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8361 An assessment of the accuracy of 3

predicting the fundamental natural
frequencies of buildings and the
implications concerning the dynamic

analysis of structures

B. R. ELLIS, BSc*

The accuracy of predicting the fundamental natural frequencies of buildings is examined.
Predictions made using simple empirical formulae are shown to be as accurate as
computer based methods, and a possible reason for the lack of accuracy In computer
predictions is given. Several empirical formulae are examined, and the optimum formula
for 163 buildings is derived. The significance of the non-linear characteristics and

soil-structure interaction is considered, and the overall ramifications concerning the ‘
dynamic analysis of structures are discussed.

3 Introduction
' The present trend of building more slender and lightweight structures has
resulted in the problems associated with their dynamic behaviour becoming
more apparent, and for some buildings it is gradually being realized that it is
desirable to check the dynamic behaviour for the serviceability limit state. (For
| offshore structures and buildings in areas with a high seismic risk, their dynamic ,
behaviour may also be important in the ultimate limit state.) The designer is |
' therefore faced with calculating the response of a structure to various load
| conditions, and assessing the accuracy of his calculations.
! 2. This Paper examines the accuracy which can be expected in predicting the
| fundamental natural frequency of a building. The natural frequencies are often
| used as one of the basic input parameters for various methods of predicting the
; overall dynamic response of structures'*? and errors in input will undoubtedly
41 result in errors in predicted structural behaviour. 1

Prediction of natural frequencies

Accuracy of computer predictions

3. In most buildings there are three fundamental modes of vibration which
contribute significantly to the dynamic behaviour (one torsional mode and a
pair of orthogonal translation modes). These modes may account for more than
90°/ of the overall motion caused by wind loading® and for most analyses of the
dynamic behaviour of the whole structure, it is reasonable to disregard higher

Written discussion closes 14 November, 1980, for publication in Proceedings, Part 2.
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Table 1. Measured and predicted natural frequencies of ten buildings during the San Fernando earthquake, 9 Y
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Table 2. Measured and predicted natural frequencies of seven tall buildings
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Table 3. Correlation of measured and caa.Qma lowest fun-

damental translation frequ
buildings®

Lack of accuracy in computer based predictions
S.  Before the natural frequencies of a building can be computed, an idealized
theoretical model of the building must be constructed. It 1s this theoretical

ency for 17 rectangular plan

S

-

Predictor frequency | Correlation Best fit formula idealization which mm.cm:u__w Rmﬁo:ﬂv_n. for Gc_ B.&.Q Crrors :., Ea final result.
proportional o coefficient r The reason for the _E&EE:Q of the _.aﬁ.:__\m:o: 1S :::. buildings are com-
- .3 SR s - plicated structures and there 1s only a limited understanding of how they ac-
['N 09107 12:51/N  tually behave. Although the designer might have most of the available
| H 0-9141 .:..:_:; -~ information about the structure, he will not be able to assess the effects of
1 /HY® 09172 19-45 H' partition walls or cladding on the holistic behaviour of the structure, although
v B/H 0-9011 m.mwzm:. - these items provide additional stiffness.”
E 6. Some of the computed values in Tables 1 and 2 would have been obtained

using simple theoretical models. However, using a more complex model will not
necessarily result in a more accurate prediction. To obtain more accurate predic-
~tions, a better understanding of the overall behaviour of buildings 1s necessary,
and this will be achieved only by comparing theoretical predictions with experi-
mental measurements. Having obtained experimental data, 1t should be possible
to alter the theoretical model to obtain a good correlation with the measured

* N = number of storeys; H = height of structure in metres;
B = width of structure in metres.

Table 4 Effect of model complexity on computed frequencies’
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type of study has been cc._:n_iwd for some
{ a study on onc building. It 1S to be
retical model ocE_:c.a in this way
dictors for the majority of a large

values for any one building. This
buildings; Table 4 presents the results ©
hoped that one or two specific types of theo
will be found to be consistently the best pre
number of buildings tested.

7. It is important not to place too much emphasis on any one sct of results,

but it is of utmost importance that for each study. both ﬁ.:rw S.on,q%:mw_ q.soao_
used for the predictions and the measured v,g.Ec::.m_. oraiﬁc:v:ﬁ w:n. well
documented. Until such data are generally available it 1s unlikely that the accy.
racy of predicting natural frequencies will improve.

