.2 EVALUATION OF ALONGWIND RESPONSE

The alongwind velocity component iseexpressed as

Uly.2,t) = U(2) + uly,2,t) ’ (8-1)

.

in which U(2) s the mean velocity and u(y,z,t} is the fluctuating velo-

-

city component varying in both space and time. The pressure at any point

(y,z) on the face of the building is

+

D(y,l,t) ) %D cp(y:z) Uz(yoz't)

1 =2 u,?2
p € (y,z) US(1 + =)
257 T

E(ybz)_+ P(y,?-,t) (8‘2"

Since.(u/U)z is much smaller than unity, this term is neglected. Then,

~



the mean wind pressure is

0 € (ya2) 0(z) (8-3) =

| —

ply,z) =
and the fluctuating pressure is
ply,z,t) = ¢ Cp(y.Z) U(z) uly.z,t) . (8-3)

In Equations (8-2) to (8-4), p is the air density and Cp(y.z) is the

pressure coefficient.
The mean force acting on the structure is
~ M =2
Q=] 350 Cp(y,Z) U(z) dA : (8-5).
and the f1uctuafing force is
A —
a(t) = [ 0 ¢ ly.2) T ulyiz.e) an (8-6)

The d;gv coefficient is defined as

v — —
Cp - q - Q (8-7)
‘ H
[ 17 0 Uz(z) dA % oW f Uz(z)dz

0

140

where, W is the width of the building and the pressure coefficient \\\\\_\)

Cp(y,z) is averaged over the face of the building and set equal to C,.
Denote the dimensionless coordinate Z = 2/H, H being the height of the

building and express the mean velocity by the power law reldtionship

+ T(2) = T, (%)“ * UH.ZG ' (8-8)

in which Uﬁ is the mean wind velocity at the top of the buildifMg and u



expresses the variation of the mean wind profile over the height of the

building. Then, the mean force becomes

1
Q =-% o C. WH f Uz(z) dZ = %_6 C. W*H Eﬁ

and the fluctuating force is

H W
Q(t) =_p CD UH f f Z% u(y,z.t)dydz
_ 0’0

Introducing the dimensionless coordinate Y = y/W, Equation (8-10) becomes.

101 o
Q{t) = ochHquf. % uly,z,t) dydz -
Q-0

In ozsfzjtS'Eompute-the dynamic response using modal analysis, the
generalize¥ (modal) force is required. The modal force is the-summation

{8-10)

(8-11)

of the product of the wind force and modal coordinate over the face of

. -
the building. The mode shape in translation varies with height only and

is constant across the building at a particular elevation. The mean

generalized force in mode j is

P - Uo By.2) 0(2) dydz

and using Equation (8-9), this becomes
F, =+ pC. W HT ' e (2) dZ
7°% TH ?

where ¢j(z) is the modal coordinate in mode j at the height 2

The fluctuating generalized force in mode j-is

WoH J , .
Fj(t) = Lfo ply.z,t) ¢j‘(;) dydz ‘

4

and using quétion (8-11), this expands to o

(8-12)°

(8-13)

ZH.

(8-14)

1412
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-

1 -
. SNHT, f I 2% u(y,2,t) o;(2)dvaz (8-15)
J 00

It is desireable to evaluate the response in terms of the statisti-
cal parameters of the fqrce, namely the mean, standard deviation and the
power spectral density. The fluctuating force is representgd by its
spectral densitf function through the Fourier transform of the cross-
correlation function (cross-covariance function). -The cross-correlation

”

function of the f1uctuating‘force,is

: A A » .
RQ(r) = Q(t)Q({t*x) = { J 'p(y],21.t)p(y2.22.t+r) dA,dA,

(8-16)

s

where the fluctuating pregsure p(yi}zi,i). given‘by fquation (8-4), re-

presents the random presSure at position (yi,zi) and 1 is the time Thift,

The two sided spectrum of the load is

1}

Sq(f) = 2 J R(T) e-i2mfTy ]

- .
e « ?

e-i?ﬂfth ) (8-17)
Changing the order of integration, S, is rewritten as -
3y e ( 2,.) (8-18)
f) s ﬁ j-f [ 'S Y13Y¥9s27,42 ,fldy,dy d21d22 - -
Q 0lololo PPy 1°72*71°72 1772

where the cross-spectrum of the pressure at positions (y];z]) and

(yz.zz)is

-

A " - 3 h ’
2 Ia f [A ﬁry1,z1.t)p(y2.22,t+f77QA1dA2 ' i j‘

14%
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Spyp, (132125 = 2 [ Formeet e
e-iZﬂdeT 18—19)

- Ysing Equations (8-4) and (8-11), the spectrum of the force is expressed

directly in terms of the cross-spectrum of thi/dTEngind velocity compo-

nent as

. . 1 .
. 2.2,,2,,2 52 Q0
SQ(f) =0 CDH H UH f[f[ Su(y1,z],y2,22. )Z l dY1dY dZ dZ2 )
B 0 . S,
N < .
(8-20)

E
.

The spestrum ¢f the generalized fludtuating force is

- o rrrf] .
sp (£) = o’cku’u? T ff[fo'Su(y1.21.yz,zz,f)z?zg.¢j(21)¢j(zz)

J -
. dZ]dZZdY1dY2 ; | (8-21)
> The cross-spectrum of the wind velocity is expressed as
Su(y'l lz" szyzzvf) = u z"l u 22’ * R(.y] ’Z'I ’yzazzvf) (8-22)

in which Su(z,f) is the local spectrum and the normadized cross;spectrum,
R(y1,z],y2.22,?) is defined{?y the root bohereﬁce function propoéed by
- ’ -~ -

Vickery (1971)

. -f/ti(y]:;éiz + cz(z1-22f2 L .
R(y]'z]’yZ‘ZZ’f) = exp{ 1 — } . (8-23)
- 5 [U(2,)+0(2,)]

Using the dimensionless coordinates, the root caherence function becomes

-ﬂky (Y -Y )-+c H(Z Z )

