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SITE DEPENDENT SPECTRA FOR ASEISMIC DESIGN

REETA KHANNA?, D.K. PAUL®* AND BRIJESH CHANDRA?®
INTRODUCTION

For aseismic design of structures, the ground motion data is assumed either in
the form of an accelerogram or indirectly in the form of response spectra. The usual
measures of response are maximum relative displacement which is a measure of the
strain in the spring element of the system, maximum relative velocity which is a measure
of the energy absorption in the spring of the system and maximum acceleration which is
a measure of the maximum force in the spring system. The response spectra approach
is generally used for design of ordinary structures and also for preliminary analysis of
important ones where a number of trials may be required to arrive at the final result.

Engineers associated with the problems of earthquake resistant design have been
concerned about the vital problem of choosing suitable response spectra for a particular

site. This is a difficult problem because of the difficult nature of parameters involved
in it.

The various earthquake parameters which influence the ground motion chara-
cteristics E_pcak ground acceleration, frequency and duration) are magnitude of earthquake,
depth of focus, epicentral distance and source mechanism. The ground motion chara-
cteristics are further influenced by the geologic and soil conditions at the site, viz. depth
of various soil layers their inclination as well as properties, type of intervening soil,
depth of water table etc. Prediction of a precise and exact response spectra at a site in
a deterministic way is not possible due to uncertain nature of parameters involved.
Therefore an average spectra depending upon local site condition should be used for
aseismic design of structures, This would necessarily require alarge number of recorded
earthquakes of approximately same magnitude and epicentral distance as the expected,
on ground conditions similar to those of the site. Such an average spectra could then

be expected to reflect the average values of various parameters at the site. Response
curves for various confidence level has also been drawn.

Housner® was the first to propose an average response spectra and also the
normalising (multiplying) factors for four actural recorded strong motion earthquakes.
Kuribayashi et aL® studied the cffect of magnitude, maximum acceleration, epicentral
distance and soil condition and proposed average response spectra for rock, diluvial
layers, stiff and soft soil. Hayashi et al.®» proposed the response spectra for (i) dense
sands and gravels, (ii) the soil of intermediate characteristics and (iii) extremely loose
soil. Newmark'® % also proposed smoothened response spectrum curves which could
be applied to alluvial sites. Seed, Ugas and Lysmer®?® in 1974 analysed 104 records and
proposed response spectra for (i) rock (ii) stiff soil (iii) deep cohesionless soils and
(iv) soil deposits consisting of soft to medium clay, Chandrasekaran and Paul') have
proposed the average response spectra for alluvial sites based on 50 earthquake records,

Earlier it was felt that peak ground acceleration was the only parameter which
could describe the intensity of earthquake motion at a site and therefore was used for
normalising the response spectra. However in order to estimate the peak acceleration,
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one¢ has to resort to an empirical relationship correlating it with Magnitude, focal depth
and epicentral distance. There are a number of empirical relationships now available for
computing the peak ground acceleration but it is difficult to choose a suitable empirical
relationship for use at a particular site. Similarly other criteria like peak ground velocity,
ad/v? (where a,v,d are the peak ground acceleration, velocity and displacement) and
spectral intensity could also be used as normalising factors alongwith peak ground
acceleration. In the present study five methods of normalising the response spectra viz
(i) peak ground acceleration, (ii) peak ground velocity, (iH) ad/v, (iv) spectral intensity
for zero percent damping and (v) spectral intensity for five percent damping, have been
examined and it is shown that peak ground acceleration s the most suitable parameter
for normalising the response spectra. Based on this, average response spectra for rock
and alluvial sites have been proposed.

It has been shown that a response spectra for a particuhr confidence level can be
derived from statistical studies based on actual recorded earthquakes. The response
spectra for horizontal and -vertical vibration for different confidence levels are also
given. ‘ )

DATA ANALYSED

The earthquake records used for spectral analysis have been recorded at free field
stations or in the basement of tall buildings. The free field motion is modified due to
the presence of structure. In this analysis it is assumed that the influence of structure
on the free field motion is small and therefore this effect has been ignored.

Thirty three records of accelerograms that were reported to be on rock site, taken
from five earthquakes were considered for spectral analysis for rock site. As large number
of records are from San Fernando earthquake, the sample is influenced by this earth-
quake. The magnitudes of records considered, ranges from 5.25 to 7.6 and epicentral
distance ranges from 7 to 62km. For horizontal response spectra, selection of accelero-
gram records were limited to those in which the peak ground acceleration is greater
than 0.05 g. The associated sixteen earthquake records were considered for evaluation
of vertical response spectra.

