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ABSTRACT 

Damage to critical contents in buildings following an earthquake (or explosion) often 
results in significant economic losses if the building cannot perform its normal 
functions over an extended period of time. Building codes have begun to address 
potential damage to building contents, but this has been handicapped by the lack of 
knowledge on their potential behaviour in an extreme event. The conventional force­
based approach of estimating the peak floor acceleration and the associated inertia 
forces on an object is unrealistic, as the components are often unrestrained. Clearly, the 
normal assumption that "building content is part of the building's primary structure (i.e. 
fixed components)" is inappropriate. 
This paper introduces a rational procedure to model the rocking response behaviour of 
free-standing objects when subjected to earthquake excitations. This new method 
utilizes the displacement-based approach and presents results in the form of Rocking 
Displacement Spectra (RDS). The RDS is different to the Displacement Response 
Spectra in that, the displacement demand is calculated from non-linear time-history 
analyses and results are expressed as a function of the object dimensions (i.e. thickness 
and height) as opposed to the object natural period. Given a certain excitation on a 
building floor, the RDS provides a direct indication of the maximum displacement 
experienced by a range of components, and quantifies their risk of overturning. The 
RDS format represents a significant step forward in modelling overturning of building 
contents. 
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1. INTRODUCTION 

The development of analytical techniques in current buildings standards (including the 
Australian Earthquake Standard, AS 1170.4, 1993), for free standing objects has 
mirrored that for the primary structure of buildings. Most of these techniques use 
equivalent lateral force methods (i.e. force based approach), where the components are 
designed for a lateral seismic force that is expressed as the product of the component 
mass and the Peak Floor Acceleration (PF A) developed in the component according to 
basic principles of mechanics. The PF A at any level in the building is obtained by linear 
interpolation between acceleration estimated at the roof and ground level (e.g. FEMA 
356, 2000; IBC, 2000 and AS 1170.4,1993). The value of the design PFA at the roof of 
the building may be estimated by taking the ratio of the estimated inertia force acting at 
the roof level and the mass of the roof. 
The objective of this conventional force based design approach is to produce an 
anchorage or bracing scheme for the components that can withstand the acceleration 
generated by the earthquake, without allowing the component to shift or topple. 
Accordingly the analytical techniques for assigning the response of components, which 
are demonstrated by recent building standards, assume that components would be fully 
restrained. 
In regions of low to moderate seismicity including Australia, the provision of holding­
down fasteners to secure building contents is not common. Computer cabinets and 
electrical components are typically free-standing and without any holding-down 
fasteners (AI Abadi et al, 2003). Enforcing full restraints on every item of equipment in 
every facility is desirable but has never been implemented in Australia, and yet failure 
or damage to building contents in an earthquake (or explosion) could disturb the 
continuos functioning and subject its occupants to significant risks even in a moderate 
earthquake. Hence, this paper focuses on the response of free-standing objects, which 
are free-standing and without effective hold-down connections. 
The concept of using displacement spectra (i.e. displacement based DB approach) to 
model the behaviour of the umestrained component is introduced in this paper by a new 
rational approach, which presents results in the form of Rocking Displacement Spectra 
(RDS). 
The RDS is a plot of the maximum object displacement, versus the parameter R 
(distance between the object centre of mass to the pivotal edge) for different object 
thicknesses. 
Given the basic parameters of an object, RDS can be used directly to predict whether 
components will overturn or rock. And for the rocking scenario, RDS can predict the 
component maximum displacement 
In this paper, a brief review for the Elastic Displacement Spectra approach is presented 
in Section 2. Section 3 presents the background and development of the Rocking 
Displacement Spectra (RDS) approach. 

2. ELASTIC DISPLACEMENT SPECTRA (EDS) APPROACH 

It has been found from a recent investigation (AI Abadi et al, 2004) into the response of 
slender free-standing rectangular objects that the maximum displacement developed in a 
rocking motion can be reasonably approximated by the motion predicted for a Single­
Degree-Of-Freedom (SDOF) lumped mass system, as shown schematically in Fig.la. 
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The force-displacement relationship representing the response to a push-over load is 
shown in Fig.l b (refer line drawn in bold). Using substitute-structure modelling, the 
force-displacement behaviour could be linearized with an effective stiffness. 
Accordingly the effective period (or Te.JJ) of rocking could be estimated by the formula 
shown in Fig.l. It should be noted that the highest point on the displacement spectrum 
does not necessarily appear as a prominent peak when plotted in the conventional 
acceleration response spectrum format. Thus, the described approach of tracking the 
maximum displacement demand from a displacement spectrum would not have been 
possible using the acceleration response. 
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Fig. 1: Elastic displacement spectra for rocking response. 

This simplified method of using an elastic displacement spectrum to predict the 
displacement of a rocking object by substitute-structure modelling, is only meant to 
provide an approximation to the actual response. The modelling is particularly 
susceptible to significant errors when the response is highly non-linear. This is 
discussed further in the following section. 

3. ROCKING DISPLACKMENT SPECTRA (RDS) APPROACH 

Rocking response for rigid bodies had been subjected to extensive study, as reviewed by 
Makris and Roussos (1998). This paper presents only the development of the rocking 
spectra concept. Research on the development of rocking spectra has recently been 
conducted by Makris and Konstantinidis (200 1) in studying the response of ground 
mounted electrical transformers. In their study, the proposed rocking spectra were plots 
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of the maximum rotation, 0 , versus the frequency parameter, p (or its inverse "Time 
period, T=2nlp"). 
The Rocking Displacement Spectra (RDS) approach is presented herein as a function of 
the object dimensions (i.e. thickness, height) as opposed to the object natural period. 
To show the development of RDS, a rigid block as shown in Fig. 2 is considered. Two 
main assumptions are applied to the model, which are: (i) the magnitude of horizontal 
acceleration is sufficiently large enough to cause initial rocking; (ii) the coefficient of 
friction is large enough so that there is no sliding. Complex motions such as "walking" 
have been ignored at this stage of the investigation. Under a positive horizontal 
acceleration that is sufficiently large, a rigid block will initially rotate with a negative 
rotation, 0 < 0 and, if it does not overturn, it will eventually assume a positive rotation; 
and so on. Uniform distribution of mass is also assumed so that the centre of mass of the 
object is also at its geometric centre. Investigation is continued to address objects with 
non-uniform distribution of mass. 
The equations that govern the rocking motion under horizontal ground/floor 
acceleration iig(t)are 

1/f(t) + MgRsin( -Ocr- O(t)) = -M.iig(t)Rcos( -Ocr- O(t)), O(t) < 0 (1) 

and 
I/f(t) + MgRsin(Ocr- O(t)) = -Miig(t)Rcos(Ocr- O(t)), O(t) > 0 (2) 

where I o is the mass moment of inertia about the centre of rotation, 8 is the angular 

acceleration, M is the mass of the block, g is gravitational acceleration, 

R (R = ~(h /2)2 + (t /2)2
) ), is the 

distance from the centre of mass to the 
pivot edge (see Fig. 2), Ocr is the critical 
overturning angle, and 0 is the rotation 
angle. 
Eqs. 1 and 2 have been adopted in similar 
research (Yim et al 1980, Makris and 
Roussos 2000, among others) and are valid 
for arbitrary values of the critical angle Ocr 

(Ocr= tan-1(t/ h)). The frequency 

parameter, p, for the rocking component is 

defined asp= ~MgR/10 , Io = (4/3)MR2 

for rectangular blocks. Hence the 
frequency parameter can be simplified to 

~3g 14R for rectangular objects. It should 

be noted that the frequency parameter 
formula is different than the one predicted 
in the EDS modelling (refer to Fig. 1), 

(} 

0 

which is a function only of the height of Fig. 2. Dimensions and parameters used to 

the component (i.e. p = ~)g 12H ), in describe the rocking of a block. 

which an assumption of R=h/2 was adopted. This assumption limits the EDS model to 
very slender objects (e.g. walls). In the new RDS model the frequency parameter (p) is 
applicable to any level of slenderness. 
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Eqs.l and 2 can be expressed in the compact form: 

ii(t) =-p 2 
{ sin[8cr sgn[8(t)]- O(t)] + ug cos[8cr sgn[O(t)]- 8(t)]} 

g 
or 

(j(t) = _.2_{gsin[Ocr sgn[O(t)]- O(t)] + iig cos[Ocr sgn[O(t)]- O(t)]} 
4R 

(3) 

(4) 

The solution of the nonlinear problem of Eq. 4, need to be adjusted by accounting for 
the energy loss at every ground impact during rocking. The conservation of angular 
momentum principle (Ferdinand et al, 2004) could be applied at the instant of impact 
for predicting the dissipation in energy in terms of coefficient of restitution (RD), as 
shown by Eq. 5. 

2R2 -t2 R 2 

. ---+-
R = Angular velocity after impact = -~-2 = 2 3 

D Angular velocity befor impact 01 R 2 R 2 

+-
(5) 

3 
The numerical integration of Eq. 4 along with the condition expressed by Eq. 5 yields 
the rotation time-history of a block for a given value for R, block thickness t, and 
ground excitation. 
The solution algorithm for these equations can be implemented using a program 
language such as Fortran or C. In this research, Matlab has been used. 
To illustrate the form and use of the RDS, a single pulse is applied as the ground or 
floor excitation. The displacement pulse and corresponding acceleration pulse are 
shown in Figs. 3a and 3b, respectively. Fig. 3c shows the resulting RDS for a 
rectangular component with different thicknesses (t) varying from 400mm to IOOOmm 
(the vertical axis of Fig. 3c and 4, presents the effective displacement that is defined at 
two-third the height of the object). 
It can be seen from Fig. 3c, RDS provides direct prediction of rocking response for a 
given object, using only two geometric parameters (Rand t). The RDS directly presents 
the critical range of thicknesses for overturning, as illustrated for objects with thickness 
of400mm. 
Fig. 4 shows RDS for rectangular objects excited by an earthquake scenario. Similarly, 
Fig. 4 shows directly whether component would overturn or would rock. For the 
rocking situation, the maximum displacement at the effective height can be obtained. 
In Figs. 3c and 4 the Elastic Displacement Spectra (EDS) are shown, to highlight the 
difference in prediction using these two methods. These two figures shows that the EDS 
can be highly non-conservative in predicting displacement, and hence the risk of 
overturning. Fig. 3c indicates that RDS predicts maximum displacement that is about 
twice that predicted by EDS. This ratio is found associated with only single pulse 
excitation and will be different with earthquake excitation, as illustrated by the 
comparison between RDS and EDS shown in Fig. 4. In this paper, only one 
accelerograms has been used to illustrate the effects of earthquake excitations 
characteristics by multiple cycles of pulse. Investigation is continuing with the use of 
accelerograms, which account for the filtering effects of the building. 
Significantly, the RDS presentation can directly predict the minimum thickness of a 
component that will not overturn under a given excitation. For example, components 
with thickness greater than 600mm would not overturn when subjected to a single pulse 
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excitation (refer to Fig. 3c), while for the earthquake excitation, components with 
thickness more than 800mm are safe from overturning (refer to Fig. 4). 
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Fig. 3. Rocking Displacement Spectra (RDS) for a rectangular block with thicknesses oft= 400 to 
1000mm, generated by single displacement pulse (shown below). 
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Fig. 4. Rocking Displacement Spectra (RDS) for a rectangular block with thicknesses oft= 400 to 
1000mm, subjected to the 1940 EI Centro (NS) California earthquake excitation. 