. R(v1.z].v2.z £) = éxp { 5. . (8-24)
: WA T 2 '




s

! ) - o
K,.-"‘ ‘) - N
. * 1ifjf
The decay coefficient for horizontal separation is . - ey
b’ . B \_-'\l \(>
‘;:ﬁ l.y]'yzl W |Y’|'Y2| ¥
= — + -— -
C.y CO\.,_D - CO ZCm H W . - (8-25a)
z . 1 =2 v
and for vertical separatioﬁ'{_\‘} - .
- ) <
CZ = C0+Cm _—_E— = C0+2Cm TZ]—*‘Z?“ (8-25b)
where the parameters s and‘cm are as described in Chapter 7. -
The normalized wind spectrum, Su(f)/cz(z), is taken t& be height
inerendent as discussed in Chapter 7. Then, the spectrum of the genera-
1ized 'force follows from Equation /8-21) and Equation 18-22) as
' 4 S (f) _
S_ (F) = pocqwH? 12 0% 4 2(FW,H0T,) (8-26)
F. D u H 2 H :
h| ou(z)
in which the function xz(f,w,H,UH), often called the joint acceptance
function, is '
“Z(F W,H,T) = 20 2% 5y, () |
X s glly, H o -l 2 ¢J ] ¢’J 2 . . N
F ]
R(Y],Z],Yz,Zz,f)dZ]dZZdY]de (8-27) [
f}ng for turbulence intensity, Iu = ou(z)/U(z), the r.m.s. wind velocity -
is - N
o (2) =1, 0, ¢ . ' (8-28)
The integral in Equation (8-27) is evaluated numerically. .Its exaluation A

is discussed further in Section 8.2.1. The variance of the generalized

force is



~

S (f)
2 2,,2,,2 2—4 u

For the buildings considered, the dominant contribution to the res-
bonse is in the first vibration mode. The generalized stiffness of the

first mode is

Ko o= M o2 © (8-30)

where ﬂ1 is the first mode generalized mass and wy is the fundamental

angular frequency. The mean tip deflection is

-

& . X = FI/K'I- » : (8-31)

148

in which ?1, the mean generalized force, is evaluated from Equation (8-13).

The variance of the tip dynamic response, assuming'¢1(H) =1, is

2 _ * 1 , ~ ) 2 . -~ .
o - f S (£)df = & fm Sy (1), (F)]2 af (8-32)
0 K]. o} 1 . .

where 1H‘(f)|2 is the mechanical admittance function of the first mode

rl

éxpres;ed Cay
2 a1 -
M. (f 8-33
| l( 4 {n- (—) ]2 + 45; s .. . (. )

£, is the fundaméhtaT_frequenc} and ¢ is the modal damping ratio
(fir§t‘;53!). The integral in Equation (8-32) can be.é;a1uated ana]}ti-
éal1y or pumérically. Here it is approximated by two components; a quasi-
static or bpckground response in which tﬁe mgchanica] admittance function

i taken as equal to unity, and a resonant component‘bqual'to the area




undér_the peak of the response spectrum. Then, the variance of the res-

ponse is written as

2.2 (" S (F)df+ i S_(f.) 8-34
Ix 2 F 2 4; CF, (8-34)
Ky ‘o 1 K 1 .
1 1
The r.m.s. background response is A
o3
i F
- 1 < 1 .
% * % Vﬂf S (F)df 3 (8-35a)
] 0 1 1 '
. M

and the r.m.s. resonant response-is

1 Th
o T TN T 5 () (8-35b)

The variance of the response is, by summing the squares,

) = # (62 + 2 5. (7)) (8-36)
] _

The expected peak displacement is written as

;
- . ‘

X = x + gp 6x . < _ (8-37)

where the peak factor~gp is, (Davenport, 1964)

, 0.5772

Y2 1nvl

g. = vZ InvT

b (8-38)

The peak factar is the ratio of the expected value of the largest peak
fluctuating displacement to the r.m.s. displacement occurring in the
interval of observation, T (Lsual]y 1 hour or 3600 s) and has a value
of approximately 3.8. The gverage fluctuating rate, Q, is (Rice, 1945)

148
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A )

]
£2s (F)df 1/2

v = f: | (8-39)
> L

s (f)d

4

~

The product fzsx(f) for low freguencies, corresponding to the quasi-static

.. response, is small compared to the product around the peak of the res-

-

ponse spectrum. The former is neglected qnd the numerator of Rice's
formula is approximated by the prodgct of the square of the natural fre-

quency and ihe area under. the spectral peak, then

Qo
2 22 . )
IO ¢2s (F)af = 2o} (8-40)

The denominator of Equation (8-39) is the variapce of the response. The

expression for the average fluctuating rate can be written as

i‘ 02
v = f.l JT-R_Z (8-41)
‘ Og + 9p _ :

-

Accelerations are induced in the building by the motion primarily asso-
ciated with the resonant displacement "since the background response is

quasi-static. The f&equeﬁcies associated with the resonant response

‘vary -¢losely about the natural frequency. Also, viewing the peak reso-

nant displacement cycles as harmonic motion with frequency w,, the peak
- ) 1

building acceleration hﬂ&:ﬂ::~‘-. t

A 2 . ‘ o
a-= gp Op W 4 (8-42)

The peak factor is computed using an averagé fluctuation rate for accele-

ration of a .

