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SUMMARY

The upper bound floor spectra presented in this paper are generated
by a "worst—case" analysis that takes into account past recorded earth-
quakes as well as structural characteristics. The objective is to max-
imize the floor spectral accelerations at all frequencies for a linear
combination of seismic accelerograms that can be used for a particular
site. The spectral curves thus generated are higher than any of those
produced by the accelerograms applied individually to the structure. The
conservativeness introduced is within reasonable design limits.

INTRODUCTION

Floor response spectra are extensively used for the seismic evalua-
tion of light subsystems such as piping and electrical or mechanical
equipment. These spectra are obtained from mathematical models of the
buildings that are supporting such items. Provided that decoupling is
justified, the motion of the building at the locatioms of the supports can
be used for the evaluation of the subsystem response. This motion is con-
ventionally filtered through a single-degree-of-system oscillator to pro-
duce the floor spectrum.

To obtain floor response spectra, various methods are available. The
most common in the present state of the art is the time history method.
Other methods have been proposed by Biggs and Roesset (Ref. 1), Biggs
(Ref. 2), Kapur and Shao (Ref. 3) and recently by Singh (Ref. 4). All
these approaches deal with the question of how for a given building and
input ground motion one can obtain floor spectra. In the present paper an
upper bound approach is presented which considers both the site dependency
as well as the system dependency of the floor spectra. Furthermore, the
values of the floor spectral accelerations are obtained through a maximi-
zation procedure. The approach is based on the concept of the critical

(I) Assoc. Scientist, Brookhaven National Laboratory, Upton, NY 11973

(II) Brookhaven National Laboratory, Prof. of Civil Engineering, Poly-
technic Institute of New York

(III) Prof. of Civil Engineering, City College of New York

(IV) Prof. of Civil Engineering, City College of New York

1159



excitation. A similar approach has been reported previously for the seis—
mic assessment of life-line structures (Ref. 5).

Although the method can be easily applied to individual structures, a
standarization of it is also demonstrated. This is accomplished here by
considering variations of the spectral frequency at which the dominant
spike occurs. This frequency depends, in general, on the soil-structure
system characteristics. Typical variations of soil-structure system pa-
rameters that reflect conditions met in practice were considered to es-
tablish a data basis containing individual upper bound floor spectra.

From these data, generic floor spectra are obtained.

APPROACH

Assume that a collection of N earthquake recorded accelerograms i.e.,
ij(t); j=1, ..., N are available for a given site. Such records may
have been recorded either at this particular site or at other sites with
similar geological conditions. The floor response spectra of a building
located at the given site due to the above individual accelerograms can be
generated using available methods.

Consider now a class C of records constructed by linear combinations
of ij(t) i.e.,

N
s . 1
%(t) jlejxj (t) (1)

where w: are the weighing coefficients of the superposition. Further-
more, tﬂe class C is characterized by the condition that the intensities
of its members do not exceed a value E appropriate for the given site.
The intensity measure used here is the root-square (RS) of the record.
Thus the above condition can be mathematically expressed as:

t 1/2
<f 'z‘(t)dt> < E (2-a)
[o)

or: tw)Tle]{w) < B2 (2-b)

t

where: » =f i, (0%, () (2-¢)
o]

Any record Z(t) which belongs to the class C can be used to generate
floor response spectra for the building located at the site. The upper
bound floor spectra presented here are associated with the particular mem—
ber of the class C whose the weighing coefficients w; will maximize the
floor spectral acceleration. The mathematical formulation of the method
is given next.

FORMULATION

The motion of the building of interest located at the given site is
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usually described by a descrete mathematical model which employs certain
number of degrees-of-freedom (DOF). The floor spectra of the building are
associated with its DOF's. The acceleration response associated with the
i~th DOF (i.e., floor acceleration time history) due to the j-th accelero—
gram Rj(t) is:

Vi3 () = hi(t)*xj (t) (3
where * denotes comvolution operation and hj(t) is the unit impulse re—
sponse of the building that corresponds to the transfer function between
the free-field and the floor acceleration. Such functions are easily ob-
tained by standard methods of structural dynamics. Furthermore, for

linear structural behavior the acceleration response of the i-th DOF due
to the inmput Z(t) is:

N
H(0) = ) Wy, ()
j=1
Provided that decoupling is justified, the floor response spectrum
associated with the i-th DOF of the building is:
S = max|{(t)| (5)
a t
where §(t) represents the acceleration response function of a single de-

gree-of-freedom oscillator due to iij(t). This response can be obtained
by a convolution operation as:

§(r) = h_(£)*i, (t) (6)

where hy(t) is the acceleration unit impulse response of the oscillator
for given frequency and damping.

