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Non-linear response of light equipment
system in a torsional building to bi-directional
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Dynamic response of a light equipment item attached to a
non-linear and torsionally coupled main system is evaluated
under bi-directional earthquake excitation. To account for the
effect of translations and torsion, each story of the building
is modelled as three degrees-of-freedom (DOFs), with two
DOFs for translation in two orthogonal directions and third
DOF for torsion. The responses (relative displacement be-
tween the equipment system and the floor of the primary sys-
tem on which the equipment system is mounted and abso-
lute acceleration of the equipment system itself), are deter-
mined under random ground motion in two orthogonal direc-
tions, which is idealized as a stationary random process rep-
resented by a white noise excitation. The responses are ob-
tained by time domain simulation procedure. The response
behavior of the light equipment is examined under a set of
parametric variations. These parameters include the uncou-
pled lateral frequency of the primary and the equipment sys-
tems, the ratio of uncoupled lateral to rotational frequencies
of the primary system, eccentricity ratios of the primary and
the equipment systems in X and Y directions, damping ratio
of the primary and the equipment systems and the mass ra-
tio of the two systems. Results of the study indicate that un-
der some parametric conditions the responses of the equip-
ment system are significantly affected by torsional coupling
and non-linearity of the primary system. It is also observed
that the responses of the equipment system can be alleviated
by increasing the damping ratio of the equipment system.
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1. Introduction

In the last decade, the dynamic analysis of a equip-
ment system mounted on relatively heavy primary sys-
tem has received much attention [9,11,15,17]. The
light equipment system is found in many engineering
systems such as suspension systems in buildings, nu-
clear power plants, aircraft, lifeline systems and other
important structures. The formulation based on elastic
theory, for analysis of the light equipment and primary
structural systems, is most desirable for wind and mild
earthquake loadings. The primary system generally un-
dergoes non-linear excursion and also exhibit torsional
behavior under severe earthquake ground motions. Un-
der such situations, the elastic model leads to inaccu-
rate design of the combined structural systems.

Lin and Mahin [18] found that the responses (rela-
tive displacement and absolute acceleration) of the sec-
ondary system decrease due to yielding of the primary
system. This condition occurs when the fundamental
frequency of the secondary system is equal to or more
than the fundamental frequencies of the primary struc-
ture. Under some parametric conditions of the yield-
ing primary system, amplification in the responses of
the secondary system has been observed by Chen and
Lutes [8]. For the multi degrees-of-freedom (MDOF)
nonlinear primary system, Sewell et al. [23] found that
the equivalent SDOF primary system gives incorrect
responses of the secondary system, if the primary sys-
tem undergoes inelastic excursion. They also observed
that responses of the secondary system frequently in-
creases in the high frequency range when it is sup-
ported on a MDOF primary system.

The above authors had done deterministic analysis
for the response calculation of the equipment system.
In actual practice, the earthquake excitation is random
in nature, so probabilistic analysis should be carried
out for correct evaluation of the responses of the equip-
ment system. For very few degrees-of-freedom of the
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nonlinear primary system, the Fokker–Planck equa-
tion and closure scheme can effectively be used. The
responses of the secondary system mounted over the
nonlinear primary system has been solved by Chen and
Lutes [7], using equivalent linearization technique de-
veloped by Wen [26] and Baber and Wen [5]. They
observed that non-linearity of the primary system sig-
nificantly affects the first passage failure and reliabil-
ity of the secondary system under normally distributed
ground acceleration. Huang and Soong [13] had shown
that under some specific conditions, yielding of the
primary system alleviates sensitivity of the secondary
system. They also used equivalent linearization tech-
nique [25] for analysis of the nonlinear primary sys-
tem and found that the responses of the secondary sys-
tem has been amplified due to shifting of the primary
structural frequencies, under Gaussion white and fil-
tered Gaussion white noise excitations. Behavior of the
secondary system has been analyzed by several au-
thors using time history integration technique. Using
the same technique Igusa [14], found that yielding of
the primary system may result in responses that are
small fraction of the corresponding linear responses.

