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ABSTRACT: On Oct. 17, 1989, a tall, steel-framed, San Francisco office building with 47 above-grade stories
was excited by the Loma Prieta earthquake. The building response was recorded by accelerometers maintained
by the California Division of Mines and Geology Strong Motion Instrumentation Program. From the records,
important characteristics of the building response can be identified. In this paper, a computationally efficient,
approximate dynamic analysis of the building using a reduced-order continuum model is conducted. By making
use of the repetitive nature of the lattice framing system, finite-element models generated using continuum
methodology have significantly fewer degrees of freedom than models generated using classical discrete finite-
element techniques. These reduced-order models can therefore lead to significant savings in the computational
effort and cost typically associated with dynamic analyses of large structures. The vibrational characteristics of
the continuum model, as well as the results of the dynamic analysis, are compared to the building’s recorded
response. The continuum model is accurate in capturing the dominant periods of vibration as well as the time-
history response and shows promise as a tool for preliminary design of large lattice structures.

INTRODUCTION

On Oct. 17, 1989, an M, = 7.1 (surface wave magnitude)
earthquake occurred along the San Andreas Fault in Northern
California, with its epicenter located under a mountain called
Loma Prieta. The earthquake triggered a large number of
strong-motion accelerometers deployed throughout the San
Francisco Bay area by both the California Division of Mines
and Geology (1989) and the U.S. Geological Survey (1989).
These instruments recorded a substantial amount of valuable
seismic response data for a variety of structures including
buildings, bridges, dams, and tunnels. Perhaps one of the most
interesting data sets was that from a high-rise San Francisco
office building with 47 above-grade stories and located 97 km
from the earthquake’s epicenter.

In this paper, an approximate analysis technique is used to
conduct a computationally efficient dynamic analysis of the
building. The analysis utilizes continuum methodology to cre-
ate a reduced-order representation of the building. The accu-
racy of the approximate dynamic analysis is established by
comparing computed results to the actual building response
recorded during the earthquake.

MOTIVATION

Classical discrete finite-element methods for predicting lin-
ear response of large structures to even simple static loadings
may involve the solution of thousands of linear simultaneous
equations. Adding time-varying dynamic loadings can lead to
thousands of coupled simultaneous nonlinear equations that
must be solved at very small time increments. Even with mod-
ern high-speed computers, the computational effort, storage
requirements, and associated cost of solving such equations
can limit or even prohibit the use of full-scale dynamic anal-
ysis in design. As a result, approximate yet accurate methods
for conducting dynamic analyses of large structures are of

'Assoc. Prof., Dept. of Civ. Engrg., Univ. of Delaware, 137 Dupont
Hall, Newark, DE 19716.

Struct. Engr., Weidlinger Associates Inc., New York, NY 10001.

*Prof., Dept. of Civ. Engrg., Univ. of Delaware, 137 Dupont Hall,
Newark, DE.

Note. Associate Editor: Louis F. Geschwindner. Discussion open until
April 1, 1997. To extend the closing date one month, a written request
must be filed with the ASCE Manager of Journals. The manuscript for
this paper was submitted for review and possible publication on January
23, 1995. This paper is part of the Journal of Structural Engineering,
Vol. 122, No. 11, November, 1996. © ASCE, ISSN 0733-9445/96/0011-
1284-1291/$4.00 + $.50 per page. Paper No. 9993.

1284 / JOURNAL OF STRUCTURAL ENGINEERING / NOVEMBER 1996

great value, especially during the iterative, preliminary stages
of the design process.

BACKGROUND

Various researchers have studied the use of continuum mod-
els for conducting both linear and nonlinear analyses of lattice
structures. Finite-element models resulting from continuum
methodology have significantly fewer degrees of freedom than
discrete finite-element models, which individually model each
structural elements. Hence, the use of continuum models can
result in a considerable reduction in computational effort with
a corresponding savings in cost.

During the past two decades, continuum models of large
truss and frame structures have been used to study vibrational
characteristics, static and dynamic response, and buckling be-
havior. Among the most prominent works are those by Noor
(1978), Noor et al. (1978), Noor and Anderson (1979), Noor
and Nemeth (1980), and Noor and Weissten (1982), who stud-
ied the static and dynamic response of beam-like lattice struc-
tures and predicted their buckling characteristics; Abdel-Ghaf-
far (1978, 1979, 1982) used continuum models to find fre-
quencies and mode shapes of suspension bridges; Sun et al.
(1981) and Abrate and Sun (1983), using a beam element de-
veloped by Yang (1973), conducted vibrational analyses of
planar truss systems; Sun and Juang (1986) incorporated vis-
cous damping to study the simple transient vibration of trusses;
most recently, Necib and Sun (1989) used a higher order Ti-
moshenko beam element to solve dynamic problems involving
beamlike truss structures. The work of Necib and Sun included
force calculations for discrete elements of the lattice.

