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ABSTRACT

The structural analysis of a high-rise building sub-
ject to a theoretically produced earthquake is presented.
The analysis has been performed with the building situated
at three different locations relative to the earthquake
epicenter. The building has also been excited using the
1940 E1 Centro earthquake record. The use of theoretical
earthquake models provides local seismic loading levels
for use in structural design. Results have been obtained
using spectral analysis, modal superposition, and time-stepping.
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I. INTRODUCTION

The aseismic design of civil engineering structures
must take into consideration the realistic specification of
expected ground motion as well as proper structural design
practices. With the dynamic analysis of structures now

being a standard design procedure, L17°]

the ability to pre-
dict the seismic loading at a particular building site
should be advanced. This is especially important in light
of recent modifications to local building codes 6] which
require, along with other changes, a dynamic analysis to be
performed on all "critical structures.'" This emphasis on
dynamic analysis is sure to become more widespread in the

future.

The accepted procedure in specifying the ground motion
to be used in a dynamic structural analysis is to utilize a
previously recorded earthquake strong motion record (the
1940 E1 Centro record[7] is a very popular choice). Alterna-
tively, the ground motion may be specified using statistical
techniques based on past earthquake records[S’g] or by applying

purely analytical methods.[lo’ll]

The ground motion at a
particular building location is influenced by many factors.
Some of the most important are: distance from earthquake
epicenter, type of faulting, and local geologic configuration.
These effects not only make it difficult to predict possible
earthquake ground motion, their unique characteristics also
make the use of ground motion records from a different region
questionable. A case in point is the recent San Fernando

earthquake.[lz]

It not only had peak accelerations at some
locations (Pacoima Dam) as high as 1 g, but it also resulted
from slippage on a thrust fault without a previous recent

history of seismicity.
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The possibility of a relatively high ground-shaking-
intensity in a region of low recorded seismic behavior points
to the need to utilize analytical earthquake models. For,
while the San Fernando fault was not extensively studied,

[12] and could have lent itself to

its existence was known
mathematical modeling. The two-dimensional stick-slip
earthquake source model developed by Cherry[ls] has been
used to produce the near source, free surface ground motion
used in this study. This model has been incorporated into

a two-dimensional finite difference computer code and treats

linear or nonlinear analyses with equal accuracy.

The particular building selected for earthquake
response analysis was the ten-story Bank of Nevada building.
The response of this bﬁilding to underground explosion-
induced ground motion has been discussed in detail by

[14]

Tokarz and Bernreuter. In the two-dimensional plane

analyzed in this study the building behaves in a moment

resisting frame mode. A finite element model of this structure

has been developed using the SAP[ls] computer code. In addi-
tion to the aforementioned analytical ground motion loading,
the building response to the 1940 E1 Centro record is
presented for comparative purposes. The dynamic response of
the building has been determined using both the modal
superposition and time stepping options of the SAP code.

In addition, maximum amplitudes are derived by applying
response spectra techniques.
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IT. BUILDING DESCRIPTION

. The building under consideration is the ten-story
Bank of Nevada building in Las Vegas. A schematic of this
building is found in Fig. 1. The two-dimensional analysis
presented in this study represents the behavior of the
building to seismic forces in its longitudinal direction.
The three steel frames in this direction result in a moment
resisting frame structural behavior. The 4-1/2 inch rein-
forced concrete floor slabs are sufficiently rigid to
assure that the three frames displace similarly. In the
transverse direction the forces are resisted primarily by
two shear walls at each end of the building.

The finite element model of the building is depicted
in Fig. 2. The structure is assumed fixed at the ground
level and soil-structure interaction is ignored. The weights
of the individual stories appearing in this figure are assumed
to be concentrated at the roof and floor levels. In addition,
the column-girder connections are assumed to be rigid. The
area and moment-of-area values for each of the columns
and girders are found in Table I. The girder stiffness was
calculated using all of the reinforced concrete floor slab.

The stiffness values in Table I are determined by
summing those values in the tower portion of the building
and do not include all of the parking garage effects. A
mathematical model that better reproduces experimental data
can be derived by increasing the stiffness in the lower
stories. However, the present model is utilized since it
is more representative of typical high-rise buildings. A
more detailed description of the Bank of Nevada building

can be found in Tokarz and Bernreuter.[l4]
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Parking Garage

Fig. 1--Schematic of Bank of Nevada building.
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TABLE 1
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Areas and second moments-of-area of columns and girders
used in finite element model of Bank of Nevada. Beam

lengths can be found in Fig. 2.

