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ABSTRACT

The 2010 — 2011 Canterbury earthquake sequence produced some of the strongest ground motions
recorded globally (exceeding 2 g) leading to extensive structural damage, landslides and liquefaction
in the city of Christchurch. Ground motions were locally variable due to local site effects arising from
local soft soil deposits and topography. Here, we take advantage of the wealth of repeated recordings
at strong motion sites within Christchurch (corresponding to earthquakes of Mw 4 — 7.1) to first
quantify locally variable linear site amplification using generalized spectral inversion. We then use
the resulting simple regional Fourier Amplitude Spectra (FAS) model for Canterbury to investigate
nonlinear amplification effects using modeled ‘reference’ spectra for each source-station combination.
This allows us to investigate how the site effect varies under different levels of ground acceleration.
In general, significant reduction in site amplification is seen at Christchurch soil sites at PGA values
approximately 0.3 g or greater. This effect is particularly pronounced at known soft soil and
liquefiable sites. Finally, we employ regional and local ground motion parameters in stochastic
ground motion simulations to better capture local ground motion characteristics.

Keywords: strong motion, site effects, ground motion simulation, nonlinear effects, Fourier
amplitude spectra

INTRODUCTION

The Canterbury earthquake sequence of 2010 - 2011 produced some of the highest recorded near-field
ground motions globally. The maximum recorded peak ground acceleration (PGA) exceeded 1 g in
four earthquakes of the sequence, including the Mw 7.2 Darfield mainshock in September 2010, the
destructive Mw 6.2 earthquake in February 2011 and two further aftershocks of Mw 6.0 (June 2011)
and Mw 5.8 (December 2011). Damage to the city of Christchurch was considerable, resulting in 181
fatalities, severe liquefaction and landslides, and ongoing rebuilding of infrastructure (Kaiser et al.
2012).

Ground motions in Canterbury are thought to have been strongly influenced by several regional factors,
including high stress drop sources (e.g. Fry & Gerstenberger 2011) and strong and variable site effects
(e.g. Fry et al. 2011; Bradley 2012). Much of Canterbury is situated on flat-lying plains formed by
braided river systems, and is underlain by thick sedimentary sequences (~lkm deep) and locally
variable near-surface Quaternary stratigraphy. Quantifying how these regional factors influence
ground motion amplification at different levels of shaking is important for future hazard assessment in
the region. In Canterbury, seismic hazard is expected to be elevated above background levels for at
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least the next decade (Gerstenberger et al. 2014), with an Mw 5.7 aftershock occurring on February
14" 2016 providing a timely reminder of the ongoing potential for strong shaking in Christchurch.

Here, we present a new Fourier Amplitude Spectra (FAS) model for the Canterbury region derived
from spectral inversion of ground motion data from the Canterbury earthquake sequence (Oth &
Kaiser, 2014; Kaiser et al., 2013). This model allows us to approximate S-wave FAS at any given
location for any scenario event in the region. Where site-specific amplification is unknown, the
average site amplification for the appropriate site classification of the New Zealand design standard
(NZS1170.5; Standards New Zealand, 2004) can be adopted. We also investigate how site
amplification varies at selected Christchurch stations under increasing levels of peak ground
acceleration (PGA). Finally, we use regional ground motion parameters, including site-specific
amplification functions, to improve site-specific stochastic modeling of regional broadband ground
motions.

SPECTRAL INVERSION

The Canterbury earthquake sequence was well recorded by the GeoNet strong motion network and
provides an ideal dataset to apply spectral inversion methods to determine regional ground motion
parameters. We use the non-parametric generalized inversion technique (GIT) of Oth et al. (2011) to
separate and quantify source spectra (S), frequency-dependent path attenuation (A) and site
amplification (G) in the Canterbury region by solving the linear equation:

log,, FASij(f, M., Rij) = log,, S, (f, M,;)+log,, A(f, Rij)+ log,, Gj (f) (1)

where the FAS of the ith earthquake and jth station is a function of frequency (f), moment magnitude
(M), and source-station distance (R).

The GIT has been applied to a Canterbury S-wave spectral dataset consisting of 2416 records from
205 earthquakes recorded at 64 regional strong motion stations. Kaiser et al. (2013) provide a brief
overview of the Canterbury GIT results and linear site amplification results and Oth & Kaiser (2014)
present a more detailed discussion of the spectral dataset and source characteristics. Here, we briefly
summarise the FAS model for Canterbury resulting from this work, and use it to examine site response
under increasing levels of ground acceleration.

