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THE EARTHQUAKE RESPONSE OF STRUCTURES—A SYSTEM
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SUMMARY

Analysis and comparison of the dynamic responses of three well instrumented (with accelerographs) high-rise buildings
shaken during the 1984 Morgan Hill earthquake are presented. The buildings examined in the present work are (i) the
Town Park Towers Apartment building, a 10-storey, concrete shear wall building; (ii) the Great Western Savings and
Loan building, a 10-storey building with concrete frames and shear walls; and (iii) the Santa Clara County Office building,
a 13-storey, moment-resistant steel frame building. The structures are located within 2 km of each other and, as may be
confirmed by visual inspection of the recorded seismograms, experienced similar ground motions. One-dimensional and
three-dimensional linear structural models are fitted to the observations using the ‘modal minimization method’ for
structural identification, in order to determine optimal estimates of the parameters of the dominant modes of the
buildings. The time-varying character of these parameters over the duration of the response is also investigated.
Comparison of the recorded earthquake response of the structures reveals that the type of lateral-load-resisting system has
an important effect on the dynamic behaviour of the structures because it controls the spacing of the characteristic modes
on the frequency axis. The Santa Clara County Office building has closely spaced natural frequencies and exhibits strong
torsional response and modal coupling, Its dynamic behaviour is contrasted with that of the Great Western Savings and
Loan building which has well separated natural frequencies and exhibits small torsional response and no modal coupling.
Strong modal coupling causes a beating-type phenomenon and makes earthquake response of structures different from
that envisioned by codes.

INTRODUCTION

In recent years the California Division of Mines and Geology (CDMG) instrumented several modern
structures at various sites in the State of California. Many of these extensively instrumented structures have
been excited by moderate earthquakes such as the Morgan Hill earthquake of April 24, 1984 (M, 62, USGS)
and the Whittier Narrows earthquake of October 1, 1987 (M, 6-1, Caltech), and a plethora of structural
response records has been collected since the initiation of the program. Such response data provide an
excellent opportunity to study quantitatively as well as qualitatively the dynamic behaviour of structures at
force and deflection levels directly relevant to earthquake-resistant design. It is beyond any doubt that
analysis of full-scale building response measurements is an essential part of structural engineering research
and may pave the way to improved analysis and design methods.

In this paper we analyse and compare the dynamic response of three such well instrumented high-rise
buildings shaken during the 1984 Morgan Hill earthquake. The structures considered here are located in the
City of San Jose, California, approximately 20 km from the epicentre of the earthquake, and they include (i)
the Town Park Towers Apartment building, a 10-storey, concrete shear wall building; (ii) the Great Western
Savings and Loan building, a 10-storey building with concrete frames and shear walls; and (iii) the Santa Clara
County Office building, a 13-storey, moment-resistant steel frame building.!*?
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Estimates of the optimum values of the dynamic parameters (¢.g. damping ratio, characteristic frequencies
and corresponding modal shapes) of 1-D and 3-D linear mathematical models of the three structures are
obtained by applying the ‘modal minimization method’ for structural identification. This technique, developed
by Beck,>* is a practical algorithm which minimizes some positive-definite measure-of-fit between the
observed structural output and model output in the time domain, by systematically varying the model
parameters. Originally Beck?* applied the method in the analysis of structural response data of high-rise
buildings and subsequently Werner et al.’ employed it in the seismic response evaluation of a bridge shaken
by the 1979 Imperial Valley earthquake. These studies concluded that time-invariant linear models—or a
number of different time-invariant models, each fitted to separate time intervals of the recorded response—
based on a small number of modes may adequately reproduce the earthquake response of structures for
amplitudes of vibration up to the onset of structural damage. The three buildings under investigation in this
paper experienced low intensity ground motions during the 1984 Morgan Hill earthquake, as can be judged
by the peak accelerations (~ 0-06g) recorded at their base. The two reinforced concrete structures performed
satisfactorily with no damage, while the steel building suffered some non-structural and content damage and
very limited structural damage.>®.

