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ABSTRACT: A formulation for the response of the secondary
systems subjected to multicomponent earthquake acceleration has
been developed, using the random vibration theory. The method
accounts for interaction between the primary and the secondary
systems as well as the nonproportionality of the combined primary-
seondary system damping. The required.formulations for the
calculation of the autocorrelation function, the power spectral density
function, the response spectrum and the critical angle have been
obtained. The formulation has been arranged'in such a way that the
floor response spectrum can be calculated directly from the earthquake
response spectra of multicomponent input. Thefloor response spectra
of torsional frames subjected to average response spectrum of 20
earthquake records of Iran have been calculated. Variations of the
Spectra to various structure parameters such as eccentricity, massratio,
and nonproportional damping' have been studied. Results show that
for large eccentricities the effect of multicomponentness of earthquake
becomes important and can not be neglected.
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1. Introduction

For the modal analysis of important secondary
systems, it is common to generate the floor spectrum.
The floor spectrum-<defines the maximum absolute
acceleration response of a series of single degree of
freedom systems with different natural frequencies
and damping ratios, which are attached to the floor
under consideration. In the random vibration based
method, the spectral moments of the response of
floor is determined, and the floor spectrum is
calculated by multiplying its mean square by the
appropriate peak factor. Singh [1] used this method
and calculated the floor spectrum directly from the
design spectrum. In his method the input of the
secondary system was the response of the primary
system, so the interaction between the two systems
was neglected, and it was called decoupled (or
cascaded) analysis.

Although the decoupled analysis is acceptable in
most cases, but there are situations which results to

significant overestimation, particularly when the
mass ratio is not too small, and the frequency of
the secondary system is tuned to one of the
predominant frequencies of the primary system. To
incorporate the effect of the dynamic interaction
between the two systems in the seismic analysis, the
secondary system can be considered as a part of
the whole structure and analyzed the combined
primary-secondary system by a conventional
method. However, for light secondary systems, the
mass, damping, and stiffness matrices of the
combined system will have elements with much
smaller magnitude, which can cause numerical
instability in the dynamic analysis, resulting in the
numerical errors in the eigenvalue problem and
consequently on the response of the combined
system. Suarez and Singh [2] attempted to overcome
this shortcoming by presenting an exact approach to
determine the frequencies and mode shapes of the
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combined system. Because the mass of the secondary
system is usualy small in comparison to the primary
system, it changes the dynamic properties of
the combined system slightly, so the perturbation
method become convenient to calculate the dynamic
properties and response of the combined system [3,
4,5, 6]. Guptaand Tembulkar [7] studied the changes
in both the frequencies and the response of the
primary and secondary systems due to decoupling.

Another problem in the analysis of the combined
system is due to the different damping characteristic
of the primary and secondary systems, which results
to the nonproportionality of the damping matrix. Thus
the analytical methods for the combined system
must be able to consider this effect. Direct and exact
method for calculating eigenvalues and eigenvectors
of nonproportionally damped systems, according to
the state vector approach, has been developed by
Foss [8], and after that has been used by many
researchers [9, 10]. Recently, new approach has been
developed by the first author, which substantially
reduces computational time [11].

In the seismic analysis of the secondary systems,
earthquake motion is commonly idealized as having
a single horizontal component, while in the actual
case there exist six correlated components (three
trandational and three rotational), which are felt by
structure [12]. The rotational components can be
expressed in terms of the spatial derivatives of the
trandational components [13, 14]. Threetrandational
components of earthquake are generally correlated,
but it can be found an orthogonal set of axis such that
the trandlational components are independent along
these axes. Kubo and Penzien [15] called these axes,
the principal axes of earthquake. Wilson and Button
[16] assumed that.the two horizontal spectrum of
translational acceleration component of earthquake
are linearly dependent and proposed a complete
quadratic combination method for evaluating the
response of structure under these components.
Ghafory-Ashtiany and Singh [14] considered al of the
six components and calculated the response of
structure using the random vibration theory. Lopez
and Torres [17] considered structure as three-
dimensiona frame with rigid floor that subjected to
the two horizontal component of the earthquake, and
determined the critical angle and the maximum
response of the structure.

A review of the existing literature shows that little
attention has been directed toward the effect of
torsion of the primary system on the response of the
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secondary systems. Yang and Huang [18] presented
a complete quadratic combination rule to calculate
the response of the secondary systems, which are
attached to the torsional buildings, as well as the
effect of the base isolation system [19]. Bernal [20]
presented an example of a secondary system attached
to atorsional building.

In this paper the autocorrelation function, the
power spectral density function, and the floor
spectrum of the secondary systems, for which their
primary systems subjected to multicomponent
earthquake have been formulated. In the presented
method, the interaction between the two systems and
the nonproportionality of damping of the combined
system is considered.»The input of the primary
system can be in the form of time history with
correlated horizontal. and vertical components of the
earthquake,” power spectral density function or
response spectrum of ground accelerations.
However, forthe practical purposes, the formulations
are arranged such that the floor spectrum can be
calculated directly from the design spectrum at the
input. level. Also the critical angle, i.e. the angle
between the axis of structure and the principal axes of
earthguake that produce maximum floor spectrum,
is'caculated. In order to illustrate the applicability of
the method, torsional frames are considered and
parameters such as eccentricity, interaction, mass
ratio, and elevation of the secondary system from
ground, as well as nonproportional damping effect
have been studied.