147
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- 2 ﬂ]/z . .
fw € s (F)af .
v, = o _ - (8-43a)
J s ()af | .
L P ]

Since- the spectrum of acceleration is assumed to be discrete at the fundd-
mental frequency, F], v, is approximated by dropping the bactgrOund compo-

’

nent of Equation (8-41), then )
v, o= fl (8-43b)

The gust factor (Davenport, 1967), defined as the ratio of the peak
total displacemeﬁt to the mean displacement, is expressed as

UX .
G=1+g/)— ' . (8-44a)

X

’
The product of the gust factor and the mean force is the equivalent

lateral force required to produce the peak displacements and consequently
the peak forces in the members.of the building. The gust factor i re-

written in the familiar form as (Davenpori, 1967 and Vickery, 1971)

6=1+g r(s+3H/2 (8-44b)
p g
where the roughness‘factor, r, is
21 . :
r o= 4 . (8-45)
- 1 20, .
[ Z (b](Z)dZ ’ ” . 0 4
o
The background turbulence factor, B, is ,‘1« 7
f. S {f) N : T
B ='[ U 208 ,0,H,T, )t U (s-08) o
o’ Ou(z, ) - . ~

The size reduction factor, s, is the vdlue of the ‘joint acceptance
. ~

- .
L~ .o, - s

A b
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function, Bauation (8-27), at the natural frequency f,

S = Xz(f'l QN’HaUH) + (8-47)

and the gust ‘energy ratio, F, is defined-as

S (f ) ) R ~.
F:%Tf _;_]_ .". . (8-48)
ou(Z) - ;

~

The normalized wind spectrum, Su(f)/cz(Z),_1s obta1ned from Equat1on
(7-37) with the parameters A, = and L equal to 0.58, 2.44 and 483 m res-
pectively. The peak factor is computed fromSEquation (8-38) for whith

the fluctuating rate is, in terms of the above variables,

“
v=f ’/;Fa_a ' - ) (8-49) o
Using the parametefs r, B, s, Fand ¢ the quantities cF], X, 95+ Oy .
dg» O x and a can 5e evaluated. Thus, the product of the mean force

&~

and the gust. factor defines the equ1va1ent static uxnd force that pro-

duces a displacement equal to the peak dynam1c ¢Jsp1acement

+

>

-

8.2.1° Evaluation of the Joint ‘Acceptance Function (Size Reduction Factor)

The evaluation of the four-fold  integral of the joint acceptance

" function (Equation 8-27) is a key part in the computation of the response.
The integral can be evaluated numer1cally or‘ in some instanceas, analyti-
cally. An analytical evaluat1on of the 1ntegra1 was obtained: :by . Daven-
port (1977) Shth the introduction of several approximations. Firatly;

the root coherence function was expressed s%yf]ar to Equétion-(8-24) as

. . ' ~
. 3

‘e
L)
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R(Y] )21 Yz 2’ ) = exp{' '/(cy—__m) (Y1'v ) *(c FH)Z( Z )s‘

U 23

¢ (8-50)

The coefficients cy and <, defining the decay of the correlation functien
in the horizontal (lateral) and vertical direction are constant i.e..

independent of elevation and separation and U is the reference wind velo-

city assumed to be constant.

- -
‘e

An approximation is made for the sum®f the squared terms under the-

3

square root and the root coherence function is approximated as

pr )
T

exp {-B(Cy%? 1Y]’Y2! + CZ%? IZ]‘ZZI)} ~ . (8-51)

where .71 < 8 < 1.0 dependtng on the ratio of the two terms and is given

[ ] ) ' i - ‘
8 = ./1+x2./ (1+1) (8-52) —

P

o~ = c W ‘
‘in which A = tiﬂn . With the above appruximation for the root coherence
°9 2 . ®

funct1on.the*¥our fo]ﬂ integral can be expressed as the product of two -

. ~ o

ope-d1mens;pqal jeint acceptan%é\funct1ons. Jy in the direction y apd 2

Jz in the djregtio& z-  Each jé%ﬂt}ftcegtance function i§~t6gn Qppfff*"-‘ .
mated by thé reciproéa} of the sum of tﬁe asympto;ic valués‘és the Fe- |
duced frequeq;y fH/U or fW/U tends to zero and‘\nf1n1ty . }hen the ex-
pression for the JOlnt acceptance functlon for a buildlng wvth a tr1angular

mode shape (vektically) in a flow with mean wind' profile variation_given

by the power law exponent, a; is deriyed as N
2 | R 1 . : _
= 9y = o Sr@] (£-534)
(2+a)" + (=57)e R :



c' W
where ¢ =

c_ H

cl
¢ 4

adjusted to

1 A
- 2 Y v 4T 2
¢y = (3} e ende, = (3) e, (8-53b)
c W . . .
in which A = —X—CZ 0o

.
. - .

For a base-isqlated building with a uniform mode in a flow with uni-

form mean wind profile and constant ei‘:nd cé, the joint acceptance func-

-

tion"is given by &

2 S - (8-54)

= [1+o.5¢] [1+0.Sr¢]'

-

where ¢ and r are as ‘defined above.

Foutch and Safak (1981) used Davenport s approximation for the root

coherence, Equat1on (8-51), and evaiuated the four- fo1d integral analy-

*

t1ca11x.- In their analysis the structure is 'sign-like' with uniform

. mode shape, the mean wind velocity is constant, and the decay coeffi-

cﬁents are also constant. Their expression for the joint acceptance
function is’

-0 -0

2 _ 2 y 2 2, .
X = 57 (e + Dyfl)[—f (e 0,-1] (8-55)
y 2 ]
FC W FC M _
in which D_ = —<L— .0, = —*— and U, is the mean wind velocity at
“ U 'O . :
0 0 *

the centre of the structure.

-

With the introduction of height and separation debendent coeffi-

cients, an anal&;ica] derivation of the joint acceptance function becomes

~ o~

]

;? and r = —+— and the decay constants Cy and c_ have been
U -
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very difficult if at aIf paossible. Therefore, ‘the ané]yiicé1 approach
is avoided in this study and the numerical integration procedure is

adopted.

Simiu (1975) reduced the.four-fold integral to a three-fold integral

by replacing the dimensionless variabres Y1 and Y2 by a single dimension-
less variable, g, and obtaining the root coherence function as
e A2 -2, )22 R
2 1 "2 <y H 9
R(Z.2,,f.9) = exp ¢ — — ; (8-56)
: U(Z]) + U(Zz)

The substitution of the variab]e g s somewhat suspect. [t was tested

for a line structure for which the double integral was. evaluated analy-
tically and compared with the expression obtained by the single integral
dsing the' same substitution.” The two expressig%s we;e different and gave "L
different results for an example. Further, the four-fold and three-fold
integrals were evaluated numerically for Building B and markedly different

values were obtained.