4. CONCLUSIONS 

The modelling of the behaviour of unrestrained components subjected to earthquake (or 
explosion) excitation in buildings by a rational procedure has been considered in this 
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paper. A brief overview of the Elastic Displacement Spectra (EDS) approach for 
predicting the rocking response was presented and its limitations highlighted. 
The new approach is performed by modelling the rocking problem in its real nonlinear 
form and also by applying the damping to the rocking motion at each impact during the 
rocking. With these procedures the exact Rocking Displacement Spectra (RDS) are 
predicted as a function of the component dimensions (i.e. thickness and height) as 
opposed to the object natural period in the EDS plot. Given a certain excitation on a 
building floor, RDS provides a direct indication of whether a component with specific 
dimensions will overturn or rock. For the rocking response case, RDS can show the 
maximum displacement expected during that excitation. 
The use of RDS would enable direct and accurate assessment of free-standing 
equipment, particularly for the risk for overturning. 
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INTRODUCTION: 

Australian earthquake hazard and risk assessments currently suffer from considerable 
uncertainty since they are forced to rely on ground-motion attenuation models derived 
in other regions [e.g. eastern North America (ENA)] (Dhu and Jones, 2002~ Robinson 
et al., 2004). These uncertainties can lead to undesirable outcomes, including 
umealistically high loading standards in the design and construction of critical 
infrastructure such as large dams. 

Attenuation relations appropriate for the Australian crust have, in the past, been difficult 
to quantify owing to a lack of ground-motion data from moderate-to-large local 
earthquakes. Geoscience Australia (GA), in association with Environmental Systems 
and Services (ES&S) and the Australian National Committee on Large Dams 
(ANCOLD) are presently collaborating to assemble an Australian ground-motion 
database suitable for attenuation studies. This paper examines data acquired during the 
2001-02 Burakin, Western Australia (WA), earthquake sequence (Leonard, 2003). The 
dataset represents the largest resource of high sample-rate digital data in WA that is 
useful for detailed spectral studies of this kind. We estimate source and path parameters, 
and subsequently perform regressions to define a Fourier spectral attenuation model for 
the Archean shield region of southwestern WA. For intraplate regions with low levels of 
seismicity, empirical studies such as this provide key input parameters for stochastic 
ground-motion generation oflarger earthquakes (e.g. Atkinson and Boore, 1995~ Toro 
et al., 1997). 

These data present a unique opportunity to study small-to-moderate magnitude 
earthquakes recorded at very small hypocentral distances. Moreover, the work described 
will provide a useful framework for developing regional ground-motion relations for 
Western Australia and the continent as a whole. 

TEMPORARY NETWORK AND DATA: 

At the onset of activity at Burakin in 2001-02, GA made a concerted effort to deploy a 
temporary seismic network in the region. The primary objective of this network was to 
collect high-quality strong-motion data for use in attenuation studies. Of the many 
thousands oflocated events, we analyse a subset of 67 earthquakes ofM 2.3 and greater 
recorded from 30 September 2001 to 6 August 2002. The dataset comprises some 260 
seismograph and accelerograph records, including strong-motion data for seven 
earthquakes of moment magnitude M 4.0 and greater at hypocentral distances less than 
lOkm. 

The temporary Burakin deployment comprised a combination of triaxial short-period 
seismographs and accelerographs located at a range of distances from near the 
earthquake epicentres, out to approximately 160 km. In addition to the temporary 
network, data were also obtained from four government funded, permanent Joint Urban 
Monitoring Program (n.JMP) strong-motion sites located in and around Perth. Sites 
located in Perth are approximately 190 km from the Burakin sources. All data were 
recorded at a sample rate of either 100 or 200Hz and band pass filtered between 0.5 and 
30Hz. No data from Geoscience Australia's National Seismograph Network (ANSN) 
were used in the present analyses. 
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All of the earthquakes in the swarm had focal depths less than 2.5 km. Because of the 
shallow depths, several sites indicated strong radially propagating Rg-phase 
components. The amplitude of this phase was observed to be highly dependent on focal 
depth, with the shallowest events indicating the highest degree of Rg-phase 
contamination. To minimise surface effects from this phase, waveforms were rotated in 
the horizontal plane to obtain the transverse-component. Windowed transverse shear­
waves were used for all subsequent Fourier source and path analyses. 

REGRESSION METHODOLOGY: 

Analysis of the present dataset largely follows the methods adopted by Atkinson (2004). 
Fourier amplitude spectra are fitted for 15 discrete frequencies between 0.79 s f s 
19.95 Hz following an equation of the general form 

(1) 

where A;.i is the predicted spectral amplitude at site j for event i, Rij is hypocentral 
distance, b is the geometrical spreading coefficient (i.e. R/), and c1 through c4 are 
parameters to be determined (Atkinson, 2004 ). Ideally, M is moment magnitude M, 
however it can be any measure of magnitude provided that both the magnitude type 
used in the regression and in the prediction of ground-motion are internally consistent. 

The anelastic attenuation coefficient q, is inversely related to the seismic quality factor, 
Q following 

c4 =(nf)/[In(IO)QP]. (2) 

where fJ (= 3.6 km s-1
) is the shear-wave velocity. 

Atkinson (2004) states that the geometrical spreading coefficient b is a function of the 
source-receiver distance. This is largely due to the arrival of other phases within the 
shear window, corresponding with postcritical reflections from the mid-crustal and 
Moho discontinuities and Lg-wave arrivals. Consequently, Atkinson (2004) suggests 
that geometrical spreading in ENA can be described by a hinged trilinear attenuation 
model. 

Once corrected for geometrical spreading and anelastic attenuation, spectral amplitudes 
can be regressed for quadratic coefficients c1, c2 and c3 to define an empirical spectral 
attenuation model dependent on magnitude. In the present study, we regress against 
magnitude Mas calculated by Allen et al. (in prep.). 

GEOMETRICAL SPREADING: 

Since we have a limited number of data to perform regressions in any one magnitude 
range, Fourier amplitude spectra were normalised to obtain a geometrical spreading 
model for the Burakin dataset. Windowed shear-wave displacement spectra were 
calculated and the low-frequency spectral level O.if was manually picked for each 
record. Observed Fourier spectra were smoothed and a series of22 discrete amplitudes 
Ay{/), logarithmically distributed from 0.78 to 25 Hz were extracted from each record. 
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Given the paucity and spatially clustered nature of the Burakin dataset, low-frequency 
spectral levels are source-corrected for sites with a hypocentral distance of 10 ~ Rif ~ 
105 km. We assume that low-frequency source spectra (f ~ 2.3 Hz) can be estimated for 
all records in this distance range by multiplying by a geometrical spreading coefficient 
Rif (Atkinson, 2004). Sites within 10 km of the source were ignored in the regression 
since their spectral amplitudes are susceptible to near-field saturation and radiation 
pattern effects, coupled with uncertainties in location. The normalising factor On; for 
the ith event is defined by averaging O.;j over the valid hypocentral distance range 

N, 

logOn; =(1/NJL[logD.u+logRyJ forallj, 10~Ry·~ 105km. 
j=l 

(3) 

N; is the number of stations that satisfy the hypocentral distance criterion stated above. 
This procedure is performed assuming that low frequencies are relatively unaffected by 
anelastic attenuation and scattering at short source-receiver distances (Ry· ~ 105 km). 
Each site j over all Rif are subsequently normalised following 

log Anu (f)= log Au· (f) -l.og D.n;, (4) 

where AniJ is the normalised spectral amplitude for earthquake i at the jth site. This 
method assumes that the logarithm of normalised spectral amplitude is equal to zero at 
R = 1 km. If we assume O.if can be approximated by Ay-(1.5 ~ f ~ 2.3 Hz), horizontal­
component Fourier spectral amplitudes for 10 ~ Ry· ~ 105 km appear to decay as 
approximately R-I.os. Geometrical spreading coefficients with gradients steeper than -1 
have also been empirically observed for sites R ~ 70 km in ENA (Atkinson, 2004). For 
sites less than 10 km, normalised spectral amplitudes for the Burakin dataset appear to 
plateau near the source. Unfortunately, the short hypocentral distance range 
(R < 200 km), coupled with the limited number and spatially clustered nature of the 
dataset, make it difficult to quantify a hinged geometrical spreading function similar to 
that of Atkinson (2004 ). In subsequent analyses, we assume a geometric spreading 
coefficient G(R) following 

{

1.06 log~j 
logG R = 

( ") 1.06logl?n+0.5 log(Ry/l?n) 
(5) 

where Rn is taken to be 80 km; the approximate distance where geometrical spreading 
becomes less severe owing to surface-wave arrivals from shallow events. Ro is merely 
an approximation based on prior studies (e.g. Atkinson, 2004 ). This relation is 
employed for subsequent calculations of earthquake source parameters (Allen et al., 
in prep.). 

ANELASTIC ATTENUATION: 

In addition to effects from the Rg-phase, strong resonance peaks in the 6-10 Hz band 
corrupted observed spectra at many of the sites within a hypocentral distance range of 7 
to 20 km despite all instruments being located on hard-rock. This phenomenon further 
complicated attempts to resolve the frequency-dependent quality factor, Q(f). To avoid 
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these problems, we only use horizontally-rotated, transverse-component data that appear 
to be relatively unaffected by site effects and complex phase arrivals. This limited the 
number of data we were able to use to estimate anelastic attenuation and may have 
introduced azimuthal, distance and instrument dependent biases into our calculations. 

The quality factor typically follows the frequency-dependent power law Q(f) = Q0 j'7, 

where Q 0 is the intrinsic quality factor at 1Hz and 17 is a numerical constant. The two­
station spectral ratio method (Kvamme and Havskov, 1989) was subsequently applied 
to our data. For frequencies 1.1 ~ f ~ 12.7 Hz, regression analysis yields the frequency­
dependence 

Q(f) = 290/1.09. (6) 

The horizontal-component intrinsic quality factor in equation (6) is relatively low 
compared to other stable continental regions [e.g. Qo = 893 for ENA (Atkinson, 2004)], 
however, the large frequency exponent in equation (6) gives rise to large values of Q at 
higher frequencies. The value of Q o is slightly higher than crustal values identified by 
Bowman and Kennett (1991) for central Australia of Qo = 230. 

