K 2/15

BASE RESPONSE ARISING FROM FREE-FIELD MOTIONS

J.R. WHITLEY, J. R. MORGAN, W.J. HALL, N.M. NEWMARK

Department of Civil Engineering,
University of Minois at Urbana-Champaign, Urbana, lllinois 61801, U.S.A.

SUMMARY

Observations of earthquake damage indicate that buildings undergo rotational (hori-
zontal torsion and vertical rocking) as well as translational motion. In 1969 Newmark
offered observations concerning torsion in symmetrical buildings that could arise from
earthquake ground motions. In 1970 Yamahara attempted to provide an explanation of ob-
served reductions in translational building response as compared with adjacent free-field
behavior. Recent studies of earthquake records tend to support observations that structures
on large foundations respond with less intensity to ground shaking than do smaller struc-
tures. More recently (1977) Newmark, Hall and Morgan presented a numerical technique
for computing reduced building response by averaging an acceleration record over a transit
time computed as base length divided~y wave speed.

A procedure is illustrated in this paper for deriving (estimating) from a free-field record
the horizontal base motions of a building, including horizontal rotation and translation.
More specifically the goal was to compare results of response calculations based on derived
accelerations with the results of calculations based on recorded accelerations. The motions
are determined by assuming that an actual recorded ground wave transits a rigid base of
a given dimension. Calculations given in the paper were made employing the earthquake
acceleration time histories of the Hollywood storage building and the adjacent P.E. lot for
the Kern County (1952) and San Fernando (1971) earthquakes.

For the Kern County earthquake the derived base corner accelerations, including the
effect of rotation show generally fair agreement with the spectra computed from the Hol-
lywood storage corner record. For the San Fernando earthquake the agreement between
the spectra computed from derived base corner accelerations and that computed from the
actual basement corner record is not as good as that for the Kern County earthquake.
These limited studies admittedly are hardly a sufficient basis on which to form a judg-
ment, but these differences noted probably can be attributed in part to foundation distor-
tion, building feedback, distance between measurement points, and soil structure interac-
tion; it was not possible to take any of these factors into account in these particular cal-
culations.

The original concept of ‘“‘accidental” torsion arising from seismic wave transmission
effects assumes that the irregular nature and spatial variation of the ground waves leads
to torsional motion, and it is not clear that treatment as a systematic plane wave, as was
done herein, was entirely justifiable. In fact, careful study of the calculations could lead
one to conclude that there may be no significant torsional effects present in the Hollywood
storage building arising from the two earthquakes studied. Moreover, review of the results
presented in the paper suggests that torsional effects in buildings of large plan dimension
computed by the technique given may be unreasonably large. Accordingly, based on ex-
perience and on earthquake observations, for the present the authors recommend that cuz-
rent code procedures for “accidental” torsion be employed in design.
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1.0 INTRODUCTION

Observations of earthquake damage indicate that buildings undergo rotational (hori-
zontal torsion and vertical rocking) as well as translational motions. Recent studies of
earthquake records tend to support observations that structures on large foundations respond
with less intenslity to ground shaking than do smaller structures. In 1970 Yamahara " at-
tempted to provide a rational explanation of observed reductions in translational building
response as compared with adjacent free-field behavior. More recently Newmark, Hall, and
Morgan 2) presented a numerical technique for computlng reduced building response by aver-
aging an acceleratlon record over a transit time T computed as base length divided by wave
speed.

(3)

could arise from earthquake wave motions. If the particle motions u, and uy correspond to

It was observed some years ago by Newmark that torsion in symmetrical buildings
shear waves traveling at velocity c in the y and x dlrections respectively (Eq. (1)), then
from fundamental relations of the theory of elasticity rotation of the ground surface about
a vertlcal axis is glven by Eq. (2). |If uy and uy are assumed to be of about the same mag-
nitude, rotatlon may be approximated as given in Eq. (2). If, however, a rigid base is as-
sumed, then g;l. = - ;;i and each component of motton theoretlcally will give rise to rota-
tion expressed by Eq. (2) as illustrated in Fig. 1. Therefore, assuming a rigid base ro-
tates under the influence of two components of nearly equal magnitudes, the factors arrived
at in that early paper could well be increased and possibly doubled under certain sltuatlons
In this paper the basement is assumed to move as a rigid slab, although it is recognized

that this does not necessarlly represent the true motion.

u, = fly-ct), uy = f(x-ct) Eq. (1)
0 = ]/2(3X - W) = - 2y Eq. (2)

The purpose of the study Is to compare results of response calculations based on derlived
acceleratlons with calculations based on recorded accelerations.