Therefore, Simiu's simplification is not adopted. The four-fold
integral of Equation (8-27) and the five-fold integral of E&uation_(8-29)
are eQaluated numerically using subroutine DPMGBF oF the Numerical Algo-
rithms Group library (NAG library) which employs an adaptive Monte Carlo
method. The accuracy of the evaluation was checked against analytical

solutions for line and two-dimensional structures and found to be satis-

factory.



8.3 COMPARISON OF MEASURED AND CALCULATED WIND FORCES

Once the wind forces acting on the building are determined, the
linear response of the building to these forces can be evaluated using
well established principles of structural dynamics. Thus the accuracy
of the response depends mainly upon how accurately the forces are eva-
luated. In particular, the dynamic response to gusting wind depends on

the spectrum of the generalized force which is calculated using the local

spectra and coherences of the fluctuating wind velocity in the free flow.

One check on the reliability of the wind forces used in the response
tﬁrediction is to compare the toté] wind forces measured directly on the
models by the force balance with the wind forces Ealcu1ated from the
free flow data. Such a comparison is made ‘in Table 8.1 which shows the .
forces on Bui]didg B in open and urban ethSunes. .The agreement between
the measured forces and the ca{cu1ated forces is very good. The forces,
caldulated using the parameters proposed for practical.applications, are
;onservative. - ' -

\J

8.4 EVALUATION OF RESPONSE TO GUSTING WIND AND COMPARISON WITH CODES

Tpe resﬁonse of the tﬁree buildings, A, B.and C is .computed, for
the three exposures, using the theory outlined above and is listed in
Tables 8.2, 8.3 and 8.4 respuctively. For wind loading the vertically
stiff.isolators are assumed to remain in the initial elastic range. The
modal properties of the buiiding; are listed in Tables 5.2 and 5.3; the

pertinent values are for four bays and small strains. The damping ratio

is 2 per cent. -The mean wind velocity at roof level, UH’ given in the

_’
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TABLE 8.1 Wind Forces on Building B (N) for Ug = 12.19 m/s and Two Exposures

open urban
mean rms mean rms
Ty, (m/s) 7.36 3.90
' . . 1N
I . .134 . 325
u
3
Forces measured using balance . -
coefficients 39530. 7651. 10897, 5564.
Forces calculated with
" measured parameters
(az, Co’ cm, & cD) 39503. 6994 . 10890, '5013.
Forces, calculated with ;
proposed parameters
(a2, co,'cm, & cD) 47906. - 8138. 140585 6251.
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Tables corresponds to a Qradient wind speed of approximateby 51 m/s,

The computations are based on an equivalent uniform (aé=0) mean wind
velocity ﬁé. The integral of the square-of this velocity (Ue) andAthe.
integral of the sduare of the velocity prescribed in the NBCC (non

uniforﬁ wind profile), over the height of thg building, are equal. Only
for the urban exposure, the NBCC profile is uﬁiform over the entire height

of Buildings A and B.

The peak displacement with an isolated base is about three time§,
for Buifdings A and B8, and seven times, “for Building C, that oblitained
with a fixed base. - The displacements are less than the 10 mm yield dig-
placement usually prescribed for the isolators. The peak accelerations
are increased much less by base isolation than peak displacements. The
gust factor varies.somewhat with exposure but only slightly with base
condition. The peak equivalent base shear is only slightly affected by
the isolation. For open exposure, it is 2.6 per cent of the weight of
Buildihg B. This is the total force_(generalizéd force) applied in the
first vibration mode. For a static structural analysis (e.g. displace-
ment method), the base shear_reqyiréd to give the same displacements . '

would be 3.3 pef cent of the weight of Building B. " -

For comparison, the displaceﬁents-and accglerétions were computed
by the NBCC (1985) and the ANSI Code (1982).- The resulfg.aré shown in
Table 8.5 for Building B in all three exposures and in Table 8.6 ;or
Building C ip suburban exposure. ]}\e_NBCC gives larger displacemgnts.
Smaller baskground displacements are obtained from the present analysis.

The form of the coherence decay parameters, increasing with an increased
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ratio of separation to elevation instead of being constant as assumed in
— NBCC resufts in reduced correlations and consequeﬁt1y smaller baékgrOUnd
're;ponses. This difference in the background displacements translates -
into a difference in the r.m.s. displ;cements which when mu1£iplied by
the peak factor approximétely acgouﬁts for the differenée in the peak

displacememts by the Code and the presemt analysis.

For the ANSI cdmpqtations, the rational éna]ysié is not used as
there are no ch;;ts for a widEh Fo height }atio greater than one. The
- - gust factors are obtained from Table 8 of the Code. The'peak displace-

ments compufed using the ANSI Code and NBCC are similar éxéept for the.
’.urbén exposure where the ANSI specification of the peak load being not
less than 0.48 KN/ﬁ? (10 psf) is invoked. T;:‘major reason for this
difference is . the variation of.the-mean wind profi1é with height by ANSI
whereas by the NBCC and the present analysis,-the mean wjnd'profile is

uniform,

8.5 APPROXIMATE EV%LUATION_OF THE GUST FACTOR .

For a detailed analysis, the computation of the responsg can be
facilitated by a set of design charts similar to the p;ocedure in the.

NBCC. Thé charts are based on the gust factor approach outlined earlier.

, The roughness factor, r, for constant wind profile (d2=0) reduces to
. L ‘.