All the above mentioned studies for evaluation of re-
sponses of the light equipment system are valid only
for symmetric buildings or buildings with very small
eccentricity or buildings torsionally very stiff, under
uni-directional earthquake excitation. Most of the prac-
tical buildings are 3-D un-symmetric buildings [28].
Furthermore, the earthquake excitation is a multidi-
mensional process. Clearly, there is a lack of studies
on the subject especially exploring the parametric be-
havior of equipment system mounted over torsionally
coupled yielding primary system under bi-directional
ground excitation. Recently, Agrawal and Datta [1]
studied the behavior of a secondary system mounted
on a torsionally coupled and linear primary system un-
der uni-directional random ground excitation. They [2,
3] also studied the behavior of a secondary system
mounted on a torsionally coupled yielding primary
system under uni-directional random ground excita-
tion, using both frequency and time domain methods
of analysis.

In this paper, stochastic analysis of the equipment
system mounted over torsionally coupled and yield-
ing primary structure, is studied under bi-directional
ground excitation modelled as a white noise using time
domain integration technique. The study is carried out
under various important parameters of the equipment
and the primary structural systems. In specific term,
objectives of the present study are (i) to investigate

effect of the bi-directional interaction on yielding of
columns of the primary system and response behavior
of the equipment system; (ii) to investigate behavior of
the light equipment item under various important para-
metric variations; and (iii) to study the behavior of the
equipment system by mounting it on a specific floor
level of the primary system.

2. System model

Figure 1 shows the system model of an idealized five
story building. A cantilever type equipment system is
mounted on one of its floor. It is assumed that the can-
tilever rod is vertically inextensible and has the same
flexural stiffness corresponding to the displacement in
any direction in the horizontal plane. Similarly, damp-
ing of the equipment system is assumed as constant in
all the directions. Thus, under the bi-directional seis-
mic excitation of the primary system, the equipment
system is excitated and undergoes oscillation in a di-
rection which depends upon motion of the primary sys-
tem. The normalized eccentricities of the primary sys-
tem are varied to provide various degrees of torsion in
the primary system. Supports of the combined struc-
tural systems are excited by random ground excitation
in two mutually perpendicular directions (i.e., in X and
Y directions).

LetKpi (i = 1, 4) represents the initial lateral stiff-
ness of thei-th resisting element, then the total initial
stiffness of the primary system in both X and Y direc-
tions is given by

Kp =
4∑
i=1

Kpi (1)

and stiffness of the equipment system in any direction
is given byKs.

LetRi denotes the distance of thei-th resisting ele-
ment from the center of mass (CM) of the primary sys-
tem then the total initial torsional stiffness of the pri-
mary system, defined about the CM, is given by

Kθ =
4∑
i=1

KpiR
2
i (2)

in which it is assumed that the torsional stiffness of the
each individual element is negligible. Eccentricities of
the primary system (distance between center of resis-
tance (CR) and CM), in the two orthogonal directions,
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with respect to the CM of the primary system is given
by (Fig. 1)

epx =

∑4
i=1Kpiyi∑4
i=1Kpi

, (3)

epy =

∑4
i=1Kpixi∑4
i=1Kpi

(4)

in whichxi andyi are the X and Y coordinates of the
i-th element with respect to CM of the primary system.

Eccentricities of the equipment system (esx andesy)
are taken as a variable for various parametric studies.
The two uncoupled frequency parameters of the pri-
mary system are defined as

ωp =
√
Kp/mp (5)

and

ωθ =
√
Kθ/mpr2 (6)

and the natural frequency of the equipment system in
any direction is given by

ωs =
√
Ks/ms (7)

in which mp andms are the masses of the primary
and the equipment systems andr is the radius of gyra-
tion of the primary mass about the vertical axis through
the CM. The frequenciesωp and ωθ may be inter-
preted as the natural frequencies of the primary system
if they were torsionally uncoupled, i.e., a system with
spx andspy = 0, butmp, Kp andKθ are the same as
in the coupled system. The mass ratioρ is defined by
ρ = ms/mp. The ratioωp/ωθ of the primary system
are varied to provide different values of the frequency
parametersωp andωθ. These parameters are taken to
be the same in both X and Y directions.