To simplify the complex formulation for design
purposes, variation or sensitivity of each termsin the
formulation for different structural parameters have
been studied. The results of this study have been
presented in reference [21].

2. Formulation

Consider an N-degrees-of-freedom primary system
with a mass [Mp], damping [Cp], and stiffness matrix
[Kp], attached by a single degree of freedom second-
ary system with a mass (M), a damping (C)), and a
stiffness (K, to its m" degree of freedom, which
have been subjected to amulticomponent ground  ex-
citation, {%§(t)} . The equations of motion of the com-
bined system become:

[MIV} +[CKY} +[KIY} = - g“"wﬂ[rgp]g{ SO (1)

Where {Y}= relative displacement response of
combined system and
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in which [K] and [C] are the coupling matrices
associated with the stiffness and damping matrices,
respectively, contain the stiffness and damping
coefficient of the secondary system in the m" and
N+1t" element.

¢00--- 0 -0 0
€00-- 0 -0 00U
1 P
[Kc]:goo” Ks "O'Ksﬂ
&t R (5)
goo-- 0 -0 03
00 -Kg- 0 K
9'00.. 0 .0 0@
e 0 - 0O ---0 OL,J
€: : : u
< : i
[c]=&00- c; - 0-Gg
& : Lo (6)
2 0-«- 0 ---0 OH
Q0 -Ci0 Gy

In the present formulation it is‘assumed that the
earthquake has three translational correlated
components. Each row of {¥(t)} corresponds to an
acceleration component of earthquake along the
principal axes of the primary system, two horizontal
and one vertical axes [14, 15]. Also in Eq. (1), [rp]
and [r] are the displacement influence matrices
(matrices whose elements are the displacements of
degrees-of-freedom of the primary and the secondary
system, respectively, due to a unit static displacement
of the base of the structure in the directions of
earthquake) of the primary and secondary systems.
These matrices have three columns, each column
corresponds to one component of the earthquake.

The eigenvalue problem of Eq. (1) in the case of
classical damped system is:

([KI+wA[M])[f]=[0] (7)

where w and [f ] are the frequency and mode shape
of the combined system. For the light secondary
systems, the elements of [K] and [M] matrices are
not of the same order, which might cause numerical

inaccuracy. To overcome this shortcoming the
following transformation has been introduced [22]:

[i1=[VIlT'] ©)

where
009
RR U ®)

inwhich [f p] is the mode shape of the primary system
normalized with respect to its mass matrix and

fq :j/\/NTS Substitution of Eq. (8) into Eq. (7) gives:

([K1- w2 JiT1 =0 (10)
where

[M]=[U1 [M][U] (12)
[K]= U] [K][U] (12)

The numerical inaccuracy of Eq. (7) has been
eliminated through the above mentioned trans
formation, since all diagonal elements of the matrices
in.Eq. (10) are of the same order. However, two
sets of eigenvalue problems should be solved. First
for the primary system, and second the eigenvalue
Eg. (10).

Once the N+1 eigenvalues and eigenvectors of the
combined system are obtained, the equation of
motion, Eq. (1), can be solved using the normal
mode approach with the help of the following standard
transformation:

{Y}=[f{V}

where {V} is the vector of principal coordinates.
Since [f] is the normal mode shape of the system,
only the mass and the stiffness matrices could be
decoupled. Considering that the damping characteris-
tic of the primary and secondary systems are
different, the nonproportionality of damping matrix
is an inherent property of the coupled system. The
nonproportionality effect is particularly important for
the primary-secondary systems in tuning or nearly
tuning, with small values of mass ratio and large
differences in their damping constants. Substituting
Eg. (13) into Eq. (1) and premultiplying by [f ] leads
to Eq. (14):

(13)

N+1

Vi+ & GV + WV, =- [958 : j=1,2,...,N+1 (14)
i=l
where
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c,={f }TICI{f ) (15)
and
[ =4 37 SMllfpld (16)
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Eq. (14) is a coupled equation which can be
decoupled by using the state vector approach. The
state vector is defined as:

{2} —img (17)
By using Eq. (17), Eq. (14) can be written as:
[A}{Z} +[BH{Z} =-[Q] gg}“ % (18)
where

4O [0 o 0] [0 40 [Of
(=g c B¢ (0 (0 (= ga g 19

where [W?] is a diagonal matrix of combined
frequencies, and [l] is the unit matrix of order N+ 1.
To solve Eq. (18) by modal analysis, one should
find its eigenvalues and eigenvectors. The eigenvalue
problem of the Eq. (18) is:

(I TAI+[BDLy I=[0]

Eg. (20) gives 2(N+1) eigenvalues (I.) and
corresponding eigenvectors [y ], which accur in the
pairs of complex and conjugate, due to negative-
definiteness of matrix [B]. Using.the expansion
theorem, the vector {Z} is written as:

{Z=ly{x%

where {Z} is a vector of complex principal coordi-
nates. This vector is obtained by solving the Eq. (22):

(20)

(21)

Y- lax S[R3 © a=12 ..., 2(N+]) (22
where
=@y ot lvatana) e

in which F_
earthquake.