Analysis of the earthquake response of these three structures is interesting primarily for two reasons. 1. The
structures are located within 2km of each other and consequently the input motions—at least their long-
period components—must be similar. This can easily be confirmed by visual comparison of the recorded
motions at the ground floors of the three structures (see Reference 1). 2. The structures were designed with
different types of lateral-load-resisting systems; the stiff shear walls at the periphery of the Great Western
Savings and Loan building contrast the smooth and even dispersion of load-bearing shear walls over the floor
plan of the Town Park Towers Apartment building or the smooth distribution of columns of the Santa Clara
County Office building. The characteristic frequencies of the former structure are expected to be well
separated, while for the other two structures at least one of the characteristic frequencies corresponding to one
of the two fundamental translational modes of vibration (=modes for which the dominant components of
motion are translational) is expected to be close to the characteristic frequency of the fundamental torsional
mode of vibration (= mode for which the dominant components of motion are rotational).”® Analytical®~!3
and numerical'* studies, confirmed by full-scale forced vibration tests,'® have shown that a strong coupling
effect between translational and torsional vibrations can occur if the natural frequencies of the translational
and torsional modes of vibration are close to each other, even when eccentricities are small, while no such
coupling occurs if the natural frequencies are well separated. Therefore, the recorded earthquake response of
the three buildings under investigation provides am excellent opportunity to confirm the predictions of the
analytical studies for the case of earthquake excitation.

Before we proceed to the analysis of the response of the buildings we should point out some characteristics
of the source of the 1984 Morgan Hill earthquake which are relevant to the input motions and uitimately to
the recorded response of the buildings.

The April 24, 1984 Morgan Hill earthquake is a moderate-sized event (M, 6-2 USGS) which occurred on
the Calaveras fault, approximately 20 km southeast of the site of the three buildings. To a first approximation
slip over the fault plane can be interpreted as two main source regions, each with an extent of about 5 km, with
their centres separated by about 12 km. The second source, further to the south, is three times larger than the
first and it occurred about 4-5 sec after the first source which is located closer to San Jose.!¢'!” The signature of
these two subevents is distinguishable on the ground motions recorded at the site of the buildings (see for
instance the basement records of the Great Western Savings and Loan building, Figure 5). Careful
examination of these records suggests that the first subevent appears to be richer in high frequencies content.
This fact is reflected in the response of the structures, as will be demonstrated below.

For each one of the structures, we performed two types of analyses.

1. One-dimensional (1-D) analyses considering a planar linear model with classical damping (see for
example, p. 556, Reference 18).

2. Three-dimensional (3-D) analyses considering an idealized model consisting of rigid floor decks
supported on massless axially inextensible columns and walls, where for each floor are allowed three degrees
of freedom, two orthogonal translations plus a rotation. The equations of motion of the mathematical model
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were formulated assuming that the centres of mass of all the floors lie on a vertical axis and the principal axes
of resistance of all storeys are identically oriented. These were considered to be reasonable assumptions since
the geometry of the floors of each building did not vary with height. However, no assumption was made
related to the position of the centre of resistance of each floor!**®

The modal equations of the above two models are summarized in Reference 19 where the reader can find a
more detailed account of the work described here. In the following we present the results of these analyses.

TOWN PARK TOWERS APARTMENT BUILDING

The 10-storey Town Park Towers Apartment reinforced concrete building [a typical floor plan of which is
shown in Figure 1(a)] was constructed in 1972. The lateral-force-resisting system of the structure consists of
reinforced concrete shear walls at regular intervals in the transverse (E-W) direction and concrete shear walls
along the interior corridors in the longitudinal (N-S) direction. The shear walls in the longitudinal direction
are stepped at the 6th floor. A typical floor system of the structure consists of one-way post tensioned concrete
slabs spanning the transverse load-bearing concrete shear walls. The structure is supported on precast,
prestressed concrete piles placed under all bearing walls.?®