The S-wave spectral dataset spans an approximately one-and-a-half year period following the 4
September 2010 Darfield earthquake and includes earthquake magnitudes ranging from Mw 2.9 — 7.2.
We use the root-mean-square (RMS) average of the two horizontal component spectra in the inversion.
The vertical component spectra derived from the equivalent S-wave window are also inverted
separately, in order to quantify the vertical site amplification at each station. Records with PGA
greater than 0.15 g were excluded from the spectral inversion dataset, to avoid biasing of the site
amplification functions from nonlinear effects. Thus, the resulting site amplification functions are
valid for linear ground motion conditions.

The GIT approach is based on that of Castro et al. (1990), but solves equation (1) for all three
functions simultaneously (one-step approach). Source spectra (Fig. la) are calculated at 5 km
hypocentral distance and are fit well by the omega-squared model (Brune 1970), with a median stress
drop of ~5 MPa (Oth & Kaiser, 2014). Frequency-dependent attenuation functions are constructed
relative to this reference distance of 5km (Fig. 1b). Attenuation is constrained only to be a smoothly
varying function with distance, with no pre-determined functional form. This approach is better able to
capture the complexity of observed attenuation without bias. Site amplification is calculated relative to
the average of three chosen rock reference stations in Canterbury (D14C, RPZ, and MQZ); the average
amplification at the reference stations is set to unity in the inversion. Further details of the method and
constraints can be found in Oth & Kaiser (2014).
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Figure 1  Source and path terms derived for the Canterbury region. (a) Acceleration source spectra at
a reference distance of 5 km. Green dashed lines show the best-fitting omega-square
models. (b) Non-parametric frequency-dependent attenuation functions give relative to the
reference distance of Skm. For reference, the dashed line presents spectral amplitude decay

of 1/R.

Linear site amplification

Horizontal (H) and vertical (Z) site response functions are calculated with respect to the average
horizontal reference component following the approach outlined in Kaiser et al. (2013). Figure 2
shows examples of site response functions at stations within each site classification used in New
Zealand design codes (NZS1170.5 Site Class; Standards New Zealand 2004). The GIT frequency-
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Figure 2 Examples of site amplification functions at stations representing each New Zealand Site
Class. GIT results are plotted relative to the average reference horizontal component.
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dependent amplification curves (solid and dashed blue lines for H and Z component respectively) are
compared with the horizontal-to-vertical (H/V) spectral ratio calculated from the GIT results (red line)
and directly from the observed spectra (pink line). In general, there is a very good match between the
GIT results and observed H/V ratios. In some cases, the GIT results are better able to capture the true
amplification at the site, given that H/V ratios can be biased by amplification or deamplification of the
vertical component. For example, at station OXZ, a vertical amplification peak at ~2 Hz is clearly

shown in addition to the horizontal peak at ~1.2 Hz.
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Figure 3 Mean site amplification for each GeoNet Site Class classification (B — E) according to the
New Zealand design standards. (a) — (d) show geometric mean horizontal (dark blue solid
line) and vertical (light blue solid line) amplification relative to the average reference
horizontal component. One standard deviation above and below the mean are shown as
dashed lines. (e) and (f) show comparison of average amplification functions across site
classes for horizontal and vertical components respectively.

We quantify the mean and standard deviation of linear site amplification curves within each New
Zealand site class category in Figure 3. As expected, average vertical amplification is flat and
approximately equal to one for all site classes, with the exception of very soft soil sites (Class E).
Average horizontal amplification increases with decreasing site stiffness below 10 Hz, and again is
particularly pronounced for Class E sites. However, site amplification within each category is highly
variable, particularly for Site Class C (shallow soil) sites. We also note, that in general rock sites in
Canterbury (Class B) tend to exhibit some degree of amplification (see also Figure 1 for individual
examples) and only a few good reference stations exist. This is inferred to be due to a combination of
topographic effects and the weak nature of the rock and overlying cover (e.g. Kaiser et al. 2014).
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CANTERBURY REGION FAS MODEL

A Canterbury regional FAS model can be constructed based on equation (1) and the source, path and
site contributions quantified using spectral inversion. This model can be used to estimate S-wave FAS
for the frequency range 0.5 — 20 Hz for any given earthquake and site in Canterbury. The model has
some limitations in the near-field, given that source directivity effects and site nonlinear effects are not
directly considered.

The FAS model can also be applied to earthquakes and site locations not represented in our spectral
inversion dataset by assuming appropriate regional average parameters. For earthquake scenarios not
represented in our spectral dataset, a theoretical Brune source spectra can be approximated based on
the median stress drop value of ~5 MPa. Similarly, where site-specific amplification functions are not
available, the average site amplification function for the appropriate site class (Fig. 3) can be adopted.
For calculation of reference spectra, the site function is set to unity across the entire frequency range.

NONLINEAR SITE AMPLIFICATION

The Canterbury strong motion dataset is notable for capturing very strong near-field ground motions
on multiple occasions throughout the sequence. At many locations, particularly in eastern Christchurch,
multiple liquefaction effects at a single site were observed (e.g. Quigley et al. 2013, Cubrinovski et al.
2012). This makes the dataset ideal to investigate the effect of nonlinear site amplification with
increasing levels of ground shaking.