EARTHQUAKE SOURCE PARAMETERS: 

Allen eta!. (in prep.) calculate moment magnitudes for the Burakin dataset employing 
the empirical relation of Hanks and Kanamori ( 1979): M = 2/3 log Mo - 6.03, where Mo 
is the seismic moment measured in N-m. Magnitudes for the present dataset range 
between 2.3 ~ M ~ 4.6 and demonstrate an Mo-ML relationship following 

logMo = 1.14ML + 10.45. (7) 

Local magnitudes ML were calculated using the relation of Gaull and Gregson (1991). 
Further spectral analysis of the Burakin dataset indicates that the average comer 
frequencies for these events do not vary significantly with M 0, chiefly ranging between 
2-3Hz (Allen et al., in prep.) for events M > 3.0. This gives rise to relatively low stress 
drops for the lower magnitudes (M < 4.0) that increase at larger magnitudes. Average 
stress drops for the larger magnitude events (M > 4.0) appear to be relatively high 
(approximately 10 MPa) and are consistent with values obtained from southeastern 
Australian earthquakes (Allen et al., in press). 

RESULTS AND DATA ANALYSIS: 

Table 1 provides regression coefficients for the fit of horizontal-component spectral 
amplitudes. Predicted Fourier acceleration spectral amplitudes for earthquakes of 
magnitude 2.3 ~ M ~ 4.6 based on these coefficients can be written as 

logAy. = c1 +c2 (M; -4)+ c3 (M; -4)
2 

-1.05log ~i -c4R;1 for Ry· ~ 80 km 
(8a) 

logAy = c1 +c2 (M; -4)+ c3 (M; -4)
2 

-1.05log(80)-0.5log( R;1 j80 )-c4R;i for }\1 > 80 km 
(8b) 

Page 11-4 



Table 1. Coefficients of Frequency 
c1 ~ C:l C4 Q 

regression for horizontal- Hz 

component Fourier 0.79 1.169 1.529 0.0757 0.00133 226 

amplitudes for Burakin, W A, 1.00 1.341 1.526 0.0272 0.00131 290 

earthquakes of magnitude 1.26 1.534 1.464 -0.0240 0.00128 373 
2.3 s M s 4.6 [equation (8)]. 1.58 1.666 1.389 -0.0558 0.00125 479 

2.00 1.768 1.295 -0.0783 0.00123 616 

2.51 1.815 1.252 -0.0828 0.00120 791 

3.16 1.853 1.224 -0.0777 0.00118 1017 

3.98 1.860 1.199 -0.0656 0.00115 1307 

5.01 1.840 1.152 -0.0549 0.00113 1680 

6.31 1.806 1.069 -0.0480 0.00111 2160 

7.94 1.767 1.001 -0.0421 0.00108 2776 

10.00 1.757 0.945 -0.0330 0.00106 3568 

12.59 1.748 0.897 -0.0153 0.00104 4586 

15.85 1.704 0.882 0.0117 0.00102 5894 

19.95 1.616 0.850 0.0456 0.00100 7575 

Values describe Fourier acceleration spectra in mm s·1
• 

Figure 1 compares some observed spectra (for two magnitude and distance ranges) with 
the predicted spectral amplitudes of this study and with Atkinson's (2004) model 
derived for ENA. Modelled spectral amplitudes are calculated at the mid-point of the 
distance range. Predicted amplitudes are plotted using the upper and lower magnitude 
limits. In general, our empirical attenuation model fits the observed data quite well. 
Outliers will be expected since the model is an average representation of observed 
ground-motion. The WA model appears to predict higher Fourier amplitudes at low 
frequencies than Atkinson (2004), particularly at short source-receiver distances. The 
disparity between the two models at low frequencies most likely arises from issues 
concerning differences in geometrical spreading. The magnitude scales used for each 
study appear to be consistent since the low-frequency level (f < 2 Hz) of the source 
spectrum (i.e. at R = 1 km) is equivalent for both models1

. 

Residuals of modelled WA ground-motions are plotted against hypocentral distance 
(Figure 2). Residuals at sites j are defined as the logarithm of predicted spectral 
amplitudes, less the logarithm of observed spectra for an event of magnitude Mi at 
Rij km. Modelled spectra appear to slightly overestimate observed horizontal-component 
ground-motions between 10-20 km at 1 Hz, however, residuals at greater distances are 
generally quite low. 

CONCLUSIONS: 

Regression an~lysis of Fourier spe~tra indica~es that the_ decay o~1sgec~al_ amplitudes 
can be approxtmated by a geometncal spreadmg coefficient of R · wtthin 80 km of 
the source. Beyond 80 km, we use theoretical cylindrical spreading of R..o.s (Herrmann 
and Kijko, 1983). The associated model for the regional seismic quality factor can be 
expressed as Q(f) = 290 !1.03

_ 

1 Note: we convert M for modelled spectra to m1 using equation (12) in Atkinson (2004) and substitute 
into the ENA ground-motion model (Figure 1.). 
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Figure 1. Comparison of Fourier Displacement Spectra derived from the Atkinson (2004) attenuation model 
and the present study. The two sets of heavier lines in each plot indicate the bounds of the maximum and 
minimum magnitudes (M1 and M2) calculated at the mid-distance of the data range (R1 and R2) . Thin lines 
represent observed spectra recorded within the prescribed magnitude and distance range. 
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Figure 2. Residuals of modelled W A 
ground-motions plotted against 
hypocentral distance. Note that the site at 
approximately 45 km indicated 
anomalous frequency decay beyond 
2Hz. Consequently no data from this site 
were used in the regression of the ground 
motion model indicated in Table 1. 
Similarly, sites at R > 190 km were 
located in the geologically dissimilar 
Perth Basin and were not considered 
suitable to be included in the regressions 
either. 

Using the coefficients derived in Table 1, modelled horizontal-component displacement 
spectra appear to fit the observed data very well . Spectral amplitude residuals are on 
average, relatively small and do not appear to vary significantly with hypocentral 
distance. Given the narrow magnitude range of the data (2.3 s M s 4.6), we cannot be 
certain of the model's behaviour if extrapolated to larger magnitudes. Furthermore, 
since the Burakin dataset comprise an earthquake swarm, results of Allen et al. (in 
prep.) suggest that all but the largest of these swarm events appear to have anomalously 
low comer frequencies and stress drop. We are therefore concerned that an attenuation 
model based on such events may have limited application for predicting ground-motions 
of isolated crustal events. This gives added impetus for the need to include more data in 
our work and to expand this research into different seismotectonic regions within the 
Australian continent. 
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This preliminary work provides an important framework for developing regional 
ground-motion relations in Australia. Attenuation parameters derived in these empirical 
studies are used as key inputs for stochastic models to predict ground-motions for larger 
magnitude events. 
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ABSTRACT: 

A new model used in constructing response spectra representing conditions pertaining 
to resonance on soft soil sites is presented in this paper. Factors controlling the extent of 
soil amplifications including the shape of the soil shear wave velocity profile, hysteretic 
damping properties of the soil and impedance contrast between soil and bedrock have 
been taken into account in the model. The last of these factors controls the extent of 
radiation damping which is highly dependent on the shear wave velocity of the bedrock 
close to its interface with soil sediments. The prediction for this radiation damping 
factor has been filled with uncertainty since information related directly to the strength 
and stiffness of the bedrock is not included in a typical borehole record. The shear wave 
profiling in Silurian mudstone in the Melbourne area using the SPAC (Spatial Auto­
Correlation) method as reported in a companion paper fills this important gap. This 
shear wave velocity information newly obtained for the Melbourne area has been 
incorporated into the seismic soil amplification model presented in this paper. 
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1. INTRODUCTION 

Engineering codes of practice typically classify local soil conditions into discrete site classes based 
on the average shear wave velocity (SWV) of the soil in the upper layers. The International 
Building Code IBC(2000) for example, recommends amplification factors that are functions of the 
site class and the level of seismic hazard. Soil amplification is highly dependent on the impedance 
contrast at the rock-soil interface (which controls the amount of radiation damping), the soil shear 
wave velocity gradient and the soil hysteretic properties . Code provisions for high seismic regions 
such as IBC(2000) do not explicitly parameterise these effects individually. Such code provisions 
have been based on regression analyses of instrumented strong-motion data that has been 
augmented by analytical results (Dobry, 2000). Regions like Australia that do not have sufficient 
strong motion data would typically adopt provisions developed originally in well studied data-rich 
regions like Western North America. Note, the majority of structures in Australia are non-ductile 
and hence have relatively little energy dissipation capacity. Consequently, structures experiencing 
earthquake excitations in these regions will be particularly sensitive to the soil response behavior 
pertaining to resonance conditions . Importantly, the extent of soil amplification is controlled by the 
SWV of the bedrock governing the impedance. In practice, bedrock SWV is not measured in 
normal engineering site investigations. Thus there are great uncertainties in the modeling of the soil 
amplification effects in practice. The companion papers presented in this conference, [Roberts et al., 
2004 and Lam eta!., 2004] describes the application of a new technique known as SPAC (a passive 
seismological monitoring technique based on the analyses of surface waves), in measuring 
and modelling the SWV profile in bedrock. Of particular interest in this paper is the incorporation 
of such information in quantifying the effects of radiation damping, which in turn controls the 
overall level of soil amplification. 

This paper introduces a new model for estimating the extent of soil amplification based on the 
aforementioned modelling considerations. The soil amplification factor defined in Figure 1, is 
represented by its component factors and is expressed in the form 

(l) 

The definition of amplification factor in Figure l was first introduced in Lam et al., (2001). The 
first factor S~, represents U1e effects of the shape of the soil shear wave velocity profile. S~ 
repre ents the effects of hysteretic damping and s .. represents the effects of radiation damping. Both 

IV and S,. have been normal ized to unity. Each of these factors is addressed in sections 2-4. The 
developed model as a whole is th n summarized in Section 5 with concluding remarks in Section 6. 

Nine soil profiles from Melbourne having natural period · in the range 0.35 - 0.95 s have been 
analysed. These sites fall in the category of Site class C or 0 according ro IBC 2000 & A l I 70.4 
(2004). Program SHAKE-91 [Schnabel et-al, 1972] computes qua i non-linear response of oil 
profiles based on one-dimensional shear wave analyse of so il columns is adopted in thi study. The 
use of this methodology for soil response analyses is well supported in the literature [Dickenson 
1991 , Seed 1994, Dobry 2000]. Bedrock accelerograms for magnitude 7 have been simulated using 
program GENQKE [Lam, 2000]. 
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Typical Rock & Soil displacement response spectrum 

peak soil displacement value in the 
response spectrum 

Soil amplification factor(S) 

Soil spectrum 

Rock spectrum 

Natural period of the borehole site 

0 Period in seconds 5 

Figure 1. Definition of Soil Amplification factor 

2. Soil SWV Profile factor S,
1
1 

To investigate the effects of the soil shear wave velocity profile, the selected sites were grouped 
into irregular, linear and polynomial profiles as shown in Figure 2 (depth range 15 - 55m). The 
factors listed for each profile type were obtained from comparative analysis using SHAKE-91. It is 
recognized that not all soil profiles can be distinctly classified as linear or polynomial profiles and 
soil profiles may exhibit a complex combination of different profiles. Studies are continuing to 
determine the extent in which these factors can be applied in practice. Notwithstanding this, Figure 
2 provides very useful indications on the sensitivity of soil amplification to the shape of soil SWV 
profile . 

. 
~ ~ ... ·--~. . . . . . 

Soil 
. . 