The sensors are located at three different levels (ground floor, 6th floor and roof) of the structure.! Pairs of
sensors pointing east-west at these three levels are intended to record translational as well as torsional
motions at these levels. In addition, a sensor pointing east-west is mounted at the centre of the roof to detect
any in-plane motions of the floor system. By comparing the translational response recorded by this sensor
with the response obtained by averaging the recorded motions of the other two sensors located at the edges of
the slab we inferred that the floor deck of the roof—and presumably of all other floors—behaved as a rigid
disk during the earthquake. The torsional motion of a given floor may therefore be safely estimated from the
differential motion between sensors on that floor oriented parallel to each other.

During the 1984 Morgan Hill earthquake, the building oscillated for about 40 sec. Visual inspection of the
acceleration profiles of the response of the building, shown in Figure 2, reveals that the fundamental period T,
of vibration along the longitudinal (N-S) direction is clearly longer than that of the transverse (E-W)
direction, which is closer to the torsional period. Thus, given the symmetric floor plan of the building, if modal
coupling were to be observed it would be due to accidental eccentricities and it would involve only the
transverse (E-W) and torsional modes of vibration (one-way coupling).® In fact such coupling is detected in
the results of the three-dimensional analyses discussed below (see the torsional mode shapes and the
corresponding participation factors of the Ist torsional mode and 1st E-W translational mode in Table II).

One-dimensional analyses

The vibration properties of the building for each of the two orthogonal directions, transverse (E-W) and
longitudinal (N-S), initially were estimated by fitting a one-mode linear time-invariant model over the time
segment 3-33 sec, covering the significant part of the excitation and response. Assessing visually the quality of
fitting we observed !? that for the transverse (E-W) direction, the agreement of the calculated response with
the recorded one was exceptionally good. On the contrary, the matching of the model response to the
observed one along the longitudinal (N-S) direction was less satisfactory. Careful examination of the
longitudinal (N-S) response revealed that a one-mode model could not simulate the high-frequency
component which rode over the predominant oscillatory motion during the first 17 sec of the response.

To accommodate this high-frequency component, we partitioned the excitation and response records into
two consecutive time segments. (For all the analyses presented in this paper, two important considerations are
taken into account in selecting the limits of the time segments: (i) the frequency content of the recorded
motions, which dictates the number of modes of the model to be used; and (ii) the motion amplitudes, which
affect the stiffness, and therefore the fundamental period, of the building.) For the first time segment (3—12 sec)
we had to use a model with two modes in order to simulate accurately the response records, while for the
second time segment (13-31 sec) a model with only one mode was adequate. The estimated parameters are
summarized in Table I. We observe that the value of the ratio (7', /T,) = 3-4 is close to the value 3 expected for a
shear beam model. What is particularly interesting to notice is the reduction in stiffness of the building—
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Figure 2. Acceleration and displacement profiles of the response of the Town Park Towers Apartment building

revealed by the lengthening of the fundamental period T, (Table I)—as the earthquake progresses. As shown
in Table 1, the value of T, estimated from the time interval 13-31 sec is 0-65 sec, which compared to the value
of 0-58 sec estimated from the time interval 3-12 sec shows an increase of 12 per cent. This is explained by the
fact that the most intense part of the shaking comes about 10 sec after the triggering of the instruments
(Figure 2). On the other hand, the first 10 sec of the excitation are richer in high-frequency content than the
rest of the input motion, and consequently it is not surprising that the second mode is excited primarily over
the first time segment, although traces of it can be visually identified over the rest of the recorded response.