3. Equations of motion

The equation of motion for the hysteretic primary
and the linear equipment systems subjected to bi-
directional earthquake excitation, may be written as

[M ]{ Ü} + [C]{ U̇} + {F }

= −[M ][I]{ Üg} = f (t), (8)

where {Üg} = { Ügx, Ügy} T is the ground accelera-
tion vector. Assuming that the equipment system is
mounted on 3rd floor level, the matrices [I] and [M ]
are given as

[I] =
[

[I1] [I1] [I2] [I1] [I1]
]T

(9)

and

[M ] = diag
[

[M1] [M1] [M2] [M1] [M1]
]
(10)

where

[I1] =

[
1 0 0
0 1 0

]
, (11)

[I2] =

[
1 0 0 1 0
0 1 0 0 1

]
, (12)

[M1] = diag [mp, mp, mpr
2 ] (13)

and

[M2] = diag [mp, mp, mpr
2, ms, ms ] . (14)

Each floor of the primary system has three DOFs.
In local coordinate systems the damping matrix for a
story (between any two consecutive floors, say 1st and
2nd) in local coordinate systems, is given by

[C]12 =

[
[C] −[C]
−[C] [C]

]
, (15)

where

[C] =


∑
Cpi 0

∑
Cpxθ

0
∑
Cpi

∑
Cpyθ∑

Cθpx
∑
Cθpy Cθ

 (16)

and the damping matrix of the 3rd floor level (where
the equipment is mounted), is given by

[C]3 =


∑
Cpi + Cs 0

0
∑
Cpi + Cs∑

Cθpx + Csesy
∑
Cθpy + Csesx

−Cs 0
0 Cs∑

Cpxθ + Csesy −Cs 0∑
Cpyθ + Csesx 0 −Cs

Cθ + Cs(e2
sx + e2

sy) −Csesy −Csesx

−Csesy Cs 0
−Csesx 0 Cs

 , (17)
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where Cp, Cpxθ etc. are the elements of damping
matrix neglecting the equipment system andCs(=
2ξsmsωs) is the damping for the equipment system.
The elements of the damping matrix, concerning the
primary system, are determined by assuming the damp-
ing matrix of the primary system to be proportional to
its mass and initial stiffness matrices. Using the modal
damping ratio and the first two undamped mode shapes
of the primary system (only), these elements are ob-
tained by standard procedure [20].

The restoring force vector of Eq. (8) is given by

{F } = [Kα]{U } + [Hα]{Z} . (18)

The non-hysteretic component of the stiffness matrix
for a story (between any two consecutive floors, say 1st

and 2nd) in local coordinate systems, is given by

[Kα]12 =

[
[K] −[K]
−[K] [K]

]
, (19)

where

[K] =


∑
αKpi 0

∑
αKpiyi

0
∑
αKpi

∑
αKpixi∑

αKpiyi
∑
αKpixi

∑
αKpi(x2

i + y2
i )


(20)

and the stiffness matrix for the 3rd floor level (where
the equipment is mounted), is given by

[Kα]3 =


∑
αKpi +Ks 0

∑
αKpiyi +Ksesy −Ks 0

0
∑
αKpi +Ks

∑
αKpixi +Ksesx 0 −Ks∑

αKpiyi +Ksesy
∑
Kpixi +Ksesx

∑
αKpi(x2

i + y2
i ) +Ks(e2

sx + e2
sy) −Ksesy −Ksesx

−Ks 0 −Ksesy Ks 0
0 −Ks −Ksesx 0 Ks

 .
(21)

Similarly, the hysteretic component of the stiffness
matrix for a story (between two consecutive floors), in
local coordinate systems, is given by

[Hα]12 =

[
[H] −[H]
−[H] [H]