21
.= u . (8-57)
I ¢(2)dZ ' , :
o . -
For a triangular mode ihagg r = 4Iu while for a uniform mode.r = ZIU
~ A\
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The size factor, s, (Equatioqs (8-47), (8-27) and (8-24)) is pre-
sented in Figure 8.1 for various width to height {W/H) ratios as a func-
tion of the reduced-frequency fH/UH. The-curves are shown for a uni-

. form mode shape. The chart is applicable to any of tﬁe three e;pQSures.
’ | The decay coefficients, c0 and-cm, @re averaged for th; thrée exposures.
Values of-c§-= 8 and Cm = 7 are used in the expression for height and

separation dependent coherences for horizontal direction while for verti-

cal direction the values are c0 = 8 and ¢y ° 5.
-~ - S

The charts for the background turbulence factor, 8B, (Equations
(8-46), (8-27), (8-24) and (7-29)1 are shown in Figure 8.2 and are appli-
‘cable{to all three exposures. A power law exponent of o = 0.14 is used
to relate the wind velocity at 20 m to Eﬁé wind velacity at roof level.
The gust energy.ratio’(Equation (8-48)) is shown in Figure 8.3 as a func-
tion of wave ’umber, f/UH. As a check of the charts, -the gust factor
for Building B jq4§;burban exposure is computed. Table 8.7 $hows the - -

procedure. The- gust factors agree well with the more accurate ones in
- .

" Table 8.3.

' .

.

The qust factors were evaluated for four buildings and &}e 1i§ted
in Table 8.8. "Buildings A and D have the same dynamic propeities‘%s
Buildings B and C respectively. Building A is twice as wide as ﬁuildiﬁg
B whilg Building D is only 10 metres wide. As the width of the buildings
decreases the gust factor increasgs. The qust factors for Building D are
larger fhgn those for thé other buildings. This is due to its small
width but the aspect ratio'of Buf]dinglh (1:1) may be rare for a loQ-rise
s bufld;ng. Apart from Building D, thé gust factors vary slightly with the

type of building and, therefore, approximate values can-be recommended

o
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for a preliminary arfalysis (Table 8.8). These recommended values depend

on the-exposure and are conservative.

8.5.1 Correction for Non-Uniform Modes ' . "

The charts presented are for a uniform mode shape. The charts can
still be used for other modes such as triangular or trapeﬁoﬁdal if an
appropriate correction is made. The area bounded by the trapezoidal mode

shape expressed in terms of dimensionless height and the modal coordinate

" equal to unity at the building top is

3

1 .
A - L o(2)dZ = (1+¢)/2 (8-58)

where € is the value of the modal coordinate at the level of the base

isolators. For constant wind profile (a2 = 0) Eqguation (8-57) becomes

r= = y S ‘ _ (.8;59)
- j o(z)az " |

The size reductjon and background turbulence factors from the uniform

mode charts are multipled by a mode shape correction factor as derived by,

Holmes (1987) If the dynamic forces are assumed to be fully correlated

over the height of the structure (high correlatien limit) then the mode

shape -correction, A]‘ issgiven by A 4
1 ' : -
2 1+e,2 _ 72
Al = [L $(z)d2]° = (7,-4 = An . - (8-60)

If the correlation ii{;;éumed to fall off rapidly, i.e. the correlation

length is small comp

’

ed to tﬁe.height of the structure, the mode shape
- :

L
s/

16
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correction for thfs Tow correlation limit is approximated by

1
A - ( 02(2)d7 - -]3-(1+€+€2)

o
2 ° | ~(8-61)
o

which gives slightly more conservative values than A1.

8.6 GENERAL RELATIONSHIP BETWEEN THE RESPONSE OF FIXED BASE AND
BASE-ISOLATED BUILDINGS . ‘ N

\

A general ra;io of the peak displacement of a base-isolated building
to that of a fixed base building can be established approxiJAte]y. Based
on the data in Tables 8.2-8.4, it may be assumed that the gust factor,
and hence the peak wind pressure, is the same for both base conditions.
Assuming the mode shape for the fixed base building is triangular and
that of the base-isolated building is uniform, then the relationship of'

the generalized forces, F, is

F. = 2F ‘ : (8-62)
»

M, = 3M_ ~ (8-63)

-
-

where the subscript i refers to the base-isolated building and f to the

fixed base building. The peak displacepent is

-
-

e @ ' (8-64)
w M

Writing the ratio of the angular frequencies a;\

.,

. . UF ~
Wf = a wi or wi = _a‘ N Q (.8'65)
the ratio of the peak displacements becomes T
N / - .



. (8-66)

i f \
Thus the building response to.gusting wind increases with the square of

the frequency ratio; the factor 2/3 results fram the dif?erénce fn the
vibration mode shapes.” For Buildings A and B, the coefficient' a = 2106

and therefore ii = 2.83 QF while for Building C, a = 3.16, and

Xx. = 6.66 X

; These ratios are in good agreement with the ratios in

£
- .
Tables 8.2, 8.3 and 8.4.

8.7 TORSIONAL RESPONSE DUE TO ALONGWIND PRESSURES '

Turbulent yind can produce torsional response even in perfectly”
symmetric buildings (Fodtch and Safak, 1981, Novak, 1983, Isyumov, 1983

and Greig, 1980). The torsional moments generating such response arise

from the lack of spatial correlation of the wind pressures across the face

of the butlding and, usually to a lesser degree, from vortex shedding. For

perfectly symmetric buildings the fundamental sway and torsional modes are

uncoupled and for base-#solated buildings the fundamental sway and torsional

frequencies may'(ae cl.o‘se or equal. For small ampiitude motions, the res- .

poﬁse in these two modes can be superimposed. .

8.7.1 Torsional Response of a Building As a Rigid Body

Consider the effect of pressﬁre fluctuations (Equatioﬁ'(8-4)) gene{

rating response in a torsional'Jibratioh mode represented by twisting of
the rigid biilding on the isolators. For the horizontal coordinaté. Y

measured from &he vertical edge of the bujﬁding (Figure 8.4), the fluc-
T e * ] ’ N N “ - .
tuating torque, about ‘the geometric centre the buildipgis .

.
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To(t) = [A o Cp(y.Z)ﬁ(z)u(y,z,t)(y - %)dA (8-67)

By modal analysis the angle of twist, 8(t), is given by

8(t) = nit)o ,ja-sé)

in which ¢ is the torsiona) madal coordinate and the generalized coordi-
. ‘

nate, n, is obtained from the equation .

o
In + ZCengh + Kgn = T(t)' ~ (8-69) .
o .