Three-dimensional analyses

Using the results of the one-dimensional analyses as a guide, we extended our investigation of the dynamic
response of the Town Park Towers Apartment building by considering all three components of earthquake
excitation simultaneously. We segmented the excitation and response time histories in three time intervals
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Table I. Vibration characteristics of the Town Park Towers Apartment building inferred from 1-D analyses
by fitting one-mode and two-mode models to the recorded response along the longitudinal (N-S) and
transverse (E-W) directions

Effective
participation
Time Periods (sec) Damping(%) factors' Normalized
Interval Model T, T, & &, piL P etror
1 mode 0-58 43 1-553 0076
3-12 [1:72]*
(sec)
NS 2 modes 0-58 017 41 96 1477 —0-891 0-031
[1-72]* [5-88]*
13-31 1 mode 0-65 44 1-668 0-023
(sec) [1-541*
EW 3-33 1 mode 043 52 1-33 0037
(sec) [2:33]*
* (=1T)

'Defined as in Reference 4.

and fitted 3-D linear time-invariant models over each time interval separately. The inferred parameters are
summarized in Table I1, while a sample of the comparison of the calculated response to the recorded one is
shown in Figure 3. Three modes (two translational and one torsional were adequate to model the response
over the time interval 12-37 sec, while a fourth mode—the 2nd translational mode in the longitudinal (N--S)
direction—-was necessary to simulate accurately the response in the time interval 312 sec, confirming thus the
conclusions derived from the one-dimensional analyses.

The values of the participation factors inferred from the time intervals 3-12 sec and 12-24 sec appear to be
reasonably consistent. However, estimates of the participation factors from the last time segment (23-37 sec)
(not shown in Table II for economy of space, see Reference 19} exhibited larger variation. This is to be
expected since, as Beck** points out, the determination of the participation factors becomes ill-conditioned
for later portions of the records. This is explained by the fact that the basement accelerations are small for
these time intervals and the structural motion is dominated by the free-vibration components which do not
depend on the participation factor.

The damping ratio and the effective participation factor of the 2nd N--S translational mode are estimated to
be 7-6 per cent and —0-831 respectively. Both these values are smaller than the corresponding values 9-6 per
cent and —0.891 inferred from the one-dimensional analysis (Table I). This confirms Beck’s>* observation
that the above two parameters can change in the same direction (i.c. increase or decrease) roughly by the same
percentage. This is because the model response is quite sensitive to the ratio of the effective participation
factor over the damping ratio and not as sensitive to the individual values of these two parameters.
Nevertheless, we favour the smaller value inferred above for the damping ratio because it is closer to the
damping values of other reinforced concrete structures shaken by earthquake motions of similar intensity.2°

Concluding, we should note that we did not detect any obvious manifestation of the discontinuity (with
height) of the longitudinai shear walls.

GREAT WESTERN SAVINGS AND LOAN BUILDING

Constructed in 1967, this 10-storey reinforced concrete structure is located only about 0-5 km from the Town
Park Towers Apartment building. Two exterior concrete shear walls in the transverse (E-W) direction and
four moment frames in the longitudinal (N-S) direction provide resistance to lateral forces. The floor system
of a typical floor consists of one-way reinforced concrete floor slabs overspanning joints supported by the
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Table 11. Vibration characteristics of the Town Park Towers Apartments building inferred from 3-D analyses

Time interval 3-12 sec 12-24 sec
r= r=2 r=3 r=4 r=1 r=2 r=3
Mode 1st N-S Ist E-W 1st torsional 2nd N-S 1st N-S 1st E-W st torsional
Period T, (sec) 058 0-42 0-38 017 0-64 043 0-39
[1-723]* [2-38]* [2-63]* [5-88]* [1-56]* [2-33]* [2-56]*

Damping &, (%) -0 34 4-1 7-6 46 4-5 50
Participation

factors
C8y —0-056 0925 0320 —0-088 —0-045 1-067 0207
cy —-0-213 0-846 —1-128 0-078 —0-619 1-043 —1-058
C% —1-483 0084 0031 —0-831 —1-483 0043 0003
Modal shapes
RO ew —0-04 1-00 1-00 —-011 —0-01 1-00 0-83