Forty earthquake records that were reported to be on alluvial site, taken from
five earthquakes were considered for spectral analysis. This sample of records is also
influenced by San Fernando earthquake. The magnitude of records considered ranges
from 5.6to 7.7 and epicentral distance ranges from 18 to 124km. For horizontal
response spectra selection of accelerogram records was limited to those in which the
peak ground acceleration is greater than 0.03 8. The associated twenty earthquake
records were considered for vertical response spectra. Tables | and 2 give the data for
rock site used for analysis of horizontal and vertical response spectra respectively.
Table 3 and 4 give same for alluvial site. The above data were taken from the references
(7, 10, 11).

ANALYSIS OF DATA AND DISCUSSION

A simple average of the normalised spectra of all the 33 records on rock has been
evaluated. Itis found that the shape of average response curves for different cases of
normalisation correspond very nearly to each other. It works out that for rock site 1.0g
peak ground acceleration is approximately equal to peak ground velocity of 88 cm/s, ad/vt
value of 25, undamped spectral intensity of 500 cm and 5 percent damped spectral intensity
of 300 cm. Figure 1 shows the plot of average spectra cortesponding to various nermal-
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ising factors. For comparison all the curves are made to coincide with the average
response spectra normalised w.r.t. acceleration in the longer period range, since in this
part the shape of average curve is more or less flat. It is however seen that there is some
deviation in the predominant period range. Maxima and minima envelopes of the spectra
for 33 records on rocks have been obtained and shown in Figs. 2 and 3 respectively, It
is seen from Fig. 2 that maxima envelope corresponding to peak ground acceleration gives
minimum deviation from mean value around the predominant period range and maxima
envelope corresponding to SI, and SI, give the minimum deviation in the longer period
range. The normalisation corresponding to ad/v? gives maximum deviation from mean
throughout the period range considered. Fig. 3 shows that the minima envelope corres-
ponding to spectral intensity SI, shows minimum deviation from mean value in the longer
period range while normalization corresponding to peak ground acceleration gives mini-
mum deviation around predominant period. The normalisation corresponding to ad/v?
again gives maximum deviation from mean throughout the period range considered. The
envelopes corresponding to SI, and SI; are seen to be close to each other,

From the above study it is clear that near the predominant period normalisation
corresponding to peak acceleration gives the minimum deviation from mean value whereas
in the longer period range SI, and SI; normalisation gives the least deviation from mean.
If peak ground acceleration is used for normalisation then spectra in shorter period range
will give good result where as normalisation w.r.t. spectral intensity will give good result
in the longer period range onthe basis of least deviation from mean. Since an acceleration
response spectra has many spikes at the shorter period range and almost smooth in the

loncgler period range, therefore peak ground acceleration is used for normalisation in this
study.

Figure 4 shows a comparison of minima, mean, maxima, mean plus one standard
deviation, and mean plus three times the standard deviation curves. It is seen that
average plus three times the standard deviation curve almost completely envelopes the

maxima curve. Therefore this mean plus three times the standard deviation curve gives
100 percent confidence level.

Using peak ground acceleration as the criteria for normalization, the smoothened
shape of response spectra normalised to 1.0g peak ground acceleration for 100 percent,
84 percent, 65 percent and 50 percent confidence level are shown in Fig. 5 for rock site.

The associated shape of vertical response spectra normalised to 1.0g peak ground
acceleration corresponding to vertical component of earthquakes have also been derived
for rock site. The shape of response curves for 100, 84, 65 and 50 percent confidence
level for vertical components for different damping values are shown in Fig. 6.

Similarly Fig. 7 shows smoothened shape of response spectra normalised to 1.0g
peak ground acceleration for 100, 84, and 50 percent confidence levels for alluvial site.
The associated shape of vertical response spectra corresponding to vertical components
of alluvial site have been shown in Fig. 8.

COMPARISON OF SHAPE OF RESPONSE SPECTRA PROPOSED BY
VARIOUS INVESTIGATORS FOR DIFFERENT SITE CONDITIONS

It is very difficult to compare results of various investigators because of the vagueness
in definition of soil types used by them. Various terms like hard ground, firm ground,
stiff soil and rock have been used for describing the soil type. Similarly loose soil, deep
cohesionless soil and alluvial soil have been used to describe relatively softer soil. Absence
of quantitative description of soil type has been a serious handicap in these studies.
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However, a comparison of shape of response spectra proposed by various investigators
has been attempted. _
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COMPARISON  OF SHAPE OF RESPONSE SPECTRA FOR A ROCK SITE