The main response of the secondary system, which
is used for the generation of the floor spectrum, isthe
absolute acceleration (U,) which can be written in
terms of its relative acceleration (Y,) and the ground
acceleration component affecting it as:

Us =Y +[r] {5

corresponds to direction | of the

(24)
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Using Eq. (13), the relative acceleration of the
secondary system can be written as:

=z

+1

Qo

Y. = j_lj N+lj\71‘ (25)
Also by using Egs. (17) and (21), we have:
. 2(N+l)
V Z; = a y ja%a (26)

Obtaining %, from Eq. (22) and substituting it into
Egs. (26), (25) and (24), U, will become:

. N°+1. é N+l)
Us=a | N+l,]e ay]a Xa(t)u
J:

@ - N+ @N+) ) (27)
Qg + & D e A JFIOGE
j= € a=l Ug

Considering that the second termsin the right hand
side of Eq. (27) iszero, see Appendix (1), the absolute
acceleration of the secondary system will become:

N+1

Us®) = a j Nmea Q/,al 20 +Y al axa(t)) (28)
where superscript (*) means complex conjugate. Eq.
(28) forms the basis for the generation of floor
response spectrum. This will be used to calculate
the autocorrelation and power spectral density
function of the floor acceleration, which in turn is
required to define floor spectrum.

The autocorrelation function of the absolute
acceleration of the secondary system can be obtained
from Eq. (28) as:

E[U. Uty = & a aJ Nl Noak

N+1 N+1

& &Y ol bE %0+

NN+ L.
8 &y SEX %)+

(29)
N+lN+1
a a yJa aykb

a=1b=1

SEl® i)+

N+lN+

& &Yialayu bE[Xa(t:l)Xb(tZ)}é

a=1b=1

In this equation, there are four expected values
which can be obtained in terms of autocorrelation or
power spectral density function of ground accelera-
tion. Here, the first expected value in Eq. (29) will be
given as an example.
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To obtain the autocorrelation function x , first we
need to solve Eq. (22) for x_ in terms of Duhamel
integral.

X(t) = Iéi:Fa| &G e =t Vot (30)
Using Eq. (30), E[x(t,) x(t,)] becomes:
Elxat) )] = a a} FaFinG G
) (3D

E[xga (156, (t,)]d = 9otz D

The relationship between the correlated accelera
tions of earthquake along the principal axes of primary
system, {xg}, and the uncorrelated accelerations
along the principal axes of earthquake, {%;}, isrelated
by the cosine direction matrix, [D], as [15]:

{%} =[D1{%;} (32)
where the acceleration cross correlation function can
be written as;

3 3
[0 = 8 & dtE ] (@

in which p and q corresponds to the cosine direction
of the principal axes of the earthquake. Since the cross
correlation between accelerations along the principal
axes of earthquake is zero, the Eq. (33) can be
reduced to:

E[5 (1) %.(t)] id.p%E[xgp(tl)xgp(tz)] (3

Expressing the autocorrelation function of the
ground accelerations in the EQq. (34), in terms of its
power spectral density function, and substituting it
into Eqg. (33) and theresult into Eq. (31), it becomes:

Elxmxt)] =4 & &F

1=1n=1p=1

and1 pq1p ’

§ § o) swesl itz e et gtam

Where S,(w) isthe power spectral density function of
the ground accel erations along the pt" principal axes of
earthquake. For the stationary processes, the limits of
integralsin Eq. (35) can be extendedto -¥ and +¥,
and after some algebric calculation, the following is
obtained:

g 33
Elux(t)]=4 4 &
:1n:1p:

I:al andlpdnp ’
1

‘+¥ S (\N)éw(tl t) (36)

O )

Eq. (36) is the first used in the Eq. (29). The other
expected values, which can be obtained in similar
manner, are as follows:

* * 03 03 03 * * ,

e %) =8 & & F, Findythy
I=1n=1p=1
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V- W+ w)
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E[X%t)]|=8 8 &F Rty

I=1n=1p=1
Wy Sy (39)
- W t+iw)
Substituting Egs. (36) to (39) into Eq. (29),
the total acceleration autocorrelation function
becomes:

L NANS
E[Us(tl)US(tz)]: a al najl Nk
j=1 k=1

(40)
’\gl r\gr{ é3 é3 é3 d.d M+¥a§ Y jaFal bkaan+
a=1 b=11 I=1n=1p=1 P np‘ ¥§(| -iw)(lp +iw)

ay ]al:alI by kabn ay ]al:alI by kabn

(Ta- W@ +iW)  (a- W, +iw
ay JaFaII bykabn iw(ty- 1) P
T ORTE

With appropriate combination of the 1% and 2"
terms, and the 3@ and 4™ terms, and after some
algebraic smplification, Eq. (40) can be rewritten as:

N+1 N+1

ElUL U] = & &) i weu (a1)
J: =

Z

+1 &

i

¥ .
T dlpdnp0+¥ (Ajkalnwfal1 + Bjkal nwng)