I 
. 

0 . 
SWV 0 . 

0 I 0 

Profile . 
Weighted 
average uniform Irregular Linear Polynomial 
profile profile profile profile 
(reference 
profile) 

S,11 1 1.3 1.4 1.5 

Figure 2. Effects of Soil Shear wave velocity profiles on Soil Amplification factors 

3. Hysteretic Damping factor S~ 

. . 

Trends related to the effects hysteretic damping were studied by varying the intensity of the input 
motion at bedrock level with Peak Ground Velocity (PGV) varying between 20 and 100 mm/sec. 
Soil sites have been idealized to possess constant Plasticity Index (PI). It is noted that a real soil 
profile typically contains a combination of materials with different PI. Notwithstanding this, Figure 
3 provides useful indications on the sensitivity of soil amplification behavior on the hysteretic 
properties of the soil. 
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Figure 3. Influence of soil material type and PGV on hysteretic damping 

It is shown in Figure 3 that the sensitivity of the S~ factor on PGV is variable. For any given site 
with a random combination of different material types, the actual S~ curve would be some weighed 
average of the idealized curves shown in the figure. (Since the soil profiles considered in this study 
were composed of PI-0 & PI-30, only these curves have been presented) The soil dynamic 
properties pertinent to the analyses are presented in Appendix A. Governing equations for S~ 
presented in Figure 3 have been evaluated by residual analyses the results of which are presented in 
Figure 4. 
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It is noted from Figure 4 that the residual analysis shows no significant bias in the model in view of 
the closeness of the mean of the residuals to zero. 
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4. Radiation Damping factor S'A 

As noted earlier, the radiation damping factor has been normalized to unity at reference bedrock 
SWV of I 000 m/sec . Factors associated with other half-space SWV values are presented in Table 1. 

Bedrock SWV in m/sec Radiation damping factors~-. 

1000 m/sec I 

1500 m/sec 1.125 

2000 m/sec 1.25 

Table 1. Radiation Damping factor S~-. 

The above factors are based on rock SWV values representing a half-space. It is noted that in reality 
the bedrock is far from being a half-space with uniform SWV profile. An equivalent bedrock half­
space that would have similar amplification properties as that of actual bedrock would need to be 
identified. A I sec soil site was analysed with the rock SWV profiles represented down to a depth of 
500 m. The corresponding input motions at 500 m depth and that at rock outcrop were generated 
using program GENQKE. The SWV value of the idealised half-space was calibrated to achieve a 
match in the computed values for RSVnmx as shown in Figure 5. The half-space SWV was found to 
correspond to an effective depth of I 00 m into bedrock. Sheikh (2003) conducted a similar 
calibration for Hong Kong conditions and identified an effective depth of only 30m. 
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mm/sec 

·.·. P~nod ·. ·.· .·.·~. · .· 
•••••• 0 •••• • • • •• 

·. · Soil Profile- l sec site 

Rock interface 
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~i2= 
Rock outcrop motion generated using 
GENQKE 

Half-space with SWV oj 
1500 m/s based on 100 m 
effective depth into bedrock 

Figure 5. Equivalent bedrock half-space SWV value for Melbourne conditions 
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5. SUMMARY OF THE PROPOSED MODEL 

The component soil amplification factors introduced and developed in this paper are summarized 
herein in the form of simple algebraic relationships: 

S,1, = l for soils possessing a uniform shear wave velocity profile (reference case) 
= 1.3 for soils possessing an irregular shear wave velocity profile (typical soil profile in practice) 
= I .4 for soils possessing a distinct linear shear wave velocity profile 
= 1.5 for soils possessing a distinct polynomial shear wave velocity profile 

S~ for different soil material types (categorized by PI value) is given by 

S~; = 3.9 * PGV -0.
14

, (forPI-0%) 
Sc, = 4.8 * PGV -o 13 

, (for PI-30%) 

s). = I + 0.00025 (Vbedrock- 1000) and 0.9 s; SA s; I .25 (where v bedrock is bedrock swv in m/sec) 

6. CLOSING REMARKS 

A new model for estimating the soil amplification factor in intra-plate conditions pertaining to 
resonance on soft soil conditions has been presented. The model is based on component factors 
r presenting various observed phenomenon in oil amplification . Simple expressions have been 
developed t represent the effects of the soi l :hear wave velocity profiles, hysteretic and radiation 
damping properlies. Imp rtantly, radiation damping is highly dependant on the SWV properties in 
bedrock governing the impedance. In principl Lhis cmcial information is available with the newly 
developed SPAC technique, although limitations in array sizes used to date yield inadequate 
resolution of the basement SWV [Roberts et al., 2004, this volume]. Standard deviation and mean 
of the residual amp lification factors have been computed to evaluate lhe developed model. It is 
recognized that the amplification factors derived from the proposed model would generally be 
higher by about 1.5 times, than the code provisi ns of IBC 2000 and AS 11 70.4 (1993 & 2004), 
ince code provisions are based on averaging aero sa range of soil conditions. 
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8. APPENDIX - A 

Summary of Soil Dynamic Properties 

Stiffness Degradation [Hardin & Drnevich model, 1972] 

% max 

Viscous Damping 

(i = 0.015+0.0003xPJ(%):::; 0.058 

Smax = 0.16-0.00lX PJ(o/o) :2 0.0 
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Eqn (3) 



where, 
G is the dynamic shear modulus 
Gmax is the initial dynamic shear modulus at very low shear strain 
y is the shear strain level in soils typically in the order of 0.000 I% to 0.1% 
Yref is the reference strain level identified to match the equations presented in Appendix-A [Lam and 
Wilson, 1999] 
~; is the initial damping at very low shear strain 
~max is the maximum damping at shear failure. 

a e . 01 T bl Al S "I P t arame ers 
Soil Type PI% Yrer 

Sand 0 0.00025 
Clay 15 0.00045 
Clay 30 0.001 
Clay 50 0.002 
Clay 100 0.004 

s ummarv 

'i ,..,ax 
0.015 0.16 

0.0195 0.145 
0.024 0.13 
0.030 0.11 
0.045 0.06 

.. 
Note : Higher damping values at imtml strain levels may be predicted by the above equations for 

soil PI-I 00%, which accommodate the findings of Vuecitc et-a!.( 1998) 

Figure A I presents a comparison of Modulus reduction curves developed using equations (2) & (3) 
with the modlulus reduction curves recommended by Vuectic and Dobry (1991). 
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Figure Al. Shear modulus reduction curves - Comparison based on curves calibrated 
using Eqn (2) & (3) with Vuectic and Dobry (1991) recommendations. 
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ABSTRACT: 

For each of two 350km distant earthquakes, the Wainuiomata (Lower Hutt, New 
Zealand) soft site is shown to respond vigorously at the expected arrival time of waves 
travelling from the epicentre at 2. 7km/sec. A dispersion curve based on the upper­
crustal velocity structure indicates that, at the site resonant frequency, Rayleigh waves 
should travel at this speed. For a closer earthquake, array studies of rock motion 
confirm that Rayleigh waves of this same speed do traverse the array, with time, 
propagation direction, and speed all having appropriate values. However for the two 
distant earthquakes the rock motion at nearby sites has no obvious special character at 
the arrival time of the Rayleigh waves. It is concluded that arriving Rayleigh waves are 
particularly efficient at exciting the Wainuiomata site. Late arriving waves which 
efficiently excite site resonance provide an explanation of long duration shaking and 
hence of excessive damage for soft sites during distant earthquakes. 
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SOFT SITE RESPONSE AT LONG RANGE: THE WAINUIOMATA 
BASIN 

W.R. (Bill) Stephenson, Institute of Geological and Nuclear Sciences, Lower Hutt, New 
Zealand. 

1. INTRODUCTION 

There are many opinions regarding the role of soft soils during earthquake shaking, 
covering the range from "soft soils always absorb energy, fail, and isolate vibration" to 
"soft soils always amplify motion, leading to great damage". Believers in these two end 
points of the range are unlikely to become reconciled in all respects, but there is 
apparently a middle ground for which there is agreement - that for large, distant, 
shallow earthquakes, amplification and long duration shaking are the rule. 

Despite this agreement there is no consensus as to the processes involved in determining 
the extended duration of shaking observed on soft soils during large distant earthquakes. 
However extended duration of shaking is a crucial aspect of spectral amplification by 
soft soils, because it allows cumulative damage to occur, implying large increases of 
damage at relatively low levels of shaking. Beck and Hall (1986) cite the example of 
damage to buildings founded on soft soil in Mexico City during the 1985 Michoacan 
earthquake being a result of long duration shaking. 

2. POSSIBLE GENERATORS OF LONG DURATION SHAKING 

Long duration shaking in a basin can conveniently be divided into two major categories 
according to whether it originates outside or inside the basin. In the former case it is 
supposed that multipathing over the long distance from the source gives rise to 
prolonged shaking on the rock surrounding and underlying a soft site, and that the role 
of the soft soil is simply to amplify that prolonged motion. This mechanism was 
advanced in the context of Mexico City by Singh and Ordaz (1993). In the latter case it 
is supposed that the soil deposit itself somehow prolongs the shaking. One mechanism 
which could cause prolonged shaking is the local generation and propagation of slow 
waves within the basin, where the combination of low speed and propagation distance 
on the soil can give rise to delays. Such waves were evaluated by Chavez-Garcia and 
Bard (1994). 

Both origins of long duration shaking have been challenged. For long durations which 
originate outside the basin, experimental evidence is lacking, with unrecorded rock 
motion (as a consequence of level-determined recording) being supposed to result in 
long duration soil motion. For long durations which originate inside the basin, 
modelling studies suggest that locally-generated waves will die out before they have 
travelled a sufficient distance, due to energy loss in the soft soil. 

Long duration shaking attributable to locally-generated waves has been observed in the 
Valley of Mexico (Stephenson, 2002) and this paper will document long duration 
shaking attributable to late-arriving rock motion at a site in New Zealand. 
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3. UPPER-CRUSTAL RAYLEIGH WAVE PROPAGATION 

Informal inspection of many accelerograms recorded in New Zealand on soft sites and 
caused by distant earthquakes suggested a common factor - that resonant motion often 
occurred, consistent with excitation by waves propagating from the epicentre at 
2. 7km/s. This suspicion could never have greater status than a suggestion for further 
work because the accelerometer clock timing was never scientifically defensible. 
However it stimulated an investigation of upper-crustal Rayleigh wave propagation (as 
being a likely candidate). Because many of the instances of late excitation of resonant 
motion were associated with the Wainuiomata site near Wellington, this site has become 
central to the investigations. At Wainuiomata, 31m of ex-lake fine-grained sediments 
give rise to resonant responses between 0.8Hz and 1.2Hz. The frequency indicated 
using the method ofNakamura (1989) is 0.8Hz. The Wainuiomata site is described by 
Begg et al (1993). 