]
, (22)

where

[H] =


∑

(1− 2α)Kpi 0
0

∑
(1− 2α)Kpi∑

(1− 2α)Kpiyi
∑

(1− 2α)Kpixi


(23)

and the hysteretic component of the stiffness matrix for
the 3rd floor level (where the equipment is mounted),
is given by

[Hα]3 =


∑

(1− 2α)Kpi 0

0
∑

(1− 2α)Kpi∑
(1− 2α)Kpiyi

∑
(1− 2α)Kpixi

0 0
0 0

 .
(24)

The damping matrices ([C]12, [C]3 etc.), and the
non-hysteretic ([Kα]12, [Kα]3 etc.) and the hysteretic
([Hα]12, [Hα]3 etc.) components of the stiffness ma-
trices of the combined structural systems, are arranged
according to the global DOFs of the five story struc-
tural model (shown in the Fig. 1), to get the compact
global damping [C] matrix and non-hysteretic [K] and
hysteretic [H] components of the stiffness matrices,
using standard procedures [6,22].

If the equipment system is mounted at 3rd floor
level, the linear displacement vector {U } and the hys-
teretic displacement vector {Z} are given as (f =
1, 2, 3, 4, 5)

{U } =
{

{U } f
}T

(25)

and

{Z} =
{

{Z} f
}T
. (26)

The linear displacement vector for the first floor level
is given as (f = 1)

{U } 1 =
{
Upx1,Upy1,Uθ1

}
(27)
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Fig. 1. Structural model.

and the linear displacement vector for the third floor
level is given as (f = 3)

{U } 3 =
{
Upx3,Upy3,Uθ3,Usx,Usy

}
. (28)

The hysteretic displacement vector for the first floor
level is given as (f = 1)

{Z} 1 =
{
Zx1,Zy1

}
(29)

and the hysteretic displacement vector for the third
floor level is given as (f = 3)

{Z} 3 =
{
Zx3,Zy3

}
. (30)

The displacement vectors for the other floors are found
by putting the specified floor number in the above
Eqs (25) and (26).

The hysteretic componentsZj (j = x,y) for the
non-linear force deformation relationship of the ele-
ments in two orthogonal directionsX andY of a par-
ticular floor, are given by following first order non-

linear differential equation [27]

Żx = AU̇x − β sgn
(
U̇x
)
|Zx|Zx − γU̇xZ2

x

− β sgnU̇y|Zy|Zx − γU̇yZxZy (31)

and

Ży = AU̇y − β sgn
(
U̇y
)
|Zy|Zy − γU̇yZ2

y

− β sgnU̇x|Zx|Zy − γU̇xZyZx (32)

in which γ, β, andA are parameters. The parameters
γ andβ control the shape of hysteretic loop,A is the
restoring force amplitude which controls both stiffness
and strength. For nearly elasto-plastic system, these pa-
rameters are taken asA = 1.0, andγ = β = 0.5 [19].

4. Response analysis

The equation of motion of the combined structural
systems (Eq. (8)) can be solved by incremental solu-
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tion choosing suitable time step (∆t) for the integra-
tion. The resulting incremental effective static equilib-
rium equation can be expressed as

[K̃]{ ∆U } = { ∆P̃ } (33)

and

[Hα]{ ∆Z} =
{

∆fh(t)}, (34)

the expression for the effective stiffness expression can
be written as [10]

[K̃] = [K̃α] +
2[C]
∆t

+
6[M ]
(∆t)2

(35)

and the effective load increment for any timet is given
by

{ ∆P̃ } =
{

∆f (t)
}
−
{

∆fh(t)
}

+ [M ]

(
6
∆t
{
U̇t
}

+ 3
{
Üt
})

+ [C]

(
3
{
U̇t
}

+
∆t
2

{
Üt
})

. (36)

After the calculation of incremental displacement
{ ∆U } from Eq. (33), the incremental velocity {∆U̇ }
may be calculated as