.in which I is the mass moment of inertia of .he building about the verti-

cal axis through its geometric centre, w, is the angular frequency in

e —

> G is the damping ratio in twist,‘K8 = Iwg is the torsiona' stiff-

ness and T(t) is the generalized torque. With the torsional modal co-

-

twist
ordinate equal to unit twist about the centre of rotation, i.e. ¢ = 1.0,
and being constant ‘throughout the height of the building, the generalized

fluctuating torque i%

() =0 5 T, W H [[ Y - Duly.z,t)avaz (8-70) _

in which normalized coordinqtes are introduced. Following a procedure

analogoué'to that outlined in Section 8.2, the_spectrum of the genera-
. . " ]

1ized fluctuating torque becomes, similar to Equation (8-26),

a.2.2 Sulf)

g UH WHTI —?——— J (faN H, U ) (8-71)
. 9, (z)

_ 2
ST(f) - O_ C

.
%

in.which the joint acceptance function in torsion is

-

o
B (£,0.H,T,) = JJJJO 207520, 8 DY, - PRIN.T,.20.2,.0)

dY,dY,d7.dZ

19724542 (8-72)

17
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and the normalized wind spectrum and root coherence function are the

same as defined earlier.

The variance of the generalized torqﬁiﬁiﬁithe integral of the torqgue

spectrum, which is

S (f)
o2 = o2 2Tt w2 [ 20 206 kT et (8-73)
T DH u 2 H
o c°(2)
U
Ihe variance of the twist is
2 ® 2
oL - f S (F)df = f S.(F) |H.(£)]2 df (8-74)
6 8 2 T )
o) Keo

where ]He(f)i2 is the mechanical admittance function in torsion. In
terms of the background and resinant twist, tne variance is

f wf :
.2 _1 [ .l_ __9 .
- f SpFF L g Sylfy) (8-75)
8 9

CD

- N

in which f is the frequency of twist. The peak twist, 6 = 9o0g> With

gp being the peak factor for twist. The r.m.s. twist, o.,, can be com-

S

puted from its background and resonant components as

N 2. 2
KepCDH HIuU

2 (8 + 2512 | (8-76) .
: <

where the background turbulence factor for torsion jis,

g

f s (f) - , ¥
B = I * 45— B(F N, H UL T , (8-77)
o o,(2) :
"With the wind spectrum given by Equation (7-29), the background turbu-
lence factor for torsion was evaluated numetically and is plotted for
different aspect ratios, W/H, in Figure 8.5. The decay parameters Co

and Cp 3re -the same as those used for the charts in the alongwind response,

[}
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i.e., the coherences are dependent on both separation and elevation. The

size reduction factor for torsion is
(8-78)

This factor is plotted for different aspect ratios and reduced frequencies

in Figure 8.6. The gust energy ratio for to-sion, F, is given by

c

S (f) -

(2) :

F=0f

T
4 '6

{8-79)
o o

< Mo

and is the same as in the case of the alongwind response and hence can
‘ ) . .
be read from Figure 8.3 with the torsional frequency, fe, in lieu of the

bending frequency. The average fluctuating rate is analogous to the

alongwind case, i.e.’
¢ .

v = f/ S . (8-80)

8 sF+ceB
. ) Y

The curves in Figures 8.5 and. 8.6 are applicable to any of the three

‘exposures. The decay coefficients are taken as mentioned and the mean
' ) ]

wind profile is taken to be constant over the height of the budeing.
e

Using the charts, the to}siona1 response to winq can readily be evaluated 4

for any base-isolated building.

8.7.2 Torsional Response of a Flexible Building

’

e . -
I[f the superstructure is flexible, the% the torsional modal coordi-

nate varies in the x, y and z directions and the trdnslation is giben by

ul(x,y,z,t) = n{t) ¢(xly,2) T (8-81)

-

-in‘which the generalized ¢oordinate, n(t), is obtain;d from the equation
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M i +-2;QueHTﬁ + Ken =“F?(t)\ (8-82)

in thch HT‘ KT and FT(t) is the generalized mass, stiffness and force
respectively. For arigid building on isohators allowing sliding but no

rocking, the modal coordinate is constant throughout the height and varies

."!En the x and y directions (Figure 8.4) i.e. o(x,y). MeaSur;né y from

-
¢

L

the vertical edge of the building and choosing a normalized mode such

that ¢(0,0) = 1 anq.¢(o,w) = 1, the torsional modal coordinate is ex-
pressed as
i /
_2 , 2., 7 W\ . N
ol(x,y) = W Vx“+(y - §)\ (.8'83)‘

3

in which 2/W is the angle of rotation about the geometric centre and
the horizontal coordinate, x, is measured from the centreline of the
building. If m is the mass density of the building, the genera]%zed

mass, MT‘ }s

MT

H [J m ¢2(x,y)dx dy

D
oW 2 .
4 2 W2 -
,FmHL[%x + {y - % ax dy
- s\ ]
N 4 -
3-7 I ~ (8-84)
u »

prs ——

where T is the mass moment of inertia about the centroidal vertical.axis.

