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ABSTRACT:
T h e displacement based design procedure has been developed recently for the seismic design
and the evaluation of different types of structures. The substitute structure model used in the
procedure enables the inelastic displacement to be predicted from the elastic displacement
spectra. This paper introduces a new displacement spectrum model for both rock and soil sites.
T h e displacement spectrum model for rock sites takes into account the properties of the
earthquake source and the transmission path in accordancewith a seismological model. The
displacement spectrum model for the soil sites takes into account the natural period of the site
and the frequency properties of the bedrock excitations.
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1. INTRODUCTION
The displacement based design procedure has been developed recently for the seismic design
and the evaluation of different types of structures [I-31. The substitute structure model used
in the procedure enables the inelastic displacement to be predicted from the elastic
displacement spectra. This paper introduces a new displacement spectrum model proposed for
both rock and soil sites. The displacement spectrum model for rock sites takes into account
the properties of the earthquake source and the transmission path in accordance with a
seismological model [4,5]. The displacement spectrum model for the soil sites takes into
account the natural period of the site and the frequency properties of the bedrock excitations
[61.
The frequency content of the seismic shear waves generated at the earthquake source depends
on the moment magnitude, Mm, and the shape of the Fourier spectrum of the source. The
spectrum shape has been generalised by Atkinson into a generic Eastern North American
(ENA) "intraplate" model and a generic Western North American (WNA) "interplate" model
based on the analyses of a large number of accelerograms recorded in North America [7,8].
These generic source models reflect the significant differences in the average frequency
content of earthquakes generated in the two regions. The effects of the transmission path,
which include geometrical and anelastic attenuation and amplification, have also been
generalised into the ENA and the WNA crust model which assumes a shear wave velocity
gradient as shown in Figure 1 [9] and the set of geological parameters listed in the following
table :

..

Table 1 Geological Parameters of the Generic ENA and WNA Crust Models [7-101
Upper Crust
Shear Wave Shear Wave
Whole Path Attenuation
Velocity at Velocity at
Attenuation
Crust
Quality Factor
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Mid-Crust
Upper-Crust
Q(f) = Qo f"
QO
n
K
rn
Pit)
3.5kdsec
refer Fig. 1
0
680
0.36
ENA
3.8kdsec
refer Fig. 1
0.035-0.050
204
0.56
WNA

The response spectra derived from these generic source and crust models demonstrate that the
displacement demand varies with the moment magnitude and the crustal properties. In
contrast, the displacement demand appears to be insensitive to the source properties for high
natural periods typical of flexible and ductile structures (refer Figure 2 & 3).
The procedure to predict the displacement demand at a site consists of the following steps :
(a) Seismicity modelling (section 2).
(b) Displacement spectrum modelling for rock sites (section 3).
(c) Displacement spectrummodelling for soil sites (section 4).
These steps are described below.

2. SEISMICITY MODELLING
The level of seismic activity
in a region
can be expressed in the form:
. (seismicity)
.
.
log,,,N = a, - b (M 5)
(1)

-

where N is the expected number of earthquakes of magnitude greater than M which occur
within an area of 100,000 km2 over the next 100 years; and a, and b are the seismicity
constants.
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Atkinson's intraplate & interpiale source models; Qo=680 n=0.36 fmax=30hz

Figure 2

Shear Wave Velocity Gradients
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Displacement Spectraof Rock
and Soil Sites
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If no major active faults have been identified in the vicinity of a site in an intraplate region, a
uniform distribution of seismicity surrounding the site may be assumed. The number of
earthquakes, N" , generated within R kilometers from the site is proportional to the source
area, ilR2, and the return period, TRp,as shown by the following expression:
N'= N (~R'T., )/(I00 years x 100,000 km2)
(2)
The design earthquake magnitude, M, for a given value of R ,a, and b can be determined by
substituting equation 1 into equation 2, taking N' = 1 (one event), and rearranging the terms
as follows:
M= 5 + ( 1 o g J ~ c R ~ T
- 7~+ a. )/b
(3)
It can be shown that if a. = 1.9, b = 0.9 and Tw=500 years the resulting M-R combinations
(refer Table 2) are associated with a peak ground velocity of approximately 60mm/sec
(assuming ENA crust) which corresponds to an acceleration coefficient of 0.08g which is
representative of the average seismicity of the Australian capital cities.
It is recognised that moment magnitude (Mw)should be used in defining M for applying the
procedure to be described in section 3. However, M,,, = M, (local magnitude) may be
assumed for ML c 6, and Mw = M, (surface wave magnitude) for 6 < M, < 7 for practical
purposes although slight adjustments may be required in some regions.