Element Number(s) . Area, ft2 Second Moment, ft4
1,6,12,17 2.16 0.626
2,5 1.79 0.39
7 3.79 1.62
8 2.97 1.51
9 2.29 0.99
10,11 1.26 0.47
13-16 ' , . 1.79 0.39
18 ' 3.54 1.56
19 3.48 2.69
20 3.76 1.56
21 4.71° 2.05
22 3.69 1.61
23,28,34,39 1.92 0.56
29,30 1.18 0.52
31,32 2.33 1.01
33 . 3.54 1.56
24-27,35-38 1.58 0.33
40-44,51-55 _ 3.00 0.86
45,50,56,61,67,72,78,83,89,94,100,105 5.56 0.68
46-49,57-60 0.66 0.13
62-66,73-77 2.96 0.83
68-71,79-82 0.51 0.10
84-88,95-99 2.83 0.73
90-93,101-104 0.37 0.07
106-110 3.00 0.97
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IIT1. THEORETICAL GROUND MOTION

The analytical earthquake model developed by Cherry[ls]

[16,17] and is

is consistent with the elastic rebound theory
essentially a release of accumulated strain energy in the
vicinity of the fault. This source model has the unique
feature that the rupture process is plastic-work dependent.
It has been incorporated into a two-dimensional (plane
strain) finite difference computer code. The choice of the
finite difference approach to this problem rather than a
finite element model was dictated by the highly nonlinear
nature of both the faulting process and geologic material
response. These nonlinearities can be treated in a more
general fashion using a finite difference analog coupled
with an explicit integration scheme. A more detailed
description of the source model can be found in Ref. [13].
The present study will be limited to the application of the
results of this earthquake model to the design and analysis
of civil engineering structures.

The lateral ground acceleration produced by this
earthquake model at three surface locations is found in
Fig. 3. These computer generated records are from points
located at the epicenter, 17.5 km away, and 35 km from the
epicenter. The thrust fault that generated this motion was
normal to the surface and had a length of 5 km. The faulting
process was initiated 16.5 km below the surface and propagated
to a point 11.5 km from the surface. From Fig. 3 it is seen
that the lateral acceleration attenuates like R-Z, where R
is the distance from the epicenter. This result agrees
approximately with many of the attenuation relations summarized

[18] In fact, using Donovan's data, the intensity

by Donovan.
of this theoretical earthquake seems to be equivalent to an

earthquake of magnitude 5.5.
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The two-dimensional simulation of the faulting pro-
cess 1s, of course, a simplification of the actual three-
dimensional phenomenon. It implies that a simultaneous
fracturing occurs along the fault line and produces motion
that appears as a line source at large distances. However,
for many analyses this idealization is justified. Applica-
tions where the distance from the site in question to the
fault is small compared to the fault out-of-plane dimension
are especially pertinent. The results of the two-dimensional
analysis will furnish an approximation of the maximum accelera-
tion to be expected at particular locations rather than a
detailed time history of the ground motion. The ability to
predict ground motion of the resolution found in a typical
strong motion record (see Fig. 4, for example) is many years
away.

It is believed that the chief utility in this two-
dimensional analytical approach to ground motion prediction
is the ability to produce criteria for aseismic structural
design. Some observations concerning a recent earthquake
suggest this idea. The character of the San Fernando
earthquake was three-dimensional in many aspects. It is
believed that even if the east-west extent of the faulting
was twenty times larger, the intensity in the region of
strongest shaking would not be increased significantly.[lz]
Since this increase in faulting extent results in an earth-
quake that more closely resembles a two-dimensional con-
figuration, it serves to reinforce the use of two-dimensional

models for the prediction of maximum ground motion intensity.

Perhaps the most effective format for presenting de-
sign criteria is in the form of response spectra plots.
These curves represent the maximum response of a single
degree-of-freedom oscillator of period T for various
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amounts of damping levels. A summary of this approach is
found in Appendix B. For some structures the characteristic
periods are influenced by local geologic material behavior.
In the design stage, however, this soil-structure interaction
effect may be approximated by appropriate adjustements to the
structural periods. The response spectra for the three
analytical earthquake records for damping values of 0, 2, 5
and 10 percent are found in Figs. 5 through 7. %?S?e plots
It

should be noted that these spectral plots have the same

have been generated using the EQA computer code.

general behavior as the design spectra of Newmark and
Hall,[zo] which are derived from different considerations.