Calculations reported herein were made with California Institute of Technology earth-
quake acceleratlon time histories (4) of the Hollywood storage building and adjacent P.E.
lot for the Kern County (1952) and San Fernando (1971) earthquakes. The building basement
(5) is 51 feet in the North-South direction, 217.5 feet In the East-West direction and is
supported on plles. The basement accelerograph is positioned in the southwest corner; the

P.E. lot (free-fleld) Instrument is located 112 feet west of the basement instrument.

2,0 COMPUTATIONS OF BASE ACCELERATIONS

The motlon of any polnt on a rigid base is described by translation of the base center
and rotation about that point. This is indicated in Fig. 2 where motions arising from only
one of the two recorded orthogonal horizontal components are deplcted. Lateral acceleration
of the center of the base VC(T), is given by Eq. (3), where Yj(r) is the recorded accelera-
tion of particle j at time t. The term n is the number of equal base increments in the di-
rection of wave travel over which the acceleration data is averaged. Rotations about the

base center (Fig. 2) are obtained using the method of least square fitting of an acceleration
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record over a finite base length measured in the direction of wave propagation. If the ro-
tations are sufficiently small, as will be the case for structures having dimensions with-

in the range of Interest, the rotational acceleration, 6(1), about the center are expressed
by Eq. (4). The term Xj is the measured distance from some reference along the base center-

line to the center of the increment over which partlcle ] acts.

ACEED NG Eq. (3)
“ (n(ZXJ.YJ.(T)) - Xxi(ZYJ(r))}
6{t) =
n(gx;%) - (X% Eq. (4)

Lateral and rotational accelerations for a base the size of the Hollywood storage base-
ment are derived from free-field data. Lateral accelerations of the base center in a glven
direction (N-S or E-W) are assumed to be caused by the respective component in that direc-
tion; rotational accelerations are assumed to be Influenced by both components. Accordingly
rotations caused by each component are summed algebralcally at a given instant of time, and
prior to summing, the relative influence of each is welghted according to the base length
over which it transits. Thus in deriving rotational accelerations for a base with dimen-
sions the same as the Hollywood storage basement, the N-S component is assumed more in-
fluential than the E-W component by a factor between 4 and 5. Lateral accelerations for the
corner of the base are then computed by Eg. {(5). The base length b is measured in the di-

rection of wave travel.

Ycorner(T) = Yc(T) : % -0 (1) Eq. (5)

In this study, in order to demonstrate the procedure, the free-field data used to de-
rive the base motion of the building is that recorded in the Hollywood storage P.E. lot. In
using the free-field data the assumptlon is made that ground wave characteristics are not
altered between the P.E. lot and Hollywood storage basement corner. [t is recognized that
wave distortions and possibly feedback from the building, will most assuredly occur within
the 112 feet distance but no technique currently exists for estimating the results of such
effects. The derived accelerations (from the Hollywood storage P.E. lot) at the base center
and corner are then compared, using response spectra, with that actually recorded at the
Hollywood storage basement southwest corner. Obviously the best comparision could be made
if records existed for both the basement corner and center; however, in the absence of cen-
ter measurements, those taken at the corner provide at least a basis of comparison for the

technique.

3.0 COMPARISON OF RESULTS

Base acceleratlons are derived using the Hollywood storage P.E. lot records (horlzontal
components) for both the Kern County and San Fernando earthquakes, representing sources lo-
cated relatlvely far and near respectively to the point of interest. Distance to the epi-
center for Kern County was approximately 80 miles as_compared with nearly 22 miles for San

Fernando. Also the peak acceleration of 148 in./sec” recorded during the San Fernando event
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was nearly 3 times greater than the peak recorded durlng the Kern County event. Because of
the directions to the epicenter, generally NNW for both earthquakes, wave components are
assumed to transit the base from west to east (N-S component) and north to south (E-W
component.) A damping value of 5 percent of critical, used In previous studies(z’h), was
used in the response spectra calculations.

