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ABSTRACT: In the area of Newcastle and Lake Macquarie, NSW, where most of the damage
occurred during the ML5.6 1989 earthquake, around 450 sites were selected for AGSO's “Cities
Project” microzonation study 2000. This study is part of an earthquake risk assessment of the
Hunter region undertaken jointly by AGSO, local and state government, industry and the Uni-
versity of Newcastle. Ambient vibrations were recorded and the spectral ratio of horizontal to
vertical components, along with geotechnical and geological information, was used to help de-
termine the seismic amplification of sediments. The preliminary results of the maximum natural
period for Newcastle correlate extremely well with the geology map and show that in most of
the cases the sites with higher values coincide with the depths of the sedimentary layers between
10 m and 40 m. The inferred site classifications, amplification factors and hazard estimates will
be compared with the Australian Earthquake Loading Standard to generate various earthquake
shaking scenarios for risk assessment.

1 INTRODUCTION

AGSO’s “Cities Project” is examining risk to Australian urban communities from a range of
geohazards. In the area of Newcastle and Lake Macquarie, NSW the project is particularly
looking at risk from seismic hazards. Risk is defined as a function of hazard, elements exposed,
and vulnerability. Risk contains both time and magnitude elements and can be expressed in
terms of the cumulative probability of the event occurring. That is particularly important in
considering events with large impact on the communities such as earthquakes or tsunamis for
which the estimate of recurrence interval is stated in hundred or thousand year periods.

The next task is to develop appropriate earthquake source models for the Newcastle and Lake
Macquarie region. This seismic modelling will use several scenarios, including the 1989
earthquake and its recorded aftershock. AGSO’s team will further test the model’s outcomes
against the level of hazard for particular building structures.

For the magnitude 5.6 Newcastle, N.S.W. earthquake of 28 December 1989, the area with
highest seismic intensity of MM VIII was located about 10 km from the epicentre. In the
absence of instrumental data from a close distance for that event, a causative relationship has
been suggested that the wave propagation in the area with highest seismic intensity was the
subject of seismic amplification due to sedimentary cover. With this study we try to investigate
the amplified response of alluvial sites from a microtremor monitoring experiment using short-
period seismometers.

2 GEOLOGIC SETTING AND SEISMICITY

Newcastle is situated in a complex environment of the Sydney Basin near its northern margin
(Herbert & Melby 1980). Underlying the Permian Newcastle Coal Measures, some 1.2 km in
thickness, are several kilometres of Carboniferous sediments. The northeastern marginal zone of
the Sydney Basin, known as the Hunter Valley Dome Belt, is bounded by the Hunter-Mooki
Thrust System to the northeast, and by sub-parallel northwest-striking basement faults to the
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southwest of Newcastle.

The sea-level rise following the Pleistocene deglaciation resulted in sedimentation of river
and stream channels in the Newcastle area. Various alluvial, colluvial, and estuarine sediments,
with total thickness up to 50 m, are found in the immediate vicinity of the city of Newcastle
(Coffey Partners, 1990), and in some areas there is a cover of fill. These young sediments overly
Permian rocks that vary in their extent of weathering. The possible seismic effect of detectable
contrast in rigidity between the young sediments and subspace was the main interest of this
investigation.

The seismic activity of the area is relatively moderate, with five reported earthquakes of
magnitude 5 or more in the last 120 years (AGSO’s World Earthquake Database). The effects
associated with the damage caused by the 28 December 1989 earthquake depend firstly on the
estimated geographic location, focal depth, and mechanism of its solution. Of the hypocentral
parameters, only the focal depth was well-constrained (M°Cue et al. 1990), with the error-ellipse
semi-axes of 7 km. The computed epicentre is near Boolaroo, some 15 km west-southwest of
the Newcastle UBD. A precise hypocentre determined for the lone aftershock recorded on a
local array installed one day later on 29 December was within a few kilometres of the computed
mainshock focus.