REY t1o0r, EW —-002 045 046 —-0-02 0-00 0-46 0-40
R e 0-00 025 —-096 -003 —0-02 019 —1:00

Rem f1oor. 8 0-00 010 —042 -001 —-001 007 —-047
RO ns —1-00 001 0-08 1-00 —1-00 —0-00 —-0-01

R f1o0r. NS —0-36 002 —003 —0-79 —036 002 —0-09
Normalized error 0-596 0-385
*(=1Ty

concrete frame.?"® The structure has a basement and the foundation consists of a 1-5 m thick reinforced
concrete mat.

The sensors are located at four different levels (basement, 2nd floor, 5th floor and roof) of the structure. A
sensor (sensor 7) is mounted at the centre of the 5th floor to detect any in-plane distortions of the floor deck.
As shown in Figure 4, such in-plane deformations occurred only over the first 7 sec of the recorded response. It
is apparent that, during this initial time segment, the motions are richer in high frequencies as compared to the
rest of the response. Furthermore, during the same time interval, the amplitudes of vibration of the centre of
the floor-slab (sensor 7) are considerably larger than the response amplitudes of its two ends which are
attached to the shear walls (sensors 6 and 8). On the contrary, thelatter part of the response is characterized by
longer periods and the floor-slab clearly behaves as a rigid disk. Therefore, it is clear that the initial time
segment of the recorded excitation and response contains harmonic components with frequencies high
enough to excite the in-plane vibration modes of the floor-slab, causing thus extensive in-plane deformations.

The observed response of the structure, as recorded at different levels (basement, 2nd floor (only in the
longitudinal direction), 5th floor and roof) is shown in Figure 5. Visual inspection of Figure 5 provides
convincing evidence that the characteristic frequencies of the translational and rotational motions respect-
ively are well separated and therefore no modal coupling should be anticipated.

One-dimensional analyses

We performed the same kind of analysis as for the Town Park Towers Apartment building. We considered
three time segments. For the first segment (4-17 sec) we found that a 1-D model with two modes was necessary
to simulate the response accurately, while for the other two time intervals, (17-22 sec) and {22-34 sec), one
mode was enough to model the observed response although traces of the 2nd mode were visible over the time
interval 17-22 sec on the longitudinal (N-S) component of motion. This is again a direct consequence of the
fact that the first half of the excitation is richer in high frequencies and therefore is more likely to excite the
higher modes of the building.
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Figure 4. Translational motions of the 5th floor of the Great Western Savings and Loan building along the transverse (E-W) direction as

recorded by the horizontal sensor 7 (——) located at the centre of the floor-slab and as inferred by averaging the recorded motions of the

two parallel horizontal sensors 6 and 8 (- — -) located at the two edges of the floor-slab. This figure shows that the floor decks of this
building underwent extensive in-plane deformations during the first 10 sec of the earthquake excitation

The optimal parameters of the structure obtained from these one-dimensional analyses may be found in
Reference 19. Of particular interest is the middle time segment (17-22 sec) which contains the most intense
part of the response. Over this time segment we detect a lengthening (by about 10 per cent) of the fundamental
periods of the structure in the two orthogonal principal directions and a concurrent increase in the damping
ratio. In the following time interval (22-34 sec) the structure does not recover its original stiffness (the
fundamental periods remain virtually unchanged) but the damping ratio is decreased.

Three-dimensional analyses

For the three-dimensional analyses we segmented the recorded time histories the same way as in the case of
the one-dimensional analyses. The inferred parameters of the structural models for the first two time intervals,
(1-17 sec) and (2234 sec), are tabulated in Table II1. The characteristic periods and damping over the third
time interval (22-34 sec) were the same as the values of the corresponding parameters inferred from the time
segment (17-22 sec)!® and are not shown for economy of space. As shown in Figure 6, the agreement of the
simulated response to the observed one is satisfactory. For the first time interval (4-17 sec) we used a model
with six modes (Table III). Of these six modes, only five are genuine and one is a spurious mode with both
translational and rotational components. This spurious mode appeared also in the last segment (22-34 sec)
but it was not detected in the middle segment (17-22 sec). Its contribution to the total response is small, as can
be seen from the effective participation factor, Table III, and may be partially related to the flexibility of the
floor-slabs. Finally, the observations we made on the results of the one-dimensional analyses apply also in this
case.