Contemporary views of the crustal structure in New Zealand reject the traditional notion 
of several horizontal layers, and instead adopt a three-dimensional structure. However 
up until recently a layered structure was successfully used to explain seismic arrivals, 
and to minimise the residual errors in these arrivals, and such a structure provides a 
starting point to evaluate Rayleigh wave propagation. Figure 1 shows the structure 
adopted for central New Zealand, and the associated fundamental Rayleigh wave 
dispersion curve. Note that near 1Hz (the Wainuiomata site frequency is 0.8Hz) a group 
velocity near 2.7km/s is predicted. 
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Figure 1. (a) Crustal structure assumed for central New Zealand. (b) 
Dispersion curve for fundamental mode Rayleigh waves based on the 
assumed crustal structure. Solid line is phase velocity and dotted line is 
group velocity. 

4. RAYLEIGH WAVE IDENTIFICATION 

Given the uncertain nature of the crustal structure upon which the previous dispersion 
curves were based, it is pertinent to see whether the predicted Rayleigh waves can be 
identified in field measurements using rock near the Wainuiomata site. To this end, the 
results of a 1995 deployment of an array of 3-component velocity seismometers are 
useful. The 1995 Parkway array included four rock-based stations arranged in a 
quadrilateral with sides of roughly 400m. See Chavez-Garcia eta! (1999). 
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A well-recorded earthquake of magnitude 4.9 which occurred 8lkm away from the 
Parkway array, at 21km depth, provides an opportunity to look for Rayleigh waves with 
a velocity of 2.7km/sec. An accurate value for source time, plus accurate timing on the 
seismographs, allows the expected window for 2.7km/sec waves (30 seconds after 
source time) to be selected and examined. For this window the wavenumber spectrum 
and the particle orbit shown in figure 2, for a frequency band centred around 1Hz, both 
confirm Rayleigh wave motion. 

E 
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100 
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Figure 2. (a) Wavenumber spectrum for the 60 degree component of 
motion between 0.9Hz and l.lHz, at 30sec to 35sec after source time, 
showing a wave travelling in the direction 240 degrees at 2.7km/sec. (b) 
Particle orbit for the same time and frequency windows in the 
240deg/vertical plane, with a dot showing the start. Together, (a) and (b) 
show a Rayleigh wave travelling from the epicentre. 

A wavenumber spectrum is the spatial equivalent of a frequency spectrum and its peak 
indicates the direction and wavenumber (inverse of wavelength) of incoming waves, 
from which their velocity can be determined. The particle orbits are retrograde elliptical 
as expected for fundamental mode Rayleigh waves on the surface of a half-space. The 
velocity for the time window is consistent with Rayleigh waves travelling from the 
epicentre. 

5. LATE RESONANCE AT THE WAINUIOMATA SITE 

As was mentioned earlier, high quality records of shaking on soft soil due to distant 
earthquakes are relatively rare. In part this deficiency is a consequence of a late 
realisation that good strong-motion timing is important, but it is exacerbated by a lack 
of large earthquakes and by difficulties in an accelerograph identifying earthquake 
shaking on soft soil and then triggering a recording. Both these drawbacks are vanishing 
because newer recorders have GPS-based clocks, and enough memory to allow 
continuous recording. 

Even though the Wainuiomata accelerogram of the magnitude 6.6 Arthurs Pass 
earthquake of 18 June 1994 has unreliable absolute timing, it is tractable because a 
plausible route exists for determining that timing. In essence the route involves 
identifying a long-period wave in the double-integrated accelerogram, and the same 
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wave on a seismograph 20km distant, which has an accurate clock. This allows timing 
to be established to within a few seconds, and this timing can then be refined by 
associating initial triggering with the arrival of the Sg phase on the accelerogram. A 
detailed description of the procedure will be published elsewhere. As shown in figure 3 
the second triggering, which is associated with a major episode of resonant motion, is at 
the expected arrival time of waves travelling at 2.7km/s (which is indicated by the letter 
"R" in the figure). 
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Figure 3. Accelerogram of the 1994 Arthurs Pass earthquake, recorded on 
deep soft soil in Wainuiomata. The second triggering is at the arrival time 
of waves travelling at 2.7km/s from the epicentre. R marks the expected 
arrival time of Rayleigh waves travelling from the epicentre at 2. 7krnls, 
and Sg marks the expected arrival time of the Sg phase. 

By itself the record of the Arthurs Pass earthquake merely established that there was 
resonant motion at the expected time, and this is not entirely surprising as it could 
merely reflect the dominance of Rayleigh waves at a distance, on rock. 
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Figure 4. Velocity seismogram of the 1999 Springfield earthquake 
recorded on deep soft soil at W ainuiomata, and on nearby rock. A strong 
resonant response is seen for the east component of soil motion at the 
arrival time of waves travelling at 2. 7km/s from the epicentre, but there 
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is no corresponding increase of rock motion. R marks the expected 
arrival time of Rayleigh waves travelling from the epicentre at 2.7km/s, 
and the other vertical lines mark expected arrival times of the refracted 
crustal phases. OTW senses vertical motion only. 

A further recording on the soft soil of the Wainuiomata site and on nearby rock (see 
figure 4) settles this issue. The 1999 September 14 Springfield earthquake (magnitude 
4.5) epicentre was very close to the Arthurs Pass epicentre, and once again resonant 
motion is seen at the expected arrival time of the Rayeigh waves. However the nearby 
vertical rock seismogram at station OTW is unremarkable at the Rayleigh arrival time, 
showing that the Rayleigh wave excites the soil resonance more effectively than do 
body waves. 

6. IMPLICATIONS 

As well as exciting late resonances for distant earthquake sources and prolonging 
shaking, the same upper-crustal surface waves from closer sources can in principle 
arrive at the same time as refracted body wave phases, adding to the amplitude of 
shaking on soft soils for intermediate distances. This effect merits further study. 

7. CONCLUSIONS 

This preliminary work suggests that upper-crustal surface waves can propagate in 
central New Zealand at 2.7km/s for frequencies of around 1Hz, that they are particularly 
effective at exciting soil resonances, and that their action makes an important 
contribution to long duration shaking on soft soils. 
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ABSTRACT: 

This paper reports the findings from an experimental program that investigated the 
influence of lapped splices on the overall displacement capacity of reinforced concrete 
columns, and compared these with theoretical predictions. The usual Australian practice 
was followed in the design of the columns in which splices are located immediately 
above the footing or the floor level. This is only permitted in regions of high seismicity 
such as New Zealand if the frame is designed using capacity design principles to ensure 
that the columns are stronger than the beams. Further to this, closely spaced 
reinforcement must be provided in the lap region. In the design of ordinary moment­
resisting frames in Australia, capacity design principles do not have to be adhered to 
and the spacing of the ties is relatively large. 
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1 INTRODUCTION 

In Australia, reinforced concrete moment resisting frames are a common lateral force­
resisting structural system in low to medium rise buildings. Due to the gravity-load 
dominated nature of these frames and the large spans typically employed for beams, it 
is likely that, under an extreme earthquake event, plastic hinges will form at the ends of 
the columns rather than at the ends of the beams at the interior joints, and at the base of 
the ground floor level columns. In areas of high seismicity with modern design 
standards such as New Zealand, California and Japan, capacity design principles would 
typically be used to force the structure to form an energy dissipating mechanism in 
which the weak links are well defmed and the ductility of these links is guaranteed. No 
such approach is mandatory within the usual practice in Australia. 

The experimental and theoretical work presented here investigates whether the·critical 
columns in a case study frame have sufficient ductility to withstand an Australian 500-
year return period design-level earthquake. The columns are designed in accordance 
with AS3600 and contain lapped splices at the base. Previous research focussing on 
regions of high seismicity has indicated that, in general, lapped splices should not be 
used in potential plastic hinge locations such as at the base of columns. In those regions, 
the splices in columns are usually moved up to the middle third of the columns where 
the moments are low. An exception to this is made if the frame is designed using 
capacity design principles, [Paulay, 1988], ensuring that the columns are stronger than 
the beams. In this case, the splices may be located immediately above the floor level, 
but only if stringent detailing requirements are met. The usual Australian practice is to 
locate the splices immediately above the floor levels or footings. Since capacity design 
principles are not generally used, it is likely that plastic hinges will form in some of 
these locations during an extreme event. The problem is potentially compounded by the 
lack of strict detailing requirements, especially with regard to the amount and spacing 
of the transverse reinforcement in these locations. 

The aim of this study was to assess the displacement demands likely to be experienced 
by key column elements in the case study frame if it were subjected to an Australian 
500 year return period design level earthquake. Further to this, these were compared 
with the displacement capacities obtained from the experimental work. Tests were 
performed on column specimens with and without lapped splices. 

2 PREVIOUS STUDIES 

In a tension lapped splice, the bond between the concrete and the steel enables the 
tension force to be transferred through the concrete from one bar to the other. Reversed 
cyclic loading is much more severe on bond than monotonic loading, especially after 
yielding of the longitudinal reinforcement has taken place. Bond deterioration can lead 
to a drop in the stiffuess and capacity of the section. 

Bond stresses are provided by mechanical interlock of the deformations on the bars and 
the surrounding concrete. These interlocking forces cause micro-cracks to form in the 
concrete at the bar deformations, with diagonal compression forces being generated in 
the concrete between the cracks. Tensile stresses generated by the radial component of 
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these compressive forces tend to split the concrete along the bar, and must be resisted, 
in the first instance, by the concrete cover. Yielding of the longitudinal reinforcement 
causes the micro-cracks to extend and hence lowers the bond resistance. Each yield 
excursion results in a loss of bond and a further extension of yield penetration into the 
splice zone. Eventually the tensile stresses in the concrete generated by the radial 
compressive forces can lead to splitting cracks forming along the bar and spalling of the 
concrete cover. Spalling of the unconfined cover concrete can also occur when the 
direction of the frame movement reverses and causes large compressive strains on that 
side ofthe column. 

When spalling occurs at a splice, the diagonal forces previously applied to the cover 
concrete are lost. However, it is still possible to develop diagonal compression forces 
between the spliced bars if sufficient ties are present to provide a clamping force. This 
truss type mechanism was first proposed in [Paulay, 1982]. [Sivakumar, 1983] 
concluded that a key aspect in the seismic design of splices is the provision of closely 
spaced uniformly distributed ties in the splice region. 

[Aycardi et al, 1994], and [Lynn etal, 1996] conducted tests on models ofreinforced 
concrete columns with detailing deficiencies reflecting pre-1970s construction in the 
U.S. The detailing deficiencies included light transverse reinforcement in columns, and 
lapped splices at the bottom of some of the columns. These column details are not 
tmlike those still used in Australia. 

3 ANALYTICAL RESULTS FOR THE CASE STUDY FRAME 

The frame chosen was a four-storey ordinary moment-resisting reinforced concrete 
frame designed and detailed in accordance with AS3600-1988 for a frame in Melbourne 
on a stiff soil site (S = 1.25). The frame configuration is given in Figure 1 and the 
reinforcement requirements for the bottom storey columns are given in Table 1. 
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Figure 1 - Configuration of the frame 

The frame was analysed using the non-linear time-history analysis program Ruaumoko 
and details of the analysis results are given in [Thiha, 1998]. The accelerograms used as 
input were l/3rd El Centro and El Centro. The 1/3rd El Centro input was intended to 
approximately represent a 500-year return period design-level Australian capital city 
event, since the response spectra derived from this input gives a good approximation to 
that in AS 1170.4-1993 with an acceleration coefficient of 0.11g. Maximum floor-to-
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floor drifts of 16 and 49 mm respectively were found at the ground to 1st floor level. 
The energy dissipation mechanism was a mixed mode one, leading to significant drifts 
at all levels. The roof-level displacements were 42 and 89 mm respectively. 