-

., . . c L. 2 _ 4 2
The generalized stiffness is KT = "T“e_' ;7 I wg -

The flucfuating pressur® on the face of the building, given by Equa-

tion (8-4), acts in the x-direction for which the modal coordinate is

/" (8‘85)

oly) = &L -1 = 2y




-~

Therefore, the generalized force is expressed as

1
F (t) ¢y UH W H [f Z%(2y-1)dy d2 . (8:86)
. o "
The spectrum of the'genera1ized force becomes ' 9
]
' 5, (£ '
_ 2 .24 2 2 4 2 -
'S G (Z)
in which the joint acceptance function is given by
-Jz(f‘w H.U y = ' zzazé“(zv -1)sz -1)R(Y~ Y., 2. 2. f)
T -, A\ ] * H 0 'I 2 ] 2 1‘ 2’ ]' 2’
. |
dy;dY,dZ,dZ, _ . (8-88)

-~ S

\
)

hd the norma1iged wind spectrum as well as the root coherence function

//5;e as defined earlier. Equation (8-88) can be rewritten as
Jé(f WHT,) ; 1 220720y . Ly(y ; ety v ,2.,2,, )
TV TRy o V2t T2 T e

dY,dY,d2,dZ, '

' ='4J2(f.u;H.UH) (8-89)

in which J2 is glven by Equation (8-72). . The difference between J% and
J2 1s due only to the way in which the mode was normalized. If the modal
coordinates are chosen so that the angle of rotation is equal to unity,
then the node ¢(yJ = y - W/2 which is the same as the eccentricity used
'\n(the first epproach.and J$ = J?. The integral in Equation (8-88) is
d!nec;]} related to the one in Equat.on (8-72); by a factor of four, and

therefore, the joint acceptance function need not be evaluated anew.

3

The variance of the edge displacement is

178
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in which the spectrum of the genera]wzed force is given by Equatlon (8 87)
and Equation (8-88). Both procedures give 1dent1ca1 reSults ]
-- . -
8.7.3 Exgmples of Evaluation of Torsiona15§esponse to Wind -
N R L T
The r.m.s. torque on Building B was computed for open. terrain by
Equation (8-73), using the wind parameters perta1n1ng §pec1f1ca11y to the . ".

open exposure (a assC sCh )., The computed r m.s. torque is 1148 KN-m

- ( = 29.3 m/s) which is 81% 6f the torque measured .on the mode] in the

- -

wind tunne1 using the force balance, i.e. 1461 KN-m (U = 51.3 m/s). For

Bu11d1ngs A and C the calculated torque is 90 and 111 per cent of the

torque measured, respectively. This suggests that the torsional vibra-
tion arises primeri1y from the lack of spatial correlation of the alorg-

wind velocity with only a small contribution from vortex shedding.

-,

Table 8.9 shows the computation of the edge displacement due to

torsion_for BuiTding 8 using the charts. This peak displacement of 2.1 mm -
is superihposed on thg alongwind peak response of 6.65 mm resulting in
a total peak translation of 8.75 mm. < -

. - \ i
8.8 RESPONSE TO EXTREME WIND LOADS o '

L 4

Hurricenes (cyclones) can have very high surface wind velocities
in excess .of 250 km/hr'(69.m/s‘). A.gust velocity of 80 m/s was recorded
in NdrthwestJAustnalia. Bese-isolated buildiﬁgs_constructed»in suth
regions, e.g. in.Jepan. may experience extreﬁe winds. The response

>
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. s . -
- TABLE 8.9 Edge Displacement Due to Torsion - Building B, Open Exposure

Background turbulence factor B from Fig. 8.5
for H = 20 m, W/H = 3 -

Reduced frequency n = feH/UH

.0136

1.11x20/29.3
= 0.758

/ [

Size reduction factor, s, from Fig. 8.6 .0018
Wave number, WN = fe/UH 1.11/29.3

: =,037#
Gust energy ratio, F, from Fig. 8.3 .05
Av. fluctuating rate, v (for fe=1.11 Hz and . 0.553
;e=0.02) from £q. 8-80 .
Peak factor, g,» from Eq. 8-38 for T = 3600 s 4.04
Turbulence intensity from Table 8.3, I, 0.134
o= 1.3 kg/m>, €y =" 1.3, W=60m H=20m, -
Ty, = 29.3 m/s, Ky = 1.0856x10' ' N-m/rad -
rms twist, o, (rad) from Eq. 8-76 1.735x10°°
Peak twist, 0 = 9,0 (rad) 7.008x10~2
Peak edge displacement, 8 X g (mm) © 2.1

. ' ;
. i ) ’ bd
]
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Jﬁ’conputed in the prev1ous seet:ons is less than the yield d\SpTacement
' <. and the -isolators remaln‘1n the e1ast1c range. For very high winds, the
,i§olators enter the non-linear range and the response is conside;ably‘
greater. The response of Building B is computed assuming & mean wind
, velocity of 50 m/s at 20 m elevation in open exposure. The peak wind
load is estimated by applying a building gust factor of 2.0 to the mean
wind load as recommended in Table 8.8. The mean wind load is computed
by Equation (8-9) with the power law exponent o« = 0. For base isolators
with properties as described in Chapters 3’:hd 5, the peak Bisplacement

[ d

. is estimated to be 4775%. Usiﬁg this displacement, an equivalent linear

.stiffness, k_, and damping, 8, is computed by the secant nodulus 1in§;—
rization (ud = 47 mm). The natural frequency of the building in the
elast®c range, 0.98 hz, is adjusted by the square roqt'pf the ratio of
the‘eduivalent stiffneES to the elastic stiffness of the isolators, i.e.
Gk;/k1)]/2. With this adjusted frequency and the equivalent viscous
damping, the peak d{splacement of the building 1s recomputed. Iterating
thrlce. the peak d1sp1acement ;; 53 mm which is less than the 74 mm dis-
p]aeenent due to earthquakes The fundamental frequency for the final

}\equiwaTent stwffness is 6/;8 Hz. Therefore, the charts presented earlier

'areeapplicable even when the isolator displaces into the non-linear range.

—
-

‘tJ




_ of the base-isolated buildings.examinéd #s negligible. -

CHAPTER 9
CONCLUSIONS
~ Anp |
RECOMMENDATIONS FOR FUTURE RESEARCH -

- .

9.1 CONCLUSIONS -

The conclusions for the three Qprté‘of he study are given separately.

-

9.1.7 Conclusions-- Free Vibration Analysis .

+» .
- . -

The theoretical §;udy of.fﬁé modal properties of base-isotated
buildings suggests the ipflowing conclusions™ T T
. Rocking in the 3;61ators more effectfvély reduces the fixed base

rd
frequencies and provides a significant increase in the -second mode digping.