The best simple predictors | |

8. From the results presented, it appears that the simple predictors are, at
present, the most accurate. To discover which is the best n:w.a_nSﬁ details of 163
rectangular plan buildings were collected. Different predictors were used to
estimate the lowest fundamental translational frequency for each building and
the results were correlated with the actual measured frequency. The results are
given in Table 5. The predictor including the building width 1s worse than the
simple height-dependent predictor, and therefore the predictor f = <\ b/0-091H is

200¢ ¢

* New Data
x  Naito et al
« U.S Department of Commerce®’

20

Height of building: m

. ——————
6-0 80
Fundamental translation frequency. Hz

— -
2.0 40 -

Fig. 1. Frequency plotted against height for 163 reCtangular plan buildings
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not the c.v::::: lor this set of data. For the sake of simplicity the predictor
/= 46/H 1s recommended (correlation coefficient r — 0-8828), although a small
improvement might be obtained using a more complex formula. Fig. 1 shows
the results.

9. mm::._m:v\ the frequency of the orthogonal fundamental translational mode
can be estimated 3. /=358/H (r = (0-838) and the fundamental torsional mode
frequency can be estimated by f= 72/H (r = 0-657 for a sample of 63 buildings).
Large crrors are likely to arise with the use of any of these predictors, especially
the torsional mode predictor.

10.  The fundamental torsional mode can have a significant effect on overall
structural behaviour,® and can be the cause of local damage (cracking in clad-
ding and panels) around the periphery of the top storeys in a building. Therefore

it 1S :duo:m:: to consider the effects of torsional vibration in any dynamic
analysis.

The real characteristics of natural frequencies

Earthquake response and non-linear behaviour

11.  The impression that natural frequencies are invariant is often given in
published literature. However, the measured frequencies in Table 1 changed at

the onset and the end of the San Fernando earthquake. Full-scale tests involving

induced large amplitude motion of buildings®® have also shown this non-linear
behaviour, and recent tests have shown that the fundamental natural frequencies

are actually dependent on the amplitude of motion, and exhibit an amplitude
softening behaviour. Some results (Fig. 2) from a model

scale experiment!®
illustrate this trend. As well as the amplitude dependent characteristics of the

natural frequencies there is an amplitude dependence of the damping ratios. To
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show that these effects should :r;r .. f._ n Fernando carthquake 1 19711 The
-+ ercal Hotel during the San Juake value of 0-79 H

Sheraton Umiversal H( ' from a ?m-mu::L:urn value ol U-/Y Hz to

fundamental frequenc) n_i:.mB :a ”.2 damping ratio during the earthquake
AL . s a2 o 2ar h U g (»”). Lis ot : ) ) I .

(r45 Hz during the earthquake Loreas most buildings have a damping ratio

appeared to be about 1U critical, whereas mos!

hetween 039 and 25" for low amplitude mouion. inges in f

| R lenendence does not explain all the changes in frequency
12 The amplitude dependente | d t-carthquake values show g

in Table 1. because the UR-S:nLcurn and posi= These results ind;

change in frequency for similar amplitudes of motion. 11Es Icate

a loss of stiffness 1n the structure and can be attributed to damage (or plastic
deformation) caused by the earthquake.

Dynamic soil-structure interaction |

13, There is a commonly held 1dea that computer gwm.a methods will pro-
vide good predictions of the natural frequencies of a building. and when differ-
ences occur between measured and predicted values a scapegoat 1s often sought.
Dvnamic soil-structure interaction is often suggested as a possible explanation
for this deviation. The term dynamic soil-structure interaction 1s normally used
to describe the effect of local soil conditions on the dynamic response of struc-
tures. If there 1s sufficient movement 1n the soil to make the natural frequencies
of the structure significantly different from those of a similar structure on a rigid
foundation, then the mode shapes will have observable displacements at ground
level (see Fig. 3). For any particular mode, if the shape is similar to the fixed
8.99:0: (1.€. no significant movement at the base), it can be assumed that
soil-structure Interaction 1s of no importance in this mode. When a building
vibrates there will aways be movement in the soil. and hence a corresponding

energy dissipation, both from internal damping and from the radiation of Ray-
leigh waves. However. in many cases this will not be significant.
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«ts on buildings 1M which the

o estimate whether soil-
3,7.12 14 m—uogm

14. By studying reports on dynamic 1€ e
measured mode shapes are presented, It 1S pOSS! = suildings:
structure interaction was important. A sample o:_ns.(z c_a N mm::ocm: WO
no significant motion at the base in the fundamental modes,

cases there was observed motion at :ﬁ cmm.a for the mmomzmﬁﬁmmwum_\_?ﬁo%_“
mode shapes for a building are m?ﬂ: in Fig. 4.) Ioicfﬁ :M:: re 4t
buildings, and soil-structure interaction may be mor¢ 1mpo ,