{ ∆U̇} =
3

(∆t)
{ ∆U } − 3

{
U̇t
}
− ∆t

2

{
Üt
}

(37)

and the acceleration {̈U(t)} is given by

{ Ü(t)} =
1

[M ]

(
{fI } − {fD} − {fKα} − {fh}

)
, (38)

where {∆f (t)} is the increment in the earthquake ex-
citation force and {∆fh(t)} is incremental hysteretic
force between timet and t + ∆t, {fI }( = [M ]{ Ü})
is inertial force, {fD}( = [C]{ U̇}) is damping force,
{fKα}( = [Kα]{U }) is stiffness force (without con-
sidering hysteretic effect), and {fh}( = [Hα]{Z}) is
hysteretic force. All the above forces are calculated
for any time t in order to calculate the acceleration
for that time. Since Eq. (8) contains the hysteretic
force term, the hysteretic displacement {∆Zx} and
{ ∆Zy} in two orthogonal directions should be known
before solving the equation. The value of these hys-
teretic displacement components are obtained by solv-
ing Eqs (31) and (32) using fourth order Runge–Kutta
method. Steps of the procedure are given as:

(i) Assume {∆Z} k = 0 (k = 1) for first iteration
(at timet = 0).

(ii) Substitute {∆Z} k in Eq. (8) and solve Eq. (33).
(iii) Calculate velocity vector {∆U̇} from Eq. (37).
(iv) Compute the revised {∆Z} k+1 (for next cycle)

for the timet = t+ ∆t using the fourth order
Runge–Kutta method, which is give by

{ ∆Z} k+1

=
{A0} k + 2{A1} k + 2{A2} k + {A3} k

6
,

(39)

where

{A0} k = ∆t{ ∆Z} k, (40)

{A1} k = ∆t
(

{ ∆Z} k +

{
{A0} k

2

})
,(41)

{A2} k = ∆t
(

{ ∆Z} k +

{
{A1} k

2

})
,(42)

{A3} k = ∆t
(
{ ∆Z} k +

{
{A2} k

})
(43)

(v) Iterate for next cycle until the following con-
vergence criteria is satisfied

|{ ∆Z} k+1| − |{ ∆Z} k|
Zm

6 Tolerance, (44)

where

Zm =

√
A

β + γ
. (45)

After satisfying the above convergence criteria, the
incremental vector {∆U } k{ ∆Z} k and the incremental
force vector {∆P̃ } 1 is calculated with help of Eqs (33),
(34) and (36). Finally, the acceleration vector {Ü (t)}
can be calculated with help of Eq. (38).

The relative displacementUrj(t) and absolute accel-
erationÜaj(t) of the equipment system are obtained as
(j = x,y)

Urx(t) = Usx(t)− Upx(t)− Uθ(t)esy, (46)

Ury(t) = Usy(t)− Upy(t)− Uθ(t)esx (47)

and

Üaj(t) = Üsj(t) + Ügj(t). (48)
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5. Parametric study

The responses (absolute acceleration (σẍa/g =
σÜax

/g = σÜay
/g) and the relative displacement

(σxr = σUrx = σUry ) of the equipment system are in-
fluenced by a large number of parameters. These re-
sponses are calculated by positioning the equipment
system at various floor levels. Effects of only a few
important parameters are considered here which pre-
dominantly influence torsional and non-linear behavior
of the primary system and responses of the equipment
system. Theses parameters include the normalized ec-
centricities of the primary system (epx/r andepy/r)
and the equipment system (esx/r andesy/r) in two or-
thogonal directions (X and Y), the uncoupled lateral
frequency of the primary (ωp) and the equipment (ωs)
systems, the damping ratio of the primary (ξp) and the
equipment (ξs) systems, the ratio of uncoupled lateral
to rotational frequencies (ωp/ωθ) of the primary sys-
tem and the mass ratioms/mp of the combined sys-
tem. Specification for the values of the other param-
eters (held constant throughout) areωp = 4.5 rad/s,
ξp = 5.0%, ξs = 2.0% andr = 3.0 m. The hys-
teretic parameters are taken asA = 1.0,γ = β = 0.5
andα = 1/21 (for nearly elasto-plastic case). The in-
tensity of white noise input excitation is taken to be
the same in both X and Y directions and is taken as
0.013 m2/s/rad. The combined stiffness of the columns
(Fig. 1) in the X and the Y directions taken as [24]
K1 = 6Kp, K2 = 5Kp, K3 = 4Kp, K4 = 3Kp and
K5 = 2Kp. WhereK1,K2 etc. are shown in the Fig. 1
andKp is given by Eq. (5). The mass of each floor is
taken asmp.