Exterior Columns Interior Columns 

Level Size Steel Level Size Steel 

(] Main CJ Main 
8 Y28 GLto 8 Y32 

GL to L l 

Transverse 
Ll 

Transverse 
500X500 mm RIO@ 500X500 mm RIO@ 

350 350 

Table 1 - Details of the column sections 

Recent developments in response spectrum modelling [Wilson and Lam, 2003] have led 
to predictions of the maximum displacement demand for different soil types. For an 
acceleration coefficient of 0.08g and a 500-year return period, these predictions range 
from 20 mm (site Class A -hard rock), to 27 mm (site Class B-rock), to 41 mm (site 
Class C- soft rock or dense soil) and finally to 90 mm (site class E- soft soil). These 
displacements are the values for a single degree of freedom oscillator. To convert them 
to roof level displacement, they must be factored by a participation factor. This factor 
depends on the predominant mode shape and is assumed to be 1.5 for a regular building 
and 1.0 for a building with a soft storey. The roof-level building displacement of 42 mm 
obtained above for 1/3rd El Centro is consistent with that at a Class B site (1.5 x 27 = 41 
mm). It should be noted, however, that for a 2500-year return period the values for 
displacements at Class A to Class E sites could increase by a factor of 1.8 [Wilson and 
Lam, 2003]. For example, at a Class B site with a 2500 year return period, the expected 
maximum roof displacement would be 41x1.8 = 74 mm. 

4 DESIGN OF THE SPECIMENS AND TEST SET -UP 

The exterior and interior columns from level GL to L 1 were modelled. Initially, four 
tests were planned, using specimens with splices (S) and without splices (N) to reflect 
the conditions at the bottom and top of the columns, and with high (0.35fc' Ag, H) or low 
axial load (0.15fc' Ag, L) to simulate the interior or exterior columns respectively. 
However, eventually it was decided to use the test results from [Lynn et al., 1996] to 
represent the no splice-low axial load (Test NL) case. Of necessity, the prototype was 
scaled down by one third. The same section and reinforcement ratio was used in all of 
the tests. The prototype and model were assessed to ensure that the level of confming 
stress provided was very similar for both. Appropriate material properties were used for 
the concrete and steel in the model, and details can be found in [Thiha, 1998]. 

The test-rig consisted of a hydraulic actuator suspended vertically from a steel portal 
frame to apply the axial load to the top of the column specimen. The lateral load was 
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applied in a quasi-static manner using a jack at a level of 720 mm from the surface of 
the footing. This level was chosen by assuming that the point of contra-flexure in the 
column when the frame is subjected to lateral loading would occur at the mid-height of 
the column. The pattern of lateral loading is given in Figure 2. 

Lateral Load Pattern 

Tlme (or) Cycle 

Figure 2 - Lateral Load Pattern 

5 TEST RESULTS 

The key results that will be reported here are the lateral load vs. horizontal displacement 
(at the position of lateral load application) envelope curves, the mode of failure and the 
displacement capacity (at which the lateral load fell to 80% of its maximum value). The 
envelope curves for all three specimens are given in Figure 3. Flexure rather than shear 
dominated the behaviour of the columns, and hence all specimens reached their 
predicted moment capacities. More detailed results including the strains in the 
transverse and longitudinal reinforcement, the curvature ductility over the plastic hinge 
length and crack patterns observed throughout the test, can be found in [Thiha,1998]. 

Envelope of load Vs displacement (Test 1, Test 2 & Test 3) 

60 

Tension 

10 20 

Compression 

Displacement (mm) 

1--seriesl --serles2 ---serlasa l 

Figure 3 -Load vs. Displacement Envelope Curves 

5.1 Test 1- SL 
A maximum load of 54.7 kN was reached. With further cycles of increasing 
displacement magnitude, the bond between the concrete and the longitudinal steel in the 
splice region gradually degraded and the peak load dropped. The concrete cover was 
eventually lost. The lateral load carrying capacity was reduced to almost zero at a 
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displacement of 33 mm and the test was abandoned. An axial load of 200 kN 
(0 .15 fc' A g) was withstood by the column throughout the test. The displacement of the 
column at 80% of the maximum load was 27 mm. 

5.2 Test 2- NH 
After the maximum load of 54.6 kN was reached, the peak load dropped rapidly with 
increasing cycles. The concrete cover close to the base of the column spalled early in 
the test, because of the high level of axial load. During the first cycle towards a 
displacement of 23 mm, the longitudinal reinforcement suddenly buckled and the axial 
load carrying capacity was lost. The displacement of the column at 80% of the 
maximum load was 15.7 mm. 

5.3 Test 3 - SH 
The behaviour of this specimen was similar to that in Test 1, although there was a 
steeper drop in the envelope curve after the peak load of 57.6 kN was reached. Despite 
the high level of axial load, the cover concrete close to the base did not spall off 
completely until a displacement of approximately 22 mm, compared with a 
displacement of about 17 mm in Test 2. This is probably due to the sharing of the 
compression force (due to axial load and bending) between both bars within the splice 
in Test 3. In Test 3, the axial and lateral load carrying capacities were lost at a 
displacement of about 26 mm. The displacement of the column at 80% of the maximum 
load was 1 7.2 mm. 

6 COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS 

Since the tests were performed on scaled specimens, the comparison of the results of 
the analyses on the real frame and the test results are best done using the drift ratio, i.e. 
the ratio of the relative drift between one level and the next, to the floor-to-floor height. 
Table 2 compares the test results with the maximum drift ratio obtained in the 
Ruaumoko analyses. 

A worst -case scenario of the ground to first floor becoming a soft storey, and all of the 
displacement predicted by [Wilson and Lam, 2003] (as discussed in Section 3 of this 
paper) being concentrated at this level, is also considered for Type C and Type E soil 
conditions. Both a 500-year and a 2500-year return period are considered, with the 
latter shown in brackets. 

Drift Ratio (%) 
Capacity -Test Results Demand -Ruaumoko Demand -Soft Storey 

Test1 (SL) Test2(NH Testl(SH Lynn*(NL) 1/3r0El C ElC TypeC TypeE 
) ) 

3.8 2.2 2.4 2.6 0.4 1.2 1.0(1.8) 2.1 
(3.8) 

Table 2 -Comparison. of drift ratios 
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7 CONCLUSIONS 

The results indicate that the columns, as designed in this case study, should not fail 
under an Australian 500-year return period design-level earthquake. Even with all of the 
ground displacement (which corresponds to the maximum displacement of the structure 
for flexible structures) concentrated in the first floor level, the column behaviour 
appears to be adequate for a 500-year return period and Type C soil conditions. It is just 
adequate for Type E soil conditions and a 500-year return period. However, for Type E 
soil conditions and a 2500 year return period level earthquake, together with the 
assumption of a soft storey, leading to a drift ratio of 3.8, the frame is likely to suffer 
total collapse. 

The poor behaviour of non-ductile columns in past earthquakes suggests that caution 
should be exercised in their design. From the experimental results, it is clear that both 
ends of the columns are at risk, i.e. with the splice or without. In fact, the behaviour of 
the ends with the splices was marginally better than those without, since buckling was 
more likely in the case with no splices combined with inadequate transverse 
reinforcement. Based on previous research, it would clearly be prudent to provide more 
closely spaced transverse reinforcement. This would serve the purpose of providing 
extra confinement, reducing the likelihood of buckling and improving the splice 
behaviour under cyclic loading. 
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ABSTRACT: 

A passive seismic investigation technique known as the spatial auto-correlation (SPAC) 
method has been used to measure shear wave velocity profiles down to depths of 
approximately 1OOm around the Melbourne metropolitan area. A series of surveys have 
been carried out in different suburbs in Melbourne to develop an average shear wave 
velocity profile for the bedrock formation. This paper presents details of the surveys 
including geometries of the geophone arrays, measured auto-correlation spectra, 
theoretical spectra derived from layered earth models, and the resulting shear wave 
velocity profiles. These shear wave velocity profiles can be used to assist in modelling 
the seismic attenuation relationship and radiation damping properties of the bedrock in 
the area as demonstrated by companion papers presented at this conference. 
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A passive seismic surveying technique known as the Spatial Auto-Correlation (SPAC) method has 
been used to measure shear wave velocity (SWV) profiles down to a depth of up to lOOm into 
Silurian mudstone around the Melbourne area. The SP AC technique appears to be well suited to 
the measurement of SWV profiles in urban areas. Its advantages include its non-invasiveness (no 
drilling required), speed of data acquisition, low cost and the ability to be able to provide shear 
wave velocity information over a wide range of depths. In a recent study undertaken jointly by the 
Centre for Environmental and Geotechnical Applications of Surface Waves (CEGAS) at Monash 
University and the Earthquake Engineering Research Group at the University of Melbourne, a 
series of SPAC surveys were undertaken at five sites around the Melbourne Metropolitan area to 
develop an average shear wave velocity profile from the surface to an approximate depth of 100-
120m. 

Major mechanisms amplifYing seismic waves as they are transmitted to the ground surface are 
controlled by the SWV gradient ofthe earth crust. The effect of this amplification is particularly 
pronounced on sites covered by soft soil sediments. Consequently, SPAC has been used in previous 
studies in identifYing high hazard sites and modelling the somewhat localised amplification effects 
of near-surface sediments. The objective of this study, which is distinguished from most of these 
previous studies (Asten et al, 2003; Asten, 2004), is to model the potential amplification and 
attenuation properties of seismic waves for the entire region based on measuring and analysing the 
SWV profiles recorded through thin overburden overlying Silurian mudstone (the basement rock in 
this region). This new approach of developing regional attenuation relationships is an attractive 
alternative to conventional modelling methods for regions of low and moderate seismicity where 
strong motion data is typically lacking. 

This paper presents an outline of the basis of the SP AC technique (Section 2); a brief description of 
the varying geologic conditions within the Melbourne area (Section 3); details of the geophone 
arrays used (Section 4 ); measured and theoretical auto-correlation spectra obtained for the Monash 
University site (Section 5); and a summary of the SWV profiles obtained from each site covered by 
the study (Section 6). The companion paper (Lam et al, 2004a) presented at this conference, 
describes the analyses of measured SWV profiles towards the development of the regional 
attenuation relationship for the Melbourne region. Lam et. al (2004b) [submitted for review to 
ACMSM conference at Perth, Dec-2004] has presented a methodology to develop seismic 
attenuation relationships for any region around the globe, based on earth's crustal thickness. The 
methodology requires information on rock SWV profiles in the top lOOm or so. Thus the influence 
of varied rock SWV profiles at the near surface, on attenuation of seismic waves has now been 
addressed. 