11d 1 lding/ iffnes 10 1s larger.
buildings where the building, ground stiffness ratio 15 1 o o
15. Soil-structure interaction plays an active role in the dynamic behaviour

of the Oak Centre Towers in California, for which the measured and m?d_ﬁaa
frequencies and mode shapes are shown in Fig. 3. Although the flexible base
solution (i.e. that including soil-structure interaction) has a Ema_o:ﬁ ?mpcm:a«
within 12°. of the measured frequency, the mode shapes are very different. This
indicates that the assumed distribution of stifiness in the overall m::.o::m_
system was wrong, and that too much emphasis was placed on the foundation. _.~
is stated by Stephen et al.'® who tested the Oak Centre Towers that, ,‘_.,:o analysis
of very rigid structures on flexible foundations must consider the soil-structure
interaction phenomena, or the solution could be as much as 100°, off.” Fig. 5
shows that the rigid base solution is much better at predicting the deflected
shape, and hence the conclusion should simply read ‘The analysis (prediction of
natural frequencies) of structures can be as much as 100”, in error.’” Although
soil-structure interaction was shown to be present, it was not the sole cause of
errors in the computation.

Ramifications concerning the dynamic analysis of structures

16. As errors in predicting fundamental natural frequencies may be more
than +50°,, even greater errors in the calculated overall response and stresses
are to be expected. This indicates that any analysis involving the initial predic-
tion of natural frequencies must be considered as approximate. The predictions
of modal damping and the natural forces exerted on a structure are likely to be
even more uncertain than the predicted frequencies, and so the possible errors in
predicting the overall behaviour of a structure are considerable.

I'7. Even when the natural frequencies and damping values are known, the
prediction of building response to wind loading can be over an order of Bmm:m-
tude in error.® Similar errors may be expected in the predicted response of
MMEQMRm 8:298 and earthquake loading, but for these cases the amplitude
dmnvmmsw%mmmw .uEQm:m:om of both natural frequencies and damping ratios may

18.  The large uncertainty i ICt ] atur: v e
mic mo:m::nﬁmﬁo ::aB%wﬁu_:n%hmﬂ_ﬁowﬂmmMMM cw.: - i o v
cause any difference in frequency mﬁso h . .n._msoqma Fq tall _uc__a_:mm,. be-

¢n the rigid and flexible base predictions

Ez_camam:Sooanm:mczi. .
. ith the likely error i .. .
(There is no evidence to suggest ogﬁsaw V ¢ 18 the rigid base somputations

_C > st e
) Only the ?:amBS.E_ [requency modes have been discussed, but the

frequency modes wi
. es will suffer from similar or
. This means that >

ACCURACY OF PREDICTING FREQUENCIES OF BUILDINGS

provided is not just a problem of dynamics, but equally one of statics, and until
much more information has been gathered, designers should tread warily.

Conclusions
21. Errors of +50%, are not uncommon in the prediction of the fundamental

natural frequencies of buildings. From the sample of 17 buildings considered it
appears that the simple formulae are likely to be as accurate as computer based

predictions.
22, Of the simple formulae available for predicting the fundamental transla-

tional mode frequency of a building, f= 46/H seems to be the most reasonable

for the sample of 163 rectangular plan buildings considered.
23. The amplitude dependent characteristics of both natural frequencies and

damping can be significant both for offshore structures and for buildings 1n a

zone of high seismic risk. |
24. Dynamic soil-structure interaction can reasonably be ignored for the

initial analysis of tall buildings, because most tall buildings so far tested show no
indication of significant movement at ground level, and because the large uncer-
tainties in predicting natural frequencies of rigid based structures are likely to
overshadow the effect of soil-structure interaction.
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