In all flgures of response spectra (Figs. 3-8), the spectra computed from base accel-
erations derived using Eqs. (3) and (5) are identified as either base center (derived) or
base corner (derived), with 1 indicated. Spectra computed from the P.E. lot accelerogram
and from the record taken In the southwest corner of the Hollywood storage basement are

identified as P.E. lot (free-field) and H.S. basement corner respectively.

3.1 Kern County

In Fig. 3 the response spectra for derived base center (N-S component) are plotted for
T values of 0.16 and 0.26. The method of selecting T values Is discussed in the following
paragraph. The resulting reductions in the high frequency range with increasing 1 are sim-
ilar to those presented in Ref. 2., Included for comparison are spectra for the H.S. base-
ment corner and for the P.E. lot (free-field) calculated from the acceleration record.

Transit time, T, can be expressed as a function of base length, T = n+«At, where At Is
the acceleration record interval. For this study the record interval is 0.02 seconds, and
since base dimenslons are known, t is varied by changing the assumed wave speed (for example,
a decrease in c increases 1). Two wave speeds were selected that fall within the range
suggested in Ref. 4. They were alsc chosen to make T a multiple of the record interval in
order to avoid interpolation of the free-field acceleration data. For the N-S component,
assumed wave speeds and corresponding t and n are as follows: 1362 fps, T = 0.16 sec.,
n = 8; and 838 fps, T = 0.26 sec., n = 13. For the E-W component, in order to select wave
speeds corresponding reasonably with the N-S component and to avoid interpolation, assumed
speeds, T and n are 1250 fps, t = 0.04, n = 2 and 833 fps, © = 0.06, n = 3. The next higher
selection of a possible wave speed for the E-W component is 2500 fps, T = 0.02, n = 1. This
was not selected, slnce such a seismic velocity exceeds that which could reasonably be ex-
pected to occur in the near surface zone. Admittedly the selection of T Is in part Judg-

mental.

In Fig. 4 comparisons are shown for the E-W component (t = 0.06) similar to those shown
in Fig. 3 for the N-S component. For the condlitlon of a wave transiting the short dimension,
the derived base center spectrum approaches that computed from the P.E. lot (free-field)
record, and this is understandable since T is approaching 0.02., The spectrum computed using
the H.S. basement corner record falls slightly below the derived base center spectrum In the

figure.

In Figs. 5 (1 = 0.26) and 6 (1 = 0.06) are shown comparisons of the spectra computed for
the derived base corner (with the effects of rotation Included) with that computed for the
derived base center and with that computed from the actual H.S$. basement corner record. In
the N-S direction (Fig. 5), the increased acceleratlon expected at the derived base corner
(including rotation) is reflected by spectra magniflcatlion in the high frequency range

(greater than 1 Hz}. For the short dimension (Fig. 6) there Is no significant reductlon in
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the spectrum computed from the derived base center acceleratlons, and also no significant

ampllficatlon or change when rotation is introduced.

3.2 San Fernando

In Flg. 7 are shown the results of calculations for the San Fernando earthquake similar
to those shown In Flg. 3, and corresponding reductlons with t are as expected. In Fig. 8,
comparable to Flg. 5, the effects of base rotation are included. In this case unllke Fig., 5,
the derived base corner response is signiflcantly greater than that corresponding to the
recorded motlons. Generally there is a wider spread In the spectral results for the San

Fernando event than is the case with the Kern County event.

4.0 DISCUSSION OF RESULTS AND CONCLUDING REMARKS

As in the case of Ref. 2 it is believed that the spectral high frequency reductlons
shown for derlved base center translational motion (that is, not including rotational ef~
fects), may constltute a reasonable representation of foundatlon motion during an earthquake
For gross averaglng one could have used an equivalent foundation corresponding to the aver-
aging one could have used an equivalent foundation corresponding to the averaged dimenslons
of the foundatlion or an equivalent circular foundatlon. |In this study such an approach was
not used because the purpose was to calculate the effects (including rotation) for the two
directions and compare them to recorded results. As the calculations show, the averaging
over the narrow dlrection led to insignificant changes in spectral values while the aver-
agling over the long dimension was slgnificant in reducing the translational response in the

high fregquency range.