11
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Iv. CALCULATIONAL RESULTS

The structural response of the Bank of Nevada building
was analyzed using the finite element computer code, SAP.[ls]
The dynamic response of the lumped mass representation was
determined using both time-stepping and modal superposition.

In addition, maximum structural response was approximated by
applying response spectra techniques. Brief summaries of modal
analysis and spectral techniques are found in Appendicies A

and B, respectively. For all of the analyses the seismic input
was assumed to be lateral acceleration applied to the base of
the building.

4.1 TIME-STEPPING APPROACH

The finite element model of the building assumes the

following mathematical form:

Mi + Cu + Ku = f(t) (1)
where
M = mass matrix
C = damping matrix
K = stiffness matrix
u = relative nodal displacement vector
f(t) = seismic forcing function

The mass matrix is derived using the story weights of Fig. 2
and the stiffness matrix is determined using the beam pro-
perties found in Table I. Structural damping is usually
specified in terms of its modal value, which can only be
thought of as an approximation to the highly nonlinear nature
of structural dissipation. The damping matrix is assumed to
be of the following form:

C = oM + BK

where o and B are scalar parameters. The damping matrix,

15
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C, is related to modal damping through the following relation-
[15]

ships:

™
]
>

Namely, if o and B8 are determined from the above equations
a modal damping equal to X will be specified in a particu-
lar mode of frequency- w. The modal damping in other modes of

frequency w; are given by

The frequency w 1s usually chosen to be that of the fundamental

mode. For the present study the modal damping was taken to be

[14]

equal to 1.7 sec, a and B equal 0.184 and 0.0136, respectively.

5 percent and with the fundamental period for this structure

Specific time responses will be discussed in Section 4.4,

4.2 MODAL ANALYSIS

The differential equatilons describing the motion of the
structure, Eq. (1), may be reformulated using modal analysis.
After calculating the eigenvectors and eigenvalues (i.e., mode
shapes and natural frequencies) of the undamped system the
equations of motion may be uncoupled into the principal modes
of the system. Adding modal damping, the equations of motion
then become A

.o + . . i + ? . - - i .o
N3 lewlnl @iy Ylg(t)

where

ny = modal coordinate of ith mode

16
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Ki = fraction of critical damping
Y; = modal participation factor
g(t) = lateral acceleration of base

The displacement history of the nodes of the structure is cal-

culated from the modal coordinates using
u = ¢n

where ¢ 1s a matrix whose columns are the eigenvectors. A
more detailed description of modal analysis is found in Appen-
dix A.

The mode shapes and periods for the first four modes
of the structural model of the Bank of Nevada are found in
Fig. 8. All mode shapes have been normalized to 1.0 at their
maximum values. These modes are all predominately lateral
deflections with the vertical displacements being of a lower
order of magnitude. The calculated period of the fundamental
mode of 1.7 sec agrees very well with the value of 1.72 sec
given by Tokarz and'Bernreuter[14] for their model L5. A

modal damping of 5 percent is used in all calculations.

4.3 SPECTRAL ANALYSIS

A response spectrum as used in this study is defined
as the variation with undamped period of the maximum response
of a single degree-of-freedom oscillator for a particular
ground motion. The relative displacement spectrum, SD, is
then the behavior of the maximum relative displacement versus
period. It is convenient to introduce pseudo relative velo-
city (PSRV) and pseudo absolute acceleration (PSAA) defined
by the following relations:

PSRV

]
=)
wn

PSAA

17
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where w 1s the natural frequency (2n/period). For damping
less than 10 percent these spectra are very nearly equal to
the actual velocity and acceleration spectra. The use of
these pseudo values allows all of the spectral characteristics
to be presented on a single plot. Examples of these tripar-

tite logarithmic plots are found in Figs. 5 through 7.

Given the values of damping and period for mode i,
the maximum displacement of this mode is determined from the
spectral plots and is defined as SDi' The maximum displace-
ments are then determined using a root-mean-square contribu-
tion of each mode. The pertiment relationships are outlined

in Appendix B.