The time history of ground acceleration is simulated
from the PSDF of white noise for a record length of
200 seconds. The responses of the equipment system
are obtained for the input to the primary system under
the simulated ground acceleration.

Figures 2 to 15 show the variation of the normal-
ized standard deviation of the (σxr ) and (σẍa/g) of the
equipment system (by mounting the equipment sys-
tem on various floor levels) with normalized eccentric-
ities of the primary and the equipment systems and for
strong and weak torsionally coupled primary systems
under tuned and detuned conditions.

5.1. Effect of bi-directional interaction on yielding of
columns of the primary system

Figures 2 and 3 show the effect of bi-directional in-
teraction on yielding of columns of the primary system

Fig. 2. Variation ofσxr with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.0;ωp/ωθ = 1.0;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2% and for bi-directional
interaction and non-interaction cases.

Fig. 3. Variation ofσẍa/g with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.0;ωp/ωθ = 1.0;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2% and for bi-directional
interaction and non-interaction cases.

on responses of the equipment system, for the strong
torsionally coupled primary system under the tuned
condition. The interaction is considered between lat-
eral and torsional degrees-of-freedom of the primary
system, under bi-directional earthquake excitation. It
is seen from the figures that the effect of interaction
provides higher responses of the equipment system.
For both interaction and non-interaction cases, the re-
sponses increase when the equipment system is shifted
from the 1st floor level to the 2nd floor level. Further,
decrease in the responses has been observed when the
equipment system is shifted from the 2nd floor level
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Fig. 4. Variation ofσxr with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.0;ωp/ωθ = 0.5;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2% and for bi-directional
interaction and non-interaction cases.

Fig. 5. Variation ofσẍa/g with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.0;ωp/ωθ = 0.5;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2% and for bi-directional
interaction and non-interaction cases.

towards the upper floor levels. For the interaction case,
the responses increase by increasingepx/r andepy/r.
However, decrease in the responses with increase in
epx/r and epy/r is observed for the non-interaction
case.

Reduction in responses of the equipment system (by
locating it on the higher floors of the primary system),
due to yielding of the first floor of the primary system,
had also been observed by Chen and Lutes [8], under
uni-directional ground excitation.

Figures 4 and 5 show the same effect for weak tor-
sionally coupled primary system under detuned con-

Fig. 6. Variation ofσxr with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.5;ωp/ωθ = 1.0;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2%.

Fig. 7. Variation ofσẍa/g with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.5;ωp/ωθ = 1.0;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2%.

dition. Here, the responses are found to be more for
non-interaction case than the interaction case. Also
for both interaction and non-interaction cases, the re-
sponses are found to be maximum if the equipment
system is mounted on 2nd floor level and the responses
increase by increasingepx/r andepy/r.

6. Effect ofepx/r and epy/r

Figures 6 to 9 (and previously discussed Figs 2 to 5)
show the effect of eccentricity ratios of the primary
system on the responses of the equipment system by



A.K. Agrawal / Non-linear response of light equipment system 231

Fig. 8. Variation ofσxr with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.5;ωp/ωθ = 0.5;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2%.