QJo
it 20
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t1- t oleg 03 03
H* S, (we 2d20+24 3 @& & a dipy,”
H a=lb=a+1@=1n=1p=1

Sngjkabl Wi+ BjiainWa Wz) | Ha|2 +

(Cjkablnwé + Djkame‘éWz) |Hb|2%p(VV)éW(tl't2)dW%
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In which |H,| and |H,| are the complex frequency
function of the modes 'a" and "v" of the combined
system, and the coefficients A , are defined in
Appendix (I1). Eq. (41) deflnes the autocorrelation
function of the absolute acceleration of secondary
system. The power spectral density function of this
response will be:

N jnagza s
SJ (W)_ a aJ N+l.JJ N+kl @ & a adﬁpd np

ta=1 @=1n=1p=1

(A kal nt jkaln W2)| Ha| SP(W)]

(42)
2
(AjkabInt + BjkabInWezlwz)|Hal +

(CjkabInt + Djkab|nVV§W2)|H42)Sp(VV)] }

This equation defines the power spectral density
function of the absolute acceleration of the secondary
system in terms of the modal properties of the
primary system, eigenproperties of the combined
system, and the power spectral density function of
the ground accelerations along the principal axes.of
earthquake.

For the stationary processes, the mean square
response of the total acceleration of the secondary
system can now be obtained through<integration of
the response power spectral density function; Eq. (42):

N1 N+ fNAE3 338
EUJ=8 &j naji naxl & 6 &a dydyp
j=1 k=1 T a=1 g:]_n:]_p:]_

[(AjkaIntl Op(Wav Xa) + Bjka | nV\él lp(Wav Xa)] +

N+1 é3

N 3 3
22 a @maa dlpdnp((A]kabln Walop(Ws, X5) +
a=lb=a+1@=1n=1p=1 @D

B; kabln\/\éllp(? A Ciall op(Wh, Xo) +

DjkabinW6il1p (W, Xb))]

Where Iop(wa, X,) and Ilp(wa, X,), respectively,
represent the mean square values of the relative
displacement and relative velocity response of an
oscillator with frequency (w,) and damping ratio (x,)
excited by the ground motion in the p-direction. It is
a good approximation to suppose that the mean
square of the response are proportioned to the response
spectrum [23]; i.e.:
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lop(WaXa) = Oy SpW) d? = RE(Wa,X,)/ PFE (44)
IOp(WavXa) O¥ V\FSQ(W) dw = Rvp(Wa,Xa)/ PF2 (45)

In which R dp(wa, X,) and Rvp(wa, X,), arerespectively,
relative displacement and relative velocity response
spectrum of ground motions in p-direction, and PF
and PF are the respective peak factors. Also, the
root mean square values of the absolute acceleration
of the secondary system when multiplied by the
corresponding peak factor will results to its response
spectrum:

Ri(ws,xs) = PFSSE[USZ]

Where F{i(ws,xs) defines the total acceleration
floor spectra Introducing Egs. (43), (44), and (45)
into Eq. (46), and assuming that all the peak factors

are equal [24], the following result is obtained:

(46)

N+1N+1 N+1e3 03 éi

F\’U X = a aJ N+11J N+1,k}a @? a adlpdnp

a=1 @=1n=lp=1

[((Aj kaln + Bj kal n)Rgp (Wa’xa)]"'

(47)

+1

N é3 3 3 .
a @aaa %qqp((ﬁkabm‘*Bjkabm)
:a = =

\
2a
= +1 @ =ln=1p=1

a=1b:
(W X )+(C]kabln + D]kabIn)Rap(Wb Xb) ]%

Where de(wa, X,) is the pseudo-acceleration
response spectrum of ground motions in p-direction.
Eqg. (47) gives the relation for calculating floor
spectrum in terms of the cosine direction matrix [D]
between the principal axes of earthquake and the
principal axes of the primary system. That is, if the
elements of this matrix are known, one can calculate
the floor spectrum. It is known that for most of the
tectonic regions, the ground motion can act along any
horizontal direction; therefore, this implies the exist-
ence of a possible different direction of seismic
incidence that would lead to an increase of floor
spectrum. Thus for important secondary systems, the
maximum response associated to the most critical
directions of ground motions must be examined.

The presented formulation is general and can be
applied to any structure and any direction of
earthquake, but here for avoiding the complexity of
the formulation, the primary system is restricted to
torsional framed building with rigid floor that have
two perpendicular horizontal and one vertical degree
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of freedom. Also, the earthquake is considered to N+ N
have two horizontal and one vertical component. For ~ Ro = a aJ N+, N+J.k| a [(Ajk£3+Bjk333
this case the direction cosine matrix will become:

N N+L
écos(d) sin(@) Oy S ZWaXo) + qub _<31+1[(Ajkab33+ Bikars3) (53)
D= g- sin(g) cos(q) 03 (48) e
e 0 0 Ia SF Wa:Xa)*'(Cjkabsa*'Djkabsa)sazs(Wb'Xb)]}

viher eq is the horizontal angle between the principal ] )

axes of earthquake and that of structure. Substituting 9+ (49) gives the floor spectrum as a function of the

the elements of matrix [D] in Eq. (47) gives: angle of incidence (). Thg critical angle @) is
defined as the angle of incidence that causes the