4.4 CALCULATION SUMMARY

The numerical calculations associated with this study
determine both stresses and displacements. Because the main
emphasis is to present a particular seismic design technique
rather than a detailed stress analysis, only the displacement
temporal variation will be discussed. In addition to the
three theoretical earthquake records discussed in Section III,
the building is also excited using the 1940 E1 Centro record[7]
of Fig. 4. 1Its response spectra are found in Fig. 9 for various

amounts of damping.

A comparison between the time stepping and modal super-
position calculational approaches is found in Fig. 10. De-
picted is the displacement history of the roof due to the El
Centro seismic loading. This excellent agreement serves to
confirm both the normal mode concept and the calculational pro-
cedure used in the SAP code. The minor differences in peak
displacements are probaBly due to the slightly different

damping descriptions.

A typical building displacement configuration at a

particular instant of time during the dynamic analysis 1is

19



R-1733

PSRV (CM/SEC)

t.x10%03 XL/ 7
1.x10%74
1.x107 %204
m.
\ 25l o
N, x
t.x10%92 72 \ X, \ Y 2
X
1,x10%03 r,—“
D >
-
Y ]
\ =
R 7 \ 2 / ™
N % E
A, ¢ o3 [é2]
= 0
7 P 1.x107°%6 0
>
O
201 [ m
1.x10 % m
m
>
> S 1.x10%%2 =
R J - =
e
(o}
v s S
>
P
04 O
1.x107%¢
-
(7]
>
1.x10%%8 >
1.x10%02 8
d
1.x307%%¢
v 1
1,x10720, +00 408 +o2
l.i?o 1.%X30 1.X10 1.%10

PERIOD (SEC)

Fig. 9--Response spectra of 1940 El1 Centro NS earthquake record,
Damping values considered are 0, 2, 5 and 10 percent.

20



R-1733

*sonbtuyde3l Jutrddsils-owrl
pue uorjrsodiodns Tepou usomlaq uosTiedwo) ‘*UOTIOW PUNoId gN
oxjua) T4 O0¥6T ©3 31d09fqns epeAdN JO Nueg JFo Jool Jo asuodsal ouwIL--Qf °*8T14d

Jos ‘aut]

8T ST NS 6 o €
__ _ t n : } “
mzﬂmmowm.usﬁh.nle . o.wn
uotitsodredns Tepop A A : .

o
(@]
o
: -
A
Tl-
wn
g
=
()
o
—0 =
o
S
=
T-
/— _..Im.N m
=
)
9]

0 ¢

21



s

Nt

R-1733

presented in Fig. 11. The displacements in this figure are
multiplied by 7.5 for graphical purposes. This specific
example is from the response due to the 17.5 km theoretical
ground motion. Figure 11 is actually a single frame of a
computer-generated movie depicting the building motion. This
movie capability has been made an operational feature of the

SAP code during the course of this study.

The spectral analysis technique circumvents many of
the details of a dynamic analysis and presents the maximum
displacements (or stresses) experienced during a particular
ground motion excitation. The resulting maximum roof displace-
ment calculated using a RMS modal summation for the three
theoretical and the El Centro ground motlon excitations are
presented in Table II. Appearing also, for comparison, are
the maximum values from the temporal modal superposition
analysis. These later values are essentially identical to
the time-stepping values. The spectral calculations agree
very well with their time history counterparts for all cases
considered. These results help explain why spectral approaches
are so valuable for both design and analysis applications. It
is interesting to note that even though the 17.5 km theoretical
and E1 Centro time records are quite dissimilar, the maximum
displacements experienced by the building for these two earth-
quakes are relatively close. This fact becomes apparent when
the spectral plots at 5 percent damping are examined. For,
at the fundamental period of the Bank of Nevada, 1.7 sec,
these spectra are equal.

22
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Fig. 11--Typical displacement configuration of Bank of Nevada
subjected to epicenter theoretical earthquake record.
Displacements magnified by 7.5.
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TABLE 1II

Maximum Roof Displacement, feet
Earthquake Record Time Integration |Response Spectra
El Centro 0.545 0.597
Theoretical, epicenter 4.560 4,376
Theoretical, 17.5 km 0.525 0.564
Theoretical, 35 km 0.096 0.109

Maximum roof displacement of Bank of Nevada for E1 Centro
and theoretical earthquakes. Comparison between time in-
tegration and response spectra results.
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V. SUMMARY AND CONCLUSIONS

A knowledge of the expected seismic loading at a
particular site i1s an extremely important input to the de-
sign of civil engineering structures. There exists today
a critical need to provide a rational approach to the
specification of this ground motion. In the present study
it has been postulated that one approach to this specifica-
tion is through the use of theoretical earthquake models.