" This should assist in reﬂuging the resonant response especially 'in the—

second mode where the fmequency is brought closer to the high'énergy

portion of the earthqﬁake sEectrum.

Ved

. The effect of soflestructure‘fﬁieractipn‘on the modal properties

L - -
—— -

-~ A simpit{téé anéfysis.'igeaiizing the building as a rigid-body;;;'
oh springs, ipproximately establishes the fundamental mode propgr}ies but

hay result in~signif¥éant ‘errors in the second mode properties.

-~

rsn

S .



. .
9.1.2 Conclusions - Seismic .Analysis-

-~ - ”~

From the seismic analysis, the fof1owing are concluded:

. Base isolation reduces the peak acceleration and seismic forces

. . . ~
induced in the building.

. Idealizing the building as a rigid body sliding on the isclators
. /
approximatetly predicts the peak displacement and acceleration-oj ‘the
base-isolated building. . _ N *

. Equivalent linearization is an adequate technique to account for

the non-linear behaviour of the isolators.

->

9.1.3 Conclusions - Wind Characteristics and Wind Response Analysis

- h ~
The conc]us1ons for the exper1menta1 1nvest19at1on of wind propert1es

and wind forces relevant te low-rise base- 1soTated bu11d1ngs areeas

follows: _
—_

. The mean wind velocity may be taken as constant and equal to tde

value at roof level. - ' .

[

. The turbulence intensity mey be taken as constant and equal to the
. . €

-

value at Y0 m.
&

-

. The dimensquless specteunt of w\nd ve1ocity fluctuations expressed

as a funct1on of reduced frequency does nox vary mu¢h with height or ex-
, posure. Thus, one theqretical model with overall mean parameters. ade- .

quately describes the wind spec;rum for all exposures and al}_hetghts.

[
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-

'r

\ N -
.. The vertical ind ‘horizontal coherences depend on frequency, separa-

. tion and eievation The decay. parameters appropriate for computing co-

herences are presented

EN
]

. The peak drag ébefficient of the mddels tested is on the average

about 1.3, i.e. in line with the NBCC recommendation, but for some .
. )

buildings and angTes of attack it can be as nigh as 1.67

~

-

. Overturning moments from roof suction can be comparable to the-

- -

drag overturning moments and occur especially for lower buildings, i.e.

_about 10 m high. A significant increase in the axial loads may occur.

s

- - -

The conclusions from the theoretical analysis of. the response to

W,

gusting wind are: ] . . 25
. The forces measured on the model using~ehe force balance agree

well with the calculated forces for both drag and tor51on

L] -
.- . )

. ihe peak displacepents, resulting from a wind velocity corresponding

toal in §Ovyear return period, are less than the 10 mm yieid\displace-

ment usually prescribed for the isolators. ~ | ’ .

-

. Despite the differences in the local wind specf?um and the cohe-
rences, the NBCC and the ANSI code DPEdTCt the response of the base- h

isoiated buildings adequateiy {except by the ANSI code for urban terrain)

rr . The difference in the background displacements by the NBCC and the

T

direct anaiysis transiates into a diffenence in the r.m.s. dispiacement :

which when multipiied by the peak factor approximateiy accounts for the

difference in—the peak-dispiacements é?“ P - .
. ’y -~ , )
1‘“~ - ’ /Jﬁ' s = ‘.__ -
-~ [ - - ) » .
AL S b e s s - ") -
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-

. The gust factors computed using the charts agree well with the

gust factors from the direct analysis. - -

~
~

. The charts presented herein can be used to predict the response
\
even when the wiﬁ& loads are large enough to cause non-linear displace-

~

. —-ments in the isolators.

9.2 RECOMMENDATIONS FOR FUTURE RESEARCH .

The effect of introducing rocking should be -investigated to determine
whether the increased damping to be deérived from it would result in a

smaller response than the sliding system.

—

Dynamic models of the base-isolated buildings analyzed should be .
tested {n the wind tunnel as afi additional check of the displacement cal-

culated herein.

Extensive seismic analyses are required with a view to developing a
code for specifying the magnitude and distribution of seismic forces on
base-isoTated buildings. - A
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APPENDIX I

FORCE COEFFICIENTS FROM THE BASE BALANCE

The force coefficients relate the balance results to the full-scale

——

-forces. The experimental mean and r.m.5. force coefficients are defined

as
Cy = bending moment due to forces in the x-d'ir'(Mx)/quHz
x .
s _ Gﬂ~ = bending moment due to forces in the y—dir(Hy)/quH2
Yy
: ‘ x
t CMt =  torque (Mt)/ngDH
" . <
C;~ = shear due to forces in the x-dir(Sx)/quH
. X - - .
Cg = shear due to forces in the y-dir(Sy)/ngH'-
y -
-in whicp qg = %rfﬁg—is the dynamic préssure at the gradient height and

H, W and D are the height, breadth and depth of the model respectively.
The orientation of the qxés with respect to the plan of the models is
- shown in Figure I.1. The plots of the force coefficients versus azimuth
.{angle are shown in Figures [,2 éhrough I.]O.. The values are listed in °
- Tables 1.1 through-f.3. Generally, the maximum values occur when the
angle of incidence is s1igh£1y'off the normai-to the faée:(20°_30°).
s This is attributed to the separ;tion points (the dimension th® wind

'sees’) being slightly farther apart and to the wider wake.

-
-

-

] . ' .

PR = T . . P . . Y A
e B Lo [P * ' . . " - - .

mﬁ' N B e T Sl - T Y S g , PR L . . - o
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FIGURE I.1 Orientation of axes w.r.t. plan of models
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APPENDIX Il
COMPUTER PROGRAMS USED IN THE STUDY

The main computer programs developed in the course of the study are:

o———

FREVIB ’ Performs the free vibration analysis of plane frames

including soil-structure interaction.

MULTC Performs the time history analysis of a multi-degrée of
freedom system with localized non-linearity and isolators

yielding in simple shear.

GUST " Computes the response of a building to gusting wind.

<>
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