Rj- (Wg,Xg) = Rcos(q) + maximum floor spectrum which can be obtained
° RSiN%(Q) + Rucos(@sin(@ +R, 9 from the derivative of RE(w,x) with respect to q
and by setting it equal to zero, it becomes:

where
tan(29,) = R
N+1 N+L PN+ ] (%) ReRs (>4
Re= ja=1 lja:lj N+ ] N+lk' a [(Aikall+ Bjkad) This equation gives two roots for g, with 90°
difference, which defines the maximum and the
S Wy, Xa) + (Akez + Bjep) ng(Wa,Xa)]ﬂ” minimum values of the floor spectrum. It should be
N noted that the critical angle depends on the character-
23 a [(Ajkabl1+ Bikarn) SAWa Xa) + istics of thehorizontal spectra and the horizontal
actbmatt dynamic properties of the structure.
(Ciramr* Djrarnn) Sa W Xp) + (50) From Eq. (52), it is known that if the two
) horizontal ground spectrum are equa (R = 0), then
(Akatz * Bjatez) Sz (WarXa) + g,= 0, which indicate that the floor spectrum does

not depend on the angle of incidence. For this reason,
it isenough to analyze the typical case of g =0in order

to determine the maximum floor spectrum. In other
+lJ' N+j) N+Lki’éN [(A,-kal1+ Bjatd). words, if the two hori_zontal ground spectra are
equal, the value of R_ is an upper bound of floor
spectrum to any angle of incidence.

(Cikatzz * Djkatoz) Sk (W, Xb)] }

N+1

R=4a

=1

=~
T QoZ
N

S 2, (W %) + (Ao + Bitazd) SEa x ]

N N+ 5 3. Numerical Results
2a a [(Ajkam1+ Bijkatir) Sao(WayXa) +

a=lb=a+l To demonstrate the application of the presented
(Cans* Djkasd S2, (W, ) + (51) method and to illustrate the importance of the
multi-components of the earthquake, a 10-story

(Ajkatzz + Bikarzo) ng(wa,xa)+ torsional structure is considered to obtain the floor
5 } response spectra for various parameters. The

(Cikatez * Djar2) SE‘L(Wb'Xb)] dynamic properties of the structure are shown in

Figure (1) and its natural frequencies in the case of

R(S:“glNg} i L& [( C iBe .+ zero eccentricities and without interaction and
p oy TNRKL T Atz * Bz nonproportional damping effects are listed in Table
(1). It is assumed that the eccentricity of stories are

Ajaz* Bjia2 (Sazz(Wa, X2) - 53 Wa, Xa))] + equal in both directions.
N N+ In the presented formulation, the seismic input of
Zaa_jbgj(ﬁkam*Blkal12+A1kab21+ Bjkate)” the primary system can be time history, power
spectral density function, or response spectrum of
(SaZZ(Wa-Xa)' S§1(Wa-Xa))+ (52)  ground accelerations. In this example the average
(Cjranz* Diatsz + Cirater* Djated)” response spectra of. 20 earthquake with similar
characteristic, normalized to 1.0g, is considered as
(ng(w[,,xb)- Sgl(vvb,xb))]} input. The two horizontal spectra are shown in

JSEE: Summer 2004, Vo!..6, No, 2d 3%



M. Ghafory-Ashtiany and A.R. Fiouz

Sliltregs af e Fissl Sloeey

Slillness of Olligr Star ieg

Torsiaral Bliffnegs of the Firet Story
Tarsional Siffness Other Stres

Iass of Firgt Story

Maszs of Qrher Stories

Mass Mamenl of Ineriz &f Firsl Story
Mass Mament ol Inertia af Olhar Skaries

b S O Frincipel Aves al Struntire
Kal, ¥aqz ¥g= Prircipal Axes ol Eatdhguake

=210 Tan
m=172Teon
It 280 Ton-mE
0=1050 Tan-ma2

Figure 1. Ten-story 7.

Table 1. Frequencies of the symmetric structure.

Mode Lateral Mode Torsional Mode —|
Number [ Frequencies (rad/sec) Frequencies (radi X,
1 5.57 965
2 14.66 25.39
3 23.99 4.5
4 33.32 8T
5 41.21 1.8
6 48.05 83.25
7 52.44 10.83
8 6116 . 10593
9 67.2¢ 116.53
10 77.90 135.08

Figure (2). For this' ructure the effect of eccentric-
ity, floor number, | ateraction, nonproportional
damping, and point of connection of the secondary
system on the floor, on the response of the secondary
system subjected to multicomponent earthquake
have been studied. The floor spectrum is obtained for
these different inputs:

)

The multicomponent earthquake acted along
the critical angle and its response will be denoted
by R.

The single-component earthquake acted along
the critical angle and the floor spectrum and its
relative difference with respect to R will be
denoted by R1 and €1, respectively.
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Figure 2. Input ground spectra.

The single-component earthquake acted along
the principal axes of the primary structure and
the floor spectrum and its relative difference
with respect to R will be denoted by R and €,

respectively.