We calculate the site response of each strong motion record at a given site relative to a ‘modelled’
reference spectra based on equation (1) with site amplification set to unity. The resulting site
amplification functions are plotted for each site colored by peak ground acceleration of the observed
record and compared to the average linear site amplification (Fig. 4). Note that directivity effects are
not considered in this simple model, but may nonetheless be present during the largest earthquakes,
and are a source of potential bias.

For many Christchurch stations, a consistent trend of reduced site amplification at large PGA values is
clearly visible, although some scatter exists in the results. This trend is particularly pronounced at
Class E sites known to have soft and liquefiable soil layers (e.g. HPSC, PRPC). Station HPSC in
particular lies close to the Avon River channel and experienced strong liquefaction during multiple
earthquakes of the sequence. We also note, that although the current GeoNet site classification for
stations REHS, CCCC and CBGS is Class D, Wotherspoon et al. (2014) show that the preferred
classification based on recently conducted shear-wave velocity profiles is in fact Class E (GeoNet site
classes are currently being revised accordingly). In general, attenuation occurs at Christchurch soil
stations at frequencies greater than 1 Hz at PGA levels above approximately 0.3 g.

SITE-SPECIFIC GROUND MOTION SIMULATIONS

The Canterbury region source, path and site parameters generated here are also being used to improve
site-specific broadband ground motion simulations. Holden & Kaiser (2016) generate synthetic time
histories and response spectra using the stochastic EXSIM method (Motazedian & Atkinson 2005),
and regional parameters (source stress drop, attenuation model and linear site-specific amplification
functions) derived from the Canterbury FAS model.

Observed and synthetic time histories for the Mw 5.9 December 2011 earthquake are compared for
selected Christchurch stations in Figure 5. Synthetic motions generated using the site-specific
amplification functions (red lines) are better able to capture the character and amplitude of the
observed motions. A good match between observed and synthetic motions is generally obtained for
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stations on rock (LPCC, D14C, GODS, PARS) or shallow soil (HVSC), and stations on deep or soft
soil (CMHS, REHS, RHSC, SHLC, CACS) under weak or moderate accelerations as illustrated in the
example. However, we note, that this simple approach to modeling of time histories does not take into
account nonlinear effects or fully capture the complexity of site amplification through time,
particularly at deep or soft soil sites subject to strong accelerations. We will focus on improving these
aspects with ongoing research work.
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Figure 4  Site response (H component) calculated at Christchurch stations for individual earthquakes
of the Canterbury sequence. Amplification corresponds to the observed spectra relative to
the modeled average horizontal reference spectra at that location. Amplification ratios are
colored by maximum recorded horizontal PGA. Ratios corresponding to the four largest
events (Mw 7.2, 6.2, 6.0 and 5.9 are plotted as thick coloured lines; average site response is
plotted as thick black line). The New Zealand site classification of each station as currently
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defined by GeoNet is indicated in the top left corner of each plot.
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Figure 5 Example of stochastic ground motion simulations of Holden & Kaiser (2016) calculated for
the 23" December 2011 Mw 5.9 Christchurch aftershock, using regional parameters
derived from the spectral inversions. Black seismograms represent observed accelerations
at selected near source (<20 km distant) GeoNet strong motion stations, blue represent
synthetic motions for a rock reference site at the station location, and red represent
synthetic motions calculated using linear site-specific amplification functions derived here.

PGA values (g) for each time history are shown to the right of each plot.

CONCLUSIONS

Ground motions during the Canterbury earthquake sequence were locally variable in part due to site
effects arising from local soft soil deposits and topography. Using spectral inversions of ground
motion data, we quantify linear site amplification and derive average site amplification for each of the
site classifications in the New Zealand design standard. We also use a regional Fourier amplitude
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spectra (FAS) model for Canterbury, based on the spectral inversion results, to investigate site
amplification under levels of shaking. In general, significant reduction in site amplification is seen at
Christchurch soil sites at PGA values approximately 0.3 g or greater. This effect is particularly
pronounced at known soft soil and liquefiable sites. Finally, we employ regional and local ground
motion parameters in stochastic ground motion simulations in order to better capture local ground
motion characteristics. When compared against observed data, the use of site-specific amplification
function leads to better prediction of PGA amplitudes and acceleration characteristics.

ACKNOWLEDGEMENTS

We wish to thank GeoNet and their sponsors, the Earthquake Commission (EQC), GNS Science and
Land Information New Zealand (LINZ), for access to strong motion data recorded in Canterbury. This
research was supported by the Marsden Fund Council, managed by the Royal Society of New Zealand,
the New Zealand Natural Hazards Research Platform and GNS core funding.