Spectra computed from derived base corner accelerations, including the effect of rota-
tion, show generally fair agreement with the spectra computed from the Hollywood storage
corner record for the Kern County earthquake for t = 0.26. For the other t value studied
(t = 0.16) the agreement was not as good and in fact the results fell on the high side of
the spectra corresponding to the corner motions. In the East-West direction because of the
shorter dimension and the low v values the spectra were quite close together as one would
expect. On the basls of this limited study one might conclude that for a base with one
dimenslon considerably longer than the other, conslderatlon of rotation is significant only

when estimating response perpendicular to the long base dimension.

As close examination of the data will show, for the San Fernando earthquake the agree-
ment between the spectra computed from base corner acceleratlons and that computed from
actual basement corner record is not as good as that for the Kern County earthquake. This
can be attributed in part perhaps to foundation dlstortion and in part to building feedback
which is likely to be more significant during strong motlon earthquakes. Such factors were

not taken Into account by the calculations.

In conclusion a simple technique has been presented for estimating the effects of build-
ing base rotatlons arising from earthquake ground motions. The technique has been employed
for two earthquakes for estimating the motions at the center and the corner of a building
basement using the acceleration records from an adjacent free-field location. As would be
expected there are problems associated with such a calculational technique, some of which

have been discussed herein and which arise, for example, from distance between measurement
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points, feedback, foundation distortion and soil-structure interaction (including energy
dissipation at the foundation interface); but even so, the calculations show the same trends
for both earthquakes. Careful study of the calculations herein along with the data pre-
sented in Ref. 2, could lead one to conclude in fact that there may be no significant tor-
sjonal effects present in the Hollywood storage building records arising from the Kern
County and San Fernando earthquakes. It is our observation that the spectral values cal-
culated herein were higher than might have been expected and higher than are probably

realistic for use in analysis and design.

The original concepts of ''accidental' torsion arising from seismic wave transmlssion
effects (Ref. 3) assumed that the i{rregular nature and spatial variation of the ground waves
leads to torsional motion, and it is not clear that treatment as a systematic plane wave Is

entirely justifiable.

However, it Is believed that the technique presented may constitute a useful method of
studying the torsional effects In buildings in the future especially in cases where multlple
records are obtained at the foundation level of bulldings; improved resolution of ground
motion characteristics also will aid such studies. It should be recognized that the pro-
cedure actually leads to total response, that is it includes the effects of both translation
and rotation. In conclusion we feel that it is premature to suggest that this scheme has
application in design. In the interim, pending further data and study, it is our suggestion

that the current code provisions for ''accidental' torsion be used in building design.
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FIG. 3 HOLLYWOOD STORAGE SPECTRA, KERN COUNTY EARTHQUAKE, N-S COMPONENT
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FIG. 4 HOLLYWOOD STORAGE SPECTRA, KERN COUNTY EARTHQUAKE, E-W COMPONENT
DAMPING 5% OF CRITICAL. COMPARISON FOR BASE CENTER ACCELERATIONS FOR t = 0,06
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FIG. 5 HOLLYWOOD STORAGE SPECTRA, KERN COUNTY EARTHQUAKE, N-$S COMPONENT, DAMPING 5%
OF CRITICAL. COMPARISONS FOR BASE CORNER ACCELERATIONS FOR t = 0.26
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FIG. 6 HOLLYWOOD STORAGE SPECTRA, KERN COUNTY EARTHQUAKE, E-W COMPONENT, DAMPING 5%
OF CRITICAL. COMPARISONS FOR BASE CORNER ACCELERATIONS FOR T = 0.06
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FIG. 7 HOLLYWOOD STORAGE SPECTRA, SAN FERNANDO EARTHQUAKE, N-S COMPONENT, DAMPING 5%
COMPARISONS FOR BASE CENTER ACCELERATIONS
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FIG., 8 HOLLYWOOD STORAGE SPECTRA, SAN FERNANDO EARTHQUAKE, N-S COMPONENT, DAMPING 5%
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