The focal mechanism determined for the mainshock is thrust, with a northeasterly, near-
horizontal axis of maximum compressive stress. The northwest-striking focal planes have dips
of 75 to the northeast and 32 to the southwest. The plane dipping steeply to the northeast is
preferred as the fault plane on the basis of geomorphic evidence. Rupture on the northeast-
dipping plane would direct maximum shear-wave energy toward Newcastle, and so it is possible
that the higher seismic intensity on one side is partly consequence of the radiation pattern. More
detailed observation of the seismic intensity distribution revealed a strong correlation between
areas of significant damage and areas in which the foundation material consists of sediments
(Somerville et al. 19993). Such site amplification can be interpreted through the acoustic
impedance contrast between low-rigidity alluvium and high-rigidity bedrock, when the
fundamental-mode resonance occurs at a frequency related to the shear wave velocity in the
sediment.

3 THE METHOD

The single site, horizontal to vertical spectral ratio method was used (Nakamura 1989). In it the
horizontal, spectral, ground shaking is divided by the vertical, spectral, ground shaking to
produce H/V spectral ratio values. A resonant peak may be observed in the spectral ratio plot for
a site, and that peak is interpreted to occur at the fundamental period of vibration of the
sedimentary substructure. The theoretical and empirical research from the past generally
indicate that the method is capable of detecting the natural period of sediment layer vibration
excited by vertically incident seismic shear waves.

During the process, small ambient ground vibrations, or 'microtremors', created by wind, surf
action, traffic, etc., are recorded with portable seismographs to reveal resonances in the
sediments. Microtremor signatures register effects of surficial geology, but not necessarily in a
manner that is directly analogous to earthquake excitation. In-situ comparison recordings of
local earthquake shaking are the best method to determine the response of sediments but they
are not available so far.

4 DATA

An AGSO team used portable, digital seismographs to record microtremors at about 450 sites in
Newcastle and Lake Macquarie area in 2000. Sensors were triaxial, passive type with a natural
period of 1 s. Standard sampling rate was 100 Hz. The sites had a nominal 500 m spacing and
were located primarily on sediments. A couple of recordings in duration of 200-300 s were
made at each site.

For data processing the recordings were divided into time series of 40 s duration each with 5
s overlap and the Fourier spectra of these were averaged. Median horizontal spectra divided by
median vertical spectra, with accompanying +¢ deviations, were used to produce the spectral
ratio plots (Fig. 1). Four-points filter was applied to smooth the results. Maximum resonant
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period T was automatically read for each microtremor site. In theory, the amplification is
proportional to the quarter-wavelength resonance.

This natural period of ground vibration, measured in the microtremor survey and the
thickness of sediments yields to estimates of shear wave velocity. Where 'soft' sediments overlie
'hard' rock, resonant vibration in the sediments occurs for shear waves with a wavelength of four
times the sediment thickness. The assumption is that the interface between the sediments and
the underlying bedrock is subhorizontal and planar. This is not always true, but is reasonable on

a more general scale.

In general, three patterns of fundamental period of ground vibration were observed in the
spectral ratio plots: pattern A — single dominant resonant peak observed in the spectral ratio plot
such as in Figure 1 top part; pattern B - broader-based resonant peaks; the dominant resonant
period is more difficult to assess accurately than for pattern A sites (Fig.1 middle part); pattern
C - resonance hardly observed or resonance not reliably observed (Fig. 1 bottom part).
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Figure 1 Spectral ratio plots for typical patterns of microzonation
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5 RESULTS

Microtremor sites are shown as point values on the Newcastle map of natural period versus
depth to rock (Figure 2) and background geology. Rock outcrops are presented in green, while
the quaternary sediments in yellow. The values of natural period are divided into 10 ranges of
0.1 s and contoured blue using ArcInfo contouring programs to produce the preliminary
1:100000 scale version. Red contours of depth to rock were interpolated from 95 borehole
measurements (Douglas, 1993).