REFERENCES

Bradley, B., (2012). “Ground motions observed in the Darfield and Christchurch earthquakes and the importance
of local site response effects,” New Zealand Journal of Geology and Geophysics, 55, 279-286.

Brune, J.N. (1970). “Tectonic stress and the spectra of seismic shear waves from earthquakes,” Journal of
Geophysical Research, 75, 4997-5009.

Castro, R., J.G. Anderson and S.K. Singh (1990). “Site response, attenuation and source spectra of S waves
along the Guerrero, Mexico, subduction zone,” Bulletin of the Seismological Society of America, Vol 80,
1481-1503.

Cubrinovski, M., K. Robinson, M. Taylor, M. Hughes and R. Orense (2012). “Lateral spreading and its impacts
in urban areas in the 2010-2011 Christchurch earthquakes,” N. Z. Journal of Geology and Geophysics, Vol
55(3), 255-269.

Fry, B. and M. Gerstenberger (2011). “Large apparent stresses from the Canterbury earthquakes of 2010 and
2011,” Seismological Research Letters, 82(6), 833-838.

Fry, B., R. Benites and A. Kaiser (2011). “The character of accelerations in the Mw 6.2 Christchurch
earthquake,” Seismological Research Letters, Vol 82(6), 846-852.

Gerstenberger, M., G. McVerry, D. Rhoades and M. Stirling (2014). “Seismic hazard modeling for the recovery
of Christchurch,” Earthquake Spectra, 30(1), 17-29.

Holden, C. and A.E. Kaiser (2016). “Stochastic ground motion modelling of the largest M,, 5.9+ aftershocks of
the Canterbury 2010-2011 earthquake sequence,” New Zealand Journal of Geology and Geophysics, 59(1),
187-201.

Kaiser, A., C. Holden, J. Beavan, D. Beetham, R. Benites, A. Celentano, D. Collet, J. Cousins, M. Cubrinovski,
G. Dellow, P. Denys, E. Fielding, B. Fry, M. Gerstenberger, R. Langridge, C. Massey, M. Motagh, N.
Pondard, G. McVerry, J. Ristau, M. Stirling, J. Thomas, S.R. Uma and J. Zhao (2012). “The Mw 6.2
Christchurch earthquake of February 2011: preliminary report,” N. Z. Journal of Geology and Geophysics,
Vol 55(1), 67-90.

Kaiser, A.E., A. Oth and R.A. Benites (2013). “Separating source, path and site influences on ground motion
during the Canterbury earthquake sequence, using spectral inversions”. Paper no. 18 (8 p.) IN: Same risks,
new realities : New Zealand Society for Earthquake Engineering Technical Conference and AGM, April
26-28, 2013, Wellington. Wellington: New Zealand Society for Earthquake Engineering.

Kaiser, A.E., C. Holden and C.I. Massey (2014). “Site amplification, polarity and topographic effects in the Port
Hills during the Canterbury earthquake sequence,” GNS Science consultancy report 2014/121, 33 p.

Kawase, H. (2006). “Site effects derived from spectral inversion method for K-NET, KiK-net and JMA strong-
motion network with special referene to soil nonlinearity in high PGA records,” Bulletin of the Earthquake
Research Institute, University of Tokyo, Vol 81, 309-315.

Motazedian, D., and G. M. Atkinson (2005). “Stochastic finite-fault modeling based on a dynamic corner
frequency,” Bull. Seismol. Soc. Am. 95, 995-1010.



5th TASPEI / IAEE International Symposium: Effects of Surface Geology on Seismic Motion
August 15-17, 2016

Oth, A., D. Bindi, S. Parolai and D. di Giacomo (2011). “Spectral analysis of K-NET and KiK-net data in Japan,
Part II: On attenuation characteristics, source spectra, and site response of borehole and surface stations,”
Bulletin of the Seismological Society of America, 101, 667-687.

Oth, A. and A.E. Kaiser (2014). “Stress release and source scaling of the 2010-2011 Canterbury, New Zealand

earthquake sequence from spectral inversion of ground motion data,” Pure and Applied Geophysics,
171(10), 2767-2782.

Quigley, M.C., S. Bastin and B.A. Bradley (2013). “Recurrent liquefaction in Christchurch, New Zealand,
during the Canterbury earthquake sequence,” Geology, 41(4), 419-422.

Standards New Zealand 2004. Structural Design Actions— Part 5 Earthquake Actions — New Zealand. New
Zealand Standard NZS 1170.5:2004.

Wotherspoon, L., R. Orense, B. Bradley, B. Cox, C. Wood and R. Green (2014). “Geotechnical characterization
of Christchurch strong motion stations,” Earthquake Commission Report Project No. 12/629, 214p.



