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Empirical prediction of response spectra
W. Scott Dunbar"

ABSTRACT

Response spectra of earthquake accele 18, ] ‘
ake accelerograms, incluc -
s of ground S | g , including smoothed averages of such spectra
.re descriptions ol g otion and may be used as a basis for defining a des: t [ !
. ~f derivi A e v R : : S | s1gn spectrum. 1'wc
ethods of deriving response spectra for use in sesimic design are reviewed g[‘he[r 1) 5
v el : ‘ f . > : se are: scalin
ﬁl]]p]lﬁL:It-lﬂﬂifr_l(‘tﬂl‘h l?y peak ground motions and computing response spectral ordinat :
¢ attenuation relationships. It 1s shown that, 1t co ] i ey
&\ of sash of 41 | , 1 mparisons are made In a COnsis-
applic: f each of these methods gives similar spectra. However, the standard
pmcedure of scaling dynamic amplification factors by peak ground motions can 1'lead to biased
~ < - ‘5 2 : ;
ates of response spectral ordinates. Reasons for this are related to the fact that spectral
nt on earthquake magnitude and to the manner in which a scaled spectrum is

dynamic
by means O
tent manner,

est1m
shape 1S depende

compu ted.

INTRODUCTION

The response spectrum of a particular accelerogram is a highly irregular function of frequency

or period. For purposes of describing ground motion, it is desireable to have a smooth function

of frequency Or period which envelops the irregular spectra below a particular level. Such a
<mooth spectrum is also useful for design, in which case 1t 1s a specification of the performance

requirements of a structure.

Two procedures for the determination of smooth response spectra are

1) scale dynamic amplification factors by peak ground motions, and

2) compute spectra by means of an attenuation relationship.

Each of these methods 1s based on empirical date
de in a consistent manner, the above

. the following it will be shown that, if comparisons are ma
procedures result ‘n similar response spectra with differences that can be ex

SCALED RESP ONSE SPECTRA

ed into three different period ranges within whi
ively constant: the low period or ‘acceleration’ range, the

and the long period or ‘disp range. In each region

is amplified the most.
ons have been derive

A response spectrum can be divid
fication of peak ground motion is relat
intermediate period or ‘velocity’ range,

the corresponding peak ground motion
for peak ground mot

lacement’

d by numerous inves-

Dynamic amplification factors

Ontario, Canada L2E 6W1

al Ltd., Niagara Falls,
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TABLE 1

Spectral Amplification Factors

From Newmark and Hall (1982)

.
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2Ty - 230 929 23Ty -39 |
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TABLE 2

Spectral Attenuation Relationships

logy=a+b(M —6)+c(M—6)°+dlogR+ kR + s

y - randomly oriented horizontal component

After Joyner and Boore (1988)
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re (1988)* that a peak ground motion para,,.. .
1988) assuIne : Id | >dicted | Sapalit )
(_ perlOd cou )E pl‘tt ICLEecC Y a E]}“[til
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As an example, JO v X

a response spectral ordinate, ¥,

(1)

the form —a+bM ;
- # 0 soil site => oM FhicKICos
8§ = O l'OCk Slte
<M< T.7

1
N = (1‘2 -+ hz) 5
ce to the vertical projection on the earth’s St
ace

Hituder t,h
magnitude, © b o constant. Base 10 logarithms are used. The copgq,

where M 1s moment
of rupture, 2 . ically using regression methods.

of the nearest point

a b cdhk and s are

random error in logy which has a Gaussian or normal probablity, -

tribution with zero mean and standard deviation 0. Thus logy has a normal diStrib“tiGH Or
ribution |

o : median value, yso, given by Equat; -

' < Jognormally distributed having a | s on 1 wit}
eqm;al?‘]}iyhic;?an ilus one standard deviation or 84 percentile value 1s given by y;, — |
i § B

eﬂec 'o ySGIOU
Vi ' ' lev ' a Of tra e] at : _ :
The standard deviation 18 behe E’d to be mﬂ.lﬂly I tion L P h and IOCEI,I Site : dltiﬁ
variabiﬁty. Note that the reasoi fOl' I:he | §

tile amplification factors in Table 1.
The constants in Equation 1 were estimated using the spectral ordinates of the horizont,)
components of a selected suite of accelerograms from western N orth America. Coefficients for the

randomly oriented horizontal component were estimated by considering both horizonta] compo.
nents at a recording site as independent data. These coefficients are shown in Table 2.

The term € is the

A COMPARISON

A response spectrum computed using the JB attenuation relationships can be meanin fully
compared with NH response spectra since the empirical basis of both types of spectra is horj S
c?m;?jgnent accelerograms from western North America. Assuming that a M6.0 earthquake oZ Onta}
at a distance of r = 20 km, the Joyner and Boore attenuation relationships for median valu(e:zuor;

a rock site (s = 0) result in o- ' : :

pseudo-velocity ordinates which
p : ‘ Ich are converted t O- '
(PSA4) ordinates to give the response spectrum labelled JB shown in Piguref) lpSEUd g e

For the same ' '
earthquake, the relationships for pga and pgv 1n Table 2 give the median valyes

period ‘velocity’ . ge and convert; — :
' (33 Y Tange. It is possible that the e V = Pgv X F, to PSA in the intermediate

m-

fls not given, procedure B can also
Or rock sites is given in Newmark
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Figure 1. Comparison between Joyner and Boore spectrum and Newmark-Hall spectra computed

by procedures A and B.