It is felt that the use of two-dimensional simulations will
provide an approximation to the maximum ground motion in-
tensity to be expected for many typeé of fault systems. The
resulting theoretical ground motion records can then be used
to derive response spectra for utilization in structural

design.

A particular high-rise building, the Bank of Nevada,
has been analyzed for both theoretical and measured ground
motion exciltation. A dynamic two-dimensional finite ele-
ment model has been utilized using time-stepping, modal
superposition, and spectral approaches. The results con-
firm the utility of the use of response spectra for design

and analysis of structures.

Further extensions to this study can, and should, be
pursued. It is a straightforward task, for example, to in-
clude detailed geologic descriptions. The use of the two-
dimensional finite difference code to model nonlinear
geologic material behavior and layered configurations has

been accomplished previously.[21_23] Also, while the pre-
sent building model has been two-dimensional, the SAP code

can treat three-dimensional structural models quite easily.

25
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APPENDIX A

MODAL SUPERPOSITION

The concept of normal modes is best introduced by first

considering the free vibration problem
Mu + Ku = 0

where u is a n x 1 displacement vector, M is the n x n
mass matrix, and K 1s the n x n stiffness matrix. Assum-

ing a solution of the following form

yields the well known eigenvalue problem

(K - w®M)u_ =0

The n -eigenvalues, w?, and n eigenvectors, u ., can be
i i

0
determined using standard techniques.[24]

Considering now the forced vibration problem

Mi + Ku = £(t),

where f(t) 1is the forcing function vector; the normal co-
ordinates, Ny, are introduced using the following coordinate

transformation:

u = ¢n

where ¢ 1is the n x n matrix whose columns are the eigen-
vectors u e Substituting this expression into the equations

of motion and premultiplying by ¢T yields

oTMoH + ¢TKon = ¢TE(t)
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It follows from eigenvalue theory that ¢TM¢ is a diagonal

[24]

matrix. In fact, this matrix 1s usually normalized to

equal the identity matrix, i.e.,

oMy = T

Therefore, using the fact that

Ku = w?Mu
0 0

when ¢TK¢ is also a diagonal matrix whose nonzero terms

equal w?. Using these relationships, the differential
i

equation describing the behavior of the ith normal coordinate

is given by:

n
. - 2 -
iy = wing jg% ¢jifj(t)

When the forcing function can be expressed as
fi(t) = 'é(t)mi,

where m, equal the diagonal mass matrix terms, the above

differential equation becomes

.. 2 = _ .e
Ay * wing v;E(t)

The term Yi is called the modal participation factor and
equals

n
Y. = Z m.o. .
1 =1 j i1

This term assumes a slightly different form if the aforementioned

normalization 1s not invoked.[l4]
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APPENDIX B

SPECTRAL RESPONSE

The response spectrum is a plot of the maximum rela-
tive displacement versus period for a single degree-of-
freedom oscillator subject to a prescribed support accelera-
tion and, at a particular level of damping. This equation

of motion is given by

i + 2wt + w?u = -g
where
u = relative displacement
w = undamped natural frequency (2n/period)
A = fraction of critical damping
g = base acceleration

The solution is given by

t

_ -1 ~Aw(t - 1) . 2y1/2
t) = 1-X t- d
u(t) w(l—mmfo g(1)e sia o2 0] as

The displacement spectrum is thus defined by

Sp = lu(t) [ .

Similar relations can also be defined for velocity and accelera-
tion. However, for A < 0.1 the following pseudo spectra

nearly equal their exact counterparts:

PSRV

wS pseudo relative velocity

D,
S

PSAA = ~%, pseudo absolute acceleration
w
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These relationships allow all three quantities to be plot-
ted on a single tripartite logarithmic plot as is seen in
Fig. 9. Using the results of Appendix A, the contribution
to the maximum displacement of mass node j due to mode 1

is given by

max
u.
Js1

= Yi%515p1

where SDi is SD evaluated at w, . Because the contri-

butions from all modes do not occur at the same instant of
time, the total maximum displacement at a mass node 1is
usually approximated using the root-mean-square summation.

Similar relationships can be derived for stresses.[14]
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