The shape of average response spectra for 5% damping for rock sites as obtained
by Seed et al, Newmark, Kuribayashi et al. and Hayashi et al. developed from different
carthquake ensemble are compared with the shape of average response spectra proposed
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in, this study in Fig. 9. It is seen that for periods beyond about one, second, the spectra
match resonably well with each other. However in the short period range the deviation
is more, particularly in the case of curves proposed by Newmark. The predominant
period for rock to stiff soil range from 0.2 t0 0.3 sec,
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Fig, 9 Comparison of average acceleration response spectra for rock to
stiff soil conditions by different studies

Cﬁ_MPARISON OF SHAPE OF RESPONSE SPECTRA FOR AN ALLUYVIAL
SITE

The shape of ayerage response spectrum for alluvial and deep cohesionless soil
proposed by various investigators considering a different set of earthquake records have
been compared for 59 damping in Fig. 10. In the short period range upto 0.5 sec. all
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the. curves matelt resonably well, Beyond 0.5 sec.thwee is significant variation, The shape
of average response spectra proposed by Kurubayaski et al: and Hayashi et al. resemble
very well in longer period range. The shape of response spectra as proposed in this study
and those due to Chandrasekaran et al,, Seed et al., and Newmark resemble well, It may
be pointed out that the curves based on Japanese and U.S. earthquake data separately
sho;)v deviationiin the longer period range. The predominant period for an alluvial site
is about 0.4 sec.

CONCLUSIONS

Following conclusions are drawn from the analytical study of large number of
earthquake records.

(1} For normalising the response spectra for rock site, peak ground acceleration
is found to be most suitable around the short period range and spectral intensity in the
longer period range.

(2) Response spectra for various confidence level normalised with respect to
1.0g peak ground acceleration are therefore recommended for rock and alluvial sites for
use in aseismic design. Depending upon importance of various structures different confi-
dence level spectra may be used.

(3) The average predominant period for rock site is about 0.25 sec. and for
alluvial site is about 0.4 sec.

(4) For rock site 1.0g peak ground acceleration is approximately equal to peak
ground velocity of 88 cm/s, ad/v? value of 25, undamped spectral intensity of 500 cm and
5 percent damped spectral intensity of 300 cm.

(5) It is recommended that for design of important structures, the average
response spectra for the site should be obtained from the average of a large number of
earthquake records having epicentral distance, soil condition and other parameters close
to expected parameters.
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TABLE 2
- DATA FOR ROCK SITE (VERTICAL COMPONENT)
Epicentral Peak
SL Station Date  Magnitude Focal depth Dist Accn.
No. (km) (km) cm/sect
1. Taft 7.21.52 7.6 16 65 102.9
2. Golden Gate 3.22,57 5.25 9 11 37.2
3. Tembler 6.27.66 5.6 — 7 129.8
4. Castaic 20971 6.6 13 29 153.3
5. Santa Felica Dam 2.09.71 6.6 13 33 63.7
6. Los Angeles Water and 2.09.71 6.6 13 41 67.2
Power
7. LosAngelesZ011 Zonal 2.09.71 §.6 13 42 48.7
8. Lake huges st No. #4 2.09.71 6.6 13 25 150.8
9. 3838 Lankershim Los 2.09.71 6.6 13 30 69.7
Angeles
10. Grift park obs. 2.09.71 6.6 13 33 120.3
11. Fairmont Reser. 2.09.71 6.6 13 36 32.9
12.  Santa Anita Reser. 2.09.71 6.6 13 42 47.6
13. Pudding Stone Dam 2.09.71 6.6 13 62 37.3
14. Pasadena Seism. Lab. 2.09.71 6.6 13 34 . 3.5
15. Los Angeles 800W first 2.09,71 6.6 13 41 60.9
16. Sanbarnandino 9.12.70 5.4 — 19 - 52.5.
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TABLE )
- e QR ABLPMAL SITE (50 RECORDS)