The continuum model utilized in this work was developed
by McCallen (1986) and McCallen and Romstad (1987 and
1988). This model replaces a lattice structure with a continu-
ous structure that yields essentially the same global static and
dynamic behavior. The equivalence of the continuum is estab-
lished by setting the strain energy of the continuum equal to
the approximated strain energy of the discrete lattice. The orig-
inal application of the McCallen-Romstad model involved
finding frequencies and mode shapes of trusses and frames as
well as determining static displacements. Nonlinear geometric
effects were incorporated into the original model. In prelimi-
nary studies the method gave results that compared favorably
with results obtained using discrete finite-element analyses.
McCallen and Romstad (1990), Chajes (1990), and Chajes et
al. (1990a,b), extended the continuum methodology to include
nonlinear material effects on trusses and frames subjected to



static and dynamic loadings. Osterkamp (1988) developed a
method of determining discrete member forces for single-bay
frames, and Chajes (1990) and Chajes et al. (1993) extended
the work to include multiple-bay frames. To the writers’
knowledge, this is the first attempt to compare the actual dy-
namic response of a high-rise building with computed results
from a continuum analysis.

CONTINUUM MODEL

Because the details of the continuum model used herein
have been published extensively, they will only be presented
briefly. For a more in-depth description the reader is referred
to McCallen (1986), McCallen and Romstad (1988), and Cha-
jes et al. (1993).

Large lattice structures are made of discrete structural mem-
bers that are framed together. Often these members are con-
nected in ways that form repeated geometric patterns or
*‘cells.”” In a building, each cell may contain many beams and
columns as shown in Fig. 1. The entire framework is often a
combination of just a few different types of cells. The objec-
tive of the continuum model is to replace these repetitive cells
with an ‘‘equivalent’’ continuum, thereby greatly reducing the
number of elements used to model the lattice. This results in
a significant reduction in the number of global degrees of free-
dom needed to describe the structure (Fig. 2).

In developing an appropriate model assumed bending, axial,
and shear modes of deformation are used to represent the pos-
sible deformation patterns of the lattice. The three assumed
deformation modes are shown in Fig. 3.

An approximate strain energy expression for the lattice U,
is developed in terms of the bending moment M, and axial
force F, in the vertical elements (columns), and a gcnerallzed
section shear force V, resulting from the assumed deforma-
tions. The approximate lattice strain-energy expression is
given by
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where £(x, y,) = off-axis strain; k(x) = curvature of the refer-
ence axis; &(x) = slope of the reference axis due to shear
deformation; and NC = number of columns in the lattice cross
section. The equivalence of the continuum is established by
incorporating standard kinematic and constitutive relationships
and setting the strain energy of the continuum equal to the
approximate strain energy of the lattice. The continuum strain
energy Uc is
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where E and G = Young’s modulus and shear modulus of the
structural material, respectively; A., I. = area and moment of
inertia of the columns; A, = appropriate lattice shear area; u
and v = longitudinal and transverse displacements; and 0 =
total rotation of the cross section.

Applying standard energy minimization principles to (2), a
beamlike finite element for the continuum is formed. Addi-
tional degrees of freedom in the continuum element, not found
in the typical Timoshenko beam elements, are needed as a
result of continuum strain energy terms not found in the stan-
dard Timoshenko beam theory. The derived first-order contin-
uum finite element with nine degrees of freedom is shown in
Fig. 4 and the associated element stiffness matrix is given in
Appendix I. A more detailed derivation of the continuum el-
ement stiffness matrix is given in Chajes et al. (1993).

The continuum element provides C, continuity of both shear
and bending displacement. With regard to the geometrical rep-
resentation of the displacement degrees of freedom note that
(1) u, and u, are longitudinal displacements and are used to
get axial strains; (2) v; and v, are transverse displacements;
(3) du/dx and duv,/dx are slopes along the centerline of the
continuum element and are used to get values of curvature;
and (4) 8,, 8,, and 8; are associated with rotations of the cross
section and are used to get axial strains due to rotations of the
cross section. Because the deformations of the lattice are lim-
ited to combinations of the assumed modes of deformation,
the lattice energy expressions is only approximate and its ac-
curacy depends on how well assumed modes represent actual
deformations.