1. BASIS OF THE 'SPAC' METHOD 

The SP AC technique measures the propagation of microtremors - very low amplitude ground 
motions- that occur as the result of both natural (wind, wave action, atmospheric variations) and 
man-made (road traffic, trains, industrial noise) phenomena. Although the amplitude and frequency 
content vary with both space and time, microtremors form a background 'field' of (low-amplitude) 
seismic waves, with most of the energy transported as surface waves. Surface waves are dispersive 
(i.e. velocity of propagation is dependant upon frequency), with the velocity-frequency relationship 
being governed (principally) by the shear-wave velocity structure of the earth. 

The SPAC technique has as its basis, a mathematical formulation first put forward by Aki (1957) 
which shows that the azimuthally averaged signal coherency measured using an array of geophones 
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is related to the velocity-frequency characteristics of the ground beneath the array. By measuring 
microtremor signal coherency in the field, it is therefore possible to estimate the shear-wave 
velocity structure in the subsurface over a wide range of depths. Okada (2003) provides a detailed 
overview ofthe SPAC technique, while recent studies in Australia (Asten, et al, 2003; Roberts and 
Asten, 2004) and overseas (Asten, 2004; Apostolidis et al, 2004) have demonstrated the 
effectiveness of the method in providing shear-wave velocity profiles in a number of different 
cities. 

2. SITE DESCRIPTION 

The surveys were carried out at five locations distributed around the Melbourne metropolitan area 
as shown in Figure 1. 

PORT PHILJ..JP BAY 

Monash Univefsity • 

Figure 1: Location of SPAC surveys 

The geology of Melbourne and 
surrounding areas is both complex 
and variable (Archbold, 1992). 
Basement rock across Melbourne 
and surrounding suburbs consists 
of folded sandstone and siltstone 
sequences of early to mid­
Palaeozoic age (approximately 400 
to 450 million years). Although 
the basement rock is relatively 
uniform in character, the depth of 
weathering and extent of jointing is 
variable (Haustorfer, 1992). 

In parts of Melbourne (north, east 
and northeast of the CBD), this 
'basement' rock outcrops at the 
surface, with no overlying geologic 

material. This geology is expected at the Royal Park and Trinity College sites indicated in Figure 1. 
To the north, west and northwest of the CBD, sheets of extrusive basalt rock of variable thickness 
overly the older basement rocks. The Altona site (Figure 1) is located within this geologic region of 
Melbourne, while the Burnley survey was undertaken over basalt that constitutes the extreme 
eastern extent of the basalt. The southeastern suburbs are characterized by significant Tertiary and 
Quaternary age sediments, consisting of variably consolidated sand, clay and silt which overly the 
Silurian basement rock. The Monash survey is located in an area that is close to the boundary 
between these recent sediments and the outcropping basement rock. 

3. GEOPHONE CONFIGURATION 

SP AC field data consists of time-domain recordings of (vertical, and hence Rayleigh wave) ground 
motion as measured by an array of geophones. For an array of seven geophones, a hexagonal 
geometry provides even azimuthal sampling (60 degree spacing) ofmicrotremor energy and is best 
for situations where microtremor energy is assumed to be propagating evenly from all directions. In 
situations where a particular direction is likely to account for a greater proportion of the 
microtremor energy (such as in proximity to a freeway), the array can be placed to 'aim' at the 
source to better sample the dominant directions of propagation. The 'folded hemisphere' consists 
of a semi-circular array, consisting of pairs of geophones aligned with an azimuthal spread of 30 

Page 15-2 



degrees. To make this array more compact, one 'half of the array is offset to lie over the other half 
in such a way that the most central geophone is common to both halves of the semicircle (as shown 
in Figure 2). 

4. PROCESSING METHODOLOGY 

Detailed explanations of the SPAC processing technique are not 
included in this paper. Readers are directed to references such as 
Okada (2003) or Asten et al (2004) for general details of the SPAC 
technique and Asten et al (2003) or Roberts and Asten (2004) for 
description of the processing and interpretation methodology. 

The interpretation of SP AC data consists of fitting the spectra of 
averaged coherencies measured in the field with the theoretical 
spectra corresponding to a horizontally layered earth model as 
governed by equation (1) below. 

Routines by Hermann (200 1) allow for the dispersion relation, V(j) 
(Rayleigh wave phase velocity as a function of frequency) to be 
determined from layered-earth model parameters. Although layer 
density and compressional (P-wave) velocity contribute to the 
dispersion relation, shear velocity and layer thickness are the most 
sensitive model parameters. It can be seen from equation (1) that 
the resulting (theoretical) coherency spectra should have a form 
corresponding to a Bessel function, which has the appearance of a 
decaying sinusoidal waveform. 

• 
(a) 

• (b) 

Figure 2: Geopbone array 
geometries- (a) hexagonal 
array and (b) "folded 
hemi" array. 

Model parameters (shear velocity and layer thickness) are iteratively varied until the 'best-fit' is 
achieved between theoretical and measured coherency spectra, as shown in Figure 3 below for data 
collected on the grounds of Monash University. The solid black line is the field (averaged) 
coherency curve obtained by processing of the ground motions at each station in the array. The 
dashed line represents the theoretical coherency curve for the 'best-fit' layered earth model, based 
upon fundamental mode Rayleigh wave motion, which is assumed to be dominant in the frequency 
range of interest and in the absence of near-sources. 

c(f) = Jo ( 2JT.fr ) = Jo (k.r) 
V(f) 

where: fis frequency, 
c(f) is the azimuthally averaged coherency, 
J0 is the zero-order Bessel function, 
k is the scalar wavenumber, 
V(f) is the velocity dispersion relationship, and 
r is the station separation in the circular array. 
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Figure 3: Sample field (solid line) and theoretical (dashed line) autocorrelation spectra [left]; and 
corresponding layered earth model parameters for Monash University [right]. Array used was 

hexagonal (see Figure la) with r1 = 48m. 

5. SHEAR WAVE VELOCITY PROFD...ES FOR CASE STUDY SITES 
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Figure 4: SWV profdes obtained from SPAC microtremor surveys in the Melbourne area. 
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Trinity College: Two separate SP AC surveys have been undertaken at this site. An initial survey 
conducted in September 2003 with hexagonal arrays of 'radius' 17 m and 35 m provided data of 
insufficient quality to provide definitive results. A more recent survey using the folded hemi array 
geometry, with a radius of 45 m, provided a significant improvement, allowing the interpretation of 
the SWV profile, which is indicated for this site in Figure 4. This profile is consistent with the 
earlier data, but enables determination of the SWV to a depth of approximately lOOm. A lack of 
coherent low frequency microtremor energy and the size of the array limit the reliability of the 
interpretation below this depth. 
Royal Park: Although this site is located less than lkm from the Trinity college site, a significant 
variation in the interpreted SWV profile can be observed between the two sites. This corresponds 
with available geological information, which indicates that while Trinity College is located on 
outcropping Silurian mudstone basement, Royal Park lies in an area where the surface geology is 
dominated by unconsolidated Tertiary age sandy sediments. A hexagonal array of 48 m radius was 
adopted for this site to provide the profile in Figure 4. 
Monash University: Hexagonal array of 48 m was adopted at this location on a soccer ground. The 
interpreted SWV profile indicates a significant thickness (<50 m) of relatively soft sediment 
overlying a higher velocity basement at this site. This result is consistent with geologic maps that 
indicate that the site lies in an area of poorly consolidated sandy sediments ofTertiary age overlying 
Melbourne Mudstone. 
Altona: At this site, adjacent to Laverton Bowling Club, both a 48 m radius hexagonal array and a 
coincident 48 m radius folded hemi array were adopted during a SP AC survey undertaken in May 
2004. Initial interpretation (under the assumption of fundamental mode Rayleigh wave motion) of 
this data proved difficult, due to a sharp discontinuity in the coherency curve at a frequency of 
approximately 4-5 Hz. After more detailed analysis, which identified and addressed the presence 
ofhigher mode Rayleigh wave motion, the SWV profile indicated in Figure 4 allowed for a strong 
agreement between the measured and theoretical coherency curves. This SWV profile is also 
consistent with geologic cross sections available in this area. This site displays an unusual SWV 
structure due to a complex geologic structure of alternating layers of (hard) basalt and (soft) 
sediment. 
Burnley: A 48 m radius hexagonal array was adopted for SP AC measurements at this site during 
October 2003. The resulting SWV profile is quite precisely constrained by relatively high data 
quality at this site, with velocity and thickness of both the high-velocity layer at the surface and the 
lower velocity underlying sediments being constrained to within 10-20% of the listed values. More 
detail on the interpretation of this data can be found in Roberts and Asten (2004). It is observed that 
the SWV profile (along with that interpreted for the Altona site) shows a high shear velocity layer 
(basalt) in the upper ten or more meters. In the companion paper however, the basalt layer will be 
removed in order to provide a general picture of the bedrock structure in Melbourne. 

6. CLOSING REMARKS 

The usefulness of the SPAC technique in modelling the basement SWV profiles has been 
demonstrated in this paper based on surveys undertaken on five sites around the Melbourne 
metropolitan area. The SWV profiles measured from these sites represent considerable variability in 
the velocity structure of the upper 100m of the crust around Melbourne. In the companion paper, 
these SWV profiles are adopted to develop a regional attenuation model for the area. The series of 
surveys described in this paper represent the first of ongoing attempts to utilize the SPAC technique 
to measure SWV profiles for use in earthquake hazard studies. Unfortunately, no cone 
penetrometer results are available for comparison with the SWV profiles obtained using the SPAC 
technique at the sites in this study. Furthermore, resolution of shear velocities within the basement 
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rock was limited by thickness of cover and the array size used. With further research and experience 
in this application of SP AC along with the implementation of larger array sizes, it is expected that 
more detailed definition of SWV profiles can be developed for the Melbourne area. 
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ABSTRACT: 

A pilot study conducted in Melbourne involving shear wave velocity (SWV) profiling in the 

bedrock fonnation is used to illustrate a new approach for predicting the potential seismic 

attenuation characteristics for the region. A complete SWV profile for the entire seismogenic 

depth of the earth's crust is first developed by combining the SWV profiles measured by the 

Spatial Auto-Correlation (SPAC) method with regional information provided by a global crustal 

database. Secondly, the crustal amplification function calculated from the representative SWV 

profile is combined with predicted attenuation parameter values (kappa K: and Q0 ) to form a 

complete filter function representing the potential wave modification characteristics of the 

earth's crust in the area. Thirdly, a seismic attenuation model is developed by combining this 

filter function with the source function of the earthquake, using a stochastic procedure and the 

framework of the Component Attenuation Model (CAM). Lastly, the developed attenuation 

relationship is compared with seismic Intensity information obtained from three historical 

earthquakes that affected Melbourne and its surrounding region. The modelling described in this 

paper only deals with seismic wave modifications within the bedrock formation whilst 

modifications within the soil sedimentary layers are to be addressed in separate analyses. 
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1. INTRODUCTION 

A passive seismological monitoring technique termed the Spatial Auto-Correlation 
(SPAC) method has been used to measure shear wave velocity (SWV) profiles down to 
a depth of some 1 00 metres into Silurian mudstone around the Melbourne area. Seven 
surveys were carried out on five sites in different suburbs to develop an average SWV 
profile for bedrock formations in the area. The companion paper (Roberts eta!., 2004) 
presents details of the surveys including geometries of the geo-phone configurations, 
measured auto-correlation spectra, theoretical spectra which match with the measured 
spectra, and the predicted SWV profiles. 