Sl A "~ Compo- Li;gni- Focal Epicentral Peak ground
No. - Nameof Station  Date nent tude Dist Dist Acceleration
- e (km)  (kin) cm/s*
1 ."'2 3 4 5 6 7 8
[. ElCentro 5.18.40 6.3 24 43 341.7
2. El Centro " 5.18.40 W 6.3 24 48 210.1
3. Pasadena 7.21.52 § 7.7 16 124 46.5
4. Pasadena 7202 W 1.7 16 124 52.1
5. Santa Barbara 7.21.52 NdB 7.7 16 89 87.8
6. Santa Barbsra 7.21,52 S48E 7.7 16 89 128.6
7. Eureca 12.21.54 NIIW 6.6 10 24 164.5
8. Eureca 12.21.54 N79E 6.6 10 24 252.7
9. Ferndale 12.21.54 N#M4E 6.6 10 40 155.7
10. Forndale 12.21.54 N46E 6.6 10 40 197.3
11, El Centro - 2.09.56 SOW 6.6 10 18 32.4
12. El Centro 2.09.56 SOW 6.6 10 13 50.1
13. Hollister 4.08.61 SOIW 5.6 11 21 6.4
14. Hollister 4.08.61 N8OW 56 11 21 175.7
15. El Centro 4.08.61 S 65 11 64 127.8
16. El Centro 4.08.61 W 6.5 11 64  56.3
17. LosAngeles8244 Origin 2:09.71 NOOW- 6.6 13 20 250.0
18.  —do— 2.09.71 S0W 6.6 13 20 131.7
19. Los Angeles Hollywood 2.09.71 N9E 6.6 13 35 148.2
(Storage) '

Contd...

L3
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Table 3 contd. ... - '

1 2 3 4 5 6 7 8

20, —do— 2.09.71 SOOW 6.6 13 38 107.8

21. Los Angeles 7080 2.09.7t NSOE 6.6 13 34 98 0
Hollywood

2. —do— 2.09.71 NOOE 6.6 13 34 81.2 .

23, Los Angeles 120 2.09.71 SO2W 6.6 13 36 98.2
Robertson

24. —do— 2.09.71 N%E 6.6 13 36 9.2

25. PasadenaCITathenacum2.09.71 NOOE 6.6 13 37 107.3

26. ~do— 2.09.71 NOOE 6.6 13 37 93.5

27. 4680 Whillshrie Los ~ 2.09.71 NISE 6.6 13 38 115.0
Angeles

28. —do— 2.09.71 NTSE 6.6 13 38 82.0

29. Los Angeles 646 Olive 2:09.71 S37TW 6.6 13 a2 192.0

30. —do-- 2.09.71 S53W 6.6 13 42 236.4

31. Glendal 2.09.71 SOE 6.6 13 32 265.7

32. Glendal 2.09.71 SWW 6.6 13 32 209.1

33. Los Angeles 616 2.09.71 NOOE 6.6 13 39 107.6
Normahdie

34. —do— 2.09.71 SOW 6.6 13 39 112.0

35. 0.S.0.PumpPlant 2.09.71 N 6.6 13 52 85.2

36. —do— 2.09.71 W 6.6 13 52 103.7

37. Los Angeles 611W  2.09.71 NS2W 6.6 13 41 101.9
Sixth Street

38. —do— 2.09.71 N38E 6.6 13 41 78.5

39. Los Angeles 3710 Whill- 2.09.71 W 6.6 13 39 115.7
shrie Building basement

40, —do— 2.09.71 S 6.6 13 39 146.7
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TABLE 4

SL Name of Station Data Magni- Focal Epicentral Peak

No. tude Depth  Dist Acon.

(km) (km)  cm/s?
1. El Centro 5.18.40 6.3 — 48 206.3
2. Pasadena 7.21.52 1.7 16 124 29.3
3. Santa Barbara 7.21.52 1.7 16 89 43.6
4. FEureca 12.21.54 6.6 10 24 81.3
5. Ferndale 12.21.54 6.6 10 40 41.9
6. El Centro 2,09.56 6.6 10 80 32.4
7. Hollister 4.48.61 5.6 11 21 49.1
8. El Centro 4.08.61 6.5 11 64 29.7
9. Los Angeles 8244 Origin 2.09.71 6.6 13 20 167.5
10. Los Angeles Hollywood (storage) 2,09.71 6.6 13 35 49.8
11. Los Angeles 7080 Hollywood 2.09.71 6.6 13 34 57.2
12, Los Angeles 120 Robertson 2.09.71 6.6 13 36 26.5
13. Pasadena CIT athenacum 2.09.71 6.6 13 37 92.9
14, 4680 Whillshric Los Angeles 2.09.71 6.6 13 33 64.8
15. Los Angeles 646 Olive 2.09.71 6.6 13 42 69.2
16. Glendal 2.09.71 6.6 13 32 131.5
17. Los Angeles 616 Normahdie 2.09.71 6.6 13 39 51.6
18. 0O.8.0. Pump Plant 209.71 6.6 13 52 35.5
19. Los Angeles 611W Sixth Street 2.09.71 6.6 13 41 53,2
20. Los Angeles 3710 Whillshrie building 2.09.71 6.6 13 39 73.1

basement