SANTA CLARA COUNTY BUILDING

A detailed study of structural identification of this building was presented by Lin and Papageorgiou.?! The
typical floor plan and the observed response of the building are shown in Figures 1{c) and 7 respectively. This
13-storey steel framed building oscillated for a long period of time (~ 80 secs), about twice as long as the
duration of significant oscillations of the previous two structures. Visual inspection of the records shown in
Figure 7 reveals that the predominant period of translational vibrations of the building is approximately 2 sec,
while the torsional response has a period of vibration slightly shorter than 2 sec. These observations are
confirmed by the results of Lin and Papageorgiou.?! The building continued vibrating in a free-vibration
manner, with low damping, long after the intense part of ground motion had ended.??* Particularly striking is
the strong beating effect observed in the torsion records. This fact suggests the existence of two harmonics
with frequencies very close to each other. Lin and Papageorgiou?! attributed this beating effect to the strong
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Figure 5. Acceleration and displacement profile of the response of the Great Western Savings and Loan building

coupling of the first torsional mode to one of the two fundamental translational modes. Specifically, the
translational mode has a period of ~2-10 sec while the torsional mode has a period of 1-66 sec. Two harmonic
signals with these periods when combined produce a beating effect with a period equal to ~ 16 sec, which is
equal to the period of the beats we observe in Figure 7.

The strong modal coupling observed in the earthquake response of the Santa Clara County building should
have been anticipated, because the smooth and even dispersion of columns on an almost square floor plan
suggests closely spaced characteristic frequencies of the torsional and translational modes.?

Concluding this short discussion on the dynamic behaviour of the Santa Clara County Office building, we
should mention an important observation, made by Hoerner® in his study of the modal coupling in tall
buildings, which pertains to the recorded response of the above structure. He observed that the closeness of
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the values of the translational stiffnesses in the two orthogonal principal directions (and the corresponding
fundamental frequencies) are not as influential as the closeness of the corresponding translational and
rotational parameters. This is because the off-diagonal terms in the stiffness matrix couple directly only
translational and torsional motions. Coupling of translational vibrations can occur only indirectly, that is, by
way of torsion. Clearly, this is what is happening in the response of the Santa Clara County building. Despite
the fact that the two translational fundamental periods are closer to each other than to the fundamental
torsional—Lin and Papageorgiou?! found the two translational periods to be around 2-10 sec while the
torsional period was estimated to be about 1-66 sec—the strong beating effect is observed in the rotational
component of motion and not in the translational components of motion which exhibit a considerably weaker
beating effect, if at all.

DISCUSSION

Having analysed the earthquake response of the three high-rise buildings studied in this paper, let us focus our
attention on the three-dimensional aspects of the vibrations and in particular on the torsional motions. These
are of particular interest to design engineers because many conventional dynamic response analyses consider
planar structural models subjected to single component ground motions and the three-dimensional aspects of
the response are only approximately accounted for in design.

Table IV summarizes the torsional motions recorded at the roofs and basements of the structures. The
Santa Clara County Office building has a very high (factor of ~ 10) roof-to-base amplification ratio for both
rotational displacements and accelerations. In contrast, the Great Western Savings and Loan building did not
amplify at all the rotational displacements, even though it amplified the rotational accelerations by as much as
a factor of 5. The Town Park Towers Apartment building amplified considerably the rotational displacements
(factor of 6) even though the corresponding accelerations were amplified only by a modest amount (factor of
2). The close proximity of the structures to each other suggests that they experienced similar input motions.
Therefore, as pointed out by Shakal and Huang,? it is only natural to conclude that the strongly amplified
torsional response of the Santa Clara building, and to a lesser extent that of the Town Park Towers
Apartment building, are not simply due to compliance of the structures with the torsional component of the
incoming wave field, but rather represent a torsional response of the buildings to lateral motions at the base.