Fig. 9. Variation ofσẍa/g with storey height for various values of
epx/r andepy/r; forms/mp = 0.01;ωp/ωs = 1.5;ωp/ωθ = 0.5;
esx/r = esy/r = 0.3;ξp = 5% andξs = 2%.

mounting the equipment system at various floor levels,
on strong and weak torsionally coupled primary sys-
tems under the detuned condition. For the strong tor-
sionally coupled primary system (Figs 6 and 7), the re-
sponses increase when the equipment system is shifted
from the bottom floor (1st floor) level towards the mid-
dle floor (3rd floor) level. Further, decrease in the re-
sponses has been observed when the equipment system
is shifted towards the upper floor levels. For the weak
torsionally coupled primary system (Figs 8 and 9), re-
sponses of the equipment system decrease when the
equipment system is shifted from the middle floor (3rd
floor) level towards the upper floor levels.

Fig. 10. Variation ofσxr with storey height for various values of
esx/r andesy/r; for ms/mp = 0.01;ωp/ωs = 1.0;ωp/ωθ = 1.0;
epx/r = epy/r = 0.1;ξp = 5% andξs = 2%.

Fig. 11. Variation ofσẍa/g with storey height for various values of
esx/r andesy/r; for ms/mp = 0.01;ωp/ωs = 1.0;ωp/ωθ = 1.0;
epx/r = epy/r = 0.1;ξp = 5% andξs = 2%.

6.1. Effect ofesx/r andesy/r

Figures 10 to 13 show the variation of responses of
the equipment system withesx/r andesy/r by mount-
ing it on various floor levels, for the strong torsion-
ally coupled primary system under both tuned and de-
tuned conditions. It is observed that under the tuned
condition responses are maximum when the equip-
ment system is mounted on the 2nd floor level. Fur-
thermore, responses increase by increasingesx/r and
esy/r (Figs 10 and 11). Under the detuned condition
(Figs 12 and 13), reduction in the responses has been
observed when the equipment system is shifted from
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Fig. 12. Variation ofσxr with storey height for various values of
esx/r andesy/r; for ms/mp = 0.01;ωp/ωs = 1.5;ωp/ωθ = 1.0;
epx/r = epy/r = 0.1; ξp = 5% andξs = 2%.

Fig. 13. Variation ofσẍa/g with storey height for various values of
esx/r andesy/r; for ms/mp = 0.01;ωp/ωs = 1.5;ωp/ωθ = 1.0;
epx/r = epy/r = 0.1;ξp = 5% andξs = 2%.

middle floor (3rd floor) level towards the upper floor
levels.

6.2. Effect of thems/mp ratio

Figures 14 and 15 show the variation of the re-
sponses of the equipment system by mounting the
equipment system at various floor levels and by chang-
ing the mass ratio between the equipment and the pri-
mary structural systems, for strong and weak torsion-
ally coupled primary systems under the detuned con-
dition. It is seen that increase in thems/mp ratio de-
creases the relative displacement of the equipment sys-

Fig. 14. Variation of σxr and σẍa/g with storey height for
epx/r = epy/r = 0.1; forms/mp = 0.01, 0.05;ωp/ωs = 1.5;
ωp/ωθ = 1.0;esx/r = esy/r = 0.3;ξp = 5% andξs = 2%.

Fig. 15. Variation of σxr and σẍa/g with storey height for
epx/r = epy/r = 0.1; forms/mp = 0.01, 0.05;ωp/ωs = 1.5;
ωp/ωθ = 0.5;esx/r = esy/r = 0.3;ξp = 5% andξs = 2%.

tem for both cases. However, decrease in the absolute
acceleration of the equipment system is found (with in-
creasing in thems/mp ratio) when the equipment sys-
tem is mounted on the top floor level.

6.3. Effect ofesx/r andesy/r when the equipment
system is mounted on the 2nd floor level

Figures 16 and 17 show the variation of responses
of the equipment system with normalized eccentrici-
ties of the equipment system, when it is mounted on the
2nd floor level, for strong and weak torsionally coupled
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Fig. 16. Variation ofσxr andσẍa/g with esx/r andesy/r; for sec-
ond floor level, forms/mp = 0.01;ωp/ωs = 1.0;ωp/ωθ = 1.0
and 0.5;epx/r = epy/r = 0.1;ξp = 5% andξs = 2%.