The contours of dominant natural period demonstrated strong correlation with the contours of
depth and the background geology in most of the cases and are consistent with the earlier
findings (Somerville et al. 1993). Amplified response was observed at frequencies ranging from
1 Hz to 10 Hz, at sites with alluvial depth ranging from 40m to Sm. Most of these observations
have a straightforward interpretation in terms of fundamental-mode resonance of the alluvium
overlying a substratum of much greater rigidity. At some sites there is amplification but the
quarter-wavelength resonance is not identifiable, probably due to a weathered bedrock or steep
interface between the alluvium and the substratum, or perhaps insignificant impedance contrast.

The spectral ratio pattern of the microtremor sites within about 500 m of the sites with known
depth to rock deducted from boreholes or cone penetration measurements was briefly analysed.
The results can not distinguish sufficient differences in seismic velocities among the different
geological units. Seismic shear wave velocities in sediments in Newcastle of thickness from
about 12 metres to 32 metres lie in the range 190 m / s to about 300 m / s, depending on the
consolidation which occurred that is related to thickness of overburden. Other sparse
microtremor data suggest that shear wave velocities may be between 100 m /s and 200 m / s in
sediments less than about 10 m thick.

The mid period amplifications equal or greater than 0.7 s would apply to ground shaking
affecting mid to high rise buildings and other structures with similar natural periods of
vibration. These contours correlate with the depth contours of more than 30 m and also include
the area where most of the damage occurred during the 1989 ecarthquake. A lack of
amplification at longer periods (periods greater than about 1 s) could be because there is
insufficient sediment thickness to generate resonant vibrations at these periods.

The contours of natural period 0.3 s to 0.5 s show remarkable similarity in shape with the
known outcrop geology. A ground shaking with this range of periods would affect low to mid
rise buildings. Basically, all the sites within the sedimentary area have progressively higher
values in respect to the distance of the exposed rock indicating strong relationship with the
sedimentary thickness.

The microtremor results, although useful for determining site resonance frequencies, are not
complete substitution for determination of amplification under strong earthquake excitation. If
linearly extrapolated the microtremor amplification factors would be generally slightly higher
than the factors inferred from the seismic intensity distribution of the 28 December, 1989
earthquake, so other analytical approach is required.

5 DISCUSSION

AGSO's “Cities Project” microzonation study 2000 was initiated in the area of Newcastle and
Lake Macquarie, NSW, where most of the damage occurred during the ML5.6 1989 earthquake,
to improve the assessment of the earthquake risk. Around 450 sites were selected for this ex-
perimental study which is performed in conjunction with local and state government, industry
and the University of Newcastle. Ambient vibrations were recorded and the spectral ratio of two
components calculated. That information and the collection of geotechnical and geological data
is used to help determine the important factor of seismic amplification in sediments.

The results of the microtremor observations consider the seismic response of sites underlain
by alluvium and similar sediments. It was proven that at most sites, seismic amplification
occurred at frequencies that are predictable in a simple way in terms of alluvial rigidity and
thickness. In situation where these quantities are unknown, the resonant frequency can be
established
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Figure 2 Microzonation map of Newcastle

at most sites from microtremor monitoring, thus saving considerable amount of time and valu-
able resources. These preliminary results of the maximum natural period for Newcastle correlate
extremely well with the geology map and show that in most of the cases the sites with higher
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values coincide with the depths of the sedimentary layers between 10 m and 40 m. The inferred
site classifications, amplification factors and hazard estimates are currently compared with the
Australian Earthquake Loading Standard AS1170.4-1993 to generate various earthquake shak-
ing scenarios and return intervals for a comprehensive risk assessment.

In future more research is needed to develop appropriate Australian amplification factors and
to improve our understanding of this potentially catastrophic resonance phenomenon involving
coupled vibration between buildings and sediments in Australian conditions. The current
amplification factors are largely derived from empirical data from elsewhere and could be quite
different for some parts of Australia.
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