In general, the torsional response of structures may be attributed to various sources:2 (i) large eccentricities
which arise when no care is exercised in the design stage to make the centres of mass and rigidity coincide; (ii)
accidental eccentricities which arise from inaccurate or imprecise knowledge of stiffness or mass distribution
(particularly important for buildings such as warehouses where heavy live loads can appreciably affect the
total building mass distribution?®); (iii) differences in coupling of the structural foundation with the
supporting ground beneath;2423 (iv) wave propagation effects in the earthquake motions that give a torsional

Table I'V. Maximum torsional motions recorded at the roof and basement levels of the
three buildings

Maximum torsional

acceleration Maximum rotation
(107 3) rad/sec? (107 %) rad
Basement Roof Basement Roof
Santa Clara County
Office building 22 210 83 1027
Town Park Towers
Apartment building 34 75 22 12.3

Great Western
Savings and Loan
building 31 160 56 58
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input to the structure;?*2% and (v) torsional motions in the earth itself during the earthquake.2® Of the above
sources of torsional response, the last three cause torsional effects over and above those due to lack of
coincidence between the centres of mass and resistance.

Eccentricities in general cause modal coupling, and it is fairly obvious that large eccentricities cause strong
modal coupling. Less obvious though is the fact that, even with small eccentricities, strong modal coupling
can occur if the natural frequencies of the torsional and translational modes of vibration are spaced close to
each other. This phenomenon was first observed by Shepherd and Donald'* in numerical experiments and by
Jennings et-al.!'? in the forced vibration tests of a tall steel frame building. Motivated by these observations,
Hoerner® conducted a systematic analytical study of the modal coupling and earthquake response of tall
buildings and concluded that a sufficient condition for the mode shapes to be nearly uncoupled is that the
eccentricities be small with respect to the difference in the corresponding natural frequencies. Stating this
differently, even with small accidental eccentricities, modal coupling effects can be strong if the torsional and
translational natural frequencies are spaced closely enough. It was also noted by the above investigators that,
if the frequencies are close together, a beating-type phenomenon would be likely, and hence the traditional
square-root-of-sum-of-squares (SRSS) rule for combining modal maxima—applicable to well-separated
frequencies-——should be replalaced by an absolute sum of the maxima of the modal responses. Such a beating-
type phenomenon is clearly observed in the recorded response of the Santa Clara County Office building. The
exterior cores at the south and west ends [Figure 1(c)] introduce some eccentricity, which, even though not
necessarily large in absolute terms, is large enough relative to the difference between the translational and
torsional frequencies of vibration of the structure to cause the observed strong coupling effect. The dynamic
behaviour of the Santa Clara County building should be contrasted to that of the Great Western Savings and
Loan building which has well separated natural frequencies and exhibits no modal coupling and small
torsional response.

CONCLUSION

As a final remark, we will repeat the conclusions and design recommendations put forward by various
investigators 8:11-13.14

1. Designs for which modes are relatively uncoupled should be sought.

2. Rectangular buildings with either central cores or peripheral shear walls (such as the Great Western
Savings and Loan building) as primary resistive elements tend to have relatively uncoupled modes and their
dynamic behaviour is not much affected by accidental eccentricities.

3. Strong modal coupling makes earthquake response of structures different from that envisioned by codes.
Thus, the SRSS rule of combining modal maxima is a reasonable estimator of maximum total response when
frequencies are well separated, but even then not necessarily conservative.?” Other rules, such as the complete-
quadratic-combination (CQC) rule?”?® are recommended as better estimators of the true maximum
response.
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