BUILDING DESCRIPTION

The structure selected for this study is an office tower with
47 above-grade stories located in the Lower Market area of
San Francisco. This high-rise tower is in a region of high
seismic risk, having been constructed on a reclaimed fill area
(known for amplified ground motions due to soft soils), less
than 100 m from the Embarcadero Freeway that was demol-
ished due to damage sustained during the Loma Prieta earth-
quake. The building, standing 97 km from the epicenter of the
Loma Prieta earthquake, is one of the tallest buildings for
which strong-motion records have been recorded. Because of
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its unique engineering value, this building has been the focus
of several prior papers. Merovich et al. (1982) discussed as-
pects of its design, with particular attention being paid to drift
control and ductility. Following the 1989 Loma Prieta earth-
quake, both Celebi (1993) and Astaneh et al. (1991, 1993)
studied the building’s response. Celebi’s work focused on an-
alyzing the recorded response records using spectral analyses
and structural identification techniques, while Astaneh’s work
involved both evaluating the structure’s response and using
discrete finite-element models to simulate it. These prior stud-
ies are beneficial to this work, as their results can be utilized
to more fully evaluate the effectiveness of the continuum
methodology.

Before the continuum model is constructed, and the dy-
namic analysis is performed, a physical description of the
structural and site details of the building is necessary. Details
reported in the following sections have also been presented by
Merovich et al. (1982), Astaneh et al. (1991, 1993), and Celebi
(1993).

Structural Details

The building was designed according to the Uniform Build-
ing Code (UBC) (1976) in 1977-78, and construction was
completed in 1979. It is made up of two structures: a 172-m-
high, steel-framed office tower with 47 above-grade stories,
and an adjacent low-rise structure having three above-grade
stories. The two structures are separated above street level and
act independently to lateral loads. Below grade, the two build-
ings share a common two-story shear wall and diaphragm
structure. In addition, the steel framing for the high-rise ex-
tends below grade for two stories. This paper will only focus
on the high-rise tower.

The tower’s structural steel framing system consists of mo-
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ment-resisting frames in the east-west direction and a combi-
nation of eccentrically braced frames and moment-resisting
frames in the north-south direction. The eccentrically braced
frames are traditional moment-resisting frames with diagonal
bracing in the inner two bays. The braces are made of double
angles and are attached to the upper and lower beams roughly
1.4 m from the rigid joints. The floors of the building are
concrete slabs consisting of 76.2-mm metal decking covered
by 63.5 mm of concrete. The floor system is connected to the
steel framing through the use of shear studs and puddle welds.
The exterior walls of the building consist of precast concrete
panels and glass windows. The building rests upon a 1.5-m-
thick, reinforced concrete mat foundation, which is supported
by composite steel and concrete piles that extend roughly
45-60 m into firm bearing soil or bedrock. Typical transverse
and longitudinal sections showing the steel framing system, as
well as a typical plan view, are given in Fig. 5.

Site Details

As mentioned earlier, the building sits on a reclaimed fill
area less than 100 m from the former site of the Embarcadero
Freeway (it was razed due to damage sustained during the
Loma Prieta earthquake). During much of the 1800s, the site
of the building was a wharf and harbor area. Since that time,
the land has been reclaimed using fill composed of sand and
building debris. After the 1906 earthquake, additional fill was
placed in areas where settlement had occurred.

According to Celebi (1993), the existing soil consists of a
top layer of silty, fine sand fill and debris, followed by 25 m
of a soft, silty clay (Bay mud), 9 m of sand, and finally, 21.5
m of stiff, hard clay. The underlying rock (64 m deep) is sand-
stone. Using this information and an approximate average
shear wave velocity V,, Celebi has estimated the site period T
to be approximately 1.25-1.40 s. Furthermore, by comparing
ground motions recorded at the building site during the Loma
Prieta earthquake to those recorded at a rock site a similar
distance from the earthquake’s epicenter, Celebi estimated
that, for periods of engineering interest, the building’s soft-
soil site displayed significant ground motion amplification
(three to five times the rock site).