Response of Secondary Systems Subjected to Multicomponent Earthquake Input

3.1. Effect of Eccentricity

Figure (3) shows the floor spectra at 10" floor for
eccentricity ratios of 5, 10, 15, and 20%. The
damping ratio of both the primary and the secondary
systems is assumed to be 0.02, and the mass ratio is
equal to 0.05. It is seen that as the eccentricity
increases, the response of the secondary system
and the difference between R, R1, and RO will
increase. The increase in the tuning frequencies is
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much larger than other frequencies. Thus, for
large eccentricities and in the tuning frequencies,
multicomponent effect should be considered.

3.2. Effect of Interaction

The most important factor in the interaction is the
mass ratio of the secondary system to the floor. In
order to study the effect of interaction, four different
mass ratios is considered and floor spectrum of floor
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Figure 3. Effect of eccentricity.
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5 have been calculated and plotted in

this case the damping ratio of both the primary and
the secondary system are 0.05, and the eccentricity
is equal to 15%. From Figure (4), it can be seen that
by increasing the mass ratio, the floor response

spectrum will decrease, especially

frequencies. Therefore interaction will be important

M. Ghafory-Ashtiany and A.R. Fiouz

Figure (4). In

in the tuning

for heavy secondary system and tuning frequency.
This conclusion is in agreement with other research-
ers, such as Igusa and Derkiuregian [9]. Also from
this figure it can be seen that by increasing the
mass ratio, the difference between R, R1, and RO
will decrease and the error of neglecting multi-
componentness of earthquake decrease.
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Response of Secondary Systems Subjected to Multicomponent Earthquake Input

3.3. Effect of Elevation of Secondary System from
Ground

Figure (5) gives a comparison of the floor response
spectrum and their respective differences in the first,
fifth and tenth floors. For these cases the damping
ratios of the both systems, the mass ratio, and the
eccentricity ratio are taken 0.02, 0.05, and 0.05,
respectively. It can be seen that for the higher
elevation the absolute and the relative difference
between R, R1, and RO have been increased,
especialy in the case of the tuning frequencies. The
average differences for “el” are 6.3, 7.2, and 10.1%
and for “e0” are 8.1, 10.6, and 13.3% for the floors
number 1, 5 and 10, respectively. This means that
although the effect of considering multicomponentness
of earthquake is important for torsional buildings, but
itismoreimportant at the higher elevation from ground.
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3.4. Effect of Nonproportional Damping

In order to study the effect of nonproportionality
damping, the floor spectrum of the 10" floor with
mass ratio of 0.05 and eccentricity of 0.15 has been
obtained. The proportional as well as nonproportional
damping analysis have been performed and the
results are shown in Figures(6) and (7). In Figure (6),
the damping ratio of the primary system is
considered to be constant and equal to 0.05, while the
damping ratio of the secondary system varies as 0.02,
0.05, and 0.10. In Figure (7), the damping ratio of
the secondary system is considered to be constant
and equal to 0.05, while the damping ratio of the
primary system  arie. s 0.02, 0.05, and 0.10. Figure
(6) shows th' - the cha je in the damping ratio of
the secondary s, *em<.Joes not affect its response
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Figure b. ~ffect of nonclassical damping, damping ratio of primary system is constant.

significantly. But Fie re (7) shows that the increase location other than the center of mass of the floor as
in the damping ratio ¢ the primary system cause the it can be seen in Figure (8). In order to investigate
decrease in the response of the secondary system. the effect of variation of the location of the
This proves that the response of the secondary secondary system with respect to the center of
system is affected by the damping ratio of the primary  mass of the floor, the response spectrum of a
structure rather than by the secondary system. secondary system which installed on the 10" floor
Figures (6) and (7) also show that the nonpropor-  with eccentricity of 0.01 has been obtained for
tional damping analysis increase the response of the  various ratios. The results have been shown in
secondary system, especially in the case of tuning  Figure (9). A review of this figure shows that:
frequencies. i) theresponse of the secondary system increases
as the ratio increases.
3.5.Effect of Point of Connection of the Second- i)  the effect of multicomponent earthquake be-
ary System on the Floor . . .
comes more important as the ratio between their
The secondary system may be connected on a spectra or spectral density function increases.
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Response of Secondary Systems Subjected to Multicomponent Earthquake Input

4. Conclusions

New formulation for the calculation of the floor
response spectrum subjected to multicomponent
earthquake is presented, which accounts for the
interaction of the primary and the secondary systems
and nonproportional damping which are inherent
characteristics of combined systems. The autocorre-
lation, power spectral density functions, and mean
square responses have been also derived. The two
horizontal and one vertical components of earthquake
is considered and the critical angle, which produce
the maximum floor spectrum, has been obtained. The
proposed method is efficient, since it generates floor
response spectrum directly from the multicomponent
ground response spectra. Numerical studies show that
the effect of multicomponent earthquake input is
important in the structures with large eccentricity,
light secondary systems and in the case of tuned
modes.