In this paper, the typical SWV profiles obtained in the companion paper have been used 
to develop a seismic attenuation relationship for the city and its suburbs. A complete 
SWV profile for the entire seismogenic depth of the earth's crust has been developed by 
combining the representative SWV profile measured by SP AC with regional 
information provided by the Global Crustal Model: CRUST2.0 (2001). A set of crustal 
amplification functions so calculated from the representative SWV profile has then been 
combined with predicted attenuation parameter values (kappa 1<: and Q0) to form a set 
of complete filter functions representing the potential wave modification characteristic 
of the earth's crust in the area. Artificial accelerograms were generated by stochastic 
simulations based on combining these filter functions with the seismic source function. 
Velocity response spectra have been computed using the ETAMAC computer program, 
for a series of magnitude-distance (M-R) combinations, to develop a response spectrum 
attenuation relationship for the surveyed region. It is noted that the analysis 
methodology presented herein is based on de-coupling the modification effects of the 
bedrock from that of the overlying soil sediments. Only mechanisms occurring within 
the bedrock are addressed in this paper. 

The developed attenuation relationship is then presented in terms of the peak ground 
velocity (PGV) for comparison with values inferred from Modified Mercalli Intensity 
(MMI) data of three historical earthquakes that affected Melbourne and its surrounding 
region from long distances, and with magnitudes ranging between 5 and 6.5. 

It is noted that the field surveys undertaken so far have been very limited. Thus, the 
information presented are insufficient to constitute a representative sample for an area. 
The objective for this paper is to introduce the modelling approach using the pilot study 
for illustration purposes. 

2. CRUSTAL SHEAR WAVE VELOCITY (SWV) PROFILES 

Figure 1 summarises all the bedrock SWV profiles obtained in the companion paper 
(Roberts et al., 2004). A complete representative SWV profile of the earth's crust down 
to a depth of 8 km has been developed using the procedure described below. Since the 
effects of the soil sediments are excluded from the modelling and considered in separate 
analyses, the profiles presented herein are purely within bedrock whilst the upper (soil 
sedimentary) part of the original profiles have been removed. 
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On a global scale, the thickness of the upper sedimentary layer can be in the order of 
tens of metres to a few kilometres. In the region surrounding Melbourne, the thickness 
of the upper sedimentary layer Z8 has been determined as 500 m using CRUST 
2.0(2001), which is also considered as the depth to the surface of the crystalline crustal 
rock layer Zc. According to the model SWV profile developed by Chandler et al. 
(2004a), referred herein as the "Chandler's SWV model", the SWV (Vs) variation in the 
Upper Sedimentary Layer can be expressed in the form shown by equation (1 ). 
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Figure 1 Shear wave velocity (SWV) profiles for the Melbourne area 
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In order to obtain the value of V , the following formula is proposed 
s,30 

I ~og{f:,; (Z;) ~ log{f:,c (Z;) )J- 0 

(1) 

(2) 

where ~,; (Z;) is the SWV at the mid-depth Z; of each layer from each velocity 

profile model, whilst subscript "C' denotes Chandler's SWV Model. There are a total of 
10 SWV profile models as shown in the above figure with some 46 data points within 
the upper 100 m. (The depth 100 m is considered to be highly reliable when using the 
SPAC technique). Using the proposed methodology, v is determined as 1100 rn/s. 

s,30 

Together with the regional information obtained from CRUST2.0, Vs,sooo = 3500 mls, 
the complete representative bedrock SWV profile can be obtained using the proposed 
modelling methodology. Hence, 

l 

Upper Sedimentary Layer: 
V c(Z) •1100(~)4 

s, 30 
Z < 500m (3a) 
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Transition Layer: Vc· CZ) = 3304( ~ l6 
500m < Z < 4000m (3b) 

., l4000) 
I 

Crystalline Cmstal Layer: V c(Z) = 3500( ~)12 

.\, ~ 8000 
4000m < Z (3c) 

The proposed SWV model belongs to the same class of model pioneered by Boore & 
Joyner (1997) which is based on de-coupling amplification effects ofthe SWV gradient 
from co-existing attenuation effects arising from energy absorption mechanisms which 
include wave scattering. 

3. DEVELOPMENT OF A REGIONAL SEISMOLOGICAL MODEL 

The representative SWV profile modelled in Section 2 has been used to develop a filter 
function for the earth's cmst. This filter function characterising the "path" effects 
comprises the following four component factors: 
(i) Upper crustal amplification factor V(f) 
(ii) Upper crustal attenuation factor P(f) 
(iii) All path attenuation factor Q(f) 
(ii) Mid crustal amplification factor Ymc 

In addition to the enlisted factors, the adopted seismological model has also accounted 
for factors representing the effects of geometrical attenuation, free-surface 
amplification, energy partitioning and radiation pattern. Refer Lam et al (2000b) for a 
review of the seismological model. 

The upper crustal amplification factor can be approximated by the "quarter wave­
length" rule (Boore and Joyner, 1997) based on the principle of conservation of energy: 

V=~pAVA (4) 
PnVn 

where P.>~. Ps. VA and Vs are the densities and SWV respectively, for the media through 
which shear waves propagate (from medium A to B). A shear wave velocity gradient 
will result in waves with shorter wave-lengths (ie. higher frequency wave components) 
being amplified more according to equation 4. The correlation of the amplification 
factor Vwith frequency is shown in Figure 2 (refer thin broken line). An increase in the 
value of V with increasing wave frequency is noted. 
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Figure 2 Crustal amplification and attenuation functions for Melbourne area 
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The upper crustal attenuation factor, which represents the attenuation of waves in the 
upper 4 k:m of the earth's crust, is defmed by equation (5) (Atkinson and Silva, 1997): 

P(t)= e-rrfk (5) 

where the parameter "K (kappa) can be measured from analysis of the Fourier transform 
of seismic waves recorded from the very near-field (Anderson and Hough, 1984). 
Recommendations for the value of "K have been made for California, British Columbia 
and various regions in Europe (as summarized in Chandler et al. 2004b), but 
information available in regions of low and moderate seismicity around the world 
remains very restricted. In view of this and difficulties in capturing near-field data, a 
model which relates the"K parameter and the .swv of the earth's crust has been 
developed by Chandler et al. (2004b ), and is referred herein as the Chandler's Kappa 
Model. This model was developed from empirical curve-fitting in conjunction with 
analytical modelling and is based on the premise that the lower the SWV of the earth's 
crust, the higher the level of energy absorption. Factors affecting the value of "Kother 
than SWV are manifested by scatter in the correlation (refer Figure 3). According to 
Chandler's Kappa Model, a "Kvalue of0.033 is inferred by a SWV of Vs,3o= 1.1 km/sec. 
Substituting "K = 0.033 into equation (5) gives the frequency-dependent crustal 
attenuation function, which is combined with the amplification function obtained above. 
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Figure 3 Determination of the K parameter (after Chandler et al. 2004b) 

Next, the whole path attenuation factor An(/) which is defined by equation (6) 1s 
considered. 

rifR 

An(!)= e Q/3 (6) 

In the study by Chandler et al (2004b), Q0 (Qat 1 Hz) is estimated at 278 based on the 
measured SWV. This estimated value for Q0 is interestingly comparable to the value of 
204 estimated for California (Atkinson and Silva, 1997). The Q(j) function for 
Melbourne is then defined by equation (7) with the exponent value of "0.6" estimated in 
accordance with the recommendations by Mak et al (2004): 

Q(J)= 278(!)0
'
6 (7) 
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Substitution of equation (7) into equation (6) gives the estimated whole path attenuation 
factor for the Melbourne region (refer Figure 2). Finally, the mid-crustal amplification 
factor for SWV of 3.5 km/sec at the source of the earthquake (taken at 5-8 km depth) is 
estimated at 1.3 (Lam et al. 2000a). Each of the filter functions representing various 
crustal modification effects are shown in Figure 2, along with the combined filter 
function which accounts for all crustal effects (but not including geometrical 
attenuation). 

4. STOCHASTIC GROUND MOTION SIMULATIONS 

The crustal filter function developed in Section 3 has been combined with the generic 
intraplate source model of Atkinson (1993) to define the frequency contents of future 
earthquakes affecting the Melbourne area. Artificial accelerograms were simulated 
stochastically using the computer program GENQKE (Lam et al. 2000b ). The response 
spectra calculated from some 18 accelerograms with random phase angles were 
averaged for a series of magnitude-distance (M-R) combinations, as shown in Figure 4. 

Figure 4 Response spectra for a series ofM-R combinations (R=30km) 

Finally, the attenuation relationship developed for Melbourne using the SPAC-CAM 
methodology presented in this paper is shown in terms of the peak ground velocity 
(PGV) in Figure 5. The PGV was taken as the highest response spectral velocity divided 
by 1.8 according to Wilson and Lam (2003) citing the work of Somerville eta! (1998). 
Superimposed onto Figure 5 are PGV's inferred from MMl data of three historical 
earthquakes which affected Melbourne (McCue, 1995). Refer legend in Figure 5 for 
details. The transformation from MMI to PGV (mm/sec), was based on 
recommendations by Newmark and Rosenblueth (1972) as defined by equation (8). 

2MMI = 2 PGV (PGV in mm) (8) 
5 

It is shown in Figure 5 that the recorded (and inferred) PGV's and the modelled PGV's 
have discrepancies by a factor of 1.2-1.7 at lOOkm distance (which is equivalent to 
approximately half an MMI unit). Such discrepancies can be explained by the fact that 
the modelled PGV's are based on rock conditions whereas the PGV's inferred from 
MMI data refer to average site conditions. The objective of comparing the two sets of 
data is simply to show that they do not contradict in terms of order of magnitude. 
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Figure 5 Peak Ground Velocity (PGV) attenuation relationship developed for Melbourne 

5. CONCLUSIONS 

A pilot study is described in this paper to illustrate a new approach for determining 
the SWV profile for the bedrock formation in an area. Field measurements using 
SP AC technique were used in conjunction with seismic refraction data reported for 
the Melbourne area and subsequently incorporated into the Global Crustal Model. 
Crustal amplification factors were calculated from the modelled representative SWV 
profile using the quarter-wavelength rule and attenuation functions calculated in 
accordance with correlations developed for the 1( and Q0 parameters. 
Filter functions characterising the crustal amplification and attenuation effects in the 
bedrock formation were obtained. 
Artificial accelerograms (hence response spectra) were then generated by stochastic 
simulations based on the calculated filter functions to develop a PGV attenuation 
relationship for average rock sites in Melbourne. The developed relationship does not 
contradict with inferences from historical MMI data. 
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