MEASURED STRUCTURAL RESPONSE

During the 1989 Loma Prieta earthquake, 18 accelerometers
installed throughout the building by the California Strong Mo-
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tion Instrumentation Program (CSMIP) of the California Di-
vision of Mines and Geology, of the Division of Conservation,
recorded 120 s of dynamic response (Shakal et al. 1989). The
motion sensors (locations shown in Fig. 6) were strategically
positioned throughout the building to allow the building’s dy-
namic response, including translation and torsion, to be eval-
uated. Based on the recorded information, the building expe-
rienced peak horizontal street-level accelerations of 20% and
12% of gravity in the east-west and north-south directions,
respectively, and peak superstructure accelerations at the 44th
floor (top floor of building) of 38% and 47% of gravity in the
east-west and north-south directions, respectively. Structurally,
the building was essentially undamaged.

In evaluating the response, the first step was to identify what
role torsion had played. A comparison of displacements of
parallel sensors at the 44th floor (see Fig. 7) indicates very
little torsional response. This is consistent with the findings of
Astaneh (1993) and Celebi (1993), who also found torsional
response to be insignificant. As a result, the east-west and
north-south frames can be studied individually as two-dimen-
sional systems. Because the continuum methodology has been
developed for regular lattice framing systems, the remainder
of the paper focuses on the response of the central, east-west
moment-resisting frame.

With regard to translational motion in the east-west direc-
tion, the recorded base acceleration (channel 7) and the east-
west displacement of the 44th floor relative to the ground floor
(channel 16 minus channel 7) are shown in Fig. 8. The strong
motion lasted for less than 15 s, during which a peak street-
level acceleration of 20% of gravity was recorded. While the
building response exhibits some higher-mode participation, its
motion is dominated by the fundamental mode. As the build-
ing responsed, a peak displacement at the 44th floor relative
to the ground of 26.2 cm, and a peak average drift ratio of
0.0025 between the 44th and 16th floors was realized. Beyond
30 s, the building response exhibits a fairly smooth decay.

From a structure’s recorded seismic response, there are sev-
eral ways to determine dominant periods of vibration and the
degree of damping. Some examples have been presented by
Celebi (1993), Chajes and Finch (1993), Kirby et al. (1992),
and Maroney et al. (1990). Using the simple and common
technique of Fourier amplitude spectra or power spectral den-
sity (PSD), fairly accurate estimates of structural periods can
be made (Maroney et al. 1990). By computing the PSD of the
recorded acceleration of the 44th floor, the first four periods
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of vibration are found tobe T, = 6.27 s; T, = 2.17 5; Ty, = 1.36
s; and T, = 0.91 s (see Fig. 9). These values are within 5% of
those reported in 1993 by Celebi (T, = 6.25s; T, =2.17 5; T,
= 130 s; and T, = 0.94 s) who used a more sophisticated
autoregressive-extra-input (ARX) structural identification (SI)
model based on the least-squares method for single input out-
put. Furthermore, the four values are consistent with the pro-
gression T, 7/3, 7/5, T/7 given by a simple shear building
model having lumped story masses and rigid girders.

With regard to damping, the use of a more sophisticated
wavelet transform [described in detail in Chajes and Finch
(1993) and Kirby et al. (1992)] has indicated that damping of
the fundamental mode (§,) during free vibration (end of the
response record) is roughly 2.2% of critical damping. This
value is in line with the 2.0-2.6% of critical damping sug-
gested by Astaneh et al. (1991), and only somewhat lower than
the values found by Celebi (1993) using SI techniques (§; =
37; & =2.8; & =23.6; and £ = 3.1).

The previous evaluation is sufficient to establish the nu-
merical model. A more detailed evaluation of the measured
response can be found in Celebi (1993) and Chajes and Finch
(1993).

COMPUTED STRUCTURAL RESPONSE

Now that the recorded building response has been evaluated,
details of the mathematical model, and of the ensuing dynamic
analysis, will be discussed.

Continuum Model of Building

The continuum model used to represent a single east-west,
moment-resisting frame of the building had 47 elements (one
element per story) and 239 degrees of freedom. A correspond-
ing discrete model would require 705 elements and 1,152 de-
grees of freedom. Both models are shown in Fig. 10.

To conduct a dynamic analysis using a continuum model,
system stiffness K, mass M, and damping C matrices are
needed. Since the continuum analysis is meant to be approx-
imate, modeling decisions were kept as simple as possible.
Determination of the system stiffness matrix for the lattice
structure first involves the formation of individual continuum-
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