Refer ences

1. Singh, M.P. (1975). “Generation of Seismic Floor
Spectra’, J. Eng. Mech., ASCE, 101(EM5), 593-
607.

2. Suarez, LE. and Singh, M.P. (1987). “Sdsmic
Response of SDF Equi pment-Structure System”,
J. Eng. Mech., ASCE, 113(1), 16-30.

3. Sackman, JL. and Kdly, JM. (1979). “Seismic
Analysis of Internal Equipment and Components
in Structures’, Eng. Sr.;-1, 179-190.

4. Sackman, J.L., Derkiureghian, A., and Nour-Omid,
B. (1983). “Dynamic Analysisof Light Equipment
in Structures:xModal Properties of the Combined
System”, J. Eng. Mech., ASCE, 109(1), 73-89.

5. Derkiureghian, A., Sackman, J.L., and Nour-Omid,
B. (1983). “Dynamic Analysis of Light Equipment
in Structures: Response to Stochastic Input”, J.
Eng. Mech., ASCE, 109(1), 90-110.

6. Singh, M.P. and Suarez, L.P. (1986). “A
Perturbation Analysis of Eigenproperties of
Equipment-Structure Systems”, Nuclear Eng.
Des., 97, 167-185.

7. Gupta, A.K. and Tembulkar, M. (1984). “Dynamic
Decoupling of Secondary Systems’, Nuc. Eng.
Des., 81, 359-373.

8.

10.

12.

13.

14.

15.

16.

17.

18.

Foss, K.A. (1958). “Coordinates which Uncouple
the Equation of Motion of Damped Linear
Dynamic Systems’, J. Appl. Mech., 25, 361-364.

Igusa, T. and Derkiureghian, A (1985).
“Generation of Floor Response Spectra Including
Oscillator-Structure Interaction”, Eq. Eng. Str.
Dyn., 13, 661-676.

Singh, MP. and Suarez, LP. (1987). “Seismic
Response Analysis of Structure-Equipment
Systems with Non-Classical Damping Effects’,
Eq. Eng. Sr. Dyn., 15, 871-888

Khanlary, Kiwand Ghafory-Ashtiany, M.
(2004). “New Approachesfor the Non-Classcaly
Damped System Eigenanalysis’, Accepted for
Publication in"J.<Earthquake Engineering and
Structural Dynamics.

Rosenblueth, EF. (1973). “The Six Components
of Earthquakes”, Proc. 12" Regional Conf.
Planning and Design of Tall Buildings, Sydney,
Australia, 63-81.

Castellani, A. and Boffi, G (1989). “On the
Rotational Component of Seismic Motion”, Eq.
Eng. Sr. Dyn., 18, 785-797.

Ghafory-Ashtiany, M. and Singh, M.P. (1986).
“Structural Response for Six Correlated Earth-
guake Components’, Eqg. Eng. Str. Dyn., 14, 103-
119.

Kubo, T and Penzien, J (1979). “Analysis of
Three-Dimensiona Strong Ground Motions Along
Principal Axes, San Fernando Earthquake”, Eq.
Eng. Sr. Dyn., 7, 265-278.

Wilson, EL. and Button, M.R. (1982). “Three-
Dimensional Dynamic Analysis for Multi-
Component Earthquake Spectra’, Eq. Eng. Str.
Dyn., 10, 471-476.

Lopez, O.A. and Torres, R. (1997). “The Critical
Angle of Seismic Incidence and the Maximum
Structural Response”, Eq. Eng. Sr. Dyn., 26, 881-
894.

Yang, Y.B. and Huang, WH. (1993). “Seismic

Response of Light Equipment in Torsional
Buildings’, Eqg. Eng. Str. Dyn., 22, 113-128.

JSEE: Summer 2004, Vo!..6, No, 2743



M. Ghafory-Ashtiany and A.R. Fiouz

19. Yang,Y.B. and Huang, W.H. (1998). “ Equipment-
Structure Interaction Considering the Effect of
Torsion and Base Isolation”, Eg. Eng. Sr. Dyn.,
27, 155-171.

20. Bernd, D. (1999). “A Dynamic Stiffness Formu-
lation for the Analysis of Secondary Systems’,
Eq. Eng. Sr. Dyn., 28, 1295-1308.

21. Fiouz, A.R. (2002). “Analysis of Secondary
Systems Subjected to Multicomponent Earth-
quake Accelerations and Proposing Simplified
Methods”, Thesis Presented for Degree of
Philosophy in Structural Engineering, Tarbiat
Modarres University.

22. Suarez, LE. and Singh, M.P. (1987). “Floor
Response Spectra with Structure-Equipment
Interaction Effects by a Mode Synthesis
Approach”, Eq. Eng. Str. Dyn., 15, 141-158.

23. Vanmarcke, EH. (1976). “Seismic Structural
Response”, Ch. 8 in Seismic Risk and Engr.
Decisions, Ed. C. Lomnitz and E. Rosenblueth,
Elsevier Scientific Pub. Co., New York.