Given pga = 0.109g, the above ratio gives pgv = 9.97 cm/sec. This results in the spectrum

labelled NH-B in Figure 1.
Despite the differences in their derivation, the JB and NH-A spectra are remarkably sim-
ilar for periods greater than 0.5 sec. At periods less than about 0.3 sec, there is a significant

difference between JB and both NH spectra. This i1s partly due to the assumption of constant
pseudo-acceleration in this period range by procedures A and B. However, NH-B exhibits larger

amplification than either JB or NH-A for periods greater than 0.3 sec. The likely reasons for these
discrepancies are discussed in the next section.

DEPENDENCE OF SPECTRAL SHAPE ON MAGNITUDE

The amount of low frequency energy in ground motion generated by large magnitude earth-

quakes is relatively larger than that generated by small earthquakes. Figure 2a shows the accelero-
gram due to a M6.2 earthquake recorded by an accelerometer of the SMART array in Taiwan.

Note the 1 Hz and lower frequencies in this ground motion. A M4.9 aftershock of this earthquake
occurred and was recorded by the same accelerometer. The resulting accelerogram is shown In

Figure 2b. The high frequency (> 1 Hz) in the ground motion 1s evident. Both these accelero-
grams were recorded at almost the same distance from the earthquake and at the same site, so

that no complicating factors are present in this comparison.
Studies showing similar dependence of spectral shape on magnitude are described in Trifunac

and Anderson (1978) and Iwasaki (1981).

There exists the possibility that the Newmark-Hall spectrum is biased toward that of a

large magnitude earthquake. The 28 accelerograms used by Newmark ef al (1973) to derive
seven of which were greater than

amplification factors were recorded during nine earthquakes, ‘ ;
MB.0. The distribution of magnitudes of these events is shown in the bar diagram of Figure 3Ja.
kes greater than M6.0 is evident. It should

The preponderance of accelerograms due to earthqua _ o
be noted that there were few accelerograms due to earthquakes of magnitude M< 6 at the time

the a'rmIl'liﬁca.l’.int:m factors were derived.

Joyner and Boore used 64 horizontal component accelerograms recorded during 12 eve;its m

465




n O
f?s-':rnpf:rwnf- N

-
g88 M=0.<

e '-'[ﬂ_
’ 111y = e
yVENT 43 79V o1 Arvay R=5km
; I" ri: Hw‘t - I— --:-"_
risiat prm——g
1{)
{ = ] il
g ' r !
]l} ]
i |
# € i i l

v } \
D 10 .
# §
I
:
) 20 -
| TR, T e = N .
0.30 “- | & & 10.0 | 0.U <0.0
'."] i < ¥ . 4J
sess 44  July 38 9868 M=4.9 Component: N-5
FYE ™ | w s ey
i ion - i-!ji :q‘,t i'iT *\rrg Y E'-": — Jkrﬂ
3 - e
{) ) |
|
:
(] |
(D) .
|
0.05 ¢ |
o
. 0.00 .
v | |
. 4
: I
’ |
< |
0.05 | |
| |
}
I
i
d
| l . I
-0.10 - T RN, Sk TR, AN NG g
0.0 e
1110 101-0 15-0 20'0

Time (sec)

Figure 2. Accele OFT y O
gur celerograms of M6.2 and M4.9 earthquakes recorded by SMART array in Taiwan

their s . The |
eir study. Th distribution of magnitudes of the

; . . . Se :" F x "‘n = ’ - . y
0. It may be seen that the magnitudes ¢ eévents i1s shown in the bar diagram of Figure
v fistributed in the range 5.0 < M <38.0 - red By Joyner and Boore are more

Since t} g 1
awnla; ' e INeWmark- : -
explain the Jower k-Hall Spectrum is ey

amplification of Newmark-Hall \dently toward large magnitudes, it would

. 'er, at longer per | _ SPectra in the low perio ' x: |
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(a) Newmark et al
5 . (b) Joyner and Boore
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Figure 3. (a) Distribution of earthquake magnitudes used by Newmark et al (1973) to derive
amplification factors. (b) Distribution of earthquake magnitudes used by Joyner and Boore (1988)
to derive attenuation relationships for spectral ordinates.

of estimating pgv from published pgv/pga ratios can lead to significant magnitude bias in the
resulting scaled spectrum. A similar conclusion likely applies to estimating pgd from the ratio

pga - pgd/pgv*.

120.0 ; : | :
™~
~
= 80.0 |— -—
on
N
=
Q) F= )
W > vl
™G 40.0 — ._f_,.f"" o
-
20

0.0 L | ‘ * |
0.0 6.0 7.0 8.0
Magnitude

Figure 4. Plot of the ratio pgv/pga versus earthquake magnitude. This curve was computed
using r = 20km in the Joyner and Boore attenuation relationships for rock given in Table 2.

CONCLUSIONS AND RECOMMENDATIONS

Since the shape of a response spectrum depends on earthquake magnitude, the procedure
of scaling dynamic amplification factors by peak ground motions to obtain a smooth response
spectrum can lead to biased response spectra. The bias can be reduced at natural periods greater
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