3. DISPLACEMENT SPECTRUM MODELLING FOR ROCK SITES
The displacement spectrum is assumed to be bi-linear (refer Figure 4) and is defined as
follows :
s.(T)= S, ~ ( 2 % )
(4a)
S,(T)= S,
(4b)
whichever is the lesser.
The peak spectral velocity, Sv, and the peak spectral displacement, SD , defining the
displacement spectrum have been approximated by (units in mm and mdsecond) :
(5a)
SD=SD ~ D ( MB(R)
) ~D(M,R)
(5b)
Sv=
av(M) B(R) yv(M,R)
where SD* = 14mm and sv*
= 95mdsecond are the benchmark values at M=6 and R=30kw

~v

The magnitude factors, aD(M)and av(M) are defined by
a ~ ( h f=
) 0.20 + 0.80 (R-5)13
av(M) = 0.35 + 0.65 (R-5)"'
The distance factor, B, is defined by :
B = 6.5116.5 + (R-30)/4.4}

:

(6a)
(6b)
(7)

The crust factors, YD(M,R)and yv(M,R), for WNA crust are defined by :
yD(M,R)=1.6 + (30-R)/200 + (6-M)l10
(8a)
yv(M,R)= 1.6 + (30-R)l100 - (6-M)l10
(8b)
The crust factors for the ENA crust are equal to unity by definition.
Equations 5 - 8 have been derived by mapping (curve-fitting) results obtained from the timehistory analyses of a large number of synthetic accelerograms generated in accordance with the
seismological model described in Ref.5. The M-R combinations derived for a, = 1.9, b=0.9 and
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T = 5 0 0 , using equation 3, and the associated S a n d S, values are shown in Table 2 together
with the values obtained directly from time-history analyses (shown as (value))as follows:

The comparisons between the tabulated and the bracketed results show that the errors
introduced by the curve-fitting were insignificant.
From Table 2, S = 31mm and S = 135mm/sec is predicted for M=7 and R=70km assuming
WNA crust parameters. The corresponding displacement spectrum calculated using equation
4 is shown in Figure 4 (bold line).
4. DISPLACEMENT SPECTRUM MODELLING FOR SOIL SITES

The displacement spectrum, S , ( T ) for a soil site of natural period Ts can be approximated
by the bi-linear expression which is based on a procedure developed recently by the authors

where
So,B,!,,=
5 S*(T=T8)^l
(90
S d ( T = T g ) ^ ,is thespectral displacement defined by equations 4a & 4b for T=T%
5 = 1.2 (2.5) {7/(Â£.oii+2))"
(94
(n=2 for soil in resonance with the bedrock excitations and n=4 for other conditions.)
8 may be taken to be equal to 2 - 3 assuming (soil damping) = 5 - 15% for low seismicity
conditions.

cinii

The displacement spectrum for soil sites classified as stiff, intermediate and very flexible
corresponding to Tg=0.6sec, 1.5sec and 3.0 sec respectively (assuming 8 = 2.5) are shown in
Figure 4.
The development of the displacement spectrum models is part of the long term research
programme undertaken by the authors to rationalise the seismic design procedure for Australia.

5. CONCLUSIONS
(i) Generic ENA and WNA source and crustal models have been defined. The peak
displacement demand is significantly dependent on the moment magnitude and the crustal
model but not on the source model.
(ii) A set of M-R combinations has been derived for a given return period and seismicity
level.
(iii) Expressions have been derived to predict the displacement spectrum for a rock site using
M, R and the crust classification as the input parameters.
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(iv) Expressions have been derived to predict the displacement spectrum for a soil site using
the site natural period, T , the soil damping ratio, ~ s o , i ,and the bedrock response spectrum
as the input parameters.
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