24. Ghafory-Ashtiany, M. (1983). “ Seismic Response
for Multicomponent Earthquake”, Ph.D: Disser-
tation V.P.I. and S.U.

Appendix |

Since the secondary system is the N+1" degree of
freedom of the combined system, the parenthesis of
the second term of Eq. (27) can be written as:

=z

+

1
ayg T a f N+Lj (y, ja a|)gx$
=1

oL Qoo
@D D

(I-1)

If [Q] from Eq. (19) substitute in Eq. (23), [F,]
becomes:

140] [O]udOly 40U
[F]z_{ya} godgad_ VYl o,
: ydAlys  {ydIAlya

The I** element of [F,] will be:

{ya}Tl{(}U

F, - Aﬁ_ (1-3)
{ya'TAly 2

The size of {y } is 2(N+1) by 1, which can be
separated into the upper and lower parts:
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I{y';}u

{ylab

where {y% and {y,} arethe (N+1) upper and lower

element of {y }, respectively. Substituting this
equation into Eq. (I-3), F,, becomes:

{yd= (1-4)

_ {y3Ha
Fy=-—Wa1dr -
T ATAlY 3 (I-5)

which can be written as:
'{y;}u ¢0] [I]u1{9}u

oy & (cH o) )
{y 3 A{ya

Fal

The matrix in the middle part of the numerator of this
equation is[A], therefore,

&3 [A]‘{{%}E“ o
{ya'TALY 3

Since the imaginary mode shapes have the orthogo-
nality and independency conditions, any vector can be
expand in term of them. One can expand the vector

g}
Hap &

al = T

1{9}u_ _ AR+
{0}% [yt = a bfya}

a=1

(1-8)

Where b’s are the expansion coefficients which can
be obtained by substituting Eq. (1-8) into Eq. (I-7):

£, = ol [AVID
T Ay S

Since the imaginary mode shapes are orthogonal with
respect to matrix [A], this equation becomes:

(1-9)

e = Ay,

al_'— =-

b, ]
yJ ALy (1-10)

The j" row of the Eq. (1-8) is:
2(N+)
g1 = abyyja (I-11)
a=l
Substituting Eq. (1-10) into Eg. (1-11), and the
resultsinto Eq. (I-1), it becomes:

EE

N+1

5 0,
a fag 9 (1-12)
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Now it will be shown that the parenthesisin the Eg.
(1-12) is zero. Inthe Eq. (16) the I** element of [q] is:

_{f }T QM p]{ I’pl}u
g M

ol H
T Mol (G0 {robi_ (I-13)
{f} 8[0]p M - e {t Y'IMK i}
where {r } is the " column of [r . Ty isthe pt
element of [r], and where {n} = -l{ p'}g. Since the
I |

normal mode shapes have the orthogonality and

independency conditions, any vector can be expand in
term of them. One can expand the vector {r} as:

N+1

{r} =[fi{a} = dajf} (1-14)
j=1

Where a’s are the coefficients of the expansion. The
N+1™ element of {r} is:

N+1

T aajf N+ (1-15)

Substituting Eq. (1-14) into Eq. (1-13) gives:

gy ={f }'IMI{fH{a}

By the orthogonality of the mode shape, the Eqg.
(1-16) becomes:

g ={f j}T[M]{f BES

Since the mode shapes normalized with respect to mass

(1-16)

(1-17)

matrix (@;=a;), Eq (I-15) becomes:
N°+1
N+ = ]a_lganﬂ,j (1-18)

Therefore, the parenthesis in the Eq. (1-12) is zero,
and consequently the Eq«(1-1) become zero.

Appendix 11
The coefficients Aain and Bixan in Eq. (41) are
calculated as:
Ajkaln: 4a]al akbn (”-1)

Bikain = 4lbjalbkbn+ Xi(ajal Bon - Bjabon) +

u -
Xg\ll' Xg(ajalh(bn"'bjal"’\(bn)g (11-2)
where:
a= Rt jaFa) (11-3)

Jal Im(y]a al) (”'4)

Also the coefficients Aabin -+ Dikabin in Eq. (41)
are obtained from the solution of following smulta-

neous equation:

[P{A}={W} (11-5)
where
{A}T = [Ajkabln Bjkabln Cjkabln Djkabln] (”-6)
¢ 0 w;
[P] = 9 W, VVgVVg(AfXg' 2
észv2(4xb 2w
& wiow 0
0 w, o ]
W WAE(4x2- 23 (-
ng‘é(‘]'xg' 2) aV\é G
AT i
] B$<abln
{W} — JI Aﬁ(abln + Bﬁabln( - Wg + 4XaWaXbWD) -
: Aabin(- W - W2 ) T AW XW,) +
T Aﬁabln"‘éwg
U 18

2C?:kabln( XaWj - XbWo) 1
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inEq. (1-8), the coefficients Afpin, Blapin, @d Clapin
are given by:

Afiabin = 4W§W§aja| Bpn (11-9)
Blfcin = Wy 8 (1 1)1 )
e
o (11-10)

Jalb(bn"'x (1 Xb)akbn jal = Xp (1' a)ajalbxbnu
a

Cﬁ(abln = 4WaWb[aj al akbn(XaWb - XbWa) +

Wo (1~ X3) Borbjan - Way/ (1 XP) aja|h<bn§ (1-11)

_-Re(l )
Xa= G (11-12)
w2=|1 % (11-13)
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