Fig. 17. Variation ofσxr andσẍa/g with esx/r andesy/r; for sec-
ond floor level, forms/mp = 0.01;ωp/ωs = 1.5;ωp/ωθ = 1.0
and 0.5;epx/r = epy/r = 0.1;ξp = 5% andξs = 2%.

primary systems under both tuned and detuned con-
ditions. It is observed from the above figures that the
relative displacement is almost insensitive to change
in esx/r andesy/r. However, under the tuned condi-
tion the absolute acceleration of the equipment system
increases with increase inesx/r andesy/r (Fig. 16).
However, under the detuned condition it is almost in-
sensitive to change inesx/r andesy/r (Fig. 17).

6.4. Effect of the damping ratio of the equipment
system

Figures 18 and 19 show the variation of the re-
sponses with the damping of the equipment system
(ξs), for strong and weak torsionally coupled primary

Fig. 18. Variation ofσxr and σẍa/g with ξs; for second floor
level, for ωp/ωs = 1.0; ωp/ωθ = 1.0 and 0.5;ξp = 5%
epx/r = epy/r = 0.1,esx/r = esy/r = 0.3 andms/mp = 0.01.

Fig. 19. Variation ofσxr and σẍa/g with ξs; for second floor
level, for ωp/ωs = 1.5; ωp/ωθ = 1.0 and 0.5;ξp = 5%
epx/r = epy/r = 0.1,esx/r = esy/r = 0.3 andms/mp = 0.01.

systems under both tuned and detuned conditions,
when the equipment system is mounted on the 2nd
floor level. The responses decrease with increase in
theξs. For the detuned condition, it appears that there
exists an optimum value ofξs for which the (σẍa/g)
becomes a minimum (Fig. 19).

7. Conclusions

The seismic behavior of a light equipment system
mounted on a torsionally coupled yielding primary
structure is investigated for white noise input excita-
tion in two orthogonal directions (X and Y). Responses
of the equipment system are calculated by time in-
tegration technique. The response quantities of inter-
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est are standard deviation of the relative displacement
between the equipment system and the floor of the
primary structure on which the equipment system is
mounted and the absolute acceleration of the equip-
ment system itself. The observations made from the
parametric studies are as follows:

1. For strong torsionally coupled primary struc-
ture under the tuned condition, responses of the
equipment is found to be more when the bi-
directional interaction is considered in the analy-
sis. However, an opposite trend of the variation of
the responses has been observed for the weak tor-
sionally coupled primary structure under tuned
condition.

2. For strong and weak torsionally coupled primary
systems under the tuned condition, responses of
the equipment system attain their peak value if
the equipment system is mounted on the middle
(2nd) floor level.

3. For both strong and weak torsionally coupled pri-
mary systems under the detuned condition, re-
duction in the responses is observed if the equip-
ment system is shifted from the middle floor level
towards the upper floor levels.

4. Except for the weak torsionally coupled primary
system under the tuned condition, responses of
the equipment system are found to be less if
the equipment system is located on the top floor
level.

5. The relative displacement is reduced by increas-
ing thems/mp ratio. Reduction in absolute ac-
celeration, with increase in thems/mp ratio is
observed only when the equipment system is
mounted on the upper floor levels.

6. For location of the equipment on the middle
floor level, the absolute acceleration of the equip-
ment system increases with increase inesx/r and
esy/r, for both strong and weak torsionally cou-
pled primary systems under the tuned condition.
However, the relative displacement is almost in-
sensitive to change inesx/r andesy/r. For both
strong and weak torsionally coupled primary sys-
tems under the detuned condition, responses are
almost insensitive to change inesx/r andesy/r.

7. Responses decrease with increasing inξs. For
both strong and weak torsionally coupled pri-
mary systems under the detuned condition, it ap-
pears that there exist an optimum value ofξs

for which the (σẍa/g) becomes a minimum, for
mounting of the equipment system on the middle
floor level.
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