From Eqs. 3, 4 and 6 it is obtained:

N N
q() = j; wy [, @95, (0)] = X, vy MRy )
N N
- # e = - 7
- jzl w, ([ (€)%, (0)]3%, ()] PARSNE (t) ™

using known properties of the convolution. Equation 7 can be written in
matrix form as:

i = W) (8)
where the N-vector [¥j] has typical elements Vij(t); J =‘l, fees N.
The function Vi i(t) is the spectral floor accelération time history of

the i-th DOF of the building due to the j-th earthquake. Thus the floor
spectral value S, for a given set of frequency and damping values due to
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the j—th earthquake is:
Sa = mgxlvij(t)l €))

The upper bound floor spectral value Sg for the same set of spectral
frequency and damping is obtained here as:

sU = max|E(t) ] (10)
&t
where Y(t) is obtained by the following maximization under a constraint:
(t) = max]ﬁ(t)l
w.
N N J 9 ; j=1,...,N (11)
z Z AL -F E
=1 =1 4N
The maximization under the constraint expressed by)Eqs. 11 can be
carried out using the method of Lagrange's multipliers. Based on this,
the maximizing vector ¥(t) is:

1/2
O E({vi}T[crl{vi}) (12)
From Eqs. 10 and 12 it is obtained:
sY = max|Es(t) ]| (13-a)
a
t
where: /
1/2
s = (5,1 1017 ew,3) (13-b)

Equation 13-a gives the upper bound floor spectral value for given
spectral frequency and damping.

In order to acertain the conservatism introduced by this approach,
the upper bound floor spectral value S, can be compared with an envelope
spectral value which may be defined as:

sE = max (S ) = max max|V,. | (14)
a . a p ¢ 1
that is, the maximum floor spectral value among those produced individu-
ally by the selected earthquakes for the given spectral frequency and
damping. Spectral curves shown latter indicate:

sU 5 F (15)

a a

by a reasonable margin which may be justified for particular design cases.

APPLICATION

In order to demonstrate the concept of the upper bound floor spectrum

a typical soil-structure interaction system was employed. This system
consists of a single—mode superstructure resting on a flexible foundation.
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It combines a flexural structural mode with two rigid body modes i.e.,
translation and rocking. Although it may be argued that this system is
simple as compared with more complex models used for structures such as
nuclear, it nevertheless, incorporates the most important features of the
interaction. Furthermore, such simple models have been used to study the
behavior of nuclear structures (Ref. 6).

A closed form solution for transfer functions was carried out. The
transfer function between the free-field and the floor acceleration was
found to be:

2
H = - i -
(w) (wo + 2£owom1)Ho (w) (16-a)
where:
T, + iwT
] 1 2
i, (@) P, + 2uP, (16-b)

Expressions for Tp, T, Py and P are given in the appendix. g4

and g, are the fixed-base structural circular frequency and the damping
respectively. The unit impluse response hj(t) in Eq. 7 can be obtained
from H(w) by Fourier transformation.

NUMERICAL RESULTS

Floor spectral curves were generated according to the approach
described previously using a CDC 7600 computer system. A set of twelve
horizontal recorded earthquake accelerograms were selected from available
data (Ref. 7) to represent iij(t) j=1, .., N. The intensity of the El
Centro 1940 earthquake was used as the reference intensity E. In the
evaluation of the spectral curves, the structural and the soil damping
were treated in a direct manner according to Eq. 16. Therefore, composite
type of damping was not used in deriving the floor spectra. Finally, a
typical range of structural and interaction parameters was used according
to Ref. 8. A comparison between the upper bound floor spectrum and the
envelope one is shown in Fig. 1 for a given value of the fixed-base
structural frequency and for different interaction frequencies. A set of
upper bound curves similar to the one depicted in Fig. 1 were obtained by
varying the structural frequency from 2 to 15 Hz. From these latter
curves, a generic one was obtained and it is depicted in Fig. 2.

CONCLUSION

An approach for generating upper bound floor response spectra is
presented. The spectral curves are produced from recorded ground motions
and are higher than any of those produced by these motions acting indi-
vidually to the structure. The conservatism introduced by this approach
is within reasonable engineering limits and may be justified in the seis—
mic analysis of certain important subsystems.
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APPENDIX

Parameters Ty, Ty, P; and Py in Eq. 16-b are
T (w) = r,w (r,-Dw, + 4r £ £ w wz—r w mz
1 1t 2 t 2°t°r r 2t r

= 2
Tz(w) = 2rlwt (rz—l)atw ‘rZ(Etmr + grmt)mr

It

6 4 2
Pl(w) QW+ g + quu + g
5 3
sz(w) = Qg7+ e+ qqu
where:

® w = interaction circular frequencies in translation and
rocking.

g = interaction damping in translation and rocking.

r r_ = mass ratios between superstructure and foundation.

Qg seees 9 polynomials of structural and interaction parameters